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PREFACE

The first Eddington workshop on “Stellar Structure and Habitable Planet Finding” was held in Córdoba (Spain)
on June 11 to 15, 2001.

The key scientific aim of the Eddington mission is two-fold, encompassing the discovery of habitable planets
outside of our solar system using the transit method, and the prosions of data on the evolution and age of stars using
asteroseismic techniques.

The baseline Eddington concept comprises a a 1.2-meter space telescope with a 3 degree field-of-view imager (which
will also provide ample opportunities for parallel and ancillary science) and a five-year lifetime. The mission concept
was proposed to ESA in the framework of the so-called F2-F3 mission selection, and it was approved, in September
2000, as a part of the future program of ESA with a “reserve” status, for a launch in a post-2006 time frame.

While building on the small national missions COROT, MONS and MOST, the large collecting area of the Edding-
ton telescope allows the detection of habitable planets around solar-type stars (out of reach for the smaller missions)
and provides the data on oscillation frequencies needed to perform asteroseismic investigations of critical phases of
stellar evolution, e.g. stars in open clusters and Pop. II stars, thus allowing for a major quantum step in both dis-
ciplines. The baseline plan is that these two main investigations will be done in a series of month-long pointings at
asteroseismic targets plus a three-year pointing at the planet field.

The aim of the workshop was to get together the different scientific communities involved in the mission, to foster
the exchange of ideas and to offer them the opportunity to provide their requirements for the upcoming detailed
studies (involving both industry as well as scientific groups) which will be performed starting in 2002. At the same
time, the workshop represented an invitation to the wider scientific community to get involved in the refinement of the
mission concept, and to participate in the science and technology of the Eddington mission. The size of the scientific
community involved in Eddington is shown by the list of institutions currently involved in the study, listed in the next
two pages.

The workshop was attended by more than 100 participants coming from a wide range of countries, including all
ESA’s member states, the USA, Canada, as well as several Eastern European countries.

The Scientific Organizing Committee (SOC) for the conference comprised all the scientists involved in the phase of
the Eddington study which led to its selection as a part of the ESA science program. It was chaired by I.W. Roxburgh
and myself (Fabio Favata) and included C. Aerts (Belgium), E. Antonello (Italy), M. Badiali (Italy), C. Catala
(France), J. Christensen-Dalsgaard (Denmark), H. Deeg (Spain), G. Gilmore (UK), A. Giménez (Spain), M. Grenon
(Switzerland), M. Monteiro (Portugal), A. Penny (UK), H. Rauer (Germany), J. Schneider (France), N. Waltham
(UK).

The local organizational support was provided by V. Costa, D. Galadi, R. Garrido, M. Sáez and several others,
who did an excellent job in ensuring a smooth conference all the way through as well as a very pleasant experience
(also thanks to the excellent organization of the social events!) for all participants. In particular the excellent support
of Córdoba is gratefully acknowledged. The charm of Córdoba captured all the participants, and added a special touch
to the Workshop.

While sending the present volume to press we would like to thank all authors for the quality of the papers they
submitted. The papers in this volume are printed in the same order as they were presented at the symposium, followed
by all the poster papers ordered alphabetically by first author. Several original figures were provided in color by the
authors, but are reproduced here in black and white. The papers will however be later published electronically, and
the figures will be available in color in the electronic version. Also, all papers are available with their color pictures in
.pdf format in the CD available at the back of this book.

Fabio Favata, Ian W. Roxburgh & Alvaro Giménez
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List of institutions currently participating to the Eddington study activities

A “Call for Letters of Interest” relative to the studies leading to the implementation of the Eddington mission was
issued in May 2001. A large number of scientists responded to the call, and were subsequently organized in a number
of working groups. Their institutional affiliations (listed below) span most of the ESA member countries, as well as
some non-ESA countries.

Institutions located in ESA member countries, listed in alphabetical order by country:

– Institut für Astronomie – Universität Wien – Wien (AT)
– Centre Spatiale de Liége – Liege (BE)
– IAGL – Université de Liége – Liege (BE)
– Institut voor Sterrenkunde – Leuven Univ. – Leuven (BE)
– IMEC – Leuven (BE)
– Brussels Univ. – Brussels (BE)
– Royal Observatory of Belgium – Brussels (BE)
– Teoretisk Astrofysik Center – Aarhus (DK)
– Laboratoire d’Astrophysique – Marseille (FR)
– Observatoire de la Côte Azur – Nice (FR)
– Univ. of Nice – Nice (FR)
– Observatoire de Paris, LESIA – Paris (FR)
– Institut d’Astrophysique Spatiale – Orsay (FR)
– DAPNIA CEA – Saclay (FR)
– Centre d’Etudes Spatiale de Rayonnements – Tolouse (FR)
– Laboratoire d’Astrophysique de l’Observatoire Midi-Pyréneés – Toulouse (FR)
– Thüringer landessternwarte – Tautenburg (DE)
– Deutches Zetrum für Luft und Raumfarhrt – DLR – Berlin (DE)
– Max Planck Institut für Astronomie – Heidelberg (DE)
– Max Planck Institut für Astronomie – Lindau (DE)
– Max Planck Institut für Astronomie – München (DE)
– Astrophysikalisches Institut – Potsdam (DE)
– Osservatorio Astronomico di Brera – Milan (IT)
– Osservatorio Astrofisico di Catania – Catania (IT)
– Dept. of Astronomy – University of Bologna – Bologna (IT)
– Osservatorio Astronomico di Napoli – Naples (IT)
– Padova Univ. – Padua (IT)
– Istituto di Astrofisica Spaziale – CNR – Rome (IT)
– Osservatorio Astronomico di Roma – Rome (IT)
– Dept. of Physics – University “La Sapienza” – Rome (IT)
– RSSD – ESA/ESTEC – Noordwijk (NL)
– Coimbra Obs. – Coimbra (PT)
– CAUP – Porto (PT)
– Instituto de Astrofisica de Canarias – La Laguna (ES)
– Instituto de Astrofisica de Andalucia – Granada (ES)
– Barcelona Univ. – Barcelona (ES)
– Instituto Nacional de Tecnica Aeroespacial – INTA – Madrid (ES)
– Centro de Astrobiologia – Madrid (ES)
– Universidad Autonoma de Madrid – Madrid (ES)
– Univ. Valencia – Valencia (ES)
– Observatoire de Geneve – Geneva (CH)
– INTEGRAL SDC – Geneva (CH)
– Institute of Astronomy – Cambridge (UK)
– Univ. of Lancashire – (UK)
– Leicester Univ. – Leicester (UK)
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– Mullard Space Science Laboratory – London (UK)
– Imperial College – London (UK)
– Queen Mary – University of London – London (UK)
– Rutherford Appleton Laboratory – Didcot (UK)
– Univ. of St. Andrews – St. Andrews (UK)

Institutions located outside of ESA member countries:

– University Observatory of Warsaw – Warsaw (PL)
– CC – Warsaw (PL)
– Univ. Wroclaw – Wroclaw (PL)
– Tata Institute – Bombay (IN)
– Univ. Delhi – Delhi (IN)
– Tel Aviv University – Tel Aviv (IS)
– Mt. St. John Observatory – Lake Tekapo (NZ)
– University of Auckland – Auckland (NZ)
– Yale University – Yale (USA)
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THE EDDINGTON BASELINE MISSION

F. Favata

Astrophysics Division – Research and Science Support Department, European Space Agency
P.O. Box 299, 2200 AG Noordwijk, The Netherlands

Abstract

The current baseline of the Eddington mission is de-
scribed, regarding both its science goals as well as its im-
plementation. This baseline mission is mostly the results
of the feasibility studies conducted in the course of 2000,
which led to the mission’s selection in September 2000.
Several study activities, both at the industrial level and
at the scientific level are currently ongoing, aiming at a
full, phase A mission definition by the end of 2002.

1. Introduction

The aim of the present paper is to describe the Eddington
baseline mission, both in terms of its science goals and
of their actual implementation. This baseline mission pro-
file, which resulted from the feasibility study conducted
in the course of 2000, is designed to fulfill the two key
scientific goals of Eddington (to produce the data on stel-
lar oscillations necessary to understand stellar structure
and evolution, and to detect and characterize habitable
planets around other stars) while at the same time fitting
within the financial and programmatic constraints of the
“Flexy” mission profiles of the ESA science program. In
addition, a description is given here of the currently ongo-
ing (or planned) detailed study activities, which will lead
to a detailed definition of the mission.

1.1. History

The history of series of ideas which finally led to the
proposing to ESA of the Eddington mission in its cur-
rent incarnation is discussed in detail by I. Roxburgh else-
where in these proceedings (“Background to the Edding-
ton mission”). Here I will recall only the most recent dates:
the Eddington concept was proposed to ESA at the be-
ginning of 2000, in response to the so-called F2/F3 call
for “Flexy” missions. The proposal was selected in March
2000 (together with 4 other proposals) for an initial feasi-
bility study, which was carried out in the ESA Concurrent
Design Facility. The results of this study (described in Fa-
vata & Eddington Science Team 2000) formed the base
of the successful presentation of the Eddington project to
the ESA advisory structure in September 2000 in Paris,
which resulted in the inclusion of Eddington in the science

program of ESA, albeit with a “reserve” status, implying
that the schedule of its implementation is to be decided
depending on the future evolution of the program, and in
particular of its budgetary details. In the present paper I
will describe the mission profile which resulted from the
above feasibility study, together with the possible options
resulting from the ongoing detailed study activities.

2. Baseline primary scientific goals

Eddington has two primary science goals: to produce the
data on stellar oscillations necessary to understand stel-
lar structure and evolution, and to detect and characterize
habitable – as well as other types of – planets around other
stars. These goals will be achieved through extremely sen-
sitive, continuous photometric monitoring of a very large
number of stars. In addition, a number of additional and
parallel science investigations (described below) will be
pursued by Eddington.

2.1. Stellar Structure and Evolution

The objective of Eddington is to produce the data neces-
sary for a detailed understanding of the interior structure
of stars and the physical processes that govern their evo-
lution, providing the empirical basis for developing the
theory of stellar evolution to the stage where it can be
used with confidence to address quantitatively some of the
major issues in modern astrophysics (such as “how old is
the Universe? Or an individual Galaxy? Or an individ-
ual stellar aggregate? Or how do galaxies evolve?”) The
tool employed for this will be stellar seismology – or as-
teroseismology – i.e. the study of the resonant oscillation
frequencies of stars of different masses, ages and chem-
ical composition. Oscillations probe the interior of stars
yielding data on the interior structure which cannot be
obtained by classical observations. The tools of asteroseis-
mology as well as numerous examples of its application
on the high-amplitudes oscillators which can be observed
from the ground are discussed at length elsewhere in this
volume.
The primary data product of Eddington will be long,

accurate photometric time series of a large number of
stars, spanning a wide range in age, mass and chemical
composition. The techniques for their analysis used will
yield quantitative measurements of (for example) stellar

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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ages, or the sizes of convective cores to an accuracy of
few percent. These accuracies are far superior to the lev-
els usual in astronomy (with the notable exception of he-
lioseismology), and will yield a detailed understanding of
the physical processes that govern stellar evolution and
a quantitative determination of the interior structure of
stars in different stages of evolution, e.g. of stars which
ultimately become Type-II SNe and therefore are major
contributors to the chemical evolution of galaxies.
While a number of smaller missions (i.e. MOST, MONS

and COROT, described elsewhere in these proceedings)
will pave the way, in the next few years, for space-based
asteroseismology, due the small size of these space-based
telescopes their observing program will consist in the ob-
servation of bright (and thus nearby) stars, limiting the
parameters space (in terms of e.g. stellar mass, age or
composition) which they will be able to explore. The goal
of Eddington is to sample as wide as possible a range of
stellar properties, covering the H-R diagram and study-
ing old and young, metal-poor and metal-rich stars across
a range of masses. The study of stars in open clusters
(which provide a unique sample of stars with the same ini-
tial composition and the same age) is an essential element
of Eddington’s observing program. The implementation
of this program needs the capability to detect solar-type
stellar oscillations down to relatively faint magnitudes. In
practice, to achieve its scientific goals Eddington needs to
be able to detect solar-type oscillation in stars as faint as
V � 10.5.
To obtain enough frequency resolution in the power

spectrum, long observing runs are necessary. In practice,
at least 1 mo – and in many cases up to 2 mo – of ob-
serving time on each target field will be needed. A total
period of 2 yr is foreseen to be dedicated to asteroseismic
observations, resulting in the observation of between 21
and 24 target fields, each containing – thanks to the wide
field of the instrument – a large number of stars. In the
baseline payload configuration, asteroseismic observations
will be collected for several tens of thousands of stars.
Also, the data collected during the planet-finding phase
(see below) will provide unique asteroseismic information
on higher-mass stars, whose long pulsation period makes
long observing runs necessary for their proper study.

2.2. Extra-solar planetary systems

The primary objective of Eddington in the field of extra-
solar planet science is the detection of terrestrial planets
around other stars, in particular planets orbiting in the
“habitable zone”, and thus in principle able to sustain life.
The importance of this to both science and the general
public hardly needs to be stressed. As described in detail
elsewhere in these proceedings the tool will be the search
for photometric dips caused by the transit of a planet in
front of its parent star (as e.g. observed from ground for
the giant planet HD209458b, Charbonneau et al. 2000).

Figure 1. An artist’s impression (approximately to scale) of the
observed transit of the giant planet in front of the parent star
HD 209458 (Copyright 1999–2000 Lynette R. Cook, reproduced
with permission).

Again the primary data product will be long, accurate stel-
lar photometric time series. In addition to finding a signif-
icant number of habitable planets, Eddington will discover
large numbers of giant planets and of smaller planets out-
side the habitable zone, spanning a wide range in plane-
tary size and in orbital period. This will provide an unique
data set with unbiased information on the physical prop-
erties of planetary systems leading to an understanding of
the origin of planetary systems.
The detection of planetary transits also relies on the

acquisition of long, accurate photometric time series of a
large number of stars, i.e. the same type of data which are
used for the asteroseismic investigation. This makes it not
only possible but also desirable to build a single mission
incorporating both science goals. Given the statistical na-
ture of the planet-finding science, the key requirement is
to be able to monitor, to the required accuracy (which
is as high as ∆F/F � 10−5 over a period of few hours)
a large enough number of stars, taking into account the
fact that only edge-on planetary systems will show tran-
sits (the probability being p � 0.5% for the Earth-Sun
system). In practice – if one limits the search to stars not
too far away, so that interstellar absorption effects do not
dominate – this implies a sufficiently large value of the
merit function AΩ, where A is the telescope’s effective
collecting area and Ω is the sky area being monitored. In
the case of Eddington a lower limit to A is imposed by the
asteroseismic requirements (as A translates directly into
a limiting magnitude for the detection of stellar oscilla-
tions).

Eddington’s photometric accuracy will be sufficient to
allow detection – in addition to individual planets – of
multiple planetary systems. For instance, for an Earth-
Venus configuration having a mean inclination of 90 deg,
there is a geometric probability of 20% to have transits
by each of the two planets. Also, satellites of giant plan-
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ets, if sufficiently large, will be directly detectable in the
shape of the transit curve (which will be a superposition
of the planet transit and the satellite transit). The satel-
lite’s radius and distance to the star parallel to the planet
trajectory can then be directly measured. For example a
Ganymede-sized satellite at a Ganymede-Jupiter distance
from a giant planet at 1 AU from a K star with a radius
0.5 R� will make a transit with ∆F∗/F∗ = 0.6 × 10−4

about 16 hours before (or after) its parent planet, well
within the Eddington capability of transit detection.
Satellites that are too small to be detected directly

nevertheless perturb the timing of transits of their parent
planet: from one transit to the next there is shift ∆Ttr(t)
for the transit epoch with the same period as the revolu-
tion of the satellite around the planet, and an amplitude
∆Ttr = 16(Msat/Mpl)(asat/(0.001AU) for a planet at 1 AU
from the star. A Ganymede-mass satellite at a Ganymede-
Jupiter distance from a giant Jupiter-mass planet at 0.7
AU from a G star (making 6 transits in 3 years) will in-
duce perturbations with an amplitude of 8 minutes in the
transit timing. Eddington’s sampling time will allow for
the clear detection of such perturbations in the transit
timing. The detection of planetary satellites is of particu-
lar interest as they could be potentially sites for life, as it
has for example been speculated for Europa in our solar
system.
A key requirement for the detection of planetary sys-

tems comes from the need to observe multiple transits,
both to confirm the event as well as to yield an effec-
tive measurement of the planet’s orbital period. To ob-
serve at least three transits, and to be able to sample true
Earth analogs, Eddington will monitor the same sky area,
in its planet-finding phase, for at least 3 yr. The data col-
lected during the asteroseismic observations will also be
searched for planetary transits. While the short duration
of these observing runs will prevent repeated detection of
transits by planets in the habitable zone, hot gas giants
(known to be common from ground-based observations,
see D. Queloz’s contribution in the present volume) will
be well sampled, and individual transits of planets with
longer orbital periods will be observed in large numbers.
The total number of stars on which Eddington will search
for planetary transits (that is, adding the stars monitored
during the dedicated, 3 yr planet-finding run to the ones
monitored during the asteroseismic observations) is of sev-
eral hundred thousands.
COROT will be the first space mission to perform a

systematic search for planetary transits (in parallel and
simultaneously with the asteroseismology program). How-
ever, COROT will be limited to 6 months observing runs
of relatively brighter stars than Eddington, so that in prac-
tice it will only be able to detect more massive planets
in closer-in orbits (or individual transits of longer period
planets). The very recently (end of 2001) approved NASA
Kepler mission also consists of a 1 m class space telescope,
exclusively dedicated to the detection of extra-solar plan-

ets, with an emphasis on the search for true Earth analogs.
The major technical difference with the baseline Edding-
ton is a much larger field of view of about 80 deg2, achieved
through a Schmidt telescope with a 21 CCD focal plane.

2.3. Additional science goals

In addition to the two primary science goals, the Edding-
ton data will allow several other scientific programs to be
carried out both in the field of stellar physics and in other
fields such as detection and light curves of supernovae, low
surface brightness galactic halos, and photometric vari-
ability of quasars. The quality and breadth of the addi-
tional science to be carried out through high-accuracy,
long-term photometric monitoring is described in these
proceedings by the contributions of G. Gilmore and of K.
Strassmeier and thus will not be covered here any further.

3. Payload

To achieve its science, Eddington needs a conceptually
very simple payload, i.e. a wide field telescope with an
imaging photometer at its focal plane. In the present Sec-
tion the Eddington payload complement, as defined dur-
ing the feasibility study will be described (“baseline pay-
load”), and the ongoing study activities are also discussed.
The goal of the feasibility study was to demonstrate that
the mission could indeed be carried out within the avail-
able budgetary envelope; the currently (end of 2001) ongo-
ing industrial studies will result in a more optimized pay-
load, which may look somewhat different than the baseline
one, while still achieving the same scientific goals.

3.1. Telescope

To optimize the use of the limited resources available dur-
ing the feasibility study, the telescope was largely based on
the one studied at industrial level for the STARS project
(again, see Roxburgh’s history paper for the relationship
between STARS and Eddington). The STARS telescope –
see Fig. 2 for the optical scheme of the Eddington baseline
telescope design, derived from the STARS one – imple-
mented, with its unusual folded design (featuring three re-
flections on two mirrors) a clever solution to the technical
problem of having a visible channel in parallel with an UV
channel. The Eddington payload does not feature an UV
channel, and thus only one (visible range) focal plane is
implemented. The telescope features (independently from
the need for multiple focal planes) some highly desirable
characteristics, in particular a relatively large (3 deg di-
ameter) well corrected, plane focal surface, simplifying the
design and building of the camera. The disadvantages of
this design are mainly the large central obstruction, re-
sulting in a doughnut-shaped out-of-focus PSF, and a in
a less-than-optimal collecting area for its primary mirror
size (which is used also as tertiary mirror). Also, the place-
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Figure 2. The optical scheme of the baseline Eddington tele-
scope. The scale is in meter. The elements indicated with b1,
b2, b3 are the internal baffles. The EddiCam sits above the M2
mirror.

ment of the camera on top of the telescope results in a
limited volume available for its accommodation and in a
high center of gravity for the payload assembly.
The baseline telescope has a primary mirror diameter

of 1.2 m, and yields a total collecting area of 0.60 m2. The
design is such that a very sharp in-focus PSF (better than
1 arcsec) is available throughout the 3 deg field of view.
An industrial study which will result in an optimized

telescope design has started in the 3rd quarter of 2001,
with Astrium Toulouse as the prime contractor. The study
will consider the Eddington requirements without any “his-
torical baggage”, so that the baseline telescope will be
considered as a starting point, together with a number of
other designs (including a Cassegrain with a field correc-
tor, a Schmidt camera and a triply reflecting off-axis de-
sign). Another option which will be studied in detail is the
possibility of splitting the collecting area across a number
of smaller telescopes (see below). As shown by the previous
industrial studies, the baseline design can be implemented
using a variety of technologies and materials, including
“traditional” approaches such as a light-weighted Zerodur
for the primary mirror and a composite (CFRP) structure
for the telescope tube, or a all-SiC telescope, similarly to
the one being baselined for the GAIA mission (see the
paper by M. Perryman in these proceedings).

3.2. Camera

The Eddington focal plane instrument is a mosaic CCD
camera, named “EddiCam”. To maximize the duty cycle

as well as the mechanical reliability the camera does not
have a mechanical shutter, and (with the data are inte-
grated continuously. The relatively short times scales of
solar-like oscillations in low-mass stars (a few minutes)
lead to the need to sample their light curves every few
seconds (� 10 s – actually a more complex integration
scheme, featuring cycles of 0.5, 2 and 8 s integrations
is foreseen, to increase the dynamic range). With these
short integration times (comparable to the chip’s read-out
times, at the slow speed necessary to limit the read-out
noise level) the effect of the smearing of the stellar im-
age during the read-out would introduce too large a noise
contribution. Therefore, the camera is operated in “frame-
storage” mode: half of the chip area is not exposed to light
(being covered by a removable “frame buffer shield”), and
acts as a frame buffer: in the first part of a read-out cy-
cle the charge from the exposed part is quickly (in a few
milliseconds) transferred to the frame buffer area, which
is subsequently more slowly read out while the following
integration is accumulated. While maximizing both the
S/N as well as the duty cycle, this approach has the dis-
advantage of needing a larger area of silicon, as only 50%
of the chip area is exposed to star photons.
The typical time scales of planetary transits are (being

in the order of hours) much longer than the time scales
of stellar oscillations. Also, the target stars of the transit
observations will on average be fainter than the asteroseis-
mic targets. Both factors lead to the transit search being
conducted with longer integration times, so that the chip
read-out times become sufficiently smaller than the expo-
sure time as to allow operation of the camera in a “full
frame” mode, i.e. without the frame buffers. The key ad-
vantage of this is that 100% of the silicon area can be used
to collect stellar photons, thus effectively doubling the sky
coverage with respect to the asteroseismic observations.
To allow both modes of operations, the baseline Ed-

diCam design implements removable frame shields, so that
during the asteroseismic observations the frame buffer
shields are put into place, allowing operation in frame-
transfer mode, while during the planet-finding observa-
tions they are removed from the optical path, allowing
full frame operation of the chips. The baseline CCD chips
for the EddiCam have 740 × 2900 pixels with dimension
of 27 µm, i.e. a chip size of 20 × 80 mm2. During read-
out, binning of 2 × 2 pixels is possible if needed (useful
for strongly defocused fields), leading to 370× 1470 “vir-
tual” pixels of 54 µm covering 3 arcsec. Note that off-chip
binning was chosen to avoid problems related to linearity
of the amplifier across a very large dynamic range. The
size of the chips allows a layout of wafers leading to a
production of 3 chips per wafer.
The layout of the EddiCam mosaic of 20 CCD chips

both with and without the removable frame shields are
shown in Fig. 3. The chips are arranged so to yield a focal
plane which is as much as possible rotationally symmetric.
This is to allow continued coverage of the same sky area
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during the planet-finding phase, when the spacecraft will
need to be periodically rotated (to allow to maintain a
roughly constant angle between the solar panels and the
straylight baffle on one hand and the Sun’s direction on
the other).
To allow the collection of the high number of photons

needed to achieve the low level of Poisson noise needed by
the asteroseismic observations, as well as to average out
the effects of the CCD pixel response non-uniformity is
necessary to spread the light onto several pixels. This is
achieved, in the baseline design, by defocusing the tele-
scope. The amounts of defocusing are different for the
planet-finding and for the asteroseismic observations. For
transit observations the light is spread into a PSF of � 12
arcsec diameter, while for asteroseismic measurement the
defocused PSF diameter is � 5 arcsec. A refocusing mech-
anism allows to use a different PSF size in each observa-
tion.
Other approached to the distribution of light onto sev-

eral pixels are being studied; in particular the use of a
prism, spreading each stellar image into a small spectrum
(as done for the COROT’s planet-finding observations) is
being considered. This would also allow to perform color-
resolved observations (see below).
In the upcoming industrial study for the focal plane de-

tector technology (for which a contractor will be selected
in the first quarter of 2002) the performance of currently
available detector technologies will be assessed, aiming at
the selection of the best chip type for EddiCam. In this
context, other types of detectors in addition to CCDs will
be considered, in particular so-called active pixel sensors
(APS), which allow individual pixels to be read out sepa-
rately. This approach would have several advantages, in-
cluding the possibility of operating the asteroseismic ob-
servations in full-frame mode, thus dispensing with the
removable frame buffers and effectively doubling the sky
coverage (and thus the number of targets) of the astero-
seismic phase of the mission. Whether the APS detector
technology is sufficiently mature for a rapid implementa-
tion into a space mission and whether the characteristics
(e.g. read-out noise, form factors, pixel size, etc.) of the
available detectors can fulfill the Eddington requirements
remains to be assessed.

3.3. Color?

The baseline Eddington payload results in the collection
of white-light photometric series (although it foresees the
implementation of color filters in small areas of the focal
plane, at its corners, to allow color-resolved observations
of selected individual targets). Detailed studies are in the
meanwhile showing that the availability of color-resolved
light curves could result in significant scientific advantages
both the asteroseismology (see e.g. the contribution of R.
Garrido in the present volume) as well as in the planet
finding (e.g. Defaÿ et al. 2001). Possible approaches to the

collection of color-resolved light curves are therefore being
currently studied. One possible solution to the problem is
the one adopted by the COROT mission for its planet-
finding camera (but not for its asteroseismic camera), i.e.
the implementation of a prism close to the focal plane, so
that each stellar PSF is dispersed into tiny spectra (simi-
larly to what happens in an objective prism image), from
which light curves in different color bands can be derived.
This approach has the advantage of not wasting any pho-
tons, as it would e.g. happen with filters. At the same
time, it provides an alternate way of spreading the stellar
light over a number of pixels (rather than defocusing).

3.4. A multi-telescope Eddington?

The key requirements of the Eddington telescope are to
have sufficient collecting area and sky coverage. Due to
the use of a defocused PSF a very weak requirement is im-
posed on image quality, possibly opening the way to inno-
vative telescope designs, very different from the ones which
would be used in an imaging mission. Given that telescope
cost scales rather unfavorably with size (i.e. cost ∝ dα,
where d is the primary mirror diameter, and α typically
has a value around 2.6–2.8) and that larger field cover-
age is proportionally more difficult to achieve in larger
telescopes, one possible route to implement a favorable
combination of collecting area and field of view (maximiz-
ing the AΩ merit function discussed above) could be to
split the collecting area across a number of smaller indi-
vidual telescopes. Each of these telescopes would have a
separate focal plane detector, and the photometric light
curves would be combined a posteriori. Such an idea has
been proposed for Eddington by (among others) H. Kjeld-
sen and K. Horne, and is being currently studied in the
context of the industrial study of the Eddington telescope.
The key advantage of such a “multi-telescope” approach
would be its increased planet-finding performance, which
could be a few times larger than the baseline Eddington
implementation.
One of the disadvantages of such approach is the pro-

liferation of focal plane instruments (although they would
be identical). Whether the increased cost of camera “re-
production” would be offset by a lower overall telescope
cost remains to be seen.

4. Platform

The requirements of the Eddington payload are rather
simple, and can be met by a wide range of spacecraft plat-
forms. The baseline payload fits in a volume � 1.5×1.5×
2.5 m, and weighs � 280 kg. During operations � 150 W
of electric power are required by the payload. Thermal re-
quirements are simple (no cryogenics), and are limited to
the provision of a stable thermal environment for the tele-
scope (within� 0.1 K/day, to avoid deformations and thus
changes in the PSF) and the possibility of passively cool-
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Figure 3. The layout of the EddiCam CCD chips. The left panel shows the layout of the chips during the asteroseismic observa-
tions, with the removable frame buffers into place; the right panel shows the configuration in the planet-finding phase, with the
removable frame shields out of the optical path. The circle is the limit of the fully corrected 3 deg diameter field of view of the
baseline optical design.

Figure 4. Left panel: the baseline Eddington spacecraft in its stowed configuration, shown inside the fairing of the Soyuz-Fregat
launcher. The telescope cover closes access to the telescope. Right panel: The baseline Eddington spacecraft in its deployed,
operational configuration. The spacecraft shown here is the baseline one, based on a maximal reuse of components from the Mars
Express bus.

ing the focal plane (a small radiator pointing toward deep
space being sufficient). A good pointing accuracy (of or-
der 0.1–0.2 arcsec) is needed to minimize the photometric
noise induced by the CCD pixel response non-uniformity.
The payload will produce (after significant on-board pro-
cessing) a total sustained data rate of � 64 kbps; the com-

munication link has therefore been sized as to allow the
downlink of the resulting 5.5 Gbit/day.

A range of deep-space platforms (or “busses”) could
be used to implement Eddington. In practice, during the
assessment study, the programmatic constraint of trying
to reuse – as much as possible – the Mars Express bus had
been imposed. Given the very different nature of the Mars
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Express mission only selected subsystems could effectively
be reused. The resulting satellite configuration is shown
in Fig. 4. In this configuration the Eddington telescope is
embedded in an ad hoc designed structure.
The required pointing (0.1–0.2 arcsec) accuracy can

be reached by current attitude control actuators (reaction
wheels) if fed sufficiently accurate error signals. In prac-
tice, the pointing accuracy of most present-day spacecrafts
is limited by the accuracy of the star trackers. By feed-
ing pointing information directly from the EddiCam focal
plane to the attitude control system, the needed pointing
accuracy can be easily reached. In practice, this implies a
small complication in the form of an additional interface
between the payload and the service module.
In practice, other existing spacecraft bus can be used

to implement the Eddington mission, at lower cost than
the cost of the Mars Express reuse approach adopted dur-
ing the assessment study. A small ad hoc study showed
that the prima bus produced by Alenia could indeed be
adapted for Eddington resulting in significant savings over
the baseline option, and an approach based on the reuse
of the bus used for the Herschel mission is being currently
studied. Preliminary results show that also this approach
would result in a significantly cheaper mission than the
one of the baseline configuration.

5. Orbit and operations

The key operational requirements for Eddington are the
possibility of performing long, uninterrupted observations,
in a low-noise, low-disturbance environment. The need
for long observations is shared both by the asteroseismic
phase (during which a duty cycle of ≥ 90% is needed to
minimize spurious, aliased frequencies in the data) and by
the planet-finding phase (during which gaps in the data
would result in missed transits).
An orbit around the L2 Earth-Sun Lagrangian point

fulfills all the above requirements, and therefore has been
selected for Eddington: the large distance from the Earth
of the L2 point minimizes the disturbances, both in terms
of thermal problems and of scattered light issues. The
main sources of scattered light (Sun, Earth and Moon)
are all concentrated, as seen from L2, in a limited sky
area, so that the whole sky is, in the course of a year,
observable for at least a month without interruption, and
– essential for the planet-finding phase – a significant sky
area around the ecliptic polar caps can be observed con-
tinuously around the year, allowing 3 yr of uninterrupted
monitoring. Also, the favorable configuration of the main
sources of straylight will allow for a simplified baffling of
the telescope.
This orbit can be reached with a limited cruise phase

with a Soyuz launcher equipped with a Fregat propul-
sion stage, as used e.g. by the Cluster II spacecrafts. Such
launcher (also thanks to its limited cost) is therefore con-
sidered as the baseline for Eddington.

The key disadvantage of an L2 orbit is – given its large
distance from Earth – the available telemetry bandwidth,
and the limited coverage available from any given antenna
on Earth. Eddington will therefore need a small high-gain
(parabolic) antenna (ca. 40 cm diameter in the baseline
design) to achieve its baseline sustained transmission rate
of � 64 kbps. In practice, to minimize operations costs,
only 8 hr/day ground coverage are provided, so that the
data are stored on-board for 16 hr/day and transmitted
during ground coverage.

6. Observing program

The baseline observing program of Eddington has two
main components, i.e. the asteroseismic program and the
planet-finding one. The asteroseismic program will be com-
posed of a number (of order 15–20) of individual observa-
tions, each 1 to 2 months in duration (to ensure sufficient
resolution in the detected oscillation frequencies). While
the detailed list of targets composing the observing pro-
gram will be the result of an open Announcement of Op-
portunity (with some allowance for Guaranteed Time for
the Principal Investigators contributing to the implemen-
tation of the mission) it is clear that to fulfill its ambi-
tious scientific goals regarding the understanding of stellar
structure and evolution the final observing program must
guarantee that a sufficiently broad range of stellar types
is indeed studied in detail.
The Eddington observing program must therefore in-

clude a broad range of pulsating stars, covering as much
of the H-R diagram as possible (see also Fig. 5). Im-
portant examples are solar-like oscillations in the oldest
stars of the Galaxy, i.e. the metal-poor halo stars, and de-
tailed studies of massive main-sequence stars which will
constrain their subsequent evolution and eventual demise
in supernova explosions. Furthermore, Eddington will cer-
tainly carry out extensive observations of solar-like oscil-
lations in stars in open clusters: this will permit precise
determination of the overall parameters of the stars and,
because of the other constraints on the stars in a cluster,
such observations offer perhaps the best possibility for de-
tailed asteroseismic investigations of the physics and dy-
namics of stellar interiors. The effective collecting area of
the Eddington telescope/camera combination is such as
to allow observation of solar-like oscillations in low mass
stars (and thus a fortiori of the higher mass stars, which
are more luminous and are higher amplitude oscillators)
in a number of key open clusters and stellar associations,
including Hyades, Pleiades, α Per, NGC 2516, and the
Sco-Cen star-forming region, as well as of a number of
nearby low-metallicity, Pop. II stars.
The planet-finding phase of the mission consists in the

long-term (at least three years) monitoring of single stellar
field. The selected specific star field must maximize the
chance of detecting a broad range of planetary systems,
including habitable planets. This choice will therefore be
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Figure 5. Schematic location of various classes of pulsating
stars in the Hertzsprung-Russell diagram, plotted together with
the Hipparcos observed H-R diagram. The solid lines show evo-
lutionary tracks for stars of masses (from the top) of 20, 12, 7,
4, 3, 2 and 1 solar masses, starting from the zero-age main se-
quence indicated by the dashed line. The dot-dashed line shows
the horizontal branch, where stars generate energy from core
helium fusion, whereas the dotted line indicates stars evolving
from the red-giant branch and down the white-dwarf cooling se-
quence. Solar-like and irregular variables (Irr) are likely the re-
sult of stochastic excitation by convection. The remaining types
of variables are driven by opacity mechanisms. These include
the δ Scuti stars (δ Sct), classical Cepheids (Ceph) and RR
Lyrae (RR Lyr) stars in the Cepheid instability strip, the γ Do-
radus (γ Dor) stars just below this strip and the more massive
β Cephei stars (β Cep) and slowly-pulsating B stars (SPB).
The γ Dor stars, for which the driving mechanism is so far
not fully understood, and the SPB stars are particularly inter-
esting, since they oscillate in g-modes which are sensitive to the
core properties of the stars. In the rapidly oscillating Ap stars
(roAp) the oscillations are apparently largely controlled by the
magnetic fields of the stars, which also show strong abundance
anomalies. The EC 14026 stars are a class of hot pulsating
horizontal-branch stars. Finally, as indicated, four classes of
variable stars are found along the white-dwarf cooling sequence;
these stars also pulsate in g- modes.

the result of the preparatory work which will be performed
by a consortium of scientific institutes.

7. Programmatics and schedule

Currently, the Eddington mission is in a “reserve” status,
which implies that funding for its implementation phase
is not yet allocated. Detailed studies at both scientific and
industrial levels are currently ongoing (or starting) which
will lead to a detailed definition of the mission, which will
directly lead to a fast implementation once the funding is
allocated. The current schedule shows that the phase B
of the implementation of the Eddington mission could be
started in the 1st quarter of 2003, leading to a launch in
mid 2007.

8. Conclusions

The Eddington mission as defined in 2000 during the defi-
nition study is fully feasible within the programmatic and
financial constraints of the ESA “Flexy” mission slots. The
ongoing study activities, which will extend into early 2003,
will lead to a more detailed mission definition, possibly re-
sulting in a (significantly) different configuration but still
fulfilling all the science requirements outlined for the base-
line Eddington mission.
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Abstract

The Eddington mission to measure stellar oscillations
and search for other planets builds on a solid history of
earlier proposals and studies for space missions to study
stellar seismology and stellar activity and to search for
planets. The idea of such a mission for stellar activity and
seismology was conceived in France 1981 and underwent
a series of developments leading to the EVRIS mission
which was a passenger experiment on Mars96 and was lost
when Mars96 failed. Subsequent proposals PRISMA and
STARS underwent Phase A studies in ESA but were not
selected for launch. The small French mission COROT,
originally conceived as a successor to EVRIS was selected
by CNES and is now scheduled for launch in 2004. The
much more ambitious Eddington mission, devoted to stel-
lar seismology and planet searching was selected as a mis-
sion (albeit with a “reserve” status) in the 2000 F2/F3
selection round in ESA. The mission is proceeding with
detailed industrial and working group studies with the aim
of being ready for launch in 2007/8 should the mission be
fully approved as part of the ESA programme.

Key words: waves – missions: Eddington – stars: oscilla-
tions – planets: search

1. The birth of EVRIS

The idea of a small space mission dedicated to stellar ac-
tivity was first conceived on 10th May 1981 (the day Mit-
terand was first elected President of France), at an infor-
mal workshop on solar and stellar activity organised by
André Mangeney in Corrèze. During the discussions on
rotational modulation of stars the idea emerged to have
a satellite devoted to observing the evolution in time of
stellar activity indicators in a range of wavelengths. Thus
the concept of satellite project was born. Among the par-
ticipants were André Mangeney, Françoise Praderie and
Philip Lemaire who led the drive to get such a space mis-
sion in the following years.
Later that summer at a small workshop in Paris to dis-

cuss the proposed space mission Annie Baglin and Philip
Delache proposed extending the mission to include stel-
lar micro-oscillations; this concept was first presented at a

Séminaire de Prospective du CNES at Les Arcs in Septem-
ber 1981.
In April of the following year (1982) the first proposal

was submitted to CNES by Mangeney, Baglin, Le Contel,
Lemaire, Praderie and Vauclair, (Mangeney et al. 1982a),
with the title Projet de mission spatiale pour l’étude de la
variabilité et de l’activité des étoiles: EVRIS (Etude de la
Variabilité, de la Rotation et des Intéreieurs Stellaires).
This led to a phase 0 study at CNES on the possibility of
such a mission. In the following two years several attempts
were made to get the proposed EVRIS mission funded and
a proposal for CNES support to start laboratory exper-
iments on photomultipliers and to support students was
successful and continued for several years (Mangeney et
al. 1983). In the search for implementation of EVRIS the
same mission concept – now renamed as PSIVA – was pre-
sented to ESA’s Astronomy Working Group and proposed
to NASA as a possible experiment on the Space Station,
but these were not successful (Mangeney et al. 1982b).

2. The international mission PRISMA

During the first few years the drive for such a space mis-
sion came entirely from French scientists, although sev-
eral colleagues (including the author) expressed interest
in the project and where possible gave it support. The
wider community was brought into the project through
an International Workshop in Meudon on “Space Research
Prospects in Stellar Activity and Variability”; several of
us in this Eddington meeting were present at that Meudon
meeting which sowed the seeds for future international co-
operation. The proceedings, edited by Praderie and Man-
geney (1984), are well worth reading to get an understand-
ing of what people thought and dreamt about at that time!
At the same time ESA was thinking through its future

programme under the leadership of Roger Bonnet recently
appointed as the new Director of Science. Bonnet set up
a Horizon 2000 Survey Committee to produce a future
plan for the Agency’s science programme. In response to
a call for ideas the EVRIS concept relabelled as PSAPISA
“Probing Stellar and Planetary Interiors via Seismology
and Activity” was proposed as a possible experiment on
a modified Eureca platform.
I was fortunate enough to be appointed to the Horizon

2000 Astronomy Survey Panel (primarily to cover funda-
mental physics) but I was therefore in a position to stress

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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the importance of a stellar seismology mission as part of
the future programme. This was accepted by the Hori-
zon 2000 Survey Committee and avid readers of their re-
ports will find a box labelled “stellar seismology” in the
proposed future missions in Astronomy (ESA 1984). The
subject was now in the framework of ESA’s future pro-
gramme.
In response to this new Horizon 2000 programme a

group of us put forward the first major international pro-
posal to ESA for a large mission: PRISMA “Probing Rota-
tion and the Interiors of Stars by means of Microvariability
and Activity”. The propsal team consisted of Praderie,
Christensen-Dalsgaard, Hammer, Isaak, Lemaire, Mang-
eney, Rodono, and Roxburgh (Praderie 1985). Unfortu-
nately PRISMA was not selected for further study in ESA
on the grounds that it was not sufficiently mature. This
was followed by a proposal to fly PRISMA on a Eureca B
platform (Praderie et al. 1987) but the Eureca platform
programme was cancelled.

3. EVRIS on Mars 94/96

In their continuing quest to get EVRIS approved for launch
the French group put forward a proposal to fly EVRIS as
a passenger experiment on the USSR’s VESTA mission
(Praderie et al. 1986). The VESTA programme was can-
celled but a 1987 Franco-Russian proposal to use the cruise
time on the Soviet Mars94 mission was subsequently suc-
cessful (Praderie et al, 1987, Baglin et al. 1989) and the
EVRIS mission studies went ahead to produce the seis-
mology experiment to fly on Mars94. In January 1989
Françoise Praderie moved from Meudon to the French
Ministry of Research and Technology and Annie Baglin
took over as PI on EVRIS. The French group involved
colleagues from other countries in the project and I was
pleased to be one of these. With the reshaping of the So-
viet space programme Mars94 became Mars 96 and the
experiment was ready and launched on Mars96. To our
dismay the launch was unsuccessful and EVRIS was lost
with Mars96. Thus was the progress of stellar seismology
held back for several years!

4. PRISMA 2

One of the major outcomes of the Horizon 2000 programme
was the selection of SoHO/Cluster as the first Corner-
stone Mission and an international group proposed the
smaller EVRIS seismology experiment as an add-on to
SoHO (Praderie et al. 1987). I withdrew from the proposal
team since I was on ESA’s SoHO selection advisory panel!
Although the science was highly rated the experiment was
not accepted on the grounds that it was incompatible with
the operation of SoHO.
Then in 1988 ESA issued a call for M2 missions and the

PRISMA group, now led by Philip Lemaire, put forward
a revised (and improved) version of PRISMA devoted to

both stellar seismology and stellar activity (Lemaire et al.
1988). This proposal was amongst those selected for an As-
sessment Study and Thierry Appourchaux was appointed
as the ESA Study Scientist. The Assessment Study
brought new people into the team who remain active mem-
bers of the community today, (Catala, Frandsen, Werner
Weiss), and their report (Appourchaux et al. 1991) demon-
strated that the project was feasible and scientifically
worthwhile. PRISMA was chosen along with 3 others for
a Phase A study. The Phase A study report (Appour-
chaux et al. 1993) was a comprehensive report on both
the science (stellar seismology and activity) and the tech-
nical implementation, produced by an international team
which included Appourchaux, Catala, Frandsen, Frohlich,
Gough, Hoyng, Jones, Lemaire, Roxburgh, Tondello and
Weiss.
The presentation of PRISMA at the selection meeting

took place in May 1993 with the outcome that INTE-
GRAL was selected as the M2 mission and not PRISMA.

5. STARS

At the time of the selection for M2 ESA put out a call for
proposals for the next medium size mission M3. Within
those few weeks from the selection meeting for M2 and
the deadline for M3 proposals we got together in Lon-
don and drew up the basis of a new proposal to be called
STARS, still devoted to stellar seismology and stellar ac-
tivity. This was fleshed out and submitted on time for
the M3 call with a much wider cross section of the com-
munity as co-proposers (Jones et al. 1993). STARS was
selected for an Assessment Study with Malcolm Fridlund
as ESA Scientist, and the community was further widened
by bringing in Badiali, Grec, Roca-Cortes, Schrijver and
Sterken into the science team. Their report (Fridlund et
al. 1994) ensured that STARS was selected for a Phase A
Study.
Malcolm Fridlund had already seen that the mission

could equally search for planetary transits and had co-
opted Alain Leger and Jean Schneider to advise the
STARS science team – so beginning the merger of stel-
lar physics and planet searching into one mission. Then
unfortunately Malcolm was ill and unable to continue as
Study Scientist but, fortunately for us, he was replaced by
the equally energetic Fabio Favata. Fabio threw his ener-
gies into the project, and a turning point was the meting
held in Val Cenis at the beginning of January 1996 which
confirmed the wide interest in the mission in other areas
of astronomy in addition to its primary goals in stellar
physics. At that stage one was still thinking of a 2 year
mission with one month observations of any given field
but, whilst searching my files for input into this article,
I found my old viewgraphs from the Val Cenis meeting
with a proposal that the mission should be extended for a
further 3 years remaining solely on one field to search for
planets!



Background to the Eddington mission 13

Much work needed to be done on the mission in the
ensuing few months and several of us worked very hard to
improve the scientific case and widen its appeal both for
the phase A report (Favata et al. 1996) and for the presen-
tation at the selection meeting in April 1996. All that can
be said is that we nearly made it; the Cobras/Samba team
who were initially confident they would be selected got
worried during the selection meeting – but they needn’t
have done so – they were selected and will now fly as
Planck Surveyor.

6. COROT, MONS, MOST

In 1993 whilst still preparing for EVRIS, the French team
put forward a proposal to CNES for a follow-on small seis-
mology mission COROT, to be flown within the French
Petite Mission programme (Catala et al. 1983). This was
approved for a phase A study starting in 1994, phase B in
1998 and phase C in 1999. Launch is scheduled for 2004.
With the demise of EVRIS on Mars96, COROT became
the replacement for EVRIS and matured into the present
mission concept devoted to Stellar Seismology and Planet
Finding, together with additional science programmes pri-
marily in other areas of stellar physics. The programme
was internationalised through the participation of several
other countries and through approval by ESA to give a
small level of financial support to the mission. COROT
has a 28 cm aperture and will spend 5 months on each
of its main target fields simultaneously observing about 6
stars in half the field of view, whilst searching for plan-
etary transits in the other half of the field of view. Its
secondary target fields will be observed for intervals from
a few days to several weeks (Baglin, these proceedings).
In 1998 Jørgen Christensen Dalsgaard and colleagues

put forward an project proposal for a small satellite de-
voted to stellar seismology as a candidate for the new
Danish Space Programme. This was short listed and a
detailed proposal for MONS was submitted in 1999 (Kjels-
den et al. 1999). This was originally approved for study
as a combined mission – the other part being a gamma
ray burst experiment Ballerina, but in 2000 the decision
was taken to proceed with MONS as a separate project.
MONS is now in a design phase and the team hopes to
have a launch in 2005. MONS has a 30 cm aperture and
will concentrate on solar-like stars observing a single star
in each of about 20 fields of view for intervals of 30 to 50
days (Christensen-Dalsgaard, these proceedings).
In 1997/8 Jamie Mathews in Vancouver put forward a

proposal for a Canadian micro-satellite MOST. This was
approved and is going ahead on a very short time scale
with a scheduled launch date in October 2002. MOST has
a 15cm aperture and will observe a single bright target star
in each of about 24 fields for intervals of about 1 month.
These three small pioneer missions will advance our

understanding of stellar structure and evolution and, in
the case of COROT, our understanding of planets and

planetary systems. But they are restricted to nearby stars
and will not therefore give a comprehensive coverage of
stars of all types – nor find planets with properties similar
to our earth with orbital periods of the order of 1 year.
This will be done by Eddington with its much larger aper-
ture and ability to measure the time varying flux from a
very large number of stars including stars in clusters and,
in its 3 year planet search mode, detect sister planets to
our earth.

7. Eddington

Whilst we were of course depressed that STARS was not
selected Fabio Favata and I vowed at that time to keep
in touch, waiting for a new opportunity to propose a seis-
mology and planet search mission. When news started to
filter out about a new F2/F3 round of proposals we were
ready to go and along with Jørgen Christensen-Dalsgaard
sent in a letter of intent to submit a proposal covering
both seismology and planet finding. At the same time a
letter of intent had been put in by Alan Penny, Alain Leger
and colleagues stating they intended to submit a proposal
for planet searching by transits. At the briefing meeting
in ESTEC we discussed merging the two and, after some
hesitation, this was finally agreed shortly before the due
date for F2/F3 proposals. The merged proposal was sub-
mitted on time with support from both stellar and plane-
tary scientists in 13 countries (Roxburgh et al. 2000). We
were selected for an assessment study and by July 2000 the
Science Team had produced the so-called “yellow-book” ie
the white Assessment Study Report (Favata et al. 2000,
ESASCI(2000)8), which is the main document on the cur-
rent status of Eddington and its baseline design.
Many people contributed to that report and I wish here

to acknowledge their contributions. The Science Team con-
sisted of: Favata as study scientist, Pace as study man-
ager, Volonte as AWG Secretary, Aerts, Antonello, Catala,
Christensen-Dalsgaard, Deeg, Gimenez, Grenon, Penny,
Roxburgh, Schneider and Waltham, with additional ESA
support led by Bandecchi and Colangelo. Other scientists
who, though not members of the science team, contributed
to the report were: Baade, Epstein, Garrido, Gilmore,
Grundhal, Kjelsden, Horne, Mas-Hesse, Monteiro, Oates,
Pijpers, Stefl, Surdej.
The presentation and selection meeting was held in

September 2000 with the outcome that Eddington was
selected as the “Reserve Mission” to be flown if NGST
or LISA could not meet their schedules or if additional
funds were available. Whilst it was, of course, disappoint-
ing that we were not cleanly selected, the actual outcome
was a complimentary judgement on the mission – two mis-
sions were to be selected for F2/F3 with very strong pres-
sure from the Science Director that there should be one
in Astrophysics and one in Solar System Studies. We were
up against the ESA contribution to NGST in the Astro-
physics area so our peculiar “reserve status”, the first time
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this has happened in ESA, was a compliment on the qual-
ity of the science goals and maturity of the mission.
And now to the future. ESA has set up a Science Team

and is going ahead with industrial studies on the telescope
design and CCDs, and has selectedWorking Groups on the
Camera, Planet Searching, Asteroseismology, and a Sys-
tems Group. Science groups from over 40 institutions in
Europe are participating in these studies – showing the
very wide support the mission has from within the Euro-
pean astronomical community. These studies are proceed-
ing as though we were fully approved and we are working
to a timetable that could meet a launch in 2007/8. It is
now up to all of us to seek, in whatever ways we can, that
Eddington gets full approval and funding so that we can
achieve our very important and exciting scientific objec-
tives.

8. Dedication

The Eddington mission owes much to very many scientists
who have contributed in many ways – but I would like to
dedicate this article to Philip Lemaire, André Mangeney
and Françoise Praderie, those pioneers whose early vision,
enthusiasm and perseverance started us on the path that
leads to Eddington; and to Annie Baglin, who likewise had
the early vision of a stellar seismology mission and who,
as PI on EVRIS, suffered the trauma of having the first
space experiment in stellar seismology lost with Mars96.
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Abstract

The COROT project, developed in the framework of
the CNES small satellite program with a wide european
cooperation, will be launched in 2004. It is dedicated to
seismology and detection of telluric planets. It will per-
form relative broad band photometry in visible light, dur-
ing very long (150 days) observing runs in the same direc-
tion. Both programs are working simultaneously on the
same region of the sky. The seismology program aims at
mapping the H-R diagram and study in details approxi-
mately 50 targets brighter than 9th magnitude. Another
50 will also be observed with a lower accuracy. The ex-
oplanet program will search for telluric planets slightly
larger than the Earth, in the habitable zone and closer.

Key words: Stars: structure – Planets: exoplanets – Space:
photometry

1. Introduction

COROT, which stands for COnvection, ROtation and
planetary Transits has been developed as a minisatellite,
i.e. a mission of intermediate size and low cost. Its total
mass is less than 600 kg. Its total cost remains below 80
MEuro.
It was proposed already in 1993 by C. Catala, M. Au-

vergne and A. Baglin (Catala et al., 1994) in answer to
a call for ideas of CNES for “small missions”, using the
generic CNES platform called PROTEUS and was prese-
lected in 1994 for a launch three years later.
At that time it was designed as a second generation

mission of asteroseismology only, following EVRIS (Baglin
et al. 1992) and preceeding a large survey like STARS.
However, political and financial difficulties have post-

poned the final decision, which was taken only in October
2000. In between, the studies have continued, and we have
been able to propose a much richer scientific mission, in
particular in including a planet finder objective. The sci-
entific community is also much larger as many European
countries have joined the project.
Now, COROT has entered phase C/D and the launch

is planned at the end of 2004.
CNES has the global responsibility of the mission. In

France, three space laboratories (DESPA, IAS and LAM)

Figure 1. General sketch of the payload showing the telescope
and the camera mounted on the equipemnt box; courtesy Ch.
Imbert.

contribute to the hardware, and many more to the scien-
tific preparation.
Contributions on the instrument and the ground seg-

ment come from RSSD/ESTEC, Austria, Belgium, Italy,
Germany, Spain and the ESA Science Program. Many ob-
servers from all over Europe contribute to the ground-
based preparation.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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COROT, with its two programs, is a pathfinder and
is definitely a precursor of Eddington. The knowledge on
ultra-high precision photometry from space acquired in
building COROT will certainly be very helpful in its def-
inition and preparation.
More information can be found at:
http://corot.astrsp-mrs.fr.

2. The Satellite and the mission

The satellite is 4.2 meter high, and is included in a cylin-
der of 1 square meter. It has two sets of 4 solar panels.
Two launchers have been preselected, Rockot from Eu-
rokot and Soyouz from Starsem. The instrument is a pho-
tometer, composed of an afocal telescope and a focal block
containing 4 detectors. The two scientific programs work
simultaneously on adjacent regions of the sky, use the same
optics, and are separated only in the focal plane.

2.1. The mission profile and the observable sky

As COROT belongs to the PROTEUS program, only low-
Earth orbits are allowed. Long uninterrupted observations
in the same direction of the sky are possible only with
an inertial orbit, which is polar. The orbital plane can
be chosen freely and will remain the same during all the
mission.
The necessity to avoid the Earth limb to keep a very

low level of straylight (∼ a few electrons per pixel per s),
limits the visible sky of Corot to two circles of approxi-
mately 10 to 15 degrees of radius, centered on the celestial
equator. The position of these circles has been chosen to
optimise the two scientific programs: their centers are at
a right ascension of 102.5 (± 2) and 282.5 deg.
When the Sun reaches the orbital plane, the satellite

is turned in the opposite direction to keep the Sun in its
back (Fig. 2). Each half year period contains a long run
(150 days) and 2 shorter runs (10 to 20 days).
The total duration of the mission is 3 years minimum,

allowing for at least 5 long runs.
A very large duty cycle is required: 90% over 5 days

and 80% on 150 days, to avoid aliases due to gaps in the
data.

2.2. The telescope

The telescope is an off-axis one, with an entrance pupil of
600 cm2; this optical scheme has been chosen to reduce
the internal straylight (Fig. 4). A very efficient baffling
outside but also inside the telescope (attenuation of ∼
10−13) protects from the straylight from the Earth.
The camera (Fig. 5) is composed of the dioptric objec-

tive which focusses the sky image on the detectors, and of
the focal block which contains the detectors and a small
bi-prism for the exoplanet program.

Figure 2. The satellite orientations during one year, showing
the changes of pointing direction every six months; courtesy
Frederic Bonneau and Laurent Boisnard.

Figure 3. Observable regions of the sky centered on the celestial
equator, at 102,5 and 282.5 deg close to the galactic plane.

2.3. The focal plane

The focal plane is composed of 4 2048×2048 Marconi MPP
CCDs, working in frame transfer, at −40 deg C. Two are
dedicated to seismology and are highly defocused, to avoid
saturation on bright sources. Two are dedicated to the ex-
oplanet program and work in focus but with a small dis-
persion (R ∼ 4), parallel to the rows of the CCD (Fig. 6).
The stability of the photometric information in the

seismology field, specially respect to depointing, imposes
strong constraints on the defocused PSF, which has to
remain regular, with no spikes, as shown on Fig. 7.
The best possible coloured PSF in the exoplanet field

has a strong peak in the red and is more dispersed in the
blue.
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Figure 4. The optical scheme of the afocal telescope (primary
and secondary mirrors), followed by the dioptric objective.

Figure 5. Sketch of the COROT camera, composed of the diop-
tric objective and the focal block containing the detectors; cour-
tesy Ch. Imbert.

2.4. The CCD test bench

Meudon Observatory has developed and built a CCD test
bench dedicated to high precision relative photometry.
Specific experiments coupling the CCD response relative
to the optical PSF, temperature fluctuations, position of
stars on the CCD and defocus variations are underway.
They will allow to evaluate and control the noise budget
through parametric analysis.
The major goals of this bench are:

– Technological test on the chip.
– Measurement of characteristics as a function of irradi-
ation.

– Readout electronic and timing optimization.
– CCD Electrical Model characterization.
– CCD Flight Model calibration.
– Validation of high precision photometry.

This bench has a very high intrinsic stability, wide
house keeping monitoring and is flexible to allow easy
modifications of the parameters.
An example of recent measurements performed on this

bench is given in Fig. 8, showing the chromatic behavior
of the temperature dependance of the quantum efficiency.

Figure 6. The sky around the primary target HD 43318 as seen
on the detectors, showing the defocused seismology field with all
the bright stars (mv ≤ 9) (left), and on the right, an enlarge-
ment of the exoplanet field, with the dispersed images (right);
the CCD size on the sky is 1.3 deg.

Figure 7. Spot image in the center of the seismology field (left),
and of the exoplanet field (right).

Figure 8. Relative variations of the quantum efficiency of the
CCD chips as a function of wavelength, with a 2 degrees tem-
perature variation.

3. The photometric performances

For the seismology field, it is required to detect a solar-
like oscillation in a 6th magnitude star, in 5 days, which
means a detection threshold of 0.66 ppm in 5 days.
In the exoplanet field a noise level of 7 10−4 in 1 hour

is required on a 15th magnitude star.
These accuracies can be reached only after corrections

of the major perturbators, as jitter, temperature varia-
tions, background, etc. A preliminary model of the instru-
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ment and of the possible instrumental corrections show
that the scientific specifications are fulfilled.
The jitter is considerably reduced, down to 0.2”, by re-

placing the ecartometry information from the star trackers
of the PROTEUS platform by the same quantity coming
from the scientific detectors, which is much more accurate.
The background is measured on board. Many temperature
sensors monitor the thermal behavior of the instrument,
which is mainly modulated at the orbital frequency; on
board as well as bench calibrations provide the necessary
coefficients to perform ground based corrections.
The onboard treatment is kept as simple as possible,

based on aperture photometry, and most of the corrections
will be made on ground. In the seismology field, the in-
strument will be photon noise limited (total noise/photon
noise ≤ 1.1) down to the 9th magnitude (see Table 1). In
the exoplanet field, the photon noise remains the major
source of noise down to 15.5 magnitude in white light and
down to at least 14 in the blue part of the image.

4. The seismology program

From the first days, the COROT seismology program has
been thought in the global framework of the ground-based
and space efforts of the international community. It is
highly motivated by the will to provide a very specific and
unique insight on the seismic interpretation of ”low” and
moderate-mass stars on the main sequence. The mission
profile has thus been deliberately organized around very
long runs (150 days), for a limited number of targets (ap-
proximately 50). With these runs, COROT will provide
seismic data with a precision and over time scales which
are out of reach from the ground and out of the scope of
any other so far planned space mission.

Figure 9. The 150 days and 30 days frequency resolutions, as il-
lustrated by power spectra of IPHIR data over the same periods
(Toutain and Fröhlich, 1992).

The general problem addressed by the COROT seis-
mology Core program is the nature of transport processes
in stellar interiors during the Main Sequence evolution
stage and around it. This covers several aspects of trans-
port, from convective heat transport to angular momen-
tum transport, including overshooting, transport of chem-
ical species, etc. Through these phenomena, we aim at de-
ciphering the main sources of uncertainty in the modelling
of intermediate and moderate mass stars during a stage
of evolution which represents about 90% of their life-time
and has crucial consequences on their further evolution.
In the case of solar-like pulsators, it is well known that

the characteristic features of the internal structure (base
of the convective zone, Γ1 bump, etc.) induce signatures
in the oscillation frequencies at the level of 0.1µHz (see
e.g. Gough 1991 and Provost 2000). Michel et al. (1995)
show that with such a precision, we could pretend to dis-
antangle the effects of the differents input parameters used
in current stellar modelling. For moderate-mass stars like
δ Scuti stars, Goupil et al. (1996) demonstrated that a
150 days run will provide accurate enough frequencies to
tackle precise inversion of the rotational profile and thus
address the key-aspect of angular momentum transfer in
main sequence A-type stars (Fig. 10).

Figure 10. The role of the frequency resolution on the accuracy
of inversion determination of the rotation profile of a late A
star: the dotted curve represents the input rotational profile, the
solid (resp. dashed) crosses indicate the results of the inversion
and its accuracy assuming 150 (resp. 30) days of observation;
courtesy M.-J. Goupil.

In the case of δ Scuti stars, the variation of the oscil-
latory behavior with time is still an open question. Such
runs will allow time-frequency analyses on time scales of 5
months in great complementarity to what can be achieved
from the ground where it is possible to follow (although
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with a lower sensitivity) an object over time scales of a
few weeks (say 1.5 month) or years.
For both sets of objects, these data will bring a unique

opportunity to investigate the physics at work at the edge
of the convective core, a crucial source of uncertainty on
the estimation of stellar ages for moderate and massive
stars.
Besides these long runs, the COROT seismology Core

program also includes a few runs of 10 to 20 days. These
runs will bring the opportunity, in observing of the order
of 50 more objects to scan the oscillatory behavior accross
the H-R diagram.

Figure 11. H-R diagram of the principal target candidates of
the seismology program, superimposed on evolutionary tracks of
different masses and different population I chemical composi-
tions; the size of the symbol incresases with rotational velocity;
courtesy B. Popielsky.

Table 1. Detection threshold σ and frequency resolution ∆ν as
a function of the V magnitude, for different lifetimes of the
mode θ and for short and long runs.

V mag T(days) θ(days) ∆ν σ

6 20 5 0.6 0.65
6 150 5 0.08 0.65
9 20 5 0.6 2.5
14 20 20 0.6 13
14 150 150 0.08 4

5. The planet finding program

Since the discovery of the first extra-solar planet (Mayor
& Queloz, 1995), our ideas on planetary formation have
changed a lot. Giant planets seems to form easily around
their parent star, in contrast to the predictions of the
”standard model” developped so far. Extra-solar planets
have also unexpected orbital parameters, i.e. small semi-
major axes or strong eccentricities, which brought the for-
mation models into question. Does giant planets form fol-
lowing a core-instability mechanism or following a direct
gravitational fragmentation? The old debate opens anew!
Other mechanisms were also explored or revisited to ex-
plain the 51Peg-like planets as for example the migration
mechanism due to disk tidal interactions. Migration was
first investigated by Goldreich and Tremaine (1979) and
is now considered to inevitably occur during the planet
growth.
After the discovery of the giant exoplanet class, the

challenge is now, to characterize the terrestrial exoplanet
class. It can be expected that further constraints will
emerge from these new data and will help to significantly
improve our understanding of the way planets form.
COROT is planned to take up the challenge with a

planet finding program whose main goal is to detect the
first terrestrial extrasolar planets with the transit method.
The problem is to detect the small luminosity decrease
of a star when occulted by one of its planets, either a
giant with a Jupiter mass or a small terrestrial one. Of
course this event may be observed only if the line of sight
lies within the orbital plane of the planet. The associated
geometrical probability is 0.5% for the Earth, 0.1% for
Jupiter and 16% for 51 Peg b, so that a large number of
stars must be monitored to have a chance to find a planet.
A transit event is characterised by a relative amplitude

of 10−2 for a Jupiter like planet and only 8.10−4 for an
Earth like one and a periodicity which ranges from a few
days to several months.
The ability to detect a planetary transit also depends

on the star characteristics (visual magnitude, spectral
type, intrinsic variability) and on the performance of the
instrument (aperture, focal distance, CCD, etc., see above).
On the two CCDs devoted to the exoplanet program an
amount of 6000 to 12 000 stars, with magnitude V = 12
to 16.5 and located at low galactic latitude, will be moni-
tored continuously during 150 days, and this observation
will be repeated at least 5 times. The integration time is
32 sec and the data is co-added on board every 17 min.
The expected performance in the detection of a transit

on a V = 13 quiet star at a 99% confidence level can be
expressed in term of the radius of the smallest detectable
planet; it is 2.3 R⊕ for a single transit event with a 10 h
duration and 0.9 R⊕ for a multi-transit event (40 tran-
sits) with a 3 h duration. The detection efficiency has
been estimated using improved methods of signal anal-
ysis on simulated light curves which account for the main
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Table 2. Radius of the smallest detectable planet (expressed in Earth radius R⊕) around a solar like quiet star. Transits (single
or multiple) of a given duration, indicated between parenthesis, are detected around a parent star of a given magnitude using the
matched filter and a periodic reference.

Magnitude Single transit (10 h) 6 transits (5 h) 40 transits (3 h)

12 2.0 1.4 0.8

13 2.3 1.7 0.9

14 2.7 2.1 1.4

15 3.5 2.8 2.0

16 4.7 3.5 3.0

Table 3. Radius of the smallest detectable planet (expressed in Earth radius ) around a solar like star 20 time more active than
the Sun (idem).

Magnitude Single transit (10 h) 6 transits (5 h) 40 transits (3 h)

12 5.1 2.5 1.8

13 6.0 2.7 2.2

14 6.9 3.2 2.6

15 7.5 3.7 3.0

16 8.3 4.4 3.9

characteristics of the telescope and under the assumption
that the various noises are white and gaussian. Zodiacal
light is the dominant source of white noise but is a stable
one. Many tests were run with single and multiple transit
events in front of a solar like star of a given visual magni-
tude. The results are presented in Table 2 in term of the
smallest detectable planetary radius and show that close-
in planets similar to the Earth should be detectable with
COROT.
Other detection tests were run also in the case of a

star of a much stronger variability than that of the Sun.
The light-curves simulated for that purpose are obtained
through a simple scaling of a sequence of the VIRGO-
SOHO data. The results are presented in Table 3 when
the variability scaling factor is of the order of 20 (see also
Fig. 10 for other values of the scaling factor).
Over 150 days the longest observable transit period

will be of the order of 50 days. A chromatic device has
been added in order to partly overcome this limitation
providing a multi-color information which helps to dis-
criminate planetary transits from stellar artefacts. Indeed,
transits are essentially achromatic events (geometrical ef-
fect) while stellar fluctuations are highly chromatic due to
temperature variations on the star surface. A recent work
(Defay, 2001) shows that, in the case of COROT, the use
of a coloured information can improve the detection when
the variability level of the star is much higher than that of
the Sun (the variability scaling factor is larger than 20).
Multi-color information is obtained thanks to a bi-prism
located in the focal block at a few centimeters of the exo-
planet CCDs.
The planet finding program includes also deeper anal-

yses of the future data and a program of complementary
observations in order to adress related scientific questions
such as: (i) physics of the hot gas Giants thanks to ra-

dial velocity measurements; (ii) search for the signature
of exoplanetary atmospheres and study of the star/planet
interactions, thanks to high resolution spectroscopy; (iii)
search for peculiar transits due planets in binary systems
or to ringed (or mooned) planets.

6. The additional programs

The idea of the Additional Program section of COROT
is to obtain a maximum scientific return of the mission.
An Announcement of Opportunity (AO) will be issued to
the scientific community at large about half a year be-
fore launch of COROT indicating two possibilities for a
participation in the mission:

– Usage of the archival data. Successful proposals will
have to address science outside the primary goals and
will get access to specific archival data for proprietary
use, but exclusively in the context of the science ad-
dressed in the proposal. Note that asteroseismology
with the exoplanetary data and exoplanetary research
with the seismology data will count as additional sci-
ence.

– Propose short runs (∼ 5) devoted to specific target
fields.

– During the long runs, about 100 windows of the exo-
planet fields will be available for additional science

– During the short runs of the core program, it will also
be possible to ask for specific windows in the exoplanet
fields.

All response to this AO will be evaluated by the
COROT Scientific Committee which will be in charge of
the selection, taking into account the quality of the pro-
posed science and the level of contribution by the par-
ticipating countries and by ESA. A successful proposer
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will obtain status of a Guest Investigator (GI) and will
have exclusive data rights for the science described in his
proposal. The COROT Science Committee, however, will
have the rights to use the same data for any other science.
One year after the first release of data to the Co- and/or
Guest-Investigators the data will be released to the public.
In order to prepare the AO and to help defining the

COROT Science an Additional Program Working Group
(APWG) was established, presently consisting of the fol-
lowing subgroups:

– Planetary systems: comets, asteroids, Kuiper Belt ob-
jects, etc.

– Pulsation: beyond the classical instability strip
– Stellar activity: a science case and a noise source
– Periodic stellar variability: rotation, binarity, etc.
– Links to space activities: ESO, NASA, CNES, etc.

Further subgroups can be formed on request. Pilot
studies will be developed by the subgroups in order to ex-
plore the parameter space available for additional science
of COROT. Furthermore, a set of instrumental parame-
ters has to be compiled and tested which will be needed for
writing proposals as response to an AO. Such pilot studies
(and future proposals) will have to address the following
topics:

– the scientific justification, background, objectives,
– the target list,
– why COROT should be involved,
– how COROT should do the observations (seismology
field, exoplanetary field, integration time, etc.),

– needed ground based support,
– simulation of COROT photometry,
– any additional information.

The APWG was also involved in the process of choos-
ing the orbit parameters for COROT, and consequently
defining the two continuous viewing zones centered at the
celestial equator in opposite directions in the sky.

7. The ground-based observations

For an optimal selection of the observation program for
the seismology part of the mission, it is essential to gather
as much a priori information as possible on all potential
targets. In particular, a precise and reliable knowledge of
their effective temperatures, surface gravities and detailed
abundances is necessary. In addition, indications of their
surface rotation rates, or their projected rotation veloci-
ties, is required to optimize the target selection. We also
need to eliminate multiple stars in which the components
have similar types, and finally we need to be aware of all
peculiarities of each selected target (such as, e.g. high ac-
tivity level). Finally, we need to check for the presence of
polluting nearby sources, that might affect the photomet-
ric algorithms that will be run both onboard and on the
ground.

While we already have some knowledge of the charac-
teristics of the COROT potential main targets, we note
that the potential secondary targets are not well-known,
and in particular we lack knowledge of the luminosity
class, metallicity, and rotation velocity of most of them.
Besides, their spectral types, as taken from stellar cat-
alogues, are sometimes not reliable, and their eventual
multiplicity is often ignored. In addition, the knowledge
of even the bright main targets is not sufficient to allow
us to optimize their selection. In particular, the determi-
nations of their effective temperatures, surface gravities,
and metallicities are not precise enough, and most of them
have no measurement of their surface rotation. In most
cases, there is no detailed abundance analysis available.
This is why an ambitious ground-based program was

launched to answer all of these questions, and gather all of
the necessary information on the COROT potential tar-
gets. This program has several components.

– Strömgren photometry: we perform Strömgren uvby −
Hβ photometry of all COROT potential targets. We
use the semi-automatic photometric 80 cm telescope at
Pico Veleta (Spain). These data are used to derive es-
timates of Teff , log g, metallicities. These observations
are about half complete.

– High resolution echelle spectroscopy: these additional
observations are necessary to obtain an independent
and precise measurement of Teff , log g, of the detailed
element abundances, and of the projected rotation ve-
locity. Besides, echelle spectra can allow us to detect
multiple systems, as well as any spectroscopic peculiar-
ity that could have an impact on the target selection.
These spectroscopic observations are being conducted
on 2 m-class telescopes equipped with high resolution
echelle spectrographs (R = 30 000–40 000): OHP 1.93
m/Elodie, SAAO 1.9 m/Giraffe, ESO 152 cm/FEROS.
This part of the program is also about half-completed
today.

– High angular resolution imaging: these observations
are important to know where polluting nearby sources
are located to include this information in the photo-
metric algorithms, and eventually to exclude stars from
the target list in the most difficult cases. We plan to
search for polluting sources within a few arcmin around
each selected star, using digitized Schmidt plates, then
to perform adaptive optics imaging observations with
the adaptive optics equipments of the 4 m class CFH
and TNG telescopes, in the immediate vicinity of the
stars (up to 1 arcmin).

– Ca ii H&K index monitoring: this type of observations
is necessary to characterize the level of activity of the
targets, and to determine their surface rotation period
by detecting the rotational modulation of the
Ca ii H&K index. Although this will be possible only
for the most active stars in the target list, we believe
that the knowledge of the activity level and the surface
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rotation period is sufficiently important to justify this
effort.

Most of these ground-based observations will be com-
plete by the end of 2002, which will allow us to include the
gathered information into the target field selection proce-
dure.
In parallel to this ground-based preparation of the

COROT seismology program, similar efforts are being
spent on the preparation of the exoplanet program. The
goal of these observations is to characterize the stars down
to at least mV = 16.5, in the fields potentially accessible
to COROT. Knowledge of stellar temperatures and lumi-
nosity classes of stars is indeed necessary, first to identify
the best candidate stars for exoplanet detection (i.e. cool
dwarfs) in view of optimizing the selection of the moni-
tored targets within the field of view, second to provide
input for the selection of numerical masks for the onboard
photometric extraction algorithm.
First estimates of the stars fundamental parameters

will be obtained by using existing infrared all-sky surveys,
such as DENIS and 2MASS, but better and more reliable
determinations of the stellar temperatures and gravities
will necessitate devoted observations. These observations
involve broad-band and Strömgren photometry of several
million stars, which will be obtained by using wide-field
CCD imaging facilities at several places in the world.
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Abstract

MONS (for Measuring Oscillations in Nearby Stars)
is the scientific project on the Danish Rømer satellite mis-
sion, which is being developed as part of the Danish Small
Satellite Programme. The principal goal is to study solar-
like oscillations in around 20 bright stars, with a precision
that in the best cases will be limited only by the intrinsic
stellar ‘noise’. The baseline orbit, a so-called Molniya or-
bit, allows access to essentially the entire sky during the
planned 2-year mission. The main instrument is a short-
focus reflecting telescope with an aperture of 32 cm, mak-
ing two-colour measurements. A focused Field Monitor
will be used to detect and correct for possible faint vari-
able stars of substantial amplitude near the main target.
In addition the Field Monitor, and the Star Trackers on
the platform, may be used to observe a broad range of
variable phenomena. The project has concluded the Sys-
tems Definition Phase by a successful review, and launch
is scheduled for the middle of 2005.

Key words: Stars: structure, oscillations – asteroseismol-
ogy – high-precision photometry

1. Introduction

Denmark launched its first national satellite, Ørsted, in
1999; the purpose of this mission is to make very accurate
measurements of the Earth’s magnetic field. The satel-
lite is still (October 2001) operational and has provided
a number of very important results, including a revised
model of the Earth’s magnetic field (Olsen et al. 2000).
As a follow-up to the successful development of this mis-
sion, it was decided in 1997 to establish a Danish Small
Satellite Programme, initially funded for the four-year pe-
riod 1998 – 2001.
The call for mission ideas within this programme, and

the further more detailed applications and evaluation, led
to the selection of a mission consisting of two projects:

– MONS, to study solar-like oscillations in other stars
– Ballerina, to detect gamma-ray bursts and observe
them with an X-ray telescope.

The proposal, by the committee under the Danish Re-
search Councils which is responsible for the programme, to

Figure 1. Artist’s impression of the Rømer satellite in orbit.

combine these two missions resulted from a commonality
of features, including the orbit, and the expectation that
the combined mission would fit within the constraints of
the programme. It was also stated by the committee that,
if the combination turned our to be infeasible, the MONS
project had the highest priority and should be carried out
on its own. The combined mission was named Rømer, after
the Danish astronomer Ole Rømer1 (1644 – 1710); he was
the first to measure the finite speed of light and he made
major developments of astronomical instrumentation.

The System Definition Phase of the combined mission
was started early 2000, by a combination of Danish indus-
tries and research institutions. An important early goal
was to establish whether or not the combined mission was
feasible. At a mid-term review in October 2000 it was con-
cluded that, although technically possible, the combined
mission was too complex, and likely too demanding in
terms of mass and finance, to be realistic within the Small
Satellite Programme. Thus it was decided to continue with
a mission involving only the MONS project; however, the
name Rømer was kept for this mission. Fig. 1 illustrates
the current configuration of the satellite.

1 born and initially educated in Aarhus.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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The goal of the MONS project is to probe the inte-
riors of stars through observations of oscillations in their
intensity and colour. Thus the mission extends the very
successful studies of the solar interior over the last decade
through helioseismology (for a review see, for example,
Christensen-Dalsgaard et al. 2000). The frequencies of os-
cillation will provide information about the structure and
rotation of the stellar interiors, and hence allow investiga-
tion of effects of stellar evolution and the physical proper-
ties of matter in the stars. The main targets for the mission
are stars that show oscillations similar to those observed
in the Sun. Since the amplitudes of such oscillations are
typically of order a few parts per million (ppm) an overrid-
ing requirement on the project is photometric precision;
the design goal is that the instrumental and photon noise
should be substantially below the intrinsic stellar gran-
ulation noise for the brightest objects on the target list.
MONS will observe solar-like oscillations in 15 – 20 stars.
In addition, high-precision photometry will be carried out
on a few other carefully selected variable stars. Sufficient
frequency resolution requires that each target be observed
almost continuously for about one month. Also, the pri-
mary targets are distributed over the whole sky, and hence
an orbit allowing access to the entire sky is highly desir-
able. Given the budget of the programme, launch has to be
obtained as a passenger on a larger mission. Thus it was
decided to keep the satellite within the ASAP-5 restric-
tions, which is being established as a de facto standard
for such secondary launches. Thus the dimensions of the
satellite are limited to 60 by 60 by 71 cm, with a total
mass below 120 kg.
The primary observations will use the MONS Main

Telescope, a strongly defocussed 32-cm telescope observ-
ing in two colours. However, the satellite will also carry
other instruments permitting a broad range of parallel sci-
ence. The MONS Field Monitor has as primary goal to
detect and correct for faint variable stars near the main
target; such stars, within the field of the Main Telescope,
might otherwise corrupt the data. The Field Monitor has
an opening of 5 cm and a field of 5◦×5◦, which is observed
in focus. Thus it allows the nearly continuous monitoring
of the large number of other objects in the field, undoubt-
edly including variable stars of various types as well as
other time-varying astrophysical objects. Data for an even
larger field, although with lower precision, will be obtained
from the Star Trackers, whose main purpose is to deter-
mine the orientation of the satellite. Two Star Trackers
will be included, pointing in the same direction as, and
the opposity direction to, the Main Telescope. The Star
Trackers have a 2.4 cm aperture and cover a field with a
diameter of 22◦.
The Rømer satellite is predominantly a Danish mis-

sion, with the scientific and technical responsibility, as well
the overall design and construction of the satellite, being
located in Denmark. The scientific headquarters of the
mission are at University of Aarhus, the prime industrial

contractor is the company Terma A/S2 and the overall
management is carried out at the Danish Space Research
Institute. However, the project involves very important in-
ternational contributions. The design and construction of
the Main Telescope will be carried out by the Australian
companies Auspace and Prime Optics, while the optics
and other hardware for the Field Monitor is provided by
Spain and Belgium. Also, Finland will provide the plat-
form computer, while contributions to the onboard soft-
ware development come from Belgium. Finally, the scien-
tific preparations for the mission and the utilization of the
data involve the broad MONS Science Consortium, with
around 150 members in 20 countries.

2. Primary scientific goals

Observations of stellar oscillations provide information on
many aspects of the stellar interior. The frequencies of
the oscillations depend on the structure of the star, par-
ticularly the distribution of sound speed and density, and
on gas motion and other properties of the stellar interior.
The amplitudes of the oscillations are determined by the
excitation and damping processes, which may involve tur-
bulence from convection, opacity variations and magnetic
fields. The best targets are stars which oscillate in sev-
eral modes simultaneously. Each mode has a slightly dif-
ferent frequency, reflecting spatial variations of the struc-
ture within the star, and the combination places strong
constraints on the internal properties (for reviews of such
studies see Brown & Gilliland 1994; Gautschy & Saio 1996;
Christensen-Dalsgaard 1998; Gough 1998).
Stellar oscillations are standing waves which reach deep

inside the star, and they are observed via their effect on
the surface. To a very good approximation, the surface
pattern of a single oscillation mode can be described by a
spherical harmonic, which is characterized by two quan-
tum numbers: the degree l and the azimuthal order m;
l determines the horizontal wavelength, while m measures
the number of nodes around the equator. In addition, a
mode is characterized by the radial order n, which roughly
corresponds to the number of nodes in the radial direction.
In practice, for stars apart from the Sun we measure aver-
ages over the stellar surface, thus effectively suppressing
modes with comparatively high degree and hence short
wavelength. In general, stellar observations are dominated
by the modes of the lowest degrees (l = 0, 1, 2 and 3). For-
tunately, these are the most useful for probing the interior
because they reach deepest below the stellar surface.
The principal targets for the MONS Main Telescope

are stars with oscillations similar to those observed in the
Sun. These are believed to be excited stochastically by
the effects of convection in the near-surface layers of the
star, where the speed of convective motion approaches the
sound speed, leading to an efficient generation of sound

2 see http://www.terma.com
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waves. These waves couple to the normal modes of the
star, leading to oscillations which can be observed in, for
example, the luminosity and surface temperature of the
star. This mechanism is expected to cause oscillations in
relatively cool stars with substantial near-surface convec-
tion; these include stars in the phase of central hydrogen
fusion with masses up to around 1.7M�, M� being the
mass of the Sun. Due to the broad-band nature of the
mechanism most modes in a fairly broad range of frequen-
cies are expected to be excited, as is indeed observed in the
Sun. This substantially simplifies the identification of the
modes and the analysis of the frequencies. Unfortunately,
the expected amplitudes are extremely small: a few parts
per million (ppm) in relative fluctuations in luminosity or
surface temperature.

Figure 2. Amplitude spectra of solar oscillations measured
in intensity by the VIRGO instrument on the SOHO space-
craft. The observations are smoothed and rescaled here to show
the spectrum corresponding to 30 days. Individual oscillation
modes appear as strong peaks rising above a sloping back-
ground, which arises from random convective motion on the
solar surface. MONS will produce amplitude spectra of other
stars with similar signal-to-noise levels (adapted from Fröhlich
et al. 1997).

Figs. 2 and 3 illustrate properties of the solar oscilla-
tion spectrum, observing the Sun in a manner similar to
the MONS observations, in light integrated over the solar
disk. The observed modes are concentrated in a frequency
range between 2 and about 4.5 mHz, corresponding to pe-
riods between 8 and 4 minutes. (Other observations shows
that the solar oscillation spectrum extends to frequencies
below 1 mHz.) These modes are acoustic modes of high
radial order which, according to asymptotic theory, are
essentially uniformly spaced in frequency, as is indeed ob-
served. It should be noticed that the observed amplitudes
are substantially higher in the blue than in the red wave-
length region. This is the background for using colour as
the primary observable with the MONS Main Telescope:
the ratio between blue and red intensities still shows a
substantial oscillation signal, while certain contributions
to the instrumental noise are strongly reduced. It should

Figure 3. Small section of the solar spectrum (lower panel of
Fig. 2), showing (n, l) values for each mode. The large and
small separations are indicated. These measure the average
density and core composition, respectively, and can therefore
be used to infer the mass and age of a star.

also be noted that the ‘noise’ background in Fig. 2 is in
fact of solar origin: it arises from the intensity fluctuations
caused by granular motion at the solar surface.
Details of the solar spectrum are illustrated in Fig. 3.

It is characterized by the large frequency separation ∆νl =
νnl−νn−1 l between modes of adjacent radial order n, cor-
responding to the almost uniform spacing shown in Fig. 2,
and the small frequency separation δνl = νnl − νn−1 l+2;
here νnl is the cyclic frequency of a mode of radial order
n and degree l. The small separation is substantially in-
fluenced by the sound speed in the core of the star and
hence is sensitive to the chemical composition there; since
the core composition changes with age, as hydrogen is con-
verted into helium, δνl provides a measure of the evolu-
tionary state of the star. On the other hand, ∆νl depends
on the overall properties of the star.
These properties have important consequences for the

diagnostic potentials of the frequencies: by observing ∆νl
and δνl it is in principle possible to determine both the
mass and age of a star. In practice, the determination is
evidently dependent on other uncertainties in stellar prop-
erties. These issues are discussed in more detail by Gough
(these proceedings) and Monteiro, Christensen-Dalsgaard
& Thompson (these proceedings).
Detailed observations of accurate frequencies offer far

more information about the stellar interior, allowing in-
ferences beyond the basic parameters of the star such as
mass and age. For example, the location of the base of
the convective envelope introduces an oscillatory signal
in the oscillation frequencies which may be used to con-
strain the depth of the convection zone and the properties
of the region below it (Monteiro, Christensen-Dalsgaard
& Thompson 2000; Monteiro et al., these proceedings).
Also, Pérez Hernández & Christensen-Dalsgaard (1998)
found that the ionization of helium affects the sound speed
and hence the oscillation frequencies of stellar models in
a manner that is in principle observable; this may be used
to determine stellar abundances of helium, a quantity that
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is otherwise only poorly known. With sufficiently good
data it may be possible to carry out inversions for stel-
lar structure, at least in parts of the star or under ad-
ditional assumptions (see Basu, Christensen-Dalsgaard &
Thompson, these proceedings; Roxburgh, these proceed-
ings; Thompson & Christensen-Dalsgaard, these proceed-
ings).
Estimates of the amplitudes expected for solar-like os-

cillations have been made, assuming stochastic excitation
by convection and calibrating against the solar amplitudes
(e.g. Christensen-Dalsgaard & Frandsen 1983; Houdek et
al. 1999). Kjeldsen & Bedding (1995) pointed out that
the results roughly indicated that the amplitudes were
proportional to the ratio L/M between the stellar sur-
face luminosity and mass. Recent observations of solar-
like oscillations (Kjeldsen et al. 1995; Martić et al. 1999;
Bedding et al. 2001; Bouchy et al. 2001) indicate that the
amplitudes increase less rapidly with increasing effective
temperature, but show the predicted increase with lumi-
nosity at solar effective temperature. Nevertheless, these
observations provide confidence that MONS will indeed
be able to make detailed observations of oscillations in a
substantial range of stars.
Although the main emphasis will be on solar-like os-

cillations, the MONS Main Telescope will also be used
to observe a few stars known from ground-based observa-
tions to pulsate. Theory suggests that in these many more
modes may be excited than currently observed, likely at
amplitudes rendering them undetectable from the ground.
Important examples are the δ Scuti stars and the β Cephei
stars, which together cover an extended range in mass, and
hence interior properties, along the core hydrogen-burning
main sequence. If such low-amplitude modes can indeed
be detected, the MONS observations may provide very
valuable information about the properties of the stars.
Additional data on such ‘classical’ pulsating stars will be
obtained with the Rømer Star Trackers and the MONS
Field Monitor (cf. Sect. 7).
In addition to stellar structure, the frequencies of os-

cillation depend on the rotation of the star. This gives rise
to a frequency splitting according to m which, to lowest
order, can be roughly written as

νnlm = νnl0 +m
〈Ω〉nl
2π

, (1)

where 〈Ω〉nl is an average of the angular velocity weighted
by the structure of the given mode. When only low-degree
modes are observed, as will be the case for MONS, these
averages all extend over most of the star. However, even
such limited information will give some indication of the
variation of rotation with depth in the star, particularly if
it is combined with measurement of the surface rotation
via intensity variations induced by spots, which MONS
will easily detect. Measurement of the rotational splitting
requires observations over a period that somewhat exceeds
the rotation period. Thus MONS will be able to measure

the splitting for stars rotating at least as fast as the Sun,
with rotation periods below 25 days3.

3. Payload

The primary requirement on the payload and platform
is to allow measurements of oscillations in intensity or
colour at the sub-ppm level over a one-month observing
sequence, in the frequency range relevant to stellar oscil-
lations. To achieve a sufficiently low photon noise, and
hence sufficiently large number of photons, with current
CCD detectors strong defocussing is required. As a result,
the Main Telescope cannot distinguish between the bright
primary target and possible faint near-by stars varying
with substantial amplitudes; to correct for this, the pay-
load includes a focussed Field Monitor which can detect
such variables and correct for their influence.

3.1. MONS Main Telescope

The telescope aperture, together with the optical and de-
tector efficiency, determines the photon noise, which evi-
dently has to be minimized. The dimensions of the tele-
scope are limited by the overall size of the satellite which
in turn are constrained by the restrictions of launch op-
portunities. This determines the length of the telescope;
as discussed in Sect. 5 the diameter is then effectively lim-
ited by the constraint that the Earth exclusion angle be at
most 30 deg; this has led to a telescope diameter of 32 cm
and a telescope with an f-ratio of 0.9.

Figure 4. Schematic design of the MONS Main Telescope. The
field stop is mounted on the conical baffle which is bolted to the
main mirror, to ensure mechanical and thermal stability. The
CCD is cooled through a heat pipe connected to the radiator
panel.

3 It should be noted that for relatively rapid rotation the
effects on the frequencies are substantially more complicated;
see, for example, Soufi et al. (1998).
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Figure 5. Schematic illustration of the detector plane. The pupil
image is divided into segments of blue and red light, as indi-
cated. The total size of the CCD detector is 2k× 1k pixels, of
which the upper half is used for frame transfer.

Light will be detected by means of a CCD detector.
The total number of photons detected is therefore limited
by the well depth of the detector; to reduce the photon
noise the stellar image is defocused to an outer diameter
of 9 mm. To reduce sensitivity to guiding errors the point-
spread function must be uniform to 1 – 2 % over small
scales. Effects of scattered light are minimized by passing
light from the star through a field stop, placed at the focal
position, with a diameter of less than 1 mm. The field
stop is mounted on a conical baffle directly bolted to the
primary mirror; mirror and baffle are made of aluminium,
so that temperature changes will not change the relative
dimensions of the optical system. The overall telescope
design is shown in Fig. 4.
To reduce instrumental noise it is highly desirable to

carry out differential photometry. This is achieved in the
present design by measuring differentially between light in
two wavelength bands (red and blue) from the target star;
since the oscillation amplitude is substantially higher in
the blue waveband than in the red band (cf. Fig. 2), the
ratio between the two intensities contains an oscillation
signal. The separation into two bands is made by placing
a filter, divided into red and blue segments, at a suit-
able point in the optical path; as a result, the two bands
are measured simultaneously on the same detector, en-
suring the full advantage of the differential measurement,
although at the expense of some loss of light. A schematic
view of the detector plane is shown in Fig. 5; note that
the defocussed image fills a large fraction of the CCD.
The baseline CCD detector has an active area of 1024×

1024 pixels, with frame-transfer readout. It is cooled pas-
sively to a temperature of −90 C, by connecting the de-
tector by means of a cold finger to a cooling plate. The
temperature will be kept stable to 0.1 C through a small
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Figure 6. The noise level in the colour-ratio observations, in
parts per million, for a 30-days observing sequence, as a func-
tion of stellar magnitude. The solid line shows the instrumental
noise, the dotted line the intrinsic noise at the solar level and
the dashed line is the sum. Note that the CCD is operated in
three different modes (I, II, and III), depending on the magni-
tude of the star.

heating element and measured to a precision of 0.01 C
for later decorrelation during data analysis. The expected
noise level in the measurement of the colour ratio, assum-
ing a 30-day observing sequence, is illustrated in Fig. 6.
This satisfies the goal of reducing the measurement error
to be below the expected intrinsic stellar ‘noise’ for the
brighter targets.

3.2. MONS Field Monitor

The field stop of the MONS Main Telescope lets though
light from a region with a diameter of around 11 arcmin
on the sky. Thus the defocused image on the detector will
contain contributions from all stars within such a region
around the main target. Large-amplitude variations of a
faint source could be mistaken for oscillations of the tar-
get. Although it would in principle be possible to test
against this by means of contemporaneous ground-based
observations, the effort required to do so would in practice
be unrealistic. Therefore we have included a small focused
telescope to monitor the field around the target. The re-
quirements for this Field Monitor can be estimated by
noting that if a magnitude difference of at least ∆V = 6 is
assumed between the target and the neighbouring stars,
the required photometric precision for the target trans-
lates into a noise level of at most 125 ppm in the amplitude
spectrum after 30 days, in the Field-Monitor observations
of a V = 10 star.
The MONS Field Monitor consists of a lens assembly

with an aperture of 50 mm, with a 1k× 1k CCD detector
that gives a field of 5◦ × 5◦. Since the precision require-
ments are less stringent than for the Main Telescope, so
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Figure 7. Current design of the MONS Field Monitor. Note the
careful baffling.

are the requirements on cooling of the detector; it will
be maintained at a temperature of around −20 C. The
current design is illustrated in Fig. 7.
We note that the large focused field of the Field Mon-

itor lends itself to very interesting possibilities for parallel
science. In addition to the observations required for the
primary science, data on selected stars in the field will be
recorded at a rapid cadence, to investigate other types of
pulsating stars. Furthermore, the image of the complete
field will be accumulated and transmitted to the ground
at a lower rate, at least several times per orbit, to al-
low search for transient phenomena in a large number of
objects. The photometric capabilities of these observing
modes are illustrated in Fig. 8. Possible targets for paral-
lel science are discussed in Sect. 7.

4. Platform

The Systems Definition Phase of the Rømer project led to
the conceptual design of the satellite illustrated in Fig. 9.
The overall dimensions are 60× 60× 71 cm and the mass,
including a 25 % margin, is around 100 kg, well below the
limit set by ASAP-5 constraints. In operation, the satellite
will be oriented such that one diagonal points towards the
Sun; thus two sides are covered with solar panels, while
the other two sides, which are permanently cold, carry
the cooling plates for the CCD cameras. The lid, which is
closed during launch, protects the main telescope against
direct sunlight. The solar cells allow an average power con-
sumption of 55 W.
The satellite is three-axis stabilized, controlled by four

momentum wheels. Momentum dumping will be made
through magneto-torquing, by means of magnetic coils
coupling to the Earth’s magnetic field, during the parts of
the orbit that are sufficiently close to the Earth. Attitude
control is maintained by means of two Star Trackers, of
which generally only one is operational at any given time.
Additional coarse attitude information is obtained from
Sun sensors and a magnetometer. The expected attitude
stability during observations is better than 10 arc sec.
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Figure 8. Estimated photometric performance of the MONS
Field Monitor, as a function of V magnitude. The upper panel
shows the rms scatter (in a 20 sec observing cycle) for indi-
vidual stars. The dashed line shows the precision obtained in
the central field, used for correction of the main-target obser-
vations, which will be analysed on the ground. The solid lines
show the precision for (from top to bottom) integration times
of 43 msec, 0.2 sec, 0.4 sec and 10 sec; a possible distribu-
tion of the number of stars to be observed in each cathegory,
given constraints of on-board memory and telemetry, is also in-
dicated. The lower panel shows the scatter per image in time-
integrated images over 30 min (solid line) and summed over
one day (dashed line).

The platform is controlled by a single Command and
Data Handling computer, with a separate computer man-
aging the payload and taking care of the on-board data
processing. The various components are connected by a
dual redundant CAN bus. For communication the satellite
carries two S-band antennas, with a transmission power of
2 W. The baseline is to use a single ground station, located
in Denmark, with a 1.8-m antenna; this allows a average
data rate of 24 Mbyte/day, sufficient for both the primary
and parallel science.



MONS on the Danish Rømer satellite: Measuring Oscillations in Nearby Stars 31

Figure 9. Two different views of the Rømer satellite concep-
tual design. The left-hand image shows one sun-pointing side
(covered with solar panels and with one of the antennas) and
one cold side; note the (partly hidden) Main Telescope and the
square baffle of the Field Monitor. The right-hand image shows
the two cold sides, with radiator panels to cool the CCD cam-
eras; also visible is the round baffle of the forward-pointing Star
Tracker.

5. Orbit and operations

The targets for a modest asteroseismic mission like MONS
are generally bright stars, for which the most precise mea-
surements can be made. This furthermore has advantages
in terms of the determination of other properties of the
stars: bright main-sequence stars are relatively nearby and
hence have accurate determinations of their distances; and
because they are bright, their spectroscopic properties can
be determined in great detail.
The disadvantage of the restriction to bright stars is

that the selection of stars is somewhat limited. This is par-
ticularly constraining since, in addition, it is important to
observe as wide a range of stellar properties as possible,
as discussed in more detail in Section 6. Thus it is highly
desirable to organize the mission, including most impor-
tantly the choice of orbit, such that all parts of the sky
can be observed at some time during the mission. Need-
less to say, this has to be balanced against the constraints
implicit in a small-satellite mission, in terms of cost and
operational simplicity.
From a scientific point of view, the requirements are

that the relevant targets must be observable at least for
one 30-day period during the baseline two-year mission,
the observations being, as far as possible, without substan-
tial interruptions. Also, the effects of scattered light from
the Sun and Earth (and, to lesser extent, the Moon) on the
observations with the Main Telescope must be minimized.
In addition, a number of technical constraints must be
satisfied. A part of the orbit must go through a region of
the Earth’s magnetic field which allows momentum dump-
ing with magnetorquers. This requires a low perigee and
a sufficiently high orbit inclination. Also, part of the or-
bit must be close to the Earth, preferably within view of
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Figure 10. The region of the sky that is excluded by Earth light
on the main mirror (limb of the Earth 30◦ away from telescope
axis). Also shown are regions where the Moon can get within
40 degrees of the telescope axis. The contours shows the duty
cycle for a given position in the sky taking into account the
position of the Earth, the right ascension of the orbit perigee
and the radiation belts around the Earth. The maximum duty
cycle is around 85 % (limited by passage through the radiation
belts). The squares show the location of priority 1 targets and
the plusses the location of priority 2 targets (cf. Table 2).

Denmark, to simplify data transmission and control of the
satellite. The orbit must provide sufficient solar radiation
on the solar panels during the observing modes. The use
of a Star Tracker must be possible, without interference
from the Sun or Earth, for all the relevant targets. And
finally, the constraints on cost clearly mean that an orbit
must be chosen where the satellite can be launched as a
passenger.
In practice, the constraints on the Earth mean that

light from the Earth should never directly reach the main
mirror of the MONS telescope during observations. Simi-
larly, for the Star Trackers the Earth should be outside an
exclusion angle which depends on the length of the baffle
and other design aspects.
Based on these considerations, the baseline orbit has

been chosen to be a so-called Molniya orbit, whose main
characteristics are summarized in Table 1; such orbits
are used for Russian communication satellites, and hence
launch opportunities arise at regular intervals. It is char-
acteristic of the orbit that apogee is at high northern lati-
tude. Thus light from the Earth is potentially troublesome
for observations of objects on the southern sky. Follow-
ing a trade-off analysis, dimensions of the Main Telescope
have been chosen such that the Earth exclusion angle is
30◦ (cf. Sect. 3.1). Given this, the possible sky coverage
during the mission can be determined, depending on the
time of launch. An example is illustrated in Fig. 10; here
also is shown the location in the sky of the highest-priority
targets for the main telescope (cf. Section 6). Due to the
precession of the orbit, the exclusion region shifts through
about 7 hours in right ascension during the two-year mis-
sion. Thus, with a suitable choice of the time of launch
it will be possible to observe all key objects during the
baseline mission.
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Table 1. Some properties of the Molniya orbit.

Launch Soyuz/Fregat
Period 43 080 sec (11.97 hrs)
Semi-major axis 26 560 km
Radius of perigee 6900 km (h ≈ 500 km)
Radius of apogee 46 200 km
Eccentricity 0.7411
Inclination 63.43 deg
Argument of perigee ∼270 deg
Change in ascending node −0.150 deg/day

Given the exclusion angle of 50◦ of the Star Track-
ers, observation of southern objects with just one forward-
pointing Star Tracker would be essentially impossible.
Thus the baseline satellite configuration has two Star
Trackers, pointing in the same and the opposite direc-
tion as the Main Telescope. Only one of the Star Trackers
need be operated at any given time for the primary sci-
ence programme, although the parallel science may benefit
from having both operating.

Passage through the Earth’s radiation belts is an un-
avoidable consequence of the requirements of a high apo-
gee and a low perigee. For the Molniya orbit this effect is
to some extent reduced by the high inclination, but not
eliminated. This results in requirements on the radiation
shielding which can, however, readily be met within the
mass budget of the satellite. Another consequence is that
the observations are interrupted during passage through
the radiation belts. We estimate that the resulting duty
cycle is around 85 %; except for very special cases this has
minimal consequences for the quality of the data, com-
pared with a duty cycle of 100 %.

In planning the observations, the minimum time block
is 1 orbit; this provides around 10.5 hr useful observations
out of each 12 hours. The baseline operations schedule of
the mission is very simple: for most targets the demands of
frequency resolution and signal-to-noise ratio require ex-
tended and nearly continuous observations of each target.
Thus the baseline is to observe each target for at least 30
days, or 60 orbits. Selected particularly important targets
may be observed for 100 orbits.

For particular targets considerably shorter observing
periods (although always at least one orbit) may be used.
These include eclipsing binaries and planet transits; here
the precise time of the relevant event can be predicted
well in advance, and the duration of the event is typically
less than one orbit. Such observations will be scheduled,
as far as possible, between the main long-duration point-
ings. However, in exceptional cases it may be possible to
interrupt the long pointings for a single orbit, without
substantial effect on the data quality.

6. Preliminary target list

When assigning priorities to solar-like targets for the
MONSMain Telescope, consideration must be given to the
expected signal-to-noise, as well as to the desire to cover
an interesting range in stellar parameters. The relevant
stellar properties include mass, evolutionary stage, con-
tent of heavy elements (conventionally known as metals),
and rotation rate. In some cases identification of stars with
the desired property, while still observable with MONS,
presents some difficulties; in particular, metal-poor stars
are fairly rare and therefore tend to be rather distant and
hence difficult to observe. Also, it may happen that a star
is potentially very interesting, but of uncertain observabil-
ity. In such cases further studies, either from the ground or
with brief observations with the MONS Main Telescope,
may be required for the final selection.
Target selection has been based on an extensive list of

stars of sufficient brightness to be observable with MONS
and of the appropriate spectral type. These were then
analysed in terms of their properties, as well as for the ex-
pected amplitude and observational noise, and discussed
in the MONS Principal-Investigator team. The result was
the preliminary list of targets presented in Table 2, with
stars grouped according to properties and divided accord-
ing to the following priorities:

1. Very high priority. Should definitely be observed.
2. High priority. Should be observed.
2b. High priority but may not be feasible. Should be ob-

served if feasible.
3. Excellent target. A small subset of this group will be
observed

3b. Excellent target but may not be feasible. Should be
added to Priority 3 list if feasible.

The 2b and 3b groups contain stars which are very in-
teresting, but which may not show solar-like oscillations
because of S/N limitations, or because they are too hot.
These stars could be checked out for one or two orbits to
determine feasibility.
The present target list is based on current information

about the stars, as well as on our present understanding
of the excitation of the oscillations. The stars of priority 1
will certainly be observed; apart from their intrinsic sci-
entific interest observations from the ground and from the
WIRE satellite have demonstrated that they show solar-
like oscillations at an amplitude sufficiently high to enable
very detailed studies. The final selection of the remaining
targets will depend on further studies, including ground-
based observations to evaluate the fields and the proper-
ties of the stars, as well as on modelling to investigate the
extent to which the observations may be expected to pro-
vide the required information about the stellar properties.
Although a definite programme for the start of the mis-
sion will evidently be established well before launch, ad-
justments of the later programme will be possible, in the
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Table 2. Possible solar-like targets for the MONS Telescope

Solar- Low- Higher- Metal-poor Metal- Fast Hotter Total
mass mass mass rich rotation

1. α Cen A α Cen B η Boo 4∗

β Hyi α CMi

2. µ Her υ And ν Ind δ Pav θ Boo 7
β Vir

2b. ε Eri HD 140283 2

3. δ Eri ζ Her γ Pav ψ Cap α Tri 11
η Cas α For

3b. τ Cet κ Cet γ Dor 9
70 Oph χ1 Ori
36 Oph

∗Note that α Cen A and B will be observed simultaneously.

light of the information obtained from the first observa-
tions. Evidently, information about the general properties
of solar-like oscillations obtained with the MOST mission
(cf. Matthews, these proceedings) expected to be launched
well before Rømer, will also be taken into account.
The stars listed in Table 2 may loosely be character-

ized as solar-like oscillators. In addition to these, a modest
amount of observing time will be assigned to other types
of pulsating stars as well as to studies of eclipsing binaries
and planet transits.

7. Parallel science

As discussed by Gilmore (these proceedings) space-based
photometry offers unique possibilities, for a broad range
of astrophysical objects and phenomena, in terms of preci-
sion and continuity. Although the Rømer instrumentation
is more modest than what will be provided by the Edding-
ton mission discussed by Gilmore, the nearly continuous
observations of fairly extended fields, by the Field Moni-
tor and the Star Trackers, allow potentially very valuable
studies within a number of areas.
The potential of observations from space of even mod-

est instrumentation was demonstrated by the 5.4 cm star
tracker on the otherwise failed WIRE satellite, which has
provided valuable data on low-amplitude stellar pulsation,
despite the rather unsuitable orbit of WIRE (e.g. Buzasi
et al. 2000; Cuypers, these proceedings). The Rømer Star
Trackers will have a precision better than 3 mmag in one
minute, for all stars brighter than magnitude V = 6. As il-
lustrated in Fig. 8 an even better performance is expected
for the Field Monitor. As a result, science with the Star
Trackers and the Field Monitor is seen as a high-priority
goal by a broad international community, and must be
considered as an important part of the mission, in parallel

with the science to be carried out with the MONS Main
Telescope.

Potential targets for the parallel science include ‘clas-
sical’ pulsating stars; for these we expect a substantial
increase in the number of modes detected, compared with
ground-based results, possibly leading to the identifica-
tion of a fairly substantial fraction of the modes within
the part of the oscillation spectrum, typically a frequency
range, where unstable modes are found. As a result we may
hope, from the frequency patterns, to be able to determine
the nature of the modes observed; this is a prerequisite for
the full use of the frequencies for asteroseismology. Our
inability so far to identify the modes has been a major
impediment to the investigations of stellar interiors from
observed frequencies of ‘large-amplitude’ pulsating stars.

In several cases, particularly solar-like oscillations in
subgiants, we expect the Star Trackers to be sufficiently
sensitive to determine at least the overall properties of
the oscillations of the stars. In such cases, Star-Tracker
observations can serve as very useful precursors for later
observations of a star with the Main Telescope: from the
determination of the amplitude and gross frequency char-
acteristics we shall be in a better position to optimize the
observing programme to be carried out.

Summed images, in particular from the Field Monitor,
have a very interesting potential for studying variations
on longer time scales of faint objects. Examples include
detection of extra-solar planets through transits, detec-
tion of supernova explosions in distant galaxies and the
possible detection of smaller objects in our solar system.

We also note that the data from the Star Trackers have
very considerable potential for use in outreach activities,
such as projects for schools or amateur astronomers.
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8. The MONS Scientific community

The MONS project involves a substantial international
community, comprising around 150 scientists, taking part
both in the preparation of the mission and in the plan-
ning of the utilization of the data. This is organized in the
MONS Science Consortium. Detailed information about
the activities of the MSC can be found on the WWW4.
Within the MSC several working groups have been estab-
lished to deal with specific aspects of the project, such
as different types of targets or the ground-based support
observations:

– Solar-like oscillations: This group deals with stars
showing solar-like oscillations, i.e., modes excited sto-
chastically by convection. These are typically stars on
or near the main sequence, which will be targets for
the MONS Main Telescope.

– B stars: This group deals with pulsating B stars, in-
cluding β Cephei stars, slowly pulsating B stars and
Be stars. These will in most cases be observed with
the Star Trackers and Field Monitor, but a few may
be selected for observation with the Main Telescope.

– A and F stars: This group will deal with pulsating
A and F stars, including δ Scuti stars and rapidly os-
cillating Ap stars. They will in most cases be observed
with the Star Trackers and Field Monitor, but a few
may be selected for observation with the Main Tele-
scope.

– Planets and eclipsing variables: This group deals
with study of eclipsing binaries and transits of giant
planets. These will in most cases be observed with the
Star Trackers and Field Monitor, but particularly in-
teresting, predicted, transits could be selected for ob-
servation with the Main Telescope.

– Ground-based support observations: This group
takes care of the ground-based observations required
for the MONS project, including redetermination of
stellar parameters, investigations of target fields and
follow-up observations of pulsations (e.g. to help mode
identification).

The primary MONS data analysis will be carried out
at the Science Data Centre at the University of Aarhus.
Distribution of data and other relevant information, such
as results of ground-based support observations and the-
oretical results, will be organized through the MONS In-
formation System (see http://astro.ifa.au.dk/MIS).

9. Schedule

The Detailed Design Phase of the Rømer project was for-
mally started at a kick-off meeting on 2 October 2001.
This phase is funded by a grant of 12 MDkr (around 1.5
MEuro) from the original phase of the Danish Small Satel-
lite Programme. Complete funding is being sought at the
4 at http://astro.ifa.au.dk/MSC

time of writing through extension of the programme be-
yond 2001. Assuming that funding is made available at
the start of 2002, the Implementation Phase will com-
mence in the middle of 2002, while the Detailed Design
Phase will end by a Detailed Design Review at the end of
2002. With this schedule launch is foreseen in the middle
of 2005; however, a definite schedule will have to await the
establishment of a more precise funding profile.
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Abstract

Kepler is one of three candidates for the next NASA
Discovery Mission and will survey the extended solar
neighborhood to detect and characterize hundreds of ter-
restrial (and larger) planets in or near the habitable zone.
Its strength lies in its ability to detect large numbers
of Earth-sized planets – planets which produce a 10−4

change in relative stellar brightness during a transit across
the disk of a sun-like parent star. Such a detection re-
quires high instrumental relative precision and is facili-
tated by observing stars which are photometrically quiet
on hourly timescales. Probing stellar variability across the
HR diagram, one finds that many of the photometrically
quietest stars are the F and G dwarfs. The Hipparcos
photometric database shows the lowest photometric vari-
ances among stars of this spectral class. Our own Sun is
a prime example with RMS variations over a few rota-
tional cycles of typically 3 − 4 × 10−4 (computed from
VIRGO/DIARAD data taken Jan–Mar 2001). And vari-
ability on the hourly time scales crucial for planet de-
tection is significantly smaller: just 2 − 5 × 10−5. This
bodes well for planet detection programs such as Kepler
and Eddington. With significant numbers of photometri-
cally quiet solar-type stars, Earth-sized planets should be
readily identified provided they are abundant in the so-
lar neighborhood. In support of the Kepler science objec-
tives, we have initiated a study of stellar variability and
its implications for planet detection. Herein, we summa-
rize existing observational and theoretical work with the
objective of determining the percentage of stars in the Ke-
pler field of view expected to be photometrically stable at
a level which allows for Earth-sized planet detection.

Key words: Stars: activity – Planets: exoplanets

1. Introduction

Kepler (Borucki et al. 1997) is one of three candidates for
the next NASA Discovery Mission. It proposes to survey
the extended solar neighborhood to detect and character-
ize hundreds of terrestrial (and larger) planets in or near
the habitable zones of solar-type stars. It is designed to
photometrically monitor more than 100 000 main sequence
stars continuously over a period of at least 4 years with a

relative precision of 2 × 10−5 on 2 to 16 hour timescales.
Its relatively large aperture (∼ 1 meter) and wide field of
view (∼ 105 square degrees) make this possible.
Planets will be identified by observing the repeating

drops in stellar brightness (δF/F ≤ 0.02) which occur
each time a planet (whose orbit lies very nearly along Ke-
pler’s line of sight) transits the disk of its parent star. In
November, 1999, exactly such an event was reported: a
short-period (3.5 day), Jupiter-sized (> 0.62MJup) planet
in an eclipsing orbit about HD 209458 (G0V) produced
an ∼ 2% decrease in the system brightness (Henry et al.
1999; Latham et al. 1999). Though this planet was first
detected by Doppler velocity techniques, the event well-
illustrates the utility of this photometric technique as a
tool for planet detection in edge-on, eclipsing systems.
The strength of the Kepler mission lies in its ability to
detect large numbers of Earth-sized planets which is not
currently feasible from any ground or space-based plat-
form.

If we could watch the Earth transit the solar disk with
sufficiently keen eyes from a vantage point outside the so-
lar system, we would observe a fractional change in the
solar brightness of only 8×10−5 lasting approximately 13
hours. Careful engineering and a large telescope aperture
reduce instrument noise and Poisson noise down to ac-
ceptable levels for the detection of such a low-level signal.
Putting the instruments in space eliminates scintillation
noise. And rigorous testing of CCD’s assures us that the
stringent signal to noise requirements can be met (Robin-
son et al. 1995). What might remain, however, is noise
intrinsic to the parent star: stellar variability.

Probing stellar variability across the H-R diagram, one
finds that many of the photometrically quietest stars are
the F and G dwarfs. The Hipparcos photometric database
shows the lowest variances among stars of this spectral
class (Eyer & Grenon 1997). Our own Sun is a prime ex-
ample with RMS variations over a few rotational cycles of
typically 3− 4× 10−4 (computed from VIRGO/DIARAD
data taken Jan-Mar 2001). And variability on the hourly
time scales crucial for planet detection is significantly smal-
ler: just 2−3×10−5. However, the Sun is by no means con-
stant. Fig. 1 shows a composite of irradiance data taken
since 1975 from various space-based radiometers (Fröhlich
& Lean 1998). Both the long-term variability character-
istic of the 11-year solar cycle and short-term variability

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. A composite of solar irradiance data taken from various space-based platforms since 1975 and compiled by Fröhlich &
Lean (1998). Listed in the lower right-hand corner is: the total standard deviation (relative) in milli-magnitudes, the standard
deviation of segments corresponding to approximately three solar rotations (computed using SOHO/DIARAD data), and the
standard deviation of 13 hour segments (also computed using SOHO̊aDIARAD data). Variability on rotational timescales ranges
from 0.1 (solar minimum) to 0.4 mmag (solar maximum). Variability on 13 hour timescales does not change significantly over
the activity cycle. Composite data was obtained from PMOD/WRC, Davos, Switzerland.

characteristic of the solar rotation are readily apparent in
this figure.

Indeed, even the quietest stars are variable at the low
levels required for detection of a terrestrial-sized planet.
For the Sun and all of its main sequence counterparts
(F2V–K7V stars), this variability is driven by a magnetic
dynamo induced by internal convection and rotation. The
solar dynamo generates a carpet of localized magnetic
fields producing the well-known spots, faculae, and plages
collectively known as active regions. When seen in white
light images, such features appear darker (as is the case
for spots) or brighter (as is the case for faculae) relative to
the surrounding solar photosphere. These brightness inho-
mogeneities typically live for weeks to months, in which
time they are carried across the solar disk by rotation.
Rotating in and out of view, active regions generate vari-
ations in the integrated solar flux. The RMS variability
on rotational time scales increases during solar maximum.
Also characteristic of solar maximum is the increase in
the mean brightness level due to the faculae whose rela-
tive brightness more than make up for the deficit produced
by dark spots (on average).

Herein, we discuss the implications magnetic variabil-
ity has for planet detection via photometric transit tech-
niques. Our aim is to establish the detectability of an
Earth-sized transit in the solar noise environment and
to determine the percentage of stars which are expected
to have sufficiently small photometric variances on the
timescales of interest to planet detection.

2. Solar Variability

We have quantified solar variability at the requisite time
scales (13 hours) using observations from the Active Cav-
ity Radiometer for Irradiance Monitoring (ACRIM 1) on-
board the SMM satellite. This instrument measured the
total solar flux over a 4.5 year period (Willson et al 1981)
from 1985 (near solar minimum) into 1989 (near solar
maximum). These results have been validated by com-
paring them with recently released measurements made
over a 5.2 year period (beginning at solar minimum and
extending well into solar maximum) beginning in 1996 by
DIARAD aboard the Solar and Heliospheric Observatory
(SOHO) (Fröhlich et al. 1997).
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Fig. 2 shows the power spectrum of the DIARAD data
set along with the power spectra for 5 hour and 13 hour
transits. Fortunately, there is little power due to solar
variability at time scales comparable to transits (0.8 to
8 day−1, or 3 to 30 hours). Most power in the measure-
ment noise occurs at frequencies less than 0.1 day−1 (> 10
days), corresponding to the rotation of sunspot groups and
solar-cycle scale variations (Fröhlich 1987). At frequencies
of 0.8 to 8 day−1, the power spectrum is thought to be
dominated by convection-induced processes such as gran-
ulation and supergranulation (Rabello Soares et al 1997,
Andersen et al 2000). It has also been suggested that
facular regions (diffuse magnetic flux producing bright
filamentary structure) contribute to the power at these
frequencies – frequencies corresponding to the time for
passage across the solar limb where faculae have signif-
icantly higher contrast against the photosphere (Fligge
et al. 2000). However, comparing the power spectrum of
the SOHO data taken at solar minimum with that taken
at solar maximum (Fig. 2) reveals no statistically signif-
icant change in amplitude in the 0.8 to 8 day−1 range.
This would be expected if facular regions contribute sig-
nificantly to the power.
For modeling purposes we add the SOHO/DIARAD

data to additional white gaussian noise representing Ke-
pler’s expected shot noise and instrumental noise for a
mV = 12 star. We inject transits into the data to gener-
ate detection statistics for Earth-sized events. A full sta-
tistical description of the detection algorithms employed
will be presented in another communication (Jenkins et
al., in preparation). For 13 hour transits, the mean SNR
is ∼ 5σ, well above the requirement of 3.5σ for a minimal
detection rate of 50%. We conclude that the detection of
an Earth twin around a solar twin at mV ∼ 12 is feasible
with the Kepler platform.

3. Solar-Type Stars

Certainly not all stars behave like the Sun. The pertinent
question, however, is: how typical is the Sun among its
main sequence counterparts? The answer seems to depend
on what type of observations we gather.
Stellar activity diagnostics (namely, the Ca ii H&K

chromospheric emission line fluxes) of approximately 100
stars have been monitored consistently since the mid
1960’s as part of the Mt. Wilson HK survey (Wilson 1978;
Baliunas et al. 1995). The primary objective of this survey
is to search for long-term activity cycles in solar-type stars.
Vaughan & Preston (1980), also using the Mt. Wilson in-
struments, present single measurements for 486 solar-type
stars within 25 pc of the Sun. Soderblom (1985) calibrates
the Vaughan-Preston measurements (to yield the purely
chromospheric emission excess as a fraction of the stellar
bolometric luminosity, R′

HK). Henry et al. (1996) extend
the sample, adding 800 southern hemisphere stars within
50 pc. Fig. 7 of Henry et al. summarizes the results. Ap-

proximately 63% of the sample is classified as inactive,
the Sun among them. In this sample, the Sun appears to
be a typical, inactive, G-type main sequence star. Radick
et al. (1998) compute the RMS variations (σRHK) of a sub-
sample of the Mt. Wilson targets and finds that the solar
RMS is typical of stars of similar activity level (〈RHK〉).
We might expect the white-light, photospheric irradi-

ance variations to yield similar statistics. Regions of con-
centrated magnetic flux in the solar chromosphere (plages)
are bright in the CaII lines relative to the surrounding
chromosphere and are physically associated with the dark
spots of the underlying photosphere. However, ground-
based photometry of solar-like stars has led to the sug-
gestion that the solar irradiance may be a factor of 2 to 3
times more stable than stars of similar spectral type and
activity level. A small sample (35) of solar-type stars com-
mon to the Mt. Wilson HK sample have been monitored
photometrically for as long as 30 years at Lowell Observa-
tory (Lockwood, Skiff, & Radick 1997; Radick et al. 1998).
The precision of the observations is limited by scintillation
noise which is typically at the 1-3 milli-magnitude level.
Solar irradiance variations would not be detectable at this
precision. Yet only 8 stars in the Lowell sample are “con-
stant” at the mill-mag level both on night-to-night and
yearly timescales.
Additional photometric monitoring campaigns have

been underway which focus on the stars with planets iden-
tified by radial velocity surveys (Henry et al. 1997; Bal-
iunas et al. 1997; Henry et al. 2000). Similar precision –
limited by scintillation noise – is achieved (1.1–1.5 mmag).
A total of 8 stars have been monitored over a period of
2 to 6 years. The sampling rate is higher than that of
the Lowell survey in order to search for transit events in
potentially edge-on systems. The authors find that sea-
sonal standard deviations are near the expected limits of
precision, suggesting there is no measurable short-term
variability in any of the target stars. Although an obser-
vational bias (targets were selected by the radial velocity
survey for their low levels of magnetic activity) precludes
us from drawing any conclusions concerning the statistics
of photometric variability among solar-type stars, we can
at least conclude that the photometric stability of the Sun
is not an isolated case.
Although significant work has been done to photomet-

rically monitor sun-like stars, we have not yet achieved the
precision, the temporal resolution, nor the statistical sam-
ple necessary to form a complete picture of the variability
of solar-type stars. We turn, then, to more theoretical ar-
guments to determine the numbers of stars expected to be
sufficiently quiet for photometric detection of terrestrial-
sized planets.

4. Rotation, Activity, and Age

The parameter most relevant to the feasibility of planet
detection is the stellar rotational period. Convective pro-
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Figure 2. Power Spectral Density of the SOHO/DIARAD data (beginning in 1996). Overplotted for comparison are the PSD’s
of 5 hour and 13 hour transits. Most of the power in the solar variability occurs at frequencies below 0.1 day−1 (or timescales
greater that 10 days).

cesses, largely responsible for the variability seen in the
Sun on transit time scales, are expected to be similar
among stars of a given mass and age. Magnetic processes,
however, depend not only on the stellar mass, but also
on the stellar rotation rate. In the case of the Sun, mag-
netic processes appear in the power spectrum primarily
at the rotational timescale. Planetary transits occur over
very well-defined (and short) timescales. Keeping the ro-
tational timescale (and PSD envelope) far from the transit
timescale increases our detection statistics. For this rea-
son, we are interested in estimating the number of suf-
ficiently slow rotators in the Kepler sample. Slow rota-
tors are doubly attractive since magnetic processes (and,
hence, variability) diminish in the absence of rotation (Ca-
talano & Marilli 1983; Noyes et al. 1984).

To determine how slow is “sufficiently slow”, we use
the solar irradiance data to test the consequences of in-
creasing both the amplitude of variations as well as the
solar rotation rate. Earth-sized transits are detectable up
to the point of doubling both the amplitude and the solar
rotation rate (decreasing Prot to approximately 15 days).
A full description of this analysis will be presented in Jenk-
ins et al. (in preparation). We select a rotational period of

20 days as a conservative estimate of a lower limit and then
ask what percentage of dwarfs in the magnitude-limited
Kepler field-of-view are expected to rotate at or below this
rate (periods of 20 days or longer).
We make use of the age-rotation relation (Kawaler

1989), in conjunction with galactic models publicly avail-
able from the Observatoire de Besançon. After a rapid
braking phase lasting approximately 0.5 Gy, the rotation
rates of late-type stars settle into a distribution typified
by open clusters of age equal to or greater than that of the
Hyades (700 Myr; Radick et al. 1987). After this phase,
rotation rates follow the well-known Skumanich (rotation
∼ τ−0.5) empirical spin-down law. The loss of stellar angu-
lar momentum is well-modeled as a consequence of the in-
teraction between dynamo-generated magnetic fields and
the expanding stellar winds common to late-type stars.
Kawaler (1989) derives the dependence of rotational pe-
riod on age and spectral type:

log(Pd) = 0.5 log(t9) + 0.390(B − V ) + 0.824

where Pd is the rotational period measured in days and t9
is the stellar age in billions of years. Magnetic spin-down
is more efficient in the later-type stars: stars cooler than
the Sun will spin down to 20 day rotation periods in 1–3
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Figure 3. Power Spectral Densities are computed for year-long segments of the SOHO/DIARAD data in order to illustrate the
changes in amplitude going from the solar activity minimum of 1996 to the current solar activity maximum. Such changes are
significant at the rotational timescale though negligible on timescales relevant to photometric planet detection.

Gyr while middle F-type main sequence stars might take
as long as 4.0 Gyr according to the Kawaler models.

The Besançon stellar population models yield estimates
of the number of dwarfs in a given spectral-type bin older
than the ages derived from the Kawaler formulation. The
models are customized to the Kepler field of view and ex-
pected magnitude sensitivity. Stars earlier than F7 do not
spin down sufficiently before leaving the Main Sequence.
And stars later than K9 are too faint (and thus too few)
to contribute significantly to the statistics. The exact per-
centage of stars which will be slowly rotating is a strong
function of spectral type and ranges from 40% to 80%.
Combining all totals, we find that approximately 65% of
F7–K9 dwarfs in the Kepler field are expected to rotate
with periods longer than 20 days. This is consistent with
Ca ii H&K surveys of solar-type stars which find that 30–
35% of their samples have activity indices above the max-
imum level observed for the Sun (Henry et al. 1996). It
therefore seems assured, on both theoretical and obser-
vational grounds, that about two-thirds or more of the
solar-type dwarfs in the Kepler field will allow the detec-
tion of Earth-like transits. This fraction goes up rapidly as
one considers planets only a little larger than the Earth.

5. Summary

White gaussian noise is added to the SOHO/DIARAD
solar irradiance data to simulate the expected shot noise
and instrumental noise for an mV = 12 star as observed
by Kepler. Artificial transit events are injected into the
data in order to derive the detection statistics in a solar-
like noise environment. We find a mean SNR of ∼ 5σ for
13 hour transits, well above the requirement of 3.5σ for a
minimal detection rate of 50%.

Having established the feasibility of Earth-sized tran-
sit detection in a solar noise environment, we then look
toward existing observations to determine how common
sun-like variability is among late-type stars. We find that
published data lacks the time resolution, the precision,
and the numbers (sample size) necessary to assess the
feasibility of Earth-sized transit detection. However, the
ground-based photometry of G. Henry and collaborators,
focusing on the inactive stars known to have planetary-
mass companions, shows these targets are photometrically
stable down to their limiting precision of approximately 1
mmag per single observation. This strongly suggests that
the very small level of variability shown on the Sun is not
an isolated or rare case.
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Using the age-rotation relation formulated by Kawaler
(1989), we can estimate the age at which solar-type stars
spin down to sufficiently slow rotation rates to make planet
detection feasible. We define this threshold to be Prot ∼
20 days after simulating the effects of more rapid rota-
tion using the SOHO/DIARAD solar irradiance data. At
the slower rotation rates, the amplitude of variations de-
creases (rotation-activity relation) and the power in the
PSD of photometric time series moves away from the tran-
sit timescales toward lower frequencies.
Establishing the age at which stars spin down to ∼ 20

days as a function of spectral type, we then use the Bes-
cançon stellar populations models to compute the num-
bers of stars in each spectral type bin older than the pre-
determined age in theKepler field of view. TheKepler field
of view has a pre-defined galactic latitude/longitude and
area (100 square degrees). It is limited to stars brighter
than mV ∼ 14. We find that 40%–80% (depending on
spectral type) of main sequence stars in the field have the
requisite age. Integrating the results over the all F7-K9
main sequence stars yields 65%.
Not only are detections of Earth-sized planets feasible,

they are expected in large numbers (as many as 50, as-
suming all solar-type stars have two terrestrial-sized plan-
ets). Stellar variability is not expected to compromise the
science objectives of Kepler. Finally, we emphasize that
the statistics improve significantly and the number of ex-
pected detections rises rapidly when we consider planets
even slightly larger than the Earth.
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Abstract

The Wide-field Infra Red Explorer (WIRE) was la-
unched in March 1999. Its main mission failed due to loss
of coolant, but the 52 mm aperture star camera was used
for asteroseismology. A few results are already published,
but other bright variable stars were observed as well. Here
we present an overview of the preliminary results and de-
tailed period analyses on WIRE data of massive main-
sequence pulsators. The period of the δ Scuti star β Cas
could be easily recovered. In an almost uninterrupted ob-
serving run of 17 days on the 16 M� star β Crucis (Mi-
mosa) multiperiodicity could be found in the light varia-
tions of this β Cephei variable. Ground-based photometry
so far revealed only one period for this star. Although
the amplitudes are small (3, 2.7 and 0.6 millimag for the
dominant modes), the periods are in perfect agreement
with the results of a recent line profile study of this star.
Indications of more periods, including a previously sug-
gested one, are present. The results obtained during this
unintentional and unadapted asteroseismology project are
extremely promising. They show only a tiny fraction of the
outcome of a fully adapted asteroseismological mission like
Eddington.

Key words: Stars: asteroseismology – Stars: oscillations –
Stars: individual: β Cas, β Cru

1. Introduction

Several asteroseismological space missions are being pre-
pared now: MOST, COROT, MONS and others, including
Eddington are envisaged for the near future. Meanwhile,
the idea of doing asteroseismology from space or, more
modestly, to observe bright variable stars without inter-
ruption for an extended period is tested whenever pos-
sible. Satellite star trackers can be ideal instruments for
this kind of observation. If enough (or all) band width is
available for downloading the images obtained such a star
tracker, usually a very small size camera or telescope, can
yield scientifically interesting results.
Here we report on the observations recently gathered

by the WIRE satellite. We describe some properties of the
satellite and its star tracker and review the preliminary re-
sults obtained so far by this unique asteroseismological ex-

periment. We give also more details on the first results on
the observed massive main-sequence variable stars β Cas
and β Cru.

2. The WIRE satellite and the star tracker

The Wide-Field Infrared Explorer (WIRE, Fig. 1) was
launched 4 March 1999. The satellite was designed for
a four-month infrared survey at 12 and 25 µm. The pri-
mary science instrument on WIRE failed due to the loss
of coolant shortly after launch. The rest of the satellite,
however, continued to function perfectly and other use of
the onboard instruments became possible. Soon after the
reported failure of the main mission of the satellite, Derek
Buzasi realised that the WIRE star tracker could be used
as an optical wide band photometer suitable for astero-
seismology and variable star studies in general.

Figure 1. The WIRE satellite with the star tracker telescope
visible to the left (photo NASA).

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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The camera, a Ball Aerospace model CT-601, has a
512×512 SITe CCD with 27 µm pixels. It is fed by a
52 mm, f/1.75 refractive optical system with a field di-
ameter of about 1’. The spectral response is equivalent
to a wide V + R bandpass. The CCD could be read at a
rate of 10 Hz when only one 8 × 8 pixel field was used.
This was the case for most of the stars reported on here.
However, up to 5 of such fields could be transmitted, with
a commensurate lowering to the read rate. Read noise of
the system was about 30 electrons (gain 15 e−/ADU). A
stellar image of a bright star typically covers 2×2 pixels.
Data reduction was accomplished using software devel-
oped at IPAC. Some more details on the process of reduc-
tion, background subtraction etc. are described in Buzasi
et al. (2000).
In the beginning of the program an object could be

followed during only 8 minutes per orbit. Later, after re-
programming and other modifications, up to 40 minutes
per target per orbit were obtained. In this way, at the
read out rate of 10 Hz, continous data segments of about
24 000 observations became possible. Continuing this dur-
ing an extended time span proved to be excellent for an
asteroseismology program.

3. Asteroseismology and WIRE

Asteroseismology observations began on 30 April 1999 and
were terminated on 30 September 2000 due to lack of fund-
ing for continued satellite operations. During that time, 28
objects were observed primarily as asteroseismology tar-
gets and an additional 10 were observed for other projects.
The asteroseismology target list was designed as a survey
and thus spans all spectral types from B through M and
all luminosity classes from Ib through V (see Fig. 2). In
Table 1 a detailed target list is given including the status
of the reduction and analysis as of spring 2001.
In the following subsections we give some short com-

ments on the asteroseismological results based in total or
partly on data obtained with WIRE so far in the projects
initiated by one of us (D. B.). For most of the stars the
analysis has only recently begun, so all results should be
considered as very preliminary. More details will be found
in subsequent papers. Some data were used for other pur-
poses than asteroseismology: e.g. α Aql data were pro-
vided to collaborators of the MOST satellite group to
study the behaviour of earth light and α Leo was so far
only used as a comparison star for α UMa. Other projects
to study variable stars were initiated on the WIRE satel-
lite (e.g. the Be star ζ Tau was studied by Batalha et al.
2001).

3.1. α Cen

Analysis of the data from this main sequence star is on-
going. Excess power is present in the power spectrum at
the expected frequency range of 1–3 mHz and the large
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Figure 2. The distribution of the WIRE asteroseismological tar-
gets in the H-R diagram.

and small separations have been resolved. The large sepa-
ration of 106 µHz agrees with theoretical predictions, but
the small separation of 10 µHz is toward the high end of
the expected range, which may indicate that α Cen is a
bit younger than thought. Preliminary results have been
published in Shou & Buzasi (2000). A comparison with
recently obtained ground based results is in progress and
a refereed paper is in preparation.

3.2. α UMa

The detection of 10 oscillation modes in this K0III star was
reported by Buzasi et al. (2000). The lowest mode found
appears to be the fundamental and the mean spacing be-
tween the frequencies seems to imply that all detected
modes are radial. This is consistent with the physical pa-
rameters of a K0III star and the amplitudes confirm this
as well.

3.3. θ2 Tauri

Poretti et al. (2001) found, in collaboration with others,
12 frequencies in the power spectrum of this δ Scuti star,
7 of which have never been seen before from the ground.
Most are in the 11–15 cycles/day frequency range. They
have also confirmed the previously suspected presence of
modal amplitude variability.

3.4. α Cir

The known dominant mode at 2442 µHz of this rapidly os-
cillating Ap star has been verified. There have been several
detections of other frequencies reported in the literature
(mostly by Kurtz 1996); the noise level of the WIRE data
set is at least an order of magnitude better than the best
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Table 1. WIRE Asteroseismology targets, sorted by spectral type, and the status of the data analysis. In the column “segments”
the number of orbital segments for which each object was a target. An orbital segment typically corresponds to 40 minutes.

HD number Name of the star Spectral type Segments Status

HD 111123 β Cru B0 IV 214 in progress (this paper)
HD 160578 κ Sco B2 III-IV 544 not analysed yet
HD 81188 κ Vel B2 IV 134 not analysed yet

HD 193924 α Pav B3 IV 294 not analysed yet
HD 175191 σ Sgr B3 V 350 not analysed yet
HD 87901 α Leo [Regulus] B7 V 377 in progress

HD 112185 ε UMa A0p 1203 in progress
HD 216956 α PsA [Fomalhaut] A3 V 311 not analysed yet
HD 102647 β Leo A3 V 415 not analysed yet
HD 159561 α Oph A5 III 333 not analysed yet
HD 28319 θ2 Tau A7 III 466 not analysed yet

HD 187642 α Aql [Altair] A7 V 520 in progress
HD 201601 γ Equ F0 IIIp 80 in progress
HD 128898 α Cir F0 V 769 in progress
HD 61421 α CMi [Procyon] F5 IV-V 505 in progress

HD 111111 β Cas F5 V 34 in progress (this paper)
HD 209458 F8 V 507 not analysed yet

HD 432 η Cas F9 V 189 not analysed yet
HD 111111 α Cen [Rigel Kentaurus] G2 V 1040 published 2001
HD 113226 G8 III 365 not analysed yet
HD 124897 α Boo [Arcturus] K0 III 328 not analysed yet
HD 95689 α UMa [Dubhe] K0 III 880 published 2000

HD 197989 ε Cyg K0 III 502 not analysed yet
HD 206778 ε Peg K2 Ib 243 not analysed yet
HD 22049 ε Eri K2 V 224 not analysed yet
HD 56855 π Pup K3 Ib 89 not analysed yet
HD 71129 ε Car K3 III 113 not analysed yet

HD 131873 β UMi K4 III 910 not analysed yet
HD 217906 β Peg M2 II-III 692 not analysed yet

ground-based data but there is as yet incomplete agree-
ment between the ground- and space-based results, though
the latter shows the presence of several frequencies at lev-
els that would be undetectable from the ground. Analysis
is continuing.

3.5. γ Equ

This was a very short and very early observation for WIRE,
so the data quality is not as good as for some of the later
observations, though new background removal algorithms
have helped tremendously. The 4 known frequencies of
this rapidly oscillating Ap stars were verified and two new
ones, never detected from the ground, were found as well.
A paper is in preparation.

3.6. Procyon

This solar-like star is proving difficult, albeit in an inter-
esting way. There is a significant drift, at the 100 ppm
level, in the data with typical time periods of days, which

complicates the analysis. However, the drift itself is inter-
esting since it could be real, i.e. stellar in origin and not
instrumental because it is not correlated with any other
instrumental characteristics, nor with any other stars in
the field. It is possible that the drift is associated with
the presence of starspots on Procyon. Data analysis will
continue.

4. β Cassiopeiae

β Cas is a bright (mV = 2.27) δ Scuti variable. On the
basis of the photometric observations during the period
1965 to 1992 Riboni et al. 1994 considered the star to be
monoperiodic with a very stable period of 0.1010367 d.
This is confirmed by the Hipparcos period of 0.1010368 d
(ESA 1997).
We used this star as a test case to explore the prop-

erties of the WIRE data. A relatively small number of
WIRE data was available: only 70 221 observations cov-
ering about 1.6 days. The star was observed only during
25 minutes per orbit at a rate of 2 Hz (see Fig. 3). Al-
though the window function was rather complex, the main



44 J. Cuypers et al.

14349000 14351000 14353000 14355000 14357000
seconds

−0.04

−0.02

0.00

0.02

0.04

β Cassiopeiae
WIRE

Figure 3. Two orbits of WIRE data of β Cas.
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Figure 4. Lomb-Scargle periodogram of the WIRE data of
β Cas.

period of 0.1011 days or frequency of 1145 µHz was eas-
ily identified (Fig. 4). The corresponding sine fit has the
expected amplitude of 0.0122 mag (Fig. 5).
In the residuals some periodicities were still present.

The noise level in the periodogram is about 0.0003 mag,
but with amplitudes as high as 0.0017 mag these period-
icities are still highly significant. Light curves as in Fig. 6
indicate some relation with the orbital period or the ob-
serving scheme, so there is no convincing evidence of any
multiperiodicity. The same results were found when the
data were binned per 50 seconds. In view of the short ob-
serving run and the relatively short periods, binning in
much longer intervals is not appropriate. We note that
the duration of the interval of missing data (71 minutes)
is close to half the main period (146 minutes). Future anal-
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Figure 5. Phase diagram of β Cas for the period of 0.1011 days
(frequency of 1145 µHz). Filled circles are data corrected for the
supposed orbit related periodicities. The open symbols indicate
the raw data.
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Figure 6. Phase diagram of β Cas for the period of 0.1107 days
(frequency of 1045 µHz), a period probably related to the orbital
period of the WIRE satellite.

ysis will have to include corrections for the orbit related
noise in order to define more precisely the maximum am-
plitude of a possibly real secondary period.

5. β Crucis (Mimosa)

The bright southern hemisphere star β Crucis is known as
a radial velocity variable since 1909. Pagel (1956) classified
the star as a β Cephei star and noted some amplitude
variations in het radial velocities. Indications of binarity
were put forward by Heintz (1957) and later confirmed by
others.

5.1. Ground-based photometry

A period analysis of all at that time available photomet-
ric data (ranging from 1959 up to 1975) was performed by
Cuypers (1983). A pulsation period of 0.1911846 d, corre-
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sponding to a frequency of 5.2305468 c/d (hereafter called
f1) was finally retained. The daily aliases were extremely
strong in this star and lead other authors to the claims
of 4.23 or 6.23 c/d frequencies. Some additional variabil-
ity seemed present in the data, but no unambiguous sec-
ondary period could be established. A candidate second
frequency was 2.7874 c/d, since it was found present in
the radial velocity data as well.

5.2. Recent spectroscopy

Results of the analysis of a huge amount of spectroscopy
data spanning almost 13 years were reported by Aerts
et al. (1998). The binary nature of β Crucis was again
confirmed and for the first time an unambiguous orbital
period of 5 years was deduced from the variations of the
average radial velocities.
Multiperiodicity turned out to be clearly visible in

the line profile variations. At least two more frequencies
(f2 = 5.958666 c/d and f3 = 5.472165 c/d) were detected,
besides the one already detected in the light variations.
Aerts et al. (1998) attempted identification of the pulsa-
tion modes. None of the modes is radial and the newly
detected frequencies have all . ≥ 3. This could explain
why they were not detected photometrically.

5.3. WIRE data

14700000 15200000 15700000 16200000
(seconds)

−200

−100

0

100

200

300

D
iff

er
en

tia
l c

ou
nt

s

β Crucis
WIRE data

Figure 7. Raw binned WIRE data of β Cru.

β Crucis was observed by the WIRE satellite during
17 days. There was an interruption of about 2.4 days and
a shorter one of about 9 hours. At the end of the first
period there was a sudden brightening of 0.01 mag of the
star. This is probably instrumental, although we do not
know what the cause could have been. For the preliminary
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Figure 8. One orbit of WIRE data of β Cru. Circles indicate
binned data; the square is the average value for this orbit as
used in the period analysis.

analysis reported here, we disregarded those data. At a
rate of 10 Hz about 5 million measurements of the star
were collected. These data came in blocks of about 38
minutes per orbit.
A lot of orbit correlated features were seen and cor-

recting for these was not easy a priori. However, a first
look at the data immediately revealed a clear beat pat-
tern: an indication of at least two frequencies (Fig. 7).
Several binning schemes were used, but since the expected
light variation periods were considerably longer (4 hours)
than the satellites orbital period, we decided to use only
the mean value of each orbit with observations (Fig. 8).
This resulted in 214 very high quality data points for the
frequency analysis.

5.4. WIRE results

A straightforward frequency analysis of the 214 points im-
mediately led to two frequencies: 5.228 and 5.477 c/d (see
Fig. 9 for some periodograms). They are extremely close
to the frequencies f1 and f3 of the line profile variations. A
third frequency could also be identified without ambiguity:
5.956 c/d. This is, within the errors, equal to the frequency
f2 of the spectroscopic analysis. While the amplitude of
f1 is small, but still expected (3.1 millimag), the ampli-
tude of f3 is higher (2.7 millimag) than expected. There is,
however no filter on the star tracker of WIRE and there-
fore, these results cannot be compared to e.g. the ground
based ultraviolet data. It is no surprise that f2 with an
amplitude of only 0.6 millimag was never identified from
the ground.
After prewhitening for f1, f2 and f3 there is still vari-

ability present in the residuals. The next candidates are
the frequencies f4=3.527 c/d and f5=2.785 c/d, but the
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Figure 9. Lomb-Scargle periodograms of the WIRE data of β Cru without prewhitening (a), after prewhitening for f1 (b) and
after prewhitening for f2 (c & d). In Fig. (d) the scale of the y axis has been changed.

amplitudes are not high above the noise level, estimated by
us to be 0.2 millimag. f5 coincides precisely with the ear-
lier suggested secondary frequency by Cuypers (1983), but
this has to be confirmed by further analysis. We checked
that the same results are obtained when the data are
binned per 100 seconds (5020 data points) and when not
binned at all. The 3 main frequencies are also present in
the second data block of 9 days. In the first data block,
f1 and f3 could not be separated, but this was expected
since its length was only 5 days.

6. Conclusions

The preliminary results of the asteroseismological pro-
gram with the star tracker of the WIRE satellite are ex-
tremely promising. Variable stars all over the Hertzsprung-

Russell diagram were studied. Even with the relatively
short runs possible for some targets, the data are of suffi-
cient quality to a least confirm ground-based results and
in a few cases extend them. For the massive main sequence
pulsator and supernova progenitor β Crucis the multiperi-
odicity only known from spectroscopic analysis could be
confirmed in the light variations.

With a better understanding and correction for the or-
bit related features the limits of detection of periodicities
will be pushed further. Since all this has been done with a
mission that was not at all optimized for asteroseismology
and had no powerful instruments, these results show only
a tiny fraction of what will be the outcome of the fully
adapted asteroseismological missions now in preparation
and the future missions like Eddington.
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THE HIGH INTEREST OF ASTEROSEISMOLOGY WITH EDDINGTON FOR MASSIVE
STARS
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Abstract

Massive stars are an essential piece of our knowledge of
the Universe, since they determine both the spectral and
chemical evolution of galaxies. We emphasize that there
are many evidences of stellar oscillations in massive stars,
not only for β Cephei and SPB stars, but more generally
for all OB type stars. These oscillations of short periods
(days) are not only observed as fluctuations in the stellar
winds, but there are indications of their photospheric ori-
gin. This shows the interest of the observation of O- and
B-type stars by Eddington.
We discuss a number of problems in star formation

and evolution of massive stars, which demand a better
knowledge of their internal structure, as will be possible
with Eddington. Particularly, observations of pre-MS stars
may enable us to distinguish between the different exist-
ing theories for massive star formation. Also, the better
knowledge of the internal µ-gradient and rotation appears
as a key information influencing all the outputs of stellar
evolution, such as age, tracks in the H-R diagram, pop-
ulations of blue and red supergiants, populations of WR
stars, supernova progenitors and nucleosynthetic yields.

Key words: Stars: structure – pulsation – evolution – nu-
cleosynthesis

1. Introduction

We want to emphasize that the study of the internal stel-
lar properties, as they could be derived from asteroseis-
mology with Eddington, is not only an essential piece of
our knowledge about the stars, but also an indispensable
tool for the study of the spectral and chemical evolution of
the Deep Universe. This is particularly true for the mas-
sive O and B stars, which are the main drivers of the
evolution of galaxies. These stars are the contributors to
the UV radiation of galaxies and to the formation of UV
resonance lines. They also power the far-infrared lumi-
nosities of galaxies through the heating of dust. All these
properties provide us with signatures of star formation
through the Universe. The Wolf-Rayet (WR) stars, which
are evolved and peeled-off descendants of OB stars, can be
observed, and even counted, in the integrated spectrum of
galaxies, giving us indications on the ages, durations, IMF

and SFR (star formation rate) in starbursts. TheWR stars
have very strong stellar winds, which are a major source
of mechanical power in the interstellar medium.
As progenitors of supernovae, massive stars are also

the main agents of nucleosynthesis in galaxies. Over recent
years, it has been shown that depending on mass loss, in-
ternal mixing and rotation, the chemical yields from mas-
sive stars may be very different and may lead to very dif-
ferent results about the evolution of chemical abundance
ratios in galaxies. Also, the kind of remnants (black holes
or neutron stars) depends on the amount of mass remain-
ing in the star in their final stages and on the size of their
convective cores in earlier phases. Finally, we must stress
that the properties of zero metallicity stars, i.e. the first
generation in galaxies, closely depend on these physical
mechanisms, the study of which is only possible now in
stars of somewhow higher metallicities Z in nearby galax-
ies. In this respect, the study of properties of massive stars
in the LMC and SMC has served as a template for the
properties of low Z massive stars in the distant universe.
In Sect. 2, we briefly discuss the many observational

evidences for pulsations and oscillations in stars on the
Upper Main Sequence. In Sect. 3, we show some recent
problems concerning massive star formation. Sect. 4 illus-
trates how important may be the internal rotational mix-
ing in massive stars and how much progress might still be
brought to this field.

2. Oscillations in O and B stars

Several groups of OB stars have been found to be pulsat-
ing. We could even say that stellar oscillations are ubiq-
uitous among OB stars. This was already clearly found
long time ago (Maeder & Rufener 1972). There are many
studies on the group of β Cephei stars, which is centered
on spectral type B2. The β Cephei stars pulsate in ra-
dial modes with periods of about 2 to 6 hours (Baade
1998; Dziembowski & Jerzykiewicz 1999) and their pulsa-
tions appear to be due to the κ-mechanism. The photo-
metric variability of β Cephei stars is conspicuous in the
Geneva photometric data (Grenon 1993) and Hipparcos
data (Eyer et al. 1994). But, these data also show many
variations outside the β Cephei domain.
The group of SPB has been extensively studied over

recent years (e.g. Aerts et al. 1999). These are stars in the
range of types B3 to B9, i.e. with lower Teff than the β

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Pre-Main Sequence evolutionary tracks with mass accretion by Behrend & Maeder (2001). The accretion rates are
growing with time according to the observations of mass outflows. The upper envelope is the birthline, i.e. the line followed by a
star continuously accreting mass at a significant rate. The other lines indicate tracks after the end of the accretion process, the
final mass in solar unit are given, as well as, at the top of the figure, the ages of pre-MS evolution in million years.

Cephei, their v sin i are in general lower than 150 km/s.
They are pulsating in nonradial high order g-mode.

In the same range of Teff as the SPB, stars with
v sin i ≥ 200 km/s often show the moving bump phe-
nomenon in their spectrum, i.e. there are ”wiggles” mov-
ing systematically from blue to red in their spectrum.
Howarth & Reid (1993) consider this to be indicative of
sectorial-mode non-radial pulsations coupled with signifi-
cant gravity darkening. In the case of the O9.5V star HD
93521, they estimate a period of 1.8 hours, with numbers
l = −m approximately equal to 9.

For OB stars with Teff higher than those of the β
Cephei group, the phenomenon of moving bumps is also
present. The stellar variations in this domain might be re-
lated to p-modes with l ≥ 4 (Baade 1998). In general, high
resolution spectroscopy shows that the variability is a fun-
damental property of O-stars winds (e.g. Kaper 1999; Wolf
& Rivinius 1999; de Jong et al. 2001). The UV resonance
lines of Nv, Si iv and C iv show line profiles which vary
in time in a coordinate and progressive way. At present, it
is not clear whether these variations are just due to fluc-

tuations in the stellar winds or whether they are related
to some internal instabilities. As shown by several authors
and in particular by Kaper (1999), the monitoring of the
Hα-variations indicate that the variations are produced
close to the stellar surface. Finally, we also emphasize the
general trend that the photometric variations are much
larger in OB supergiants (Grenon 1993; Eyer et al. 1994).

Be-stars, which are fast rotators, show very significant
line profile and photometric variability. The observed pe-
riods are in the range of 0.5 to 2 days, they appear sta-
ble. For now, it is no clear whether the variations are due
to some corotating features or to intrinsic nonradial pul-
sations. In a serie of papers based on numerous echelle
spectra of µ Cen, Rivinius et al. (2001) found evidence of
stable multiperiodicities in this object. These multiple pe-
riods may result from interferences of nonradial low degree
l and m modes. It is remarkable that in this star the mass
loss episodes seem to coincide with the positive superpo-
sition of the velocity fields of the nonradial pulsations.

On the whole, we see that their are plenty of evidences
for stellar pulsations in radial and non-radial modes in
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Figure 2. Relation between radius and mass for different values of f̃ according to Behrend & Maeder (2001). This figure shows
how large the radius may be different during pre-MS evolution depending on the accretion rates which influence the deuterium
burning and thus the stellar radii.

massive stars and some systematics of their pulsation prop-
erties is starting to emerge. This largely justifies that the
massive stars are also targets for Eddington.

3. Star formation

At present, there are still great uncertainties about the
star formation processes, particularly as massive stars are
concerned. The asteroseismology of pre-MS objects is also
potentially important, especially more that many T Tauri
stars lie in the Cepheid instability strip, or have convection
in their outer layers making them to share some properties
of solar types stars.
Let us examine one of the most accute problem in star

formation. At present, there are 3 different scenarios for
the formation of massive stars: 1) The classical models
with constant mass from the Hayashi line to the zero age
sequence. 2) The formation by collision of intermediate
mass protostars (Bonnell et al. 1998; Stahler et al. 1998).
3) The formation by continuous mass accretion during the
pre-Main Sequence phase (Beech & Mitalas 1994; Palla
1998). As shown by Behrend & Maeder (2001), in order to
form a massive star in the accretion scenario it is necessary

to account for non-constant accretion rates, i.e. accretion
rates growing with the stellar masses.

Scenario 1) is not in agreement with the observation
of accretion disks and is no longer reasonably supported.
Scenario 2) generally requires very high star concentra-
tions to operate in a reasonable timescale (Henning 2001).
Concentrations as high as 104 stars pc−3 are needed, while
some regions of O-star formation have concentrations an
order of magnitude lower. Thus, this scenario does not
seem to be the general one. In scenario 3), the accreting
stars all initially follow the same track, the so-called birth-
line, as long as they are accreting mass at a sufficient rate.
When accretion stops, which likely occurs progressively
(but which we treat as a stepwise transition), the stars
with masses lower than about 12 M� leave the birthline
and move nearly horizontally towards the Main Sequence.
Thus, the birthline, which raises up in the diagram from
right to left, forms an upper envelope of the tracks fol-
lowed by the low and intermediate mass stars, when the
process of heavy accretion has stopped (cf. Fig. 1). The
location of the birthline is extremely sensitive to the rate
of mass accretion and this is also true for the evolution of
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Figure 3. Evolution of the angular velocity Ω as a function of the distance to the center in a 20 M� star with an average velocity
of 200 km/s (from Meynet & Maeder 2000). Xc is the hydrogen mass fraction at the center. The dotted line is the profile at the
end of the MS phase.

the stellar radii (cf. Fig. 2). An increase of the accretion
rate produces a shift of the birthline towards a higher lu-
minosity and larger radius. This is due to more deuterium
burning. A decrease of the accretion rate by 40% makes
the birthline 0.5 mag fainter.
Accretion rates of the order of 10−5 M� yr−1 explain

very well low mass stars (Palla 1998). But such values fail
to describe the formation of massive stars, because with
such rates the massive stars would need too long a time
to be formed and they would have left the ZAMS (i.e.
burned a significant part of their hydrogen) before being
fully formed, as pointed by Nakano (1998).
As shown in Fig. 1, the birthline joins the ZAMS near

15 M� and then it nearly coincides with the ZAMS. This
means that the stars which continue to undergo heavy ac-
cretion follow a tracking rising in the H-R diagram along
the ZAMS. In the higher part of the birthline, the progres-
sive change of composition due to nuclear reactions in the
core of the accreting star may progressively slightly shifts
the birthline to the right. When accretion stops for what-
ever reason, the star starts moving rightwards in the H-R
diagram on post-MS tracks (Behrend & Maeder 2001).
A remarkable observational relation between the out-

flow mass rates Ṁout and the stellar bolometric lumi-
nosities L of the ultra-compact H ii regions was found by
Churchwell (1998) over the luminosity range of 1 to 106

L�. Over this range, the outflow rates go from 10−6 to

10−2 M� yr−1. Independent observations by Henning et
al. (2000) confirm this relation. A polynomial fit of the
observations by Churchwell (1998) gives in M� · yr−1

log Ṁout = −5.28 + log L

L�
·
(
0.752− 0.0278 log L

L�

)
(1)

Unfortunately, there is at present no direct empirical rela-
tion for the accretion rates Ṁaccr. Thus, we adopt Ṁaccr =
f̃ Ṁout and test various values of f̃ . This is a reasonable
assumption, because it is likely that there is some propor-
tionality relation between the amount of mass accreted
and that ejected into the outflows. Tomisaka (1998), with
numerical MHD-simulations of a low mass class 0 proto-
star, found that approximately 1/3 of the infalling mate-
rial is accreted by the star (which corresponds to f̃ = 0.5).
Shu et al. (1998) deduced a similar value with a model of
X-wind magnetic configuration for a low mass star. From
measurements of the far-infrared luminosity of a B star
and the mass of its outflows, Churchwell (1998) estimated
a smaller value of the order of f̃ ≈ 0.15.
The “best” value of f̃ is presently unknown. However,

we can estimate f̃ from the location of the birthline in the
H-R diagram (cf. also Fig. 2). A value of f̃= 0.5 is well
supported, which means that from the infalling material
1/3 is going onto the central star, while 2/3 are ejected in
the outflows in agreement with some of the above theo-
retical estimates. However, smaller values like f̃ = 0.3 are
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Figure 4. Internal values of K the thermal diffusivity, Dh the coefficient of horizontal turbulence, Dshear the shear diffusion
coefficient, Deff the effective diffusivity and ν the total viscosity (radiative + molecular) in the radiative envelope of a 20 M�
star with an initial vini = 300 km s−1 (from Meynet & Maeder 2000). The lagrangian mass coordinate is given on the upper
scale. Here, the hydrogen mass fraction at the center Xc = 0.20.

also possible. Interestingly enough, the very high accre-
tion rates (10−3 to 10−2 M� yr−1) obtained in this way
for the very massive stars above 30 M� correspond to the
region of the stable mass inflows (cf. Wolfire & Cassinelli
1987; Nakano 1998).
Since the radius and the density distribution in the

outer stellar layers may be so different for star with dif-
ferent accretion rates as illustrated by Fig. 2, the pulsa-
tions properties should also show large corresponding dif-
ferences. The asteroseismology of pre-MS stars with Ed-
dington will give us information on the presence of con-
vective zones, either as a survival of the Hayashi phase
or because convective cores appear in stars when they are
close enough to the ZAMS. Information on their internal
rotation profile would also be highly interesting. Also, bet-
ter luminosities for pre-Main Sequence stars would be very
important, since the location of the birthline is extremely
sensitive to the value of the accretion rates.

4. Evolution with mass loss and rotation

Many observations show that rotation is a necessary ingre-
dient of the models of massive stars (cf. Maeder & Meynet
2000). In particular, no fast rotating O-type star has a

normal He-content (cf. Herrero et al. 1992). Also, the B-
and A-type supergiants, particularly in the SMC, show
large relative excesses of N/H up to a factor of 10 (Venn
1999). Such large differences with respect to the predic-
tions of current models indicate that some additional ef-
fect has to be included in stellar models, and the most
likely one is rotation. New stellar models with rotation are
now being made in Geneva (cf. Meynet & Maeder 2000;
Maeder & Meynet 2001). These models show that all the
current outputs of stellar evolution are significantly in-
fluenced by rotation: tracks in the H-R diagram, lifetimes,
core sizes, surface chemical composition, yields, supernova
explosions, final stages, etc.

Asteroseismology of upper MS stars is an essential
piece of information on the internal profile of the µ-gra-
dient resulting from rotational mixing. Fig. 3 shows the
evolution of the internal profile of the angular velocity Ω
in a 20M� star. Differential rotation and the rather steep
Ω-gradients just outside the convective core, as illustrated
by Fig. 3, produce internal mixing mainly by shear insta-
bility. Various diffusion coefficients as illustrated in Fig. 4
determine the evolution of a rotating star, and the knowl-
edge of the internal density profiles will put constraints on
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Figure 5. The H-R diagram of massive stars with (solid line) and without rotation (dotted line) from Meynet & Maeder (2000).
The tracks with rotation are made for an initial rotational velocity of 300 km/s, which corresponds to an average velocity of
about 220 km/s on the Main Sequence. This correspondence depends on the stellar masses.

these various coefficients, the detailed definition of which
may be found in Meynet & Maeder (2000). A key pa-
rameter is the diffusion coefficient Dh of horizontal tur-
bulence, defined by Zahn (1992) and which in principle is
high enough to ensure the near constant value of Ω on an
equipotential.

Fig. 5 shows the tracks in the H-R diagram for stars
of different masses with zero rotation and with initial ro-
tational velocities of 300 km/s on the zero age sequence.
We see that the effects of rotation mimic the effects of
core overshooting. This means that the current predic-
tions about the amount of overshooting derived from the
H-R diagram must be regarded with suspicion. Fig. 5 also
shows the track for a 60 M� with an initial rotation ve-
locity of 400 km/s (which corresponds here to an average
velocity of about 220 km/s). Interestingly enough, the evo-
lution proceeds bluewards, on a track which is close to the
track of homogeneous evolution. For these kinds of objects
nearly fully mixed, the study of their internal µ-gradient
by means of Eddington would be a major highlight.

The lifetimes of the hydrogen burning phase are in-
creased by the internal mixing in rotating star by typically
25 to 30 %, while the duration of the helium burning phase
is less modified, i.e. by less than 10 %. The resulting differ-

ences in the age determinations are not negligible: with ap-
propriate isochrones from models with rotation, the ages
obtained are larger by about 25 % (Meynet & Maeder
2000). This may solve the problem set by the larger age
found for the Pleiades, as derived from the study of Li
destruction in brown dwarfs (Martin et al. 1998).

Simultaneously, the models with rotation predict sig-
nificant N/H or N/C excesses (compared to the initial
compositions) for stars more massive than about 9 M�.
Even for this mass, some moderate excesses are already
present in rotating stars near the end of the MS phase
and this in agreement with former observations by Lyu-
bimkov (1996). In the B-and A-type supergiants, the ex-
cesses as observed by Venn (1995a) and Venn (1995b) are
even larger and they may reach more than a factor of 10.
We must emphasize that standard models without rota-
tion do not predict the observed excesses, while the mod-
els with rotation have N/C excesses which are well in the
oberved range (Meynet & Maeder 2000). The observed ex-
cesses are even larger for the A- and B-type supergiants
in the SMC and this fact is also in agreement with re-
cent models (Maeder & Meynet 2001). The reasons for
the stronger mixing in lower metallicity stars is due to the
fact that the internal gradients of angular velocity Ω are
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Figure 6. Comparison of the internal distribution of helium in
two models of 20 M� at Z = 004 and at the middle of the
He-burning phase (from Maeder & Meynet 2001). The dashed-
dotted line concerns the models with zero rotation and the con-
tinuous line represents the case with vini = 300 km s−1.

larger in such stars, because of the smaller mass loss rates
and the higher compactness of the stars.
Fig. 6 shows how much a difference in the internal µ-

profile may influence the stellar populations of massive
stars. The profile for models without rotation (dashed-
dotted line) has a very sharp chemical discontinuity just
outside the convective core. These models predict no red-
supergiants at low Z as in the SMC, while many are ob-
served. On the contrary, the models with rotation have
a larger core and a smaller chemical discontinuity at the
edge of the core with a smooth µ-gradient outside. This
leads to a less powerful H-burning shell and therefore to
a smaller intermediate convective zone in these models
(cf. Maeder & Meynet 2001). To make a long story short,
we may say that this smaller convective zone makes the
star less compact and allows it to expand to the red su-
pergiant stage. This explains the large population of red
supergiants observed at low metallicity.
The interesting point in relation with asteroseismology

is that these differences of internal chemical distribution,
which lead to very different resulting stellar populations,
are built during the MS phase and are possibly accessible
by accurate studides of stellar oscillations of early B-type
stars on the Main Sequence.

5. WR stars

WR stars are nowadays considered as bare cores left over
from massive stars which have experienced huge mass loss
and possibly internal mixing. There are numerous evi-
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Figure 7. Duration of the WR phase as a function of the initial
stellar masses. The standard models by Schaller et al. (1992) et
with standard mass loss rates and by Meynet et al. (1994) with
double mass loss rates are shown. The result of the recent mod-
els with rotation by Meynet & Maeder (2000) are illustrated.

dences of the photometric and spectral variability of WR
stars (Moffat et al. 1994). The timescales are of the or-
der of hours or sometimes even less. Models have been
performed for WR instabilities. Maeder (1985) suggested
that the nuclear energizing of pulsations (Eddington ε-
mechanism) may overcome radiative damping in WR stars
and thus vibrational instabilities are present in these stars.
A further study by Cox & Cahn (1988) confirmed that WR
stars in the phase of hot He-core burning may be subject
to radial pulsations, causing mass loss. When hydrogen
is still present, the stars are found to be stable, in agree-
ment with results found already long time ago by the Liege
group.
Due to their high luminosities and conspicuous emis-

sion lines, WR stars are the stars for which the sample is
the most complete in the Milky Way. Also, they are easily
identifiable in nearby galaxies. Their contribution to the
integrated spectrum of galaxies is conspicuous even for
galaxies at cosmological distances. WR stars are tracers
of star formation, in particular, they are used to estimate
the intensity of the star formation rate, as well as the age
of the H ii regions and starbursts, where they are usually
found. Both the initial stellar masses, leading to the forma-
tion of WR stars and the values of the final stellar masses
are very relevant for the study of the pre-supernova stages
and nucleosynthesis.
Models of massive stars with rotation show that this

effect is very important in determining all properties of
the WR stars and particularly their lifetimes. Fig. 7 shows
the duration of the WR phase as a function of the initial
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stellar masses for models with mass loss rates differing by
a factor of two (Schaller et al. 1992; Meynet et al 1994).
We see in Fig. 7 that rotation also has a very large effect
for the duration of the WR lifetimes and for the expected
number of WR stars in galaxies. The physical reason for all
these effects lies in the internal chemical structure, which
is already influenced by rotation during the MS phase and
might thus be accessible by asteroseismology.
In the Milky Way, there are clear changes of the num-

ber ratios WR/O and WC/WN with galactocentric dis-
tances (Maeder & Conti 1994). The trend with metallicity
is even more pronounced if we consider the WR stars in
the LMC and SMC. This shows that the properties of WR
stars are changing with the local metallicity. Differences
of mass loss and maybe rotation in different galaxie may
influence these properties.
Due to the strong mass loss rates in the WR stage,

the stars end this phase with likely very low final masses,
i.e. in the range of 5 to 10 M�. Since the internal struc-
ture of WR stars is rather simple, there is a well defined
mass-luminosity relation for WR stars with no hydrogen
left (Maeder 1983). This means that from the distribution
of WR luminosities we may also estimate the distribution
of the initial stellar masses as well as of the final stellar
masses at the time of supernova explosions. Depending on
the value of the final masses, the yields in chemical ele-
ments are very different. In particular, if the final masses
are low, this implies that lots of He, C and N have been
ejected before being turned to heavier nuclear products.
On the contrary, for large final masses, the yields in oxy-
gen and other α-elements is quite large. Thus, accurate
determination of WR luminosities will have far reaching
implications for the masses of the pre-supernova progeni-
tors and for stellar nucleosynthesis.
As a conclusion, we see that most effects influencing

the internal chemical profiles and which determines the
lifetimes as blue or red supergiants or the stage at which
stars become WR, occur during the MS phase. The same
is true for effects which strongly influence stellar nucle-
osynthesis and the chemical yields. Thus, the study of the
oscillations of O- and B-stars with Eddington will have a
large impact on many important astrophysical problems.
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KEY PROBLEMS IN STELLAR EVOLUTION
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Abstract

I will review what I consider to be the most relevant
unsolved problems in the theory of stellar structure and
evolution. Globally, one can collect them under the term
“mixing processes”. They probably are the reason for long-
standing observational facts not being explained satisfac-
torily by the theory. The bearings of these unsolved prob-
lems on other parts of astrophysics, such as cosmology or
population synthesis are summarized as well.

Key words: Stars: structure – evolution

1. Introduction

Stellar evolution theory is sometimes considered to be a
mature branch of astrophysics with well-established re-
sults and only minor need for further intensive research.
This is a misconception. The quality of a physical theory
is always to be measured against experimental (observa-
tional) facts, and these are constantly evolving. Only a few
years ago stellar evolution, with the aid of helioseismology,
was proven to be able to model the Sun accurately – a star
with a very simple interior structure. Previously, the solar
neutrino problem was also interpreted as evidence for the
failure of the theory for even such a modest object. Today
we can resolve distant galaxies and identify their stellar
populations and even individual stellar objects such as
Planetary Nebulae. Stars serve as the messengers telling
us about the formation and evolution of these distant ob-
jects and of the Universe itself. The better we want to
know the details of the Universe, the better we have to
understand stars.
As I will discuss in this review, we do not understand

stars well enough. I will approach this from two sides:
In the next section I will list physical processes, which
are either not well understood, or not taken into account
properly in the theoretical models. Some of them actually
relate to fields outside the canonical theory of stellar in-
teriors, but are nevertheless closely related. Most of these
key problems one could summarize under the term of mix-
ing processes, and we do neither understand if, how or to
what extent they are operating in stars of different types.
At the present time and supported by the success of the
standard solar model I assume that questions concerning

the accuracy of nuclear reactions, equation of state and
opacity are of minor importance compared to those of the
mixing processes.
In Sect. 3 I will then turn to observational key prob-

lems which have defied explanations so far. I will try to
connect them to the theoretical key problems defined be-
fore. Finally, I will briefly discuss the consequences of our
insufficiently accurate theory of stellar structure.

2. Physical key problems

2.1. Convection

Convection is a very important means for the transport of
both energy and matter. It is intrinsically time-dependent,
non-local, and 3-dimensional. It is a long-standing prob-
lem of stellar evolution theory that it cannot be treated
adequately in the calculations. The standard approach
still assumes that the mixing due to convective flows is in-
stantaneous and computes the resulting temperature gra-
dient in super-adiabatic layers according to Mixing Length
Theory (which better should be called a “description”).
Within this theory only one length scale for the transport
of convective elements and their size is assumed, which is
parametrized by a parameter, the mixing length parame-
ter αMLT. Non-locality is ignored and time-dependence is
included only in the sense that a characteristic speed of the
convective blobs is known, but not that of the onset and
adjustment of convection itself. αMLT is usually adjusted
to match some observational quantities; the standard ad-
justment (misleadingly called “calibration”) is made for
the solar radius, but also a match to the effective tem-
perature of red giants has been used, or the requirement
to model simulataneously two components of well-known
binary systems. In any case, after this initial adjustment
αMLT is kept constant and all variations due to mass or
composition of the star or depth within convective regions
are ignored.
On the other hand, 2-dimensional hydrodynamical sim-

ulations of convective envelopes have shown that their
thermal structure cannot be modeled accurately in this
way. In the solar case the structure from these hydro-
simulations corresponds to an αMLT increasing with depth
(Schlattl et al. 1997). The entropy jump between photo-
sphere and adiabatic interior in low-mass stars obtained
from hydro-simulations can be reproduced only by an

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. MLT-parameter (given along the iso-αMLT lines) as
determined from entropy-jumps in stellar envelopes (Ludwig et
al. 1999).

αMLT varying with mass and evolutionary stage (Fig. 1).
The assumption of a constant αMLT is therefore com-
pletely unjustified. Although it appears that αMLT varies
only between 1.0 and 3.0, such that the “solar” value of
≈ 1.5 . . . 2.0 is a reasonable approximation, it is also evi-
dent that the temperature structure of superadiabatic lay-
ers cannot be predicted accurately, with important bear-
ings for the effective temperatures, colours and spectra of
cool stars.
Two other fundamental properties of convection are

the effects of semiconvection (convection in chemically in-
homogeneous layers) and overshooting (a non-local effect
due to the inertia of the moving blobs). Neither is well
understood, and both are modeled in very approximative
ways (where “modeling” includes ignoring it, too). For
semiconvection it is clear that the appropriate stability
criterion is that by Ledoux (instead of the Schwarzschild-
criterion), but the problem is how fast (or slow) the mixing
proceeds and how energy and particle transport differ. It
is usually treated in a diffusive approach, containing ad-
ditional free parameters.
Overshooting, too, is modeled by introducing another

free parameter (the overshooting length), determining it
by matching observations such as the width of the upper
main sequence or the CMDs of open clusters. Over the
years, the extent of overshooting has varied between ba-
sically zero and more than 1 pressure scale height at the
Schwarzschild border of the convective region. It mainly
affects the size of convective cores in massive stars, but
could also be important for mixing beyond Schwarzschild-
boundaries in evolved stars, e.g. AGB-stars (Herwig 2000).
The problem is that the extent of convective layers also
depends on other aspects (e.g. on opacities), such that
the free parameter is also used to balance errors there. It
is therefore questionable how much one can learn about
convection from adjusting free parameters to reproduce
observational evidence.
While there are a number of attempts to improve on

the MLT (e.g. to include the convective velocity in the

mixing prescription to deal with situations where nuclear
and mixing timescales become comparable, such as dur-
ing thermonuclear flashes), theories which are useful for
stellar structure calculations are far from being as com-
plete as hydro-simulations. The latter, one must concede,
have their own limitations and in fact would be useless for
general stellar evolution calculations due to their limita-
tion to dynamical timescales. A modest, but very impor-
tant improvement over MLT is the approach by Canuto &
Mazzitelli (1991, and later work) in which for the first time
a complete eddy spectrum instead of a single blob scale
has been included. Other limitations are still as in MLT.
Several attempts to use the dynamical equations and to
simplify them to different levels, which then include non-
locality or time-dependence can be found in the literature
(fundamental papers are Canuto 1996; Xiong et al. 1997;
Grossman et al. 1993), but have not found wide-spread
use. It is therefore unclear how much they could lift the
MLT-restrictions and lead to a better modeling.

2.2. Rotation

Stars are known to rotate and some do so very rapidly1.
The effects on the stellar structure and evolution are two-
fold: the spherical symmetry, being the most fundamental
assumption in the numerical codes, is broken (and the
hydrostatic equilibrium is modified due to the rotational
forces), and large- and small-scale matter motions might
be induced, leading to rotationally induced mixing. Con-
cerning the first issue approximative methods exist for
the case of slow rotation, which allow to deal with the
problem in one dimension. If the centrifugal forces can
be derived from a conservative potential (as, for example,
if the rotation is constant on cylinders) the method by
Kippenhahn & Thomas (1981) applies. For shellular ro-
tation Meynet & Maeder (1997) have developed a widely
used 1-dimensional solution. Unfortunately, both methods
work only for very sub-critical rotation, in which case all
induced effects are expected to be small, too. Therefore,
there is an intrinsic conflict between accurate treatment
and observable effect as long as 1-dimensional models are
used. Deupree (2001; and references therein) has started
a two-dimensional hydro-approach. It remains to be seen
how much this can be used for general stellar evolution
problems.
More than the effect on the hydrostatic structure (see

also the contribution by Maeder, this volume) the induced
mixing process might influence the models and their evolu-
tion. Rotational mixing may influence surface composition
(and thus temperature, colour and spectrum), composi-
tion gradients (and thus later evolutionary phases during
which they become critical, such as the RGB bump), and
nucleosynthesis (by providing fresh fuel or modifying nu-

1 I treat this subject only briefly, because A. Maeder in his
contribution to this volume deals with it extensively.
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clear equilibrium). The physical mechanisms for the mix-
ing, the timescales of it, and, most importantly, the inter-
action with and transport of angular momentum, is not
well understood. A wide-spread approach used in stellar
evolution models is that by Zahn (1992), where the ba-
sic assumption is that strong horizontal transport of an-
gular momentum leads to a radial distribution Ω(r) of
it. Meridional circulation and turbulence (induced by dif-
ferential rotation and hydrodynamical instabilities) inter-
act, and the transport of species can be described by a
diffusive approximation. The theory predicts that a stel-
lar wind is needed for the transport of angular momen-
tum and to maintain differential rotation and that µ-
gradients strongly inhibit mixing. At least for the latter
statement there appears to be observational support from
abundance anomalies in evolved low-mass stars (Charbon-
nel et al. 1998).
While this theory is widely and successfully used, there

are certainly many problems with it: its approximations
and requirements might not be fulfilled in all cases; the so-
lar rotation is not at all shellular as predicted; and finally,
hydrodynamical simulations (with their own limitations
and uncertainties) have not confirmed the theory. Fur-
ther problems are the unknown initial angular momentum
distribution, the interaction with convection and possibly
with magnetic fields.

2.3. Diffusion

The success of the standard solar model, reproducing the
sound speed in the solar interior to better than 0.5% as
well as other quantities inferred from helioseismology, has
revived the interest in particle (or atomic) diffusion, which
is an indispensable ingredient in the solar models. The
work by Thoul et al. (1994) and that by the group of
Charbonneau, Turcotte, and Proffit has made available
diffusion coefficients for concentration, thermal and pres-
sure diffusion (the latter also known as sedimentation)
that appear to be of sufficiently high accuracy. There are
still some differences between both approaches such as the
degree of ionization assumed or the number of elements
treated. The latest development is about the inclusion
of radiative acceleration (see Turcotte et al. 1998), which
counteracts the settling processes. Due to the large new
atomic databases available (e.g. by the Opacity Project)
this can be done now with high accuracy.
The main question, however, is, whether diffusion, be-

ing a very slow process is able to work at all inside all
stars, or whether the solar case is a rather untypical one.
Arguments for the latter come from the lithium plateau
for metal-poor low-mass stars and from the constancy of
the metallicity along globular cluster sequences recently
observed (see Gratton et al. 2001). Also in the Sun, the
remaining discrepancies between solar and seismic model
might be solved by reducing the efficiency of diffusion be-
low the convective envelope, for example by introducing

a counter-acting mixing process such as rotation-induced
mixing. This touches the important question of the bal-
ance between diffusion and other processes, which influ-
ence it; these are – besides rotation – stellar winds and
convective overshoot or downdrafts.

2.4. Atmospheres

Although the theory of atmospheres usually is treated in-
dependently from that of the interior of stars, the compar-
ison of models with observations inevitably involves it. In
particular the cool stars are difficult, because of the for-
mation of molecules and dust grains and the interaction
with convection, pulsation and stellar winds. Atmospheres
should also provide mass loss rates (both from spectral
analysis and as a prediction), but so far only for hot lu-
minous objects the theory is far advanced.
Theoretical atmospheres are also complicated enough

to inhibit on-line calculation along with the models. There-
fore pre-published sets of atmospheres have to be used to
predict the colours of stars (in spite of the large progress in
spectroscopy still the main path of comparison, in partic-
ular for low-mass stars) or to determine abundances and
effective temperatures. Because of the sensitivity of spec-
tra and colours to even minor abundance variations such
pre-defined mixtures are never sufficiently accurate. On
the other hand, even ab initio calculations from different
sources do not agree with each other; this problem is re-
flected in on-going discussions about effective temperature
scales or gradients of individual element abundances (e.g.
oxygen) with global metallicity or effective temperature.
The consequences of these unsolved problems are unre-

liable transformations from Teff to colours and Teff -deter-
minations, uncertainties in the outer boundary conditions
of stellar models with significant consequences especially
for low-mass stars with deep convective envelopes, and
others. From the side of stellar model construction only
very few attempts have been made to connect interior
models and atmospheres directly (e.g. Schaerer et al. 1996
for massive stars; Montalban et al. 2001 for low-mass stars;
Schlattl et al. 1997 for the Sun).

2.5. Mass Loss

Finally, and connected with atmospheres, there is the
problem of mass loss and stellar winds. For hot stars,
radiation-driven wind theory if fairly advanced, but does
not predict mass-loss rates. For very cool and luminous
stars, dust-driven wind theories seem to be a promising
route. For the majority of stars no self-consistent mass-
loss prescription is available. Instead empirical mass-loss
formulae are used which are obtained by deriving mass-
loss rates from observed spectra (and here, the radiation-
driven wind theory appears to be in an excellent state).
However, it neither is clear how accurate the formulae are
and what their range of validity in terms of stellar mass
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and composition is. Also, the interaction with rotation (see
the contribution by A. Maeder, this volume) is an open
question. For recent and excellent reviews the reader is
referred to Willson (2000) and Kudritzki & Puls (2000).
I emphasize that mass loss is of extreme importance for
all late evolutionary phases and the whole mass range of
stars.

3. Observational key problems

In this section I will recall a (very personal) list of selected
observational facts that have not found any explanation
within the theory, and will try to connect them with the
physical key problems discussed before.

3.1. Horizontal Branch morphology

As is well-known (observationally), the relative numbers
of cool and hot stars along a globular cluster horizon-
tal branch varies from cluster to cluster. It is determined
primarily by composition (the first parameter; metal-rich
clusters have red HBs), but a second parameter seems to
be involved, too. There are classical cluster pairs of ap-
parently the same metallicity (and age) with very differ-
ent HB morphologies (for example, M3 and M13). The
second parameter has not yet been identified empirically
so far (candidates are age, cluster concentration, cluster
mass), and stellar evolution theory cannot predict any HB
morphology.
The reason is that stars along the HB are of the same

age, therefore the same initial mass, but of different present
mass. This implies different mass loss histories on the pre-
ceding Red Giant Branch. Since mass loss is not under-
stood, the star-to-star differences are neither. Some statis-
tical distribution around a central mass loss rate (usually
from Reimers’ formula) can reproduce the distribution of
the red or blue stars quite well, but no a priori determina-
tion of HB morphology is possible, and for clusters with
a bimodal distribution no theoretical model for a bimodal
central mass loss rate exists.
The mass loss might indeed be coupled to luminos-

ity (as Reimers’ and other mass loss relations do state)
and therefore variations in luminosity – or lifetime at the
highest luminosity – could explain variations in mass loss.
This could be connected to rotation and rotation-induced
mixing (of fresh hydrogen transported to the energy pro-
ducing shell). At this point, therefore, the key problem of
rotation comes into play.
Recently, Lee (2001) has shown that the new and re-

duced ages for globular clusters also lead to a higher sen-
sitivity of HB morphology to age. In particular, the differ-
ent morphology of M3 and M13 could be explained with
age as the second parameter, if their ages differ by about
1.5 Gyr (Fig. 2). Such an age difference they derive from
the RGB colours, for which – see Sect. 2.4 – one needs
accurate transformations of Teff to colours.

Figure 2. HB morphology as function of metallicity (first pa-
rameter) and age (suspected second parameter). Lines of con-
stant age differences with respect to a reference age are drawn
through data points. M3 and M13 are indicated by special sym-
bols (from Lee 2001).

3.2. Red and Blue Supergiants

This key problem is discussed in great detail in the con-
tribution by A. Maeder. It therefore suffices to emphasize
that the evolution of massive stars after the main sequence
depends crucially on the composition profile left behind as
a result of nuclear burning and mixing. Thus, the effect
and amount of overshooting, semiconvection, rotation and
rotation-induced mixing as well as mass loss all are impor-
tant. Authors have managed to reproduce some trends in
the observations by concentrating on specific aspects (such
as semiconvection or mass loss), but the truth is that all
these key problems have to be solved to understand the
post-main sequence evolution of massive stars. How far we
are from this was demonstrated impressively by SN1987A,
which had a blue instead of the (at that time unanimously)
expected red progenitor.
A similar problem exists for stars of intermediate mass,

and manifests itself in the extent of the so-called blue
loops during core helium burning. These loops cross the
Cepheid strip. Statistics of Cepheids and the understand-
ing of Cepheid populations or empirical relations between
pulsation period and brightness therefore also depend on
the mentioned key problems.

3.3. Mass discrepancy in massive stars

Since the work of Herrero et al. (1992) it is a key prob-
lem to explain the discrepancy between the mass of mas-
sive stars derived from their location in the H-R diagram
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Figure 3. Mass discrepancy in massive stars (from Herrero
et al. 1992). Evolutionary masses (taken from evolutionary
tracks and spectroscopically determined luminosities) and spec-
troscopic values (taken from wind theory) are compared for a
sample of galactic O-stars. The different symbols refer to dif-
ferent luminosity classes.

in comparison with evolutionary tracks and that derived
from spectroscopy itself. Fig. 3 (taken from that work)
shows that the discrepancy can amount to 100%, and
on average is of order 30–50%! Since a large fraction of
these stars are moderate to fast rotators and strongly
He-overabundant, the immediate suspicion is that both
discrepancies (mass and helium) are the result of rotation-
induced mixing. Theoretical models with additional mix-
ing (Langer 1992, Weiss 1994) could to some extent re-
move the mass discrepancy, but failed to do so completely.
On the side of the spectroscopic analysis (i.e. the the-

ory of atmospheres) also some effects (micro-turbulence,
line-blanketing, sphericity, atmospheres with mass-loss)
have been identified, which, if properly dealt with, reduce
the discrepancies. However, even taking together both the
improvements in the atmospheres used for the analysis
and the enforced thorough mixing, some discrepancy (of
order 10–20%) still remains and most certainly implies
that physics beyond the canonical one used in stellar mod-
eling has to be used in addition to rotation.

3.4. Solar (and related) lithium problem

The photospheric solar (logarithmic) abundance of 7Li is
1.14 (on a scale where that of hydrogen is 12.00), while
that found in meteorites is 3.31. The latter value agrees
with the maximum one of stars of this metallicity; the fact
that it is larger than the primordial one of ≈ 2.3 is a result
of galactochemical processing. Clearly, some effect inside
the Sun must have lead to a depletion by a factor of ≈ 140.
Standard solar models, which otherwise have been so suc-
cessful in reproducing the seismic Sun, predict a depletion
of only 2–3 during the main-sequence evolution. Including

Figure 4. Solar 7Li vs. time in models without (solid line) and
with overshooting (Schlattl & Weiss 1999) of different amount;
cases 1 and 1a have strong overshooting as inferred from 2d-
hydro models of A-type stars, case 2 is a fine-tuned model to re-
produce the solar Li content. This model is inconsistent with the
seismic Sun. Pre-main sequence evolution has been included.

the pre-MS increases the depletion to a factor of 10–20
(but sometimes results in complete destruction, too; Ven-
tura et al. 1998), but fails to reproduce the present solar
Li-abundance. Similarly, the 7Li abundances of open clus-
ters as function of age cannot be reproduced with stan-
dard physics, and neither that of stars within clusters as
function of effective temperature or luminosity (i.e. mass;
Pasquini et al. 2001).
Several attempts to solve the various lithium problems

have been tried; they all need physics listed in Sect. 2.
For example, Blöcker et al. (1998) suggest overshooting
from the bottom of the solar convective envelope, but
Schlattl &Weiss (1999) could show that such models (with
overshooting parameters reproducing the solar Li) are ex-
cluded by helioseismology2 (Fig. 4). The most favorite ex-
planation again resorts to rotation-induced mixing (e.g.
Charbonnel et al. 1994). In these models, the small dis-
tance between the bottom of the convective envelope and
those regions hot enough (T > 2.5 · 106K) to burn 7Li by
proton capture is bridged by additional mixing resulting
from strong differential rotation. The amount of mixing
has to be fine-tuned to avoid complete destruction. This
is also the region of the tachocline and therefore a very
promising approach. However, one should keep in mind
that the Sun guides the models; there are no successful ab
initio calculations that solve the solar Li problem.
All Li-problems taken together, Randich et al. (2000)

state that “none of the existing models seems to reproduce
well the observed features”.

2 This is just one example how seismology can help to put
restrictions on less well understood physics.
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Figure 5. Metal-poor dwarfs with Hipparcos-distances fitted to
theoretical isochrones (from Lebreton et al. 1999).

3.5. AGB-dredge-up, carbon stars, s-process

The existence of carbon-rich giants and that of s-process
elements in Asymptotic Giant Branch stars requires deep
mixing between layers of H- and He-burning during the
thermal pulses phase on the AGB. Most calculations do
not result in the complete third dredge-up, except for low-
mass metal-poor models or at very high luminosities (much
higher than those where the C-star phenomenon is being
observed), i.e. after many thermal pulses. The 3rd dredge-
up can be enforced by requiring additional physical phe-
nomena (see Sect. 2) such as overshooting (Herwig 2000),
semiconvection (Hollowell et al. 1988), rotation (Langer et
al. 1999), or any other ad-hoc mixing tailored to reproduce
observations of C-stars (e.g. in the LMC).
Besides physical problems there are a number of nu-

merical problems, too, such that the 3rd dredge-up (at
given physical treatment) sometimes does and sometimes
does not occur, and sometimes even vanishes again after
code refinements. Certainly this phase of stellar evolution
constitutes a key problem for the modeling. It might also
well be that the solution of the 3rd dredge-up problem lies
in an improved treatment of earlier phases of the evolu-
tion.

3.6. Problems brought about by Hipparcos

Hipparcos-parallaxes (distances) offer the unique oppor-
tunity to place stars of known composition quite accu-
rately on theoretical tracks. In case of metal-poor stars
it became evident (Lebreton et al. 1999) that stars with
−1.05 < [Fe/H] < −0.45 are redder than theoretically pre-
dicted (Fig. 5b), while more metal-rich objects are fitted
rather well (Fig. 5a).
Solutions to this problem might be that the Teff values

determined from theoretical atmospheres are wrong, or
– for a similar reason – the derived metallicities are in
error, or that diffusion (sedimentation) is acting (Morel
& Baglin 1999; Salaris et al. 2000), which leads in fact to

Figure 6. Metal-poor halo dwarfs with Hipparcos-distances fitted
to theoretical isochrones without (“standard”) and with diffu-
sion (see legend; from Salaris & Weiss 2001).

cooler temperatures. A further argument for this is the
fact that halo dwarfs at the turn-off have temperatures
fitted by isochrones without diffusion of 16 or more billion
years, while isochrones with diffusion taken into account
fit well with more reasonable ages of 12 Gyr (Fig. 6).
There are a number of further problems which chal-

lenge our understanding of stars or their evolution, of
which I will just list a few here, among them being the un-
resolved problem of the discrepant main-sequence fitting
and Hipparcos distance to the Pleiades, the bad fitting of
the complete Hyades diagram or the fact that the Hippar-
cos clump stars can best be fitted with physical ingredients
older and less successful than those needed for the best so-
lar model. Hipparcos has thus demonstrated that a more
detailed view than thought of stars of different composi-
tion, mass, or age is necessary. Asteroseismology will have
a similar effect.

4. Key Consequences

The deficits in stellar structure discussed in Sect. 1, which
probably manifest themselves in the unexplained obser-
vations listed in Sect. 2 will most certainly have severe
consequences when applying stellar evolution models and
results in other fields of astrophysics. It is important to
point out this source of uncertainty brought about by stel-
lar evolution.

4.1. Age scales

Presently great interest exists in determining absolute and
relative ages of stars, because they offer the opportunity to
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compare independently with cosmological models and pa-
rameters obtained from other source (CMB, type Ia super-
novae searches). The key problems reviewed before have
strong influence on such derived stellar ages:
• Is diffusion operating in Pop. II stars? This influences
– the ages of globular clusters by about 1 Gyr,
– and those of field stars by 3–5 Gyr;
the influence being different because it depends on the
age determination method.

• The treatment of convection and the accurateness of
atmospheres influence colour-based age scales, and
thus, for example, the calibration of galactic bulge clus-
ters.

• Details of the ABG evolution influence the cooling ages
of white dwarfs, an important source for galactic disk
age determination, and increasingly of clusters, too.

4.2. Chemical evolution

Another field of great importance is that of chemical evo-
lution. Here, both mixing processes and mass loss influ-
ence the results. The former, because it determines the
transport of newly synthesized material to the surface,
and the latter, because it governs how much of this – and
at what epoch of stellar evolution – is returned to the in-
terstellar medium. For both badly known effects, rotation
seems to be a crucial process.
On the other hand, only if mixing processes are well

understood, surface anomalies, such as those in Li, O, Na,
Mg, Al (and other elements) can be traced back to internal
or primordial processes as the source for them. The latter
would have significant bearings for our understanding of
self-pollution in groups of stars (here, globular clusters)
and the history of populations (e.g., the step from Pop. III
to II).
Mass loss in intermediate-mass AGB stars is decisive

to judge on the galactic sources of C- and N-production,
on the whole evolution of massive stars (e.g., M(t) de-
termines the burning temperatures in the core and thus
the nuclear yields), and finally on age-metallicity relations.
Again, mass loss has been shown to depend on and interact
with convection (overshooting, semiconvection) and rota-
tion; this is in part due to the fact that the evolutionary
path in the H-R diagram depends on those details, but
more direct physical connections exist as well.

4.3. Population synthesis

Since population synthesis presently acts as the primary
tool to infer the evolution of distant galaxies, its impor-
tance cannot be over-emphasized. On the other hand, a
complete population of stars also embraces all consequen-
ces of the key problems. For young systems, this has been
discussed by A. Maeder (this volume, emphasizing in par-
ticular the rôle of rotation), but it is also true for old
systems, whose colours/spectra are largely influenced by

Padova 2000
Padova 1995

Giant E  galaxie0 (Aaronson 1978) 

Figure 7. Ages of elliptical galaxies as inferred from the inte-
grated (V −K) colour (horizontal lines). The two curves differ
only in the underlying stellar library tracks (Padua 1995 and
2000; figure courtesy of S. Charlot).

red giants with the addition of a few hot HB stars. Fig. 7
shows an example for the presently existing (and unsolved)
uncertainty in the age of elliptical galaxies, inferred from
the integrated (V −K) colour, and depending here only on
the effective temperature of the underlying stellar models:
it amounts to an incredible 6 Gyr!
To close this point, I recall that mass loss and convec-

tion influence the lifetime of upper main-sequence stars
and thus ages of young systems, such as the now very ac-
tively observed (and interpreted) young massive clusters
in interacting galaxies. Mixing processes influence surface
abundances of old and young stars and thus colours and
spectra, from which ages are derived.

4.4. Stars as laboratories

Stars can act as laboratories for other branches of physics.
This feature of stellar evolution is one of my favorites and
therefore I mention it here. The uncertainties in stellar
physics limit the application of stars for this purpose con-
siderably: Results on nuclear reactions and nucleosynthe-
sis are hampered by all the uncertainties in massive star
evolution; limits on elementary particle properties (neu-
trinos and axions, for example, which cool the dense cores
of red giants) by those in red giant evolution (such as
the rotation of helium cores); research in WIMPS (i.e. an-
other dark matter candidate) has been stimulated widely
by shortcomings of models with standard physics, which,
as shown, is likely to be incomplete. Finally, the physics of
plasmas itself (equation of state, electron screening) can
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be improved only if other aspects of stellar models are
well understood. The Sun and the development of present
equations of state are a prominent example.

5. Conclusions

To cast this review into one term: mixing processes of all
kinds appear presently to be the most important key prob-
lem in stellar evolution theory. They can be related to con-
vection, diffusion and rotation — effects, which influence
evolutionary timescales, the appearance of stars (spectra),
their interaction with the interstellar medium. And thus,
render all conclusions about the evolution of near and dis-
tant galaxies and of the Universe itself uncertain. These
unsolved key problems prevent accurate conclusions based
on observational data about the stellar content of the cos-
mos (the unsolved problem of accurate stellar atmospheres
has the same influence and importance). Mass loss, both
as a separate mechanism and in its indirect dependence
on these key problems, adds an additional uncertainty.
What can be done to overcome this situation? I think

that at least three aspects have to be taken into account:
1. Most of the key problems are of hydrodynamical na-
ture. While we cannot expect to model stars on this
level (which actually would not be very reasonable),
a closer interaction with hydro- and magneto-hydro-
dynamical simulations is necessary to improve our the-
oretical understanding.

2. To explore different physical descriptions and their in-
fluence on the interpretation of data, we need to be
sure that differences in theoretical models are due to
those in the physics employed. This requires precise
modeling, i.e. control over numerical and technical er-
rors. As has become good practice in the solar model
community, a calibration of codes must be envisaged.

3. And finally, as we have learnt from the Sun, we need
“experimental” data about stars. To have a look into
their interior, we need asteroseismology, and for this,
we will need space-born missions such as Eddington.
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Abstract

Aspects of helioseismic model calibration pertinent to
asteroseismological inference are reviewed, with a view to
establishing the uncertainties associated with some of the
properties of the structure of distant stars that can be
inferred from the asteroseismic data to be obtained by
Eddington. It is shown that the seismic data to be ac-
crued by Eddington will raise our ability to diagnose the
structure of stars enormously, even though some previous
estimates of the errors in the derived stellar parameters
appear likely to have been somewhat optimistic, because
the contribution from the imperfect knowledge of the un-
derlying physics was not accounted for.

Key words: helioseismology, asteroseismology, stellar ages

1. Introduction

A variety of approaches will be adopted for using aster-
oseismic data from Eddington, and from the imminent
space missions MOST, MONS and COROT that will pre-
cede it, to infer internal stellar properties that are inac-
cessible to other kind of observation. As was the case with
the early helioseismological investigations, the most com-
mon procedures will be model calibrations in some form or
other, because by such procedures one can progress fur-
ther – although not necessarily in the right direction –
than one can by using so-called data inversions. Adequate
caution must be exercised when interpreting the results of
such calibrations, however, for the results depend, often
in a way that is difficult to quantify, on all the assump-
tions that have been adopted in the construction of the
theoretical models. In principle, data inversions have the
advantage of depending only weakly on the assumptions
underlying the presumed structure of the star under in-
vestigation; but I shall not discuss them here.
In this brief presentation I report on some prelimi-

nary new work on seismic calibrations of models of the
Sun. They are pertinent to the Eddington mission, because
they point the way towards anticipating what it will be
possible to extract from analyses of other stars. However,
because the helioseismic data we have in hand today are
better and probably more extensive than the asteroseismic
data that we can reasonably expect from Eddington, and

because we have additional information about the Sun,
principally its mass and its radius, and also the distri-
bution of magnetic activity over the visible surface (and,
less precisely, over the ‘backside’ too) that is substantially
more accurate than corresponding information about any
other star, whatever we can measure from calibrating so-
lar models is bound to be more reliable than any corre-
sponding measurement of any other star. What I report
here must therefore be viewed as an optimistic, perhaps
very optimistic view of what can be achieved by using
the same techniques on data from Eddington. I empha-
size straight away that any asteroseismological conclusion
one might draw from the helioseismic calibrations I report
here is predicated on the techniques being the same for the
two calibrations; substantial improvement may be possi-
ble using superior diagnostics. An important message that
I wish to get across, therefore, is that it is incumbent upon
us not only to do our utmost to ensure that the data are
as good (‘good’ represents a compromise between suitabil-
ity, quantity and precision) as possible, but also that we
must make serious efforts to assess the limitations of the
diagnostic procedures we have, and, perhaps more impor-
tantly, design better seismic signatures of the quantities
we wish to measure.

The most primitive (spherically symmetrical) solar
models depend mainly on three parameters: the main-
sequence age t� (which is usually presumed to be known),
a measure of the initial chemical composition (say the
initial helium abundance Y0 or the initial heavy-element
abundance Z0) and a parameter α (normally a mixing-
length parameter) which controls the relation between heat
flux and superadiabatic temperature gradient in the con-
vection zone. Of course the models depend also on the
mass M�, which is known. The parameter α and a re-
lation between Y0 and Z0 are determined by calibrating
the model to the observed luminosity L� and radius R�
(or, equivalently, effective temperature), which, we should
recall, are known much more accurately than the corre-
sponding values for any other star. One is left with a set
of solar models depending on an abundance, say Z0 or
Y0, and the main-sequence age t�. I report here on try-
ing to calibrate those models with low-degree helioseismic
data – data whose stellar analogues we might obtain from
Eddington – to determine which of them most closely rep-
resents the Sun. In so doing, one obtains an estimate of

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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t�, and a measure of the chemical composition which here
I choose to be either Z0 or Z0/(1−Y0−Z0), which I shall
label jointly with ζ0.
As I describe in the next section, age influences the

structure of a main-sequence star principally via the con-
version of hydrogen into helium. Any robust diagnostic
of age is therefore likely to be related directly to helium
abundance. The heavy-element abundance Z0 enters prin-
cipally via the opacity. It thus relates the transport of
heat to the temperature gradient via the formula for ra-
diative transfer, assuming that there is no other form of
heat transport outside the convection zone. The physics of
opacity, and how it relates to chemical composition, can
be regarded at best as a little uncertain. I therefore focus
my discussion on calibrating the age of the solar model,
although it must be realized that formally the calibration
determines both t� and Z0 simultaneously.

2. Main-sequence solar evolution

According to the so-called standard assumptions of so-
lar evolution, the Sun has been evolving on the main se-
quence as a result of the change in chemical composition
due partly, indeed principally, to the conversion of hydro-
gen into helium by thermonuclear reactions in the core,
and, to a much lesser extent, to the gravitational settling
(and potentially to radiatively driven levitation) of heavy
elements relative to hydrogen. Convection in the outer en-
velope maintains uniform (in space) chemical composition
in the zone in which it is operative, although the absolute
abundances vary with time due to gravitational settling
beneath, and it is assumed that no macroscopic motion
takes place beneath the convection zone, implying that
in the core, where by today’s standards gravitational set-
tling is negligible, the products of the nuclear reactions
remain essentially in situ. The effect of the augmentation
of the helium abundance in the core is to increase the
central condensation of the Sun, leading to an increase of
pressure, density and temperature. Except at the initial
stage of the main-sequence epoch, during which there is a
brief yet continuous transition from the Kelvin-Helmholtz
gravitational contraction phase – in which the luminous
energy flux is supplied gravitationally – to the true main-
sequence phase – in which the energy is supplied by nu-
clear transmutation – (and except also in the final stage
of the main-sequence epoch where there will be a corre-
sponding transition in the reverse direction) the rate of
diminution of the hydrogen abundance in the core is very
nearly constant in time (Gough 1995). Consequently, by
backward and forward extrapolation of the central hydro-
gen abundance (to the initial value in the first case and
to zero in the second), one can define quite precisely an
effective start and an effective end to the main-sequence
evolution. It is then convenient, and reasonably precise,
to define the main-sequence age t� of the Sun to be the
age relative to the effective main-sequence start.

Although the entire star reacts to the changing profile
of chemical composition, it is principally in the core where
the structure is related directly to, say, the evolving helium
abundance Y (r, t); there Y varies substantially with radius
r (cf. Fig. 1). Consequently it is the structure of the core
that is the most robust indicator of age.

Figure 1. Fractional hydrogen abundance X(r, t�) in the three
solar models of Gough and Novotny (1990) calibrated to the
present luminosity and radius of the Sun, all with Z = 0.02.
The helium abundance is given by Y = 1 − X − Z. The ages
of the models are 4.15 Gy (dotted curve), 4.60 Gy (solid) and
5.10 Gy (dashed) (from Gough and Novotny, 1990)

3. Seismic diagnosis of age

Helioseismic modes are manifest as a self-interference of
resonant acoustic waves: they are essentially standing
waves in the acoustic cavity of the Sun. The waves asso-
ciated with a particular mode of frequency ω are reflected
in the surface layers, at a radius r = rt, where the value
of the critical frequency ωc (essentially c/2H, for elemen-
tary diagnostic thinking, where c is the sound speed and
H is the pressure scale height) attains the value of ω; and
they are refracted at a radius r = rb near the centre of
the Sun (in the case of low-degree modes) where the char-
acteristic acoustic angular frequency c/r is equal to the
reduced frequency w = ω/L, where L = l + 1

2 and l is
the degree of the mode, creating a central zone of avoid-
ance. Thus, the waves are confined to an acoustic cavity
bounded above by the level at which ωc = ω, and bounded
below by the level r = rb at which ωL := Lc(r)/r = ω. In
the Sun – or at least in standard solar models – ωL (which
is sometimes called the Lamb frequency) is a monotonic
decreasing function of r. Consequently its influence on
acoustic-wave propagation diminishes as distance from the
refracting boundary increases. Similarly, the influence of
ωc diminishes with increasing depth beneath the upper re-
flecting boundary, because on the whole ωc decreases with
depth. Note that because ωc is independent of l the up-
per boundary is determined by frequency ω alone, whereas
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the lower boundary is determined by the value of w, which
depends on both ω and l.
It is evident that the frequency of an acoustic mode

depends on the locations r = rb and r = rt of the lower
and upper boundaries of the resonant cavity and on the
sound speed c(r) between those locations. It also depends
on the density profile through the Sun, through ωc and
via buoyancy and the effect of the perturbation to the
gravitational potential, all of which are small far from the
upper reflecting region r � rt in which the effect of ωc

is paramount. Indeed, the eigenvalue equation determin-
ing ω is simply the resonance condition that an integral
number of vertical wavelengths (by vertical wavelength I
mean 2π/kr, where kr is the radial component of the lo-
cal wavenumber k), less a phase decrement (the physics
of which I do not discuss here) fit into the region (rb, rt).
Near the upper boundary, acoustic propagation in the

radial direction depends essentially only on ω, whereas
near the lower boundary it depends principally on w. In-
deed, the vertical component of the wavenumber is ap-
proximately [(ω2 − ω2

c )/c
2 −L2/r2]

1
2 , in which expression

it is easy to see the transition between the two extreme
dependences. It is evident, therefore, that for diagnosing
the structure of the solar core one needs to extract a seis-
mic signature that depends principally on w, and hence
on l at fixed ω. This is achieved by combinations of mode
frequencies ωn,l (where n is the order of the mode) from
which the pure ω dependence has been (very nearly) elim-
inated.

4. Seismic signatures of age

To proceed with the task of designing a seismic signature
of age, it is useful to consult asymptotic theory. The reason
– and this applies to calibration for any quantity – is that
by having an approximate analytical expression for the
frequency of the modes one can relatively easily construct
combinations of (observable) frequencies that vary with
the property of the models against which one wishes to
calibrate (here, age), yet which are relatively insensitive to
the other unknown parameters (here Z0 or, equivalently,
Y0) that might otherwise degrade the calibration. In the
case of observable low-degree modes, the order n is high, so
the appropriate asymptotic limit is n → ∞ for l = O(1).
Provided that the background stratification of the Sun
is everywhere smooth with respect to the characteristic
acoustic scale k−1

r (except at the upper turning point, of
course) the cyclic eigenfrequency νn,l = ωn,l/2π of such a
mode is given asymptotically by

νn,l ∼ (n+ 12 l + ε)ν0 − (AL2 −B)ν2
0/νn,l (1)

as n→∞ (Tassoul, 1980), where ε, ν0, A and B are func-
tionals of the solar model and do not depend explicitly
on either n or l. In practice, the smoothness condition is
not satisfied everywhere, such as in the He ii ionization
zone and at the base of the convection zone, and to the

simple formula (1) should be added a component arising
from abrupt transitions which oscillates with respect to
ν. This component will be discussed in Section 8. In the
meanwhile, I simply accept formula (1).
As I have already established, it is the l dependence

that needs to be extracted as a signature of the core, and
that is measurable through the term AL2ν2

0/νn,l; there is
also an appearance of l in the dominant first term of the
approximation, but that arises simply from the spherical
geometry of the Sun, and not from the details of the ra-
dial variation of sound speed and density. The asymptotic
analysis yields

ν0 =

(
2
∫ R

0

dr
c

)−1

(2)

(e.g. Tassoul, 1980), and

Aν0 =
1
4π2

[
c(rt)
rt

−
∫ rt

rb

1
r

dc
dr
dr
]

(3)

(e.g. Gough, 1993), where R is a fiducial (acoustic) radius
of the Sun: it is essentially the radius at which an out-
ward extrapolation of the square of the sound speed from
the adiabatically stratified region of the convection zone
(which varies almost linearly with depth below r = R in
the layers where (R− r)/r � 1) vanishes (e.g. Lopes and
Gough, 2000; cf. Balmforth and Gough, 1990). The quan-
tity ν0 is the inverse acoustic travel time across a solar
diameter. The coefficient Aν0 is dominated by an integral
of the sound-speed gradient weighted preferentially in the
solar core (the term c(rt)/rt is relatively small), and is ev-
idently a quantity that is sensitive to age. The quantities
ε and B are sensitive principally to the very outer layers
of the Sun.
Because decrementing n by 1 and augmenting l by 2

leaves the (dominant) first term in the asymptotic expres-
sion unchanged (and consequently the denominator of the
second term hardly changed), the frequency combination

dn,l :=
3

2l + 3
(νn,l − νn−1,l+2) � 6Aν2

0ν
−1
n,l (4)

(usually called the small separation, either with or with-
out the factor 3/(2l+3)) is a measure of the core signature
Aν0. It is this quantity (actually some average of it over
many low-degree modes) that has been the most widely
used simple signature of the structure of the Sun’s core.
And it is this quantity that forms the basis of the cali-
bration of the solar models that I discuss here to estimate
the age of the Sun. In essence, the calibration is carried
out simply by finding that theoretical model whose values
of dn,l fit those of the Sun most closely. Note that, with
the scaling factor 3/(2l+3), the frequency differences dn,l
depend only weakly on l.
Before proceeding with a discussion of the calibration

I feel obligated to make two points, the first elementary,
the second not quite so evident, in order to clear an ob-
fuscation that has been raised in the literature. I have
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made these points before, but they are important and can
bear repetition. It has been claimed by some that the use
of asymptotic analysis is inaccurate and should therefore
be avoided. In support of that claim it has been pointed
out that the characteristic frequency ν0, in particular, is
poorly defined, because the sound speed c is relatively
small in the surface layers of the Sun and that (for those
who are not aware of how R is defined) the high sensitivity
of the integral in equation (2) to the value of the upper
limit of integration renders the value of ν0 very uncertain.
The claim that asymptotic analysis should not be used be-
cause it is inaccurate is easily rebutted: the calibration is
carried out by fitting numerically computed model eigen-
frequencies, which in competent hands can be evaluated as
precisely as the theoretical model; asymptotic arguments
are used solely to design the observable diagnostic quan-
tities that are used for the calibration, and to appreciate
their utility, and although antagonists can rightly argue
that in principle those signatures could instead have been
discovered numerically, in practice they were not. That ν0
is not well defined is simply not true, although I accept
that the integral defining it would be very uncertain if the
value of R were not accurately known. That r = R is the
location of a point which, seen from the propagation re-
gion beneath r = rt, appears to be a singularity of the
governing wave equation (where c2 appears to vanish) is
a feature of the method by which the asymptotic analy-
sis has been developed. One could equally well develop an
analysis in which there appears a similar integral defining
ν0 to r = rt, which is also well defined, albeit frequency
dependent (Gough, 1986).

5. The age calibration

The idea is simply to minimize a suitably weighted sum
of the squares of the differences of appropriate seismic sig-
natures of observed solar frequencies from corresponding
signatures of theoretical frequencies determined on a grid
of solar models. I shall discuss in detail calibrations us-
ing only the signatures dn,l, which are measures of the
core-sensitive quantity Aν0, whose asymptotic represen-
tation is given by equations (2) and (3) but which now is
regarded as no more than a parameter in the expression
on the right-hand side of equation (4). The calibration is
in the two-dimensional parameter space {t�, ζ0}, where
ζ0 is a measure of initial (uniform) chemical composition,
which I specify below. Therefore, at least two diagnostic
signatures are required, and I have chosen precisely two,
namely d0 and d1, where dl is some average of dn,l over n,
either unweighted or weighted according to the estimated
observational errors. In computing that error estimate I
assumed that the errors in νn,l and νn−1,l+2 are inde-
pendent, which is not obviously correct for at least the
higher-frequency modes whose contributions to the power
spectrum overlap. The average over n is denoted below by
angular brackets: 〈...〉. The signatures dl were evaluated

in the manner of Gough and Novotny (1990), according
to the formula

dl = 6Aν2
0

〈
ν−1
n,l

〉
, (5)

where A and ν0 were determined by regression of the
asymptotic formula (1). Both theoretical and observed fre-
quencies were processed in precisely the same way. The
calibration for t� and ζ0 was then accomplished by equat-
ing theoretical signatures d0 and d1 obtained by linear
interpolation in a grid of solar models to the correspond-
ing observed (or, for testing purposes, proxy) signatures,
using various subsets of the frequencies.

Figure 2. Functional form of the integrand in the expression
(3) for Aν0, for the three solar models illustrated in Fig. 1,
identified with the same linestyles; x = r/R and the units of
c are Mm s−1. The ticks on the abscissa scale indicate rb for
3-mHz modes with, in increasing order, l = 0, 1, 2 and 3 (from
Gough and Novotny, 1990)

The functional form x−1dc/dx of the integrand in equa-
tion (3) relating dl to the structure of the Sun, where
x = r/R, is depicted in Fig. 2 for the same three mod-
els as in Fig. 1. It illustrates the sensitivity of the small
separation to the stratification of the star. As expected,
the magnitude of the integrand is greatest in the energy-
generating core. Moreover, its dependence on the age of
the model is essentially confined to the core too. The only
other place the age sensitivity is (barely) visible in the fig-
ure is near the base of the convection zone, the differences
between the models arising mainly because the convection
zones have somewhat different depths. Corresponding in-
tegrands for models with different chemical composition
ζ0 are superficially similar, except that the sensitivity to
ζ0 extends throughout the radiative interior. Elimination
of the effects of the structure outside the core is achieved
by taking a linear combination of d0 and d1, which, not
surprisingly, requires taking a signature that is almost the
difference between them. Because the variation with re-
spect to t� is rather similar for the two quantities, there
is only little sensitivity to t� remaining in that linear com-
bination, which, unfortunately, implies that the errors in



Helioseismology: some current issues concerning model calibration 69

the calibration are magnified substantially relative to the
raw errors themselves.
In an attempt to obviate this problem one could con-

sider including the parameter ν0 explicitly in the calibra-
tion, for that weights the central core and the outer en-
velope quite differently. Such an inclusion was proposed
by Christensen-Dalsgaard (1986) for asteroseismic calibra-
tions, and was discussed by Gough and Novotny (1990) in
the case of the Sun. Unfortunately, however, the value of ν0
depends quite strongly on the uncertain outermost layers
of the Sun – the turbulent transition layer between the
almost adiabatically stratified interior of the convection
zone and the atmosphere, and also the horizontally vary-
ing nonadiabatic atmospheric layers themselves – which
adds more uncertainty to the calibration from not know-
ing the physics than it removes by increasing the precision
that is achieved by reducing the formal random errors.
I have already reported (Gough, 2001) the results of a

calibration of solar multiplet frequency data from modes
of degrees 0 – 3 obtained from Doppler observations by Bi-
SON (Chaplin et al., 1999). The grid of 9 theoretical mod-
els computed by Gough and Novotny (1990) was used to
determine the partial derivatives of the seismic signatures
with respect to t� and ζ0, and these were used to calibrate
the distance in the parameter space between the Sun and
the more modern (relative to the grid) solar model S of
Christensen-Dalsgaard et al. (1996). Both ζ0 = Z0 and
ζ0 = Z0/X0 have been used for the measure of chemical
composition, whereX0 = 1−Y0−Z0 is the initial hydrogen
abundance; there was no significant difference in the re-
sults obtained using the two different definitions. However,
the results were found to be quite sensitive to the mode set
that had been adopted for the calibration. Evidently there
is either something wrong with the theoretical models or
else something systematically wrong with the published
frequencies. To select an optimal result a combination of
criteria was adopted, requiring that the formal error in
the fit be relatively small, that the number of modes used
was not too small, that the mode set included modes that
penetrate deeply into the core, and that the set did not
contain modes of frequency so high that they could be in-
fluenced appreciably by magnetic activity, which, through
degeneracy splitting, could bias the estimate from the ob-
servations of the mean multiplet frequencies of nonradial
modes.
To keep the number of calibrations down to a man-

ageable value, only sets of contiguous modes in the (n, l)
space were considered. The outcome was

t� = 4.57± 0.12 Gy (6)

and, after converting (theoretically) from initial chemical
abundances to present-day surface abundances (indicated
by the subscript s),

Zs/Xs = 0.032± 0.004. (7)

The standard errors are purely formal, obtained by
propagating observational error estimates through the cal-

ibration process (assuming the errors to be small so that
linearization is valid) and taking no account of any bias
introduced by the post-hoc selection of only a subset of
the modes available. Those errors are substantially smaller
than the range of solutions that were obtained as the mode
set was varied. Moreover, the discrepancy between the
calibrated value (7) of Zs/Xs and the observed value of
0.023, with an uncertainty that ‘might be of order 10%’,
quoted by Grevesse and Sauval (1998) is perhaps uncom-
fortably large. Therefore there must be substantial uncer-
tainty in the result. It is interesting, however, that the
mode set that was preferred by the criteria that had been
adopted was found to contain only modes in the vicin-
ity of a local minimum with respect to frequency (near 3
mHz) in estimated observational errors; it did not include
the lowest-frequency modes which have the lowest quoted
errors, however, perhaps as a consequence of having re-
stricted consideration to sets of contiguous modes only,
which requires including modes near a local error maxi-
mum when the set containing modes with errors in the
basin including the minimum near 3 mHz is augmented
with the lowest-frequency modes.
As I pointed out above, there is a considerable degree

of cancellation in the linear combination of mean small
differences dl that determines the solar age. For the pre-
ferred mode set reported by Gough (2001), the difference
δt� between the age of the Sun and that of the reference
model is given by δlnt� = −0.75δd0 + 0.66δd1, where δdl
are the corresponding differences in dl. The value of the
frequency combination is only about 13% of the mean of
the values of d0 and d1, which implies that the standard
error in the signature of δlnt� is some eight times greater
than the standard errors in the observed values of d0 and
d1. Note that all the asteroseismic spacecraft that have
been proposed are to make measurements of oscillations
in the radiative intensity, rather than Doppler spectrum
line shifts, and will therefore be insensitive to modes with
l ≥ 3. Although that does not preclude a measurement
of d1, the asteroseismic calibrations must rely on fewer
modes than do their helioseismic counterparts, and will
therefore average out random data errors less thoroughly.

6. Effect of data errors: consistency of
the calibration

As a test of the calibration procedure (in which mode
frequencies are processed nonlinearly), models of the grid
were regarded one-by-one as proxy Suns. Errors were
added to the frequencies of each proxy, which was then
calibrated against the central model of the grid (rather
than Model S which had been used as the standard for
the solar calibration). The errors in the frequencies were
independent Gaussian-distributed random numbers, each
with standard deviations equal to the published error es-
timates in the BiSON data. Different errors were added
to different proxy models. The results of a particular set
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of realizations are illustrated in Fig. 3, in which the cal-
ibrated values t� cal and Zcal of t� and Z0 are plotted
against the true values. The mode set adopted in each
case was the same as that used in the solar calibration re-
ported by Gough (2001) and discussed in the previous sec-
tion. The age calibrations are plausibly distributed about
the true values; the abundance calibrations, on the other
hand, which have much larger relative errors, appear to be
systematically low. When more extensive mode sets were
used, the errors were naturally greater (and the estimates
of Z0 were not always low). All-in-all, I saw no convincing
evidence that the results deviated from the correct values
by amounts significantly different from statistical expec-
tation.

Figure 3. Calibration, against the central model, of five of the
models of the grid. The mode set used was the same as that used
for the solar model. Independent Gaussian-distributed errors
with standard deviations equal to the standard errors in the
BiSON data quoted by Chaplin et al. (1999) were added to the
eigenfrequencies of each proxy Sun. The vertical bars represent
the standard errors in the calibrations associated with those
data errors.

7. A preliminary investigation into the influence
of errors in the models

As a preliminary test of the influence of errors in the the-
oretical solar models, Model S was calibrated against the
grid, using accurately computed eigenfrequencies to which
no errors had been added. This is equivalent to calibrating
the central model of the grid against Model S, and so it is
equivalent also to an error-free test of the solar calibration
using the central model of the grid as a proxy Sun. The
result is an erroneous estimate of the age and chemical
composition of the proxy. The magnitudes of the errors
are not dissimilar to the variation with mode set of the
results of the solar calibrations reported in some detail by
Gough (2001). Moreover, the relative errors in ζ0 are very
much greater than those in t�. My tentative inference,
therefore, is that the spread in the results of the solar cal-
ibration could be due principally to errors in the physics of
Model S, and, probably to a lesser extent, to errors in the

models in the grid (which are used solely for computing
derivatives with respect to the calibration parameters t�
and ζ0), and not necessarily to errors in the data. Indeed, I
cannot even say with confidence that the solar values of t�
and ζ0 differ significantly from those defining either Model
S or the central model of the grid. The central model of
the grid, in common with the other models of the grid, was
constructed with different opacities and somewhat differ-
ent nuclear reaction rates from those used in constructing
Model S, and, unlike Model S, took no account of grav-
itational settling of heavy elements. Although one might
argue on physical grounds that Model S is a more faith-
ful representation of the Sun than is the central model of
the grid, because in the years between the construction of
those models there were significant improvements to the
physics – and indeed the helioseismological inferences us-
ing modes of intermediate and high degree support that
point of view – we cannot be sure that Model S is suffi-
ciently accurate to distinguish between its presumed age
and the age of the Sun. Results from the calibration of
the heavy-element abundance, to which the models are
more sensitive, are even less secure. Therefore at present
one must conclude that the uncertainty in the age and
chemical composition arising from the uncertainty in the
theoretical modelling might well exceed the uncertainty
resulting from errors in the frequency data, and certainly
exceeds the random errors.

8. An attempt to measure the helium abundance
in the convection zone

Abrupt variation in the stratification of the Sun (relative
to the scale of the inverse radial wavenumber k−1

r ) such as
that produced by helium ionization or by the sharp tran-
sition from radiative to convective heat transport at the
base of the convection zone, induces small oscillatory com-
ponents (with respect to frequency) in the eigenfrequen-
cies of oscillation. This complicates the evaluation of the
smooth component (pertinent to the asymptotic formula
(1)) of the derivatives of the seismic signatures obtained
by interpolation in the grid of solar models. However, one
might wonder whether the variation of the sound speed
induced by helium ionization might be used to advantage
for determining the solar helium abundance from the low-
degree eigenfrequencies, leaving then both d0 and d1 to
combine constructively, rather than almost cancel, in de-
termining the age.
A convenient and easily evaluated measure of the os-

cillatory component is the second difference

∆2(νn,l) := νn−1,l − 2νn,l + νn+1,l (8)

with respect to n (Gough, 1990). Any localized region
of rapid variation of either the sound speed or a spatial
derivative of it, which here I call an acoustic glitch, in-
duces an oscillatory component in ∆2(ν) with a ‘cyclic fre-
quency’ approximately equal to twice the acoustic depth
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τ =
∫
c−1dr of the glitch, and with an amplitude which

depends on the amplitude of the glitch and which decays
with ν once the inverse radial wavenumber of the mode
becomes comparable with the radial extent of the glitch.
By calibrating a theoretical representation of the effect of
glitches against the observations one can learn, in princi-
ple, about the characteristics of the glitches. In Fig. 4 I
present such a calibrated theoretical second difference, ob-
tained from a pair of oscillatory components to the eigen-
functions arising from glitches associated both with HeII
ionization and with the near discontinuity at the base of
the convection zone. Because only low-l modes are used,
the l dependence can safely be ignored, even down to the
base of the convection zone. The acoustic glitch induced
by helium ionization was represented by a Gaussian func-
tion about the acoustic depth τ = τ0 :

δc2

c2
� δγ1

γ1
� − Γ1√

2πσ
e−(τ−τ0)2/2σ2

, (9)

where γ1 is the first adiabatic exponent and

τ(r) =
∫ R

r

dr

c
(10)

is acoustic depth. The amplitude Γ1 and width σ are
constants, which, together with τ0, are to be calibrated
against the eigenfrequencies. Since ionization reduces γ1,
the negative sign in the representation (9) ensures that Γ1

is positive; one would expect it to be proportional to the
helium abundance Y in the convection zone. The acoustic
glitch at the base of the convection zone is essentially a
discontinuity in the second derivative of density, arising
from a discontinuity in the second derivative of tempera-
ture caused by the change in the mode of energy transport.
Local mixing-length theory with a mixing length that does
not vanish at the boundaries of the convection zone – ac-
tually proportional to the local pressure scale height – was
used in the construction of the theoretical models, leading
to a true discontinuity in the second derivatives; in the
Sun the transition is smoother but probably on a spatial
scale much less than k−1

r for all the frequencies observed,
and so acts on the acoustic wave in the manner of a dis-
continuity. The combined effect of the two glitches is to
impart on the eigenfrequencies represented asymptotically
by equation (1) an additional, oscillatory component, δν,
which can be shown to be given approximately by

δν ∼ πS−1[ Γ1νe
−8π2δ2ν2

cos 4π(τ0ν + ε) +
Acν

−1 cos 4π(τcν + ε)] , (11)

where ε is a phase constant which depends on the strat-
ification of the Sun in the vicinity of the upper turning
point (and is related to the phase constant ε appearing in
equation (1)), τc := τ(rc) is the acoustic depth of the base
of the convection zone, and where

Ac � −14c
2
c

(∫ τb

τc

(1− ω2
L

ω2
)3/2dτ

)[
d2lnρ
dr2

]rc+
rc−

, (12)

in which τb = τ(rb), cc = c(rc), ρ is density and

S �
∫ τb

0

(1− ω2
L

ω2
)−1/2dτ (13)

is proportional to the mode inertia. The amplitude Ac is
a measure of the discontinuity of the second derivative of
ρ at the base of the convection zone. Once again a minus
sign has been included in the definition (12) to render the
value of the amplitude positive.

Figure 4. The symbols are second differences ∆2, defined by
equation (8), of low-degree solar frequencies obtained from
MDI. The curve is the second derivative with respect to n of
the formula (11) for δν plus a third-degree polynomial whose
parameters τ0, τc, Γ1, σ, Ac and ε have been adjusted to fit
the curve to the data by least squares.

The coefficient Ac and the difference (here zero) be-
tween the phase terms ε occurring in the first and the sec-
ond terms on the right-hand side of equation (11) depend
on the nature of the transition between the radiative and
the essentially adiabatic stratification. Together with τc,
the values of these parameters are also calibrated against
the data. The formula (11) would be different in the pres-
ence of overshoot, for example, and indeed attempts to
detect overshooting by seeking what is tantamount to an
appropriate deviation from formula (11) have been made
(e.g. Berthomieu et al., 1993; Gough and Sekii, 1993; Mon-
teiro, Christensen-Dalsgaard and Thompson, 1993), with
negative results. Indeed, if the formula (11), modified by
permitting the two phase terms to differ, is fitted to the
MDI data plotted in Fig. 4, the resulting two calibrated
values of those phase terms are found not to differ signifi-
cantly. These negative results have been used to set upper
limits to the degree of overshooting beneath the unsta-
bly stratified region of the solar convection zone. Making
that limit tight requires including modes of degree higher
than can be detected from whole-disc observations alone,
however, so I shall refrain here from discussing the matter
further.
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The simple theoretical representation shown as a con-
tinuous curve in Fig. 4 was obtained by regarding n to be a
continuous variable and differentiating the expression (11)
twice with respect to n, relating n to ν via the leading term
in equation (1), and adding a third-degree polynomial in
ν (to model the smooth trend). The result was calibrated
against frequency data obtained from a 360-day MDI time
series and kindly supplied by J. Schou (cf. Schou, 1999)
from modes with 0 ≤ l ≤ 3 (indicated by symbols). Can
one from such a fit determine the helium abundance in
the convection zone?
In a first attempt to answer that question, the theo-

retical curve was fitted to sets of frequencies computed
from the solar models of the grid of Gough and Novotny
(1990). Independent Gaussian distributed random errors
with standard deviations equal to the standard errors
quoted by Chaplin et al. (1999) were added to the data,
which were then given without identification in random or-
der to Günter Houdek to fit the theoretical curve. Unfortu-
nately, the trends that were hoped for could not be estab-
lished incontrovertibly. The fit cannot be perfect (as one
can establish by attempting to fit the curve to precisely
computed theoretical eigenfrequencies of a solar model),
and some of the difficulty in evaluating the parameters
with sufficient accuracy arises from the inability to fit
well the low-frequency and the high-frequency ends of the
curve simultaneously. We suspect that the reason for this
at least in part is that the sound travel time along a ray is
not given precisely by the acoustic depth, but is modified
by the influence of the acoustical cutoff frequency ωc; be-
cause the degree of every mode considered is low, the ray
paths are essentially vertical (the horizontal component
L/r of the wavenumber is negligible compared with the
vertical component kr), so it should be adequate to re-
place τ by

∫
(1 − ω2

c/ω
2)−1/2c−1dr. The abscissa scale in

Fig. 4 would therefore be stretched differentially. Without
so doing the parameters specifying the best-fitting curve
may depend too sensitively on the frequency range to es-
tablish the trends in the properties of the acoustic glitches.
Alternatively, it may simply be that the 4% range in Y
spanned by the grid is insufficient to be detected unam-
biguously by analysing frequencies with errors as great as
the uncertainties in the BiSON data. Work in collabora-
tion with Houdek to improve the fitting formula is under
way. It might be prudent instead to separate the signa-
ture of He ii ionization differently, such as by a procedure
based on the analyses of Pérez Hernández & Christensen-
Dalsgaard (1994) or Roxburgh & Vorontsov (1994). But
in the meanwhile we must conclude that the simple model
calibrations that have been accomplished so far are sub-
stantially less accurate than desired.

9. Discussion

There are several aspects of the calibrations reported here
that would benefit from more sophisticated analysis. An

obvious example is in the interpretation of the signatures
based on the observed oscillation frequencies that have
been used for the calibration. The dependence of dl on
the structure of the solar interior, illustrated in Fig. 2,
would be correct only if the Sun were spherically symmet-
rical, which it is not. Latitudinally dependent magnetic
activity splits the degeneracy of the nonradial modes with
respect to azimuthal order m, which could modify our
inferences concerning the mean multiplet frequencies by
an amount that near sunspot maximum might be compa-
rable with the differences δdl between the values of the
small frequency separations associated with modes of the
Sun and those of modes of the theoretical reference solar
model used for the calibrations. To be sure, the calibra-
tions reported here have excluded the highest-frequency
modes, which are most susceptible to surface activity. But
is that sufficient? It is a relatively straightforward mat-
ter to make an approximate correction to the frequencies
that have been reported from the observed distribution
with latitude of long-lived activity, using either the rela-
tion between activity and frequency of high-degree modes
reported by Woodard et al. (1991), Bachmann and Brown
(1993) and Howe et al. (1999), or the phase perturbation
on reflection at the upper surface of the acoustic cavity
inferred from the time-distance studies of Duvall (1995).
That is a task that will certainly be accomplished in the
near future. It should make the solar calibration more re-
liable, although it should be borne in mind that a similar
correction is unlikely to be available to asteroseismologists
in the immediate future.
On the theoretical side, due account of the oscillatory

component of the frequency associated with helium ion-
ization and the abrupt change in stratification at the base
of the convection zone must be taken. A study of that is
currently under way by Houdek and myself. It is likely
that when the oscillatory component is removed from the
frequencies, the derivatives of the smooth residual across
a grid will be more robust: less sensitive to the precise
parameters defining the models and less sensitive to the
mode set adopted.
More direct signatures of the amount of hydrogen that

has been burned are also likely to lead to a more accurate
calibration. Gough and Kosovichev (1993) have presented
mode combinations that measure the density distribution
in the core, which is closely related, via the assumptions
of stellar evolution theory, to the distribution of helium. It
must be realized, of course, that interpreting that distribu-
tion in terms of solar age is dependent on having correctly
taken into account any movement of chemical species, by
gravitational settling opposed, to some degree, by radia-
tive levitation, and by macroscopic motion in the form of
convection, turbulence generated by fluid instabilities, or
waves. It is also dependent on any mass loss or accretion,
which is normally assumed to be negligible.
The present status is that by using a six-month-long al-

most continuous data set from BiSON a calibrated age can
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be obtained with a formal uncertainty from random data
errors of about 2.5%. In the Eddington study it was found
that the formal error in the age derived from the propaga-
tion of uncertainties in the frequency data is some 25 times
smaller, even with the shorter proposed observation time
in the first (asteroseismological) phase of the mission and
notwithstanding the fact that the mass, luminosity and
radius of the Sun are known much more accurately than
is likely to be the case for most other stars. The investiga-
tion reported here suggests, therefore, that the uncertainty
in the asteroseismically derived parameters will be domi-
nated by the imperfect knowledge of the physics, and not
by statistical error in the data. Solar models have been
honed, in the light of helioseismology and in the quest to
explain the observed neutrino fluxes. No other star has
been studied so assiduously. It is therefore unlikely that
asteroseismic calibrations, at least initially, will be as good
as their helioseismic counterparts, even when many stars
in a cluster are calibrated simultaneously. Nevertheless,
even granted the limitations on the accuracy imposed by
the incomplete knowledge of the underlying physics, the
results from the imminent asteroseismological space mis-
sions will indeed raise our knowledge of the structure and
evolution of stars to completely new heights.
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Abstract

One of the twin goals of the Eddington mission is to
measure stellar oscillations and to use the measured fre-
quencies and line profiles to further our understanding of
the structure and evolution of stars. We here cover some
of the techniques that can be used to achieve this aim.

Key words: missions: Eddington – stars: oscillations, struc-
ture, evolution

1. Asteroseismology and stellar evolution

Stars are the sites of chemical evolution in the Universe,
they control the chemical and luminosity evolution of
galaxies, stellar evolution theory is used to estimate the
age of stellar systems and thereby the evolution of our
own galaxy. But how do we know that our theories are
correct? What empirical checks do we have on the internal
structure of stars? This question was posed by Eddington
(1926) in the opening paragraph of his monograph “The
Internal Constitution of the Stars” as

What appliance can pierce through the outer layers
of a star and test the conditions within?

The answer to Eddington’s question is stellar oscilla-
tions, or asteroseismology. The oscillations are waves that
penetrate into the interior and can be seen at the sur-
face through changes in the luminous flux, or in velocity.
Different oscillation modes propagate through the interior
in different ways, the observed frequencies encoding dif-
ferent combinations of the variation of the stars internal
structure with depth. Asteroseismology is the art of us-
ing the information encoded in the frequencies (and line
shapes) to diagnose the internal structure of the star. By
such means we can test and improve our models of stellar
structure and evolution with the goal of building a reliable
and empirically tested theory of stellar evolution that can
be used with confidence in astrophysics, and enhance our
understanding of the physical processes in stellar interiors.
The evolution of stars depends crucially on the evolv-

ing chemical profile determined by the nuclear reactions
in the central core, and by mixing and diffusive processes
that redistribute the chemically processed material. A key
factor in such mixing is convection and our understanding

of convection, particularly the penetration of convective
motions from unstable into the surrounding stable layers,
is poor, our knowledge of the microphysics such as opacity
is poorly tested, the possibility of diffusive mixing by mild
turbulence driven by instabilities or rotation is poorly un-
derstood. Yet all such processes will affect our estimates
of both the chemical and temporal evolution of stars. As-
teroseismology provides the tool with which to probe the
deep interiors of stars and thereby to test, and develop,
our models of stellar evolution.
The aim of this paper is to explain how this can be

achieved – what are the tools of asteroseismology that
promise such a rich harvest? In the space available to me
I cannot hope to give a comprehensive account of the sub-
ject, so this paper is restricted to a few examples mostly
taken from joint work with Sergei Vorontsov.

2. Stellar oscillations

Most objects oscillate in a set of normal modes when
subjected to some disturbance – stars are no exception.
The simplest example is that of a sound wave excited by
some process (e.g. convection); the wave then propagates
through the medium and, if it has the correct phase at the
boundary, becomes a standing wave – or a normal mode
of oscillation. The phase at the boundary is determined
by the frequency of the wave and the properties of the
medium through which it propagates, the condition that
the wave has the correct phase at the boundary deter-
mines which frequencies correspond to normal modes of
oscillation. This is exactly the situation with waves on a
string, only those waves whose half wavelength is an in-
teger fraction of the length of the string become standing
waves, waves excited with different frequencies are dissi-
pated. But a star is three dimensional not one dimensional,
so the waves are characterised by both their structure over
a sphere, described by a surface harmonic Y�m, and the
number of half wavelengths in radius or the radial order
n. The eigenfrequencies νn�m are in general described by
the three “quantum numbers” n, .,m. An example of such
an oscillation mode is shown in Fig. 1. For simplicity we
shall first only consider the oscillations of a spherical star
in which case, as we shall see, the frequencies are inde-
pendent of the azimuthal “quantum number” m. This de-
generacy is lifted by rotation (and magnetic fields) and
is important in rapidly, indeed moderately, rotating stars.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Example of a stellar non-radial oscillation mode with
n = 18, ) = 2, m = 2. The surface behaviour of the mode is
determined by the relevant spherical harmonic Y2 2 and the cut-
out of the interior shows the radial behaviour of the mode.

Understanding the effects of rotation remains a challenge
to asteroseismology.

The basic observation is a time series of the variation
of the flux (or velocity) integrated over the visible hemi-
sphere of the star. Modes with large values of .,m will
have many horizontal nodes and are unlikely to be de-
tected due to the cancellation of the signal when averaged
over a hemisphere. A Fourier transform of the time series
gives a power spectrum that reveals the discrete set of os-
cillation frequencies. Fig. 2 shows such a power spectrum
of the Sun as a star (integrated flux measurements) ob-
tained with the VIRGO instrument on SoHO (Fröhlich et
al. 1997).

One can here see a regularity with large peaks, corre-
sponding to modes with . = 0, 1, and small peaks close to
the main peaks corresponding to modes with . = 2, 3. For
future reference the frequency difference between modes
with the same . values are called the “large separations”,
whilst the frequency difference between the large peaks
and their neighbouring small peaks (. = 0, 2 and . = 1, 3)
are called the small separations.

For sound waves the restoring force is primarily pres-
sure and such modes are referred to as p-modes. But in a
gravitating fluid the dominant restoring force on low fre-
quency oscillations can be gravity acting on density per-
turbations, such modes are referred to as g-modes. In a
star both types of modes can exist, and also mixed-modes
which behave like p-modes in one part of the star and g-
modes in other parts. p-modes tend to have larger energies
in the outer layers of a star where the sound speed is low,

Frequency  microHz

P
ow

er

Virgo on SoHO

2000 3500

Figure 2. the power spectrum of solar oscilations obtained dur-
ing the first year of observation of the Sun as a star by the
VIRGO experiment on SoHO.

whilst g-modes tend to have larger energies in the inner
regions where the density is large.
The Sun is observed to oscillate in p-modes – indeed

the search for g-modes is one of the outstanding chal-
lenges of helioseismology, other stars e.g. Slowly Pulsat-
ing B stars (or SPBs) are observed to be oscillating in
g-modes. Yet others (e.g. β Cep stars) are possibly oscil-
lating in both. With the exception of the Sun we can only
observe at most a few modes from the ground and only for
a small subset of stars, but with Eddington we will observe
a much larger set of modes which will enable us to probe
their internal structure and stage of evolution (Favata et
al. 2000).
Each oscillation frequency νn� of a star is a different

functional of the internal structure, characterised by the
density ρ(r) and pressure P (r). The art of asteroseismol-
ogy is to invert these relations to determine the structure
(ρ, P ) in terms of the measured frequencies.
The frequency of the basic, or fundamental, radial

mode of a star (i.e. the mode with no nodes except at
the boundaries) is given to order of magnitude by its free
fall time under gravity, or more precisely by the round
trip travel time of a sound wave from surface to cen-
tre and back to the surface which is ≈ 140µHz for the
Sun. The frequency of p-modes increases with increasing
n whereas the frequency of g-modes decreases with in-
creasing n. Since the radiative diffusion time in stars is
very much longer than the free fall time, radiative damp-
ing is negligible except in the outermost layers of a star
and the oscillations are essentially adiabatic. This sim-
plifies the problem of understanding the relationship be-
tween the structure of a star and it eigenmodes, and conse-
quently in developing diagnostic and inversion procedures
to determine the internal structure from an observed set
of frequencies. As we shall see below it is possible to sub-
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tract off, or parameterise the effect of the surface layers
in some diagnostic procedures; p-modes corresponding to
(n, .) and (n− 1, .+ 2) have almost the same frequencies
and the same behaviour in the surface layers so the small
separations

dn� = νn� − νn−1,�+2

give a diagnostic of the central regions of a star.
One should note what can, and what cannot, be ob-

tained from diagnostic and inversion procedures. The den-
sity profile ρ(r) inside a star gives the mass distribution
M(r) and hence the local acceleration due to gravity g =
GM(r)/r2. For a star in hydrostatic equilibrium this gives
the pressure profile P (r). The adiabatic oscillations of a
star are determined by its hydrostatic structure and the
adiabatic exponent Γ1 = ∂ logP/∂ log ρ at constant en-
tropy, so the eigenfrequencies are determined by a pair of
variables e.g. (ρ(r),Γ1(r)). Except for massive stars, where
radiation pressure is important, the adiabatic exponent in
the fully ionised interior is very nearly 5/3 so that the
frequencies can in principle give ρ(r), and hence P (r),
but not the temperature variation T (r) and the chemical
composition profile X(r), only their combination through
P/ρ. In massive stars where radiation pressure is impor-
tant Γ1 is no longer ≈ 5/3 and depends on temperature
so there is additional information that can be used to de-
termine the temperature and composition profiles. In the
outer layers of a star the situation is different. In these
regions, where ionisation is important, the composition
is essentially constant but Γ1 depends on ρ and T and
the measure frequencies can in principle be used to con-
strain the entropy and helium abundance. Regions of steep
changes in the density and its gradients at the boundary of
convective regions produce characteristic signatures in the
frequencies which can be used to determine the location
of these boundaries.

3. Oscillation equations

The adiabatic oscillations frequencies of a star are deter-
mined by the standard equations of adiabatic fluid me-
chanics which are:

ρ
du
dt
+∇p+ ρ∇φ = 0 (equation of motion)

dρ

dt
+ ρ∇.u = 0 (mass conservation)

1
p

dp

dt
− Γ1

1
ρ

dρ

dt
= 0 (adiabatic condition)

∇2Φ = 4πGρ (Poisson′s equation)

where u, P, ρ,Φ,Γ1 are the velocity, pressure, density, grav-
itational potential and adiabatic exponent and d/dt =
∂/∂t+u.∇ is the co-moving or Lagrangian time derivative.

If there is no motion u = 0 – the system is in equilib-
rium and these equations reduce to the standard equations
governing the hydrostatic structure of a spherical star

dP0

dr
= −gρ0, g =

dΦ0

dr
=

GMr

r2
,

dMr

dr
= 4πGρ0r

2

For small amplitude oscillations we linearise about
equilibrium and write

u =
d(δr)
dt

, P = P0 + P ′, ρ = ρ0 + ρ′, Φ = Φ0 +Φ′

and express the perturbations in the form

δr =
(
ξ(r), ζ(r)

∂

∂θ
, ζ(r)

∂

sin θ∂φ

)
Y�meiωt

P ′ = p′(r)Y�meiωt, Φ′ = φ(r)Y�meiωt

where Y�m are spherical harmonics and ω the cyclical fre-
quency (ω = 2πν) to give the equations governing small
amplitude adiabatic oscillations in the form

dξ

dr
+
2
r
ξ − g

c2
ξ +
(
1− .(.+ 1)c2

ω2r2

)
p′

ρc2
− .(.+ 1)

ω2r2
φ′ = 0

dp′

dr
+

g

c2
p′ +

(
N2 − ω2

)
ρξ + ρ

dφ′

dr
= 0

d2φ′

dr2
+
2
r

dφ′

dr
− .(.+ 1)

r2
φ′ − 4πGρ

(
p′

ρc2
+

N2

g
ξ

)
= 0

c2 = Γ1
P

ρ
, N2 = −g2

c2

(
1− Γ1

d log ρ
d logP

)

Here c is the sound speed and N the Brunt-Vaisala fre-
quency. Note that for a spherical star these equations are
independent of m. This degeneracy is lifted by rotation.
These equations are governed by boundary conditions

of regularity at the centre r = 0, this requires

φ = Ar�+. . . , p′ = Br�+. . . , ξ = (A+B/ρc)ω2.r�−1+. . . ,

and that at the surface, r = R, the Lagrangian pressure
perturbation δp vanishes and the potential φ′ matches
onto the corresponding solution of Laplace’s equation,
which require

dφ

dr
+
(.+ 1)

r
φ = 0, p′ − ρgξ = 0 at r = R

More accurate boundary conditions take into account that
the wave is reflected high up in the atmosphere, and that
the density at the surface is not zero (see e.g. Vorontsov
and Zharkov 1989).
This 4th order system of homogeneous equations must

satisfy 4 boundary conditions which is only possible for
a discrete set of eigenvalues ωn� = 2πνn�. In Fig. 3 we
show examples of the eigenfunctions, actually the kinetic
energy density rρ1/2ξ, for a star of 1.45M� for a p-mode
with n = 8, . = 2. and a g-mode also with n = 8, . = 2.
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Figure 3. Scaled radial eigenfunction χ = rρ1/2ξ for two oscil-
lation modes of an evolved main sequence star of 1.45M� with
central hydrogen abundance Xc = 0.35. Top panel p-mode with
n = 8, ) = 2, bottom panel g-mode with n = 8, ) = 2.

4. Simple acoustic oscillations

To understand the properties of the solutions of these
equations we first consider the simple Rayleigh (1896)
problem of oscillations in a non-gravitating sphere. Set-
ting g = 0, N2 = 0, φ′ = 0, c2 and ρ constant the
oscillaton equations reduce to

dξ

dr
+
2
r
ξ +
(
1− .(.+ 1)c2

ω2r2

)
p′

ρc2
= 0,

dp′

dr
− ω2ρξ = 0

Setting ψ = p′r/(ρc)1/2 and defining the acoustic radius
t =
∫ r
0
dr/c transforms these equations into the Spherical

Bessel equation

d2ψ

dt2
+
(
ω2 − .(.+ 1)

t2

)
ψ = 0

whose solutions j�(ωt) are very well documented and
which, for large ωt, have the asymptotic behaviour (e.g.
Whittaker and Watson, 1927, p. 365)

j�(ωt)→ sin(ωt− π.

2
+

a�
ωt
)

with a� a constant. At the surface t = T = R/c, the
pressure perturbation p′ = 0, hence ψ(ωT ) = 0, which

gives the “eigenfrequency equation”

ωT − π
.

2
+

a�
ωT

= nπ

with n an integer. This gives discrete set of eigenfrequen-
cies ωn�. With ν = ω/2π and ωT large this gives νn� ≈
νn−1,�+2 and the large (∆) and small (d) separations

∆n� = νn+1,� − νn� ≈ 1
2T

dn� = νn� − νn−1,�+2 ≈ A�

T

(
1

n+ ./2

)

Figure 4. Scaled Eulerian pressure eigenfunctions ψ(t) =
p′r/(ρc)1/2 vs. fractional acoustic radius t/T for a p-mode with
n = 8, ) = 2. Top panel is for the simple Rayleigh problem, bot-
tom panel for a model of the present Sun.

The solution of this simple problem shows many of the
characteristics of the properties of p-mode frequencies in
more realistic models of stars, in particular the approxi-
mately equal spacings of the large separations ∆ seen in
the solar power spectrum in Fig. 2. This also extends to
the eigenfunctions, and in Fig. 4 we show the scaled pres-
sure eigenfunctions ψ(t) plotted against fractional acous-
tic radius t/T for a p-mode with n = 8, . = 2, for the
simple Rayleigh case, and for a model of the present Sun
(Christensen-Dalsgaard et al. 1996).
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5. Acoustic potentials and surface phase shift

The situation for real stars is more complex, and we first
consider the properties of the oscillations in the outer lay-
ers for p-modes. In these outer layers the sound speed is
small so for moderate values of . and ω the combination

.(.+ 1)c2

ω2r2
� 1

and the equation are approximately independent of .. The
equations governing the oscillation then reduce to 2nd or-
der and can be rewritten in Schrödinger form with an
acoustic depth ts and an “acoustic potential” V (ts)

d2ψ

dt2s
+ (ω2 − V )ψ = 0, where ψ = r(ρc)1/2ξ

V (ts) = A
d2

dt2

(
1
A

)
− 4g

r
, ts =

∫ R

r

dr

c
, A2 =

r2

ρc

Figure 5. Acoustic potential V (ts) vs acoustic depth ts (in secs)
for a solar model. The horizontal line corresponds to a fre-
quency of 3000µHz. Except in the very surface layers and the
deep interior V � ω2. The sharp discontinuity at ts ≈ 2200
sec is the base of the solar convective zone, the dip at ts ≈ 600
sec is caused by the Heii ionization zone.

The acoustic potentials V (ts) is shown in Fig. 5 for
a model of the present Sun (Christensen-Dalsgaard et al.
1996). Below the near surface layers V/ω2 � 1 so the
solution for ψ can be represented by a harmonic function

ψ ≈ A(ω) sin[ωt+ α(ω)]

where α(ω) is the “surface phase shift”, and is a function
only of frequency and not of .. α(ω) contains all the uncer-
tainties of the detailed structure of the surface layers and
the non-adiabatic properties of the oscillations in these
layers. Note also the discontinuity in the potential V at
the base of the convective zone and the fluctuation in the
helium ionisation zone. Since discontinuities, or variations
on a scale length small compared to the wave length of
the oscillation, produce a characteristic modulation of the

frequencies, if we can determine this modulation we can
determine the depth (in acoustic radius t) of the helium
ionisation zone and the base of the convective envelope.
This wiill be considered in detail below.

6. Internal phase shifts and small separations

In the deeper interior of the star the factor .(.+1)c2/(ω2r2)
is no longer small, nor is φ′ necessarily small, and the full
solution for the variable ψ depends on . and the detailed
structure of the core. However in the outer regions of the
star, the inner solution must be of the same form as solu-
tion in outer layers and can be expressed in the form

ψ → B(ω) sin[ωt− π

2
.+ δ�(ω, t)],

where δ is an “internal phase shift” determined by the
interior structure and t =

∫ r
0
dr/c is the acoustic radius.

Since the inner and outer solutions must be continuous
when ω is an eigenfrequency, they must have the same
phase, which gives the eigenfrequency equation (Roxburgh
and Vorontsov 2000)

ωT = π

(
n+

.

2

)
+ α(ω)− δ�(ω, T ) integer n

With α, δ small and ω = 2πν we obtain the results for the
large (∆) and small (d) separations

∆n� = νn+1,� − νn� ≈ 1
2T

dn� = νn� − νn−1,�+2 ≈
(
δ�+2(ω)− δ�(ω)

2πT

)
To relate the internal phase shift δ� to the internal

structure it is necessary to undertake some analysis. This
was done by Tassoul (1980) neglecting the gravitational
perturbation φ′ and in more detail by Roxburgh and Voro-
ntsov (1994) using a successive Born approximation about
the solution for . = 0.
We choose the same acoustic variables as in the simple

Rayleigh problem above, ψ = p′r/(ρc)1/2, t =
∫ r
0
dr/c

and re-write the oscillation equations in the form

d2ψ

dt2
+
(
ω2 − .(.+ 1)

t2

)
ψ = [U0(ω, t) + .(.+ 1)U2(ω, t)]ψ

where U0, U2 are ”acoustic potentials” that depend on the
the interior structure and solution for ψ, φ′. This modified
Bessel equation can be solved by perturbation analysis
about the solution for . = 0, taking U0 + .(. + 1)U2 as a
perturbation, and for ωt > 1 this gives

ψ → sin
[
ωt− π

2
.+ δ�(ω, t)

]
where the “internal phase shift”

δ�(ω, t) =
.(.+ 1)
2ωt

− 1
ω

∫ t

0

[U0 + .(.+ 1)U2]j2� (ωt
′)dt′
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This process can be repeated with successive approxima-
tions (see Roxburgh and Vorontsov 1996) and gives a sat-
isfactory agreement with the numerical solutions of the
full oscillation equations. If we take the approximation
ω2 >> N2 and ω2 >> 4πGρ and replace j2� by its average
value of 1/2 we obtain U2 ≈ (c2/r2 − 1/t2) and

δ� ≈ A(ω, t)
ωt

+
.(.+ 1)B
2ω

, B =

[
c(R)
R

−
∫ R

0

1
r

dc

dr
dr

]

This is turn then gives the Tassoul (1980) result for the
small separations dn�

dn� = ωn� − ωn−1,�+2 ≈ 2.+ 3
ωT

[
c(R)
R

−
∫ R

0

1
r

dc

dr
dr

]

where T =
∫ R
0

dr/c is the acoustic radius of the star.
Whilst this Tassoul approximation is innaccurate except
for very high frequencies, it demonstrates that the small
separations are sensitive to the central structure of the
star where r is small.

7. The Christensen-Dalsgaard diagram

The large separations ∆ are determined by the acoustic
radius T =

∫ R
0

dr/c which depends on the run of sound
speed inside the star and therefore gives a measure of the
gross properties of a star. However the small separations d
depend on conditions in the central core and therfore give
a measure of the evolution of the star. The C-D diagram
(Christensen-Dalsgaard 1988) plots the average values of
these separations for stars of different masses and in dif-
ferent stages of evolution. This is shown in Fig. 6.

Figure 6. Average values of the small (d) and large (∆) sepa-
rations for small mass stars all with initial composition X =
0.73, Z = 0.02 The curves are labelled by the central hydrogen
abundance so the position on this diagram gives a measure of
the age of a star.

If we had a reliable knowledge of all the physical pro-
cesses governing a star’s evolution, then a particular point
in this diagram corresponds to a star of a particular mass
and a particular age. This gives a flavour of the inferences
that can be made from observations of the oscillation fre-
quencies of stars.

8. Differential response inversion

The objective of an inversion procedure is to reconstruct
the internal structure of a star using a set of measured
frequencies – that is to find the run of density and adia-
batic exponent (ρ(r),Γ1(r)) that gives a “best fit” to the
observed frequencies. This task is hindered by our poor
understanding of both the structure of the surface layers
and the non-adiabatic nature of the oscillations in these
layers so ideally we need to subtract off the effect of the
outer regions. This is done in the “Differential Response”
inversion technique, originally developed by Vorontsov for
solar inversions with a large number of modes (Vorontsov
1998, 2001), but here adapted for small data sets with low
. modes such as we can expect to get with Eddington.
As we have seen the internal solution for the eigenmode

depends on ., ω, r whereas the solution in the outer layers
depends only on ω, r. Moreover the surface layers have
low density and therefore make a negligible contribution
to the perturbation in gravitational potential φ′. These
observations provide the basis for the present technique.
We define a “partial wave” ψ�(ω) as solution of the full

oscillation equations for a given (ω, .) that satisfies the
central conditions of regularity, and the surface gravita-
tional boundary condition that φ′ matches onto a solution
of Laplace’s equation at some radius rf . One can equally
think of this as a travelling wave generated by some ex-
citation source. If the wave has the correct phase at the
boundary then it becomes a standing wave – or eigenmode
– with eigenfrequncy ω. The phase of the partial wave at
rf is

δ�(ω) = tan−1

(
dψ�/dt

ωψ�

)
rf

and for arbitrary ω depends on both ω and .. However if
ω is an eigenfrequency of the star then δ�(ω) collapses to
the unknown surface phase shift α(ω), which is a function
of ω only. The requirement that this be the case for the
observed frequencies gives a condition that can be used
as the basis of an inversion procedure to determine the
structure of the star.
The inversion procedure is implemented as follows:

1. Characterise the internal structure of the star by a set
parameters Ck, e.g. the value of the density ρi and
ratio of specific heats Γ1i at a set of mesh of points
ri. In practice we either take Γ1 from some reference
model or set Γ1 ≈ 5/3. Since with low . modes we are
only inverting for the central regions of a star this is
not a significant constraint.
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2. Using a particular realisation of the observed frequen-
cies ωn� with errors σn�, calculate the inner phase shifts
δ�(ωn�) at some point in the outer layers r = rf using
the model described by the parameters Ck.

3. Characterise the unknown surface phase shift α(ω) by
a set of parameters Ak, eg representing α as a polyno-
mial in ω with coefficients Ak.

Now simultaneously determine corrections to the pa-
rameters Ak and Ck by minimising

χ2(Ak, Bk) =
∑(

δ�(ωn�)− α(ωn�)
σ(ωn�)

)2

,

correct the initial guesses of Ak, Ck, and iterate to con-
vergence. The specific details of this procedure using a
new adaptive regularisation algorithm of Strakhov and
Vorontsov (2001) are given in a paper by Roxburgh and
Vorontsov (2002) in these proceedings. This procedure is
fully non-linear and the converged solution gives both the
internal model and the surface phase function α(ω)
In Fig. 7 we give the results of a such a fully non-

linear inversion for a star of 0.8M� with a central hydro-
gen abundance X = 0.1 and two frequency sets. In the
first inversion we took a large frequency set with . = 0–3
and ν = 1000–5000µHz, the same as used in an inversion
by Roxburgh et al. (1998) using the OLA technique de-
scribed below. The random errors on the frequencies were
assummed to have a standard deviation of 0.3µHz and
different realisations of the data were used. In the second
inversion the data set was restricted to modes with . = 0–
2, ν = 2000–4000µHz. In both cases the initial guess to
start the iteration was a long way from the converged so-
lution.
In Fig. 8 we give the result of a non-linear inversion

using the actual frequency set and error estimates from
whole disc solar observations obtained by the ground based
BiSON network (Chaplin et al. 1998), but degraded by the
addition further random errors with standard deviation of
0.1µHz. The initial guess was taken as a model of the sun
at age 2.6× 109 yr. In this inversion the radius of the star
was taken to be unknown and to be determined by the
inversion – this gave a radius of 6.95 × 1010 cm, close to
recent estimates of the solar radius. In both cases we were
able to reproduce the details of the inner structure of the
star.

9. Optimised Local Averages (OLA)

The inversion technique most widely used in helioseismol-
ogy (see e.g. Gough et al. 1996) is the so called “Optimised
Local Averages” method (OLA), originally developed by
Backus and Gilbert (1968) for terrestrial seismology. This
method is based on finding an appropriate combination
of the frequencies that gives linearised corrections to the
internal structure of a trial model. Gough and Kosovichev
(1993) applied this method to model data and were able
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Figure 7. Inversion for a star of 0.8M� for different random
realisations of the frequencies. Top panel ) = 0–3, ν = 1000–
5000µHz, random errors σ = 0.3µHz; bottom panel ) = 0–2,
ν = 2000–4000µHz, random errors σ = 0.3µHz.

to see an indication of a small convective core. Since other
papers in this volume implement this technique (see e.g.
Thompson 2002) I here just sketch the principles of the
method.
One starts from a variational principle in which the

oscillation equations are formally written as

Lξi = ω2
i ξi → ω2

i =
∫
ξ∗i Lξi dm+ Si∫

ξ∗i ξi dm

where ωi is an eigenfrequency, ξi the corresponding eigen-
function and Si the contribution from the surface layers.
Given a reference model and corresponding frequency set
ωi, small changes δρ, δc2, in the model produce changes in
the frequencies δωi given by

δω2
i

ω2
i

=
∫
Ki δρ

ρ
dr +

∫
Ji δc

2

c2
dr +

F(ωi)
Ei ,

where the kernels Ki,Ji depend on ρ(r), c(r) in the trial
model, and F(ω) represents the effect of the surface layers.
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Figure 8. Inversion for a solar model using the observed BiSON
frequency set with additional random errors with σ = 0.1µHz.
The starting model was a model of the Sun at age 2.6× 109 yr
and the radius was determined by the inversion.

One now seeks a set of constants λij such that∑
λijKi = K̄j(rj),

∑
λijJi ≈ 0

where K̄j(rj) is narrowly peaked around rj , so that

∑
λij

δω2
i

ω2
i

=
∑

λij

∫
Ki δρ

ρ
dr =

∫
K̄j δρ

ρ
dr ≈ δρj

ρj

Taking the δω2
i to be the difference between the model val-

ues and an observed data set gives the corrections δρ(rj),
and similarly δc2(rj), to the trial model.
In principle, though seldom in practice, the corrections

δρ, δc2 could be used to give an improved model, giving
new kernels, and the process repeated until convergence.
In practice the inversions are also done with error free data
rather than a random realisations of a given (small) data
set, but this could be implemented in future research.

10. Inversion using the phase shifts

As shown above matching the internal . dependent phase
shifts δ�(ω) with the . independent surface phase shift
α(ω) gives the “Eigenfrequency Equation”

ωT + δ�(ω, .)− α(ω) = π

(
n+

.

2

)

For . = 0 the interior and surface phase shift cannot be
separated so we write this as

F (ω) +G�(ω) = π(n+
.

2
)

F (ω) = ωT + δ0(ω)− α(ω), G�(ω) = δ�(ω)− δ0(ω)

G�(ω) only contains slowly varying terms from internal
phase shifts δ�(ω) and can therefore be used to constrain

the interior structure, whereas F (ω) contains the surface
phase shift α(ω) and therefore signatures of surface non
adiabatic region, and of regions of sharp change in the
acoustic variables and their derivatives, such as the He ii
ionisation zone and the base of an outer convective enve-
lope.

Since for a given set of identified modes the combina-
tion π(n + ./2) is known, the functions F (ω) and G�(ω)
can be represented as a finite series in some set of ba-
sis functions (here taken as Chebyschev polynomials) by
weighted least squares fitting using the input frequencies
(or some realisation of the frequencies and errors). This
was done for a “data set” from a model of an evolved

Figure 9. The top panel shows the power spectrum of residuals
to low-order polynomial fit to the function F (ω) of the frequen-
cies showing the signal from the He ii ionisation zone; The bot-
tom panel shows the power spectrum of residuals to high-order
polynomial fit to F (ω) showing the signal from the base of the
convective zone. Also indicated is the location of these layers
in the input model, which is well reproduced by the analysis.
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main sequence star of 1.45M�. The frequency set was
modes with . = 0, 1, 2, 3 and frequencies in the range 500–
2000µHz. Taking a low order polynomial fit to F (ω) and
taking a power spectrum of the residuals to the fit gives a
broad peak at a “period” of about 500µHz coresponding
to an acoustic depth of 1000 sec, this is in good agreement
with the actual location of the He ii ionisation zone which
is centred around the vertical line in Fig. 9a.
Taking a higher order polynomial fit to absorb the ef-

fect of the HeII ionisation zone, and then taking a power
spectrum of the residuals, gives the peak shown in Fig.
9b which agrees well with the actual location of the base
of the convective zone in the model. The results in Fig.
9 are for error free data. The ability to resolve these fea-
tures, especially the location of the base of the convective
zone degrades with errors; but for this data set the sig-
nal from the convective zone is still detectable with errors
with standard deviation σ = 0.25µHz. For the solar case
the base of the convective zone is detectable in the actual
data set from the BiSON ground based network (see Rox-
burgh and Vorontsov 1998, 2001; Favata et al. 2000), but
rapidly degrades with increasing errors.
To use the information in the G�(ω) determined from

the “observed” frequency set we parameterise a model star
by a set of values of some acoustic variable, here taken as

Figure 10. Inversion for the central structure of a star of
1.45M� using the internal phase shift. The top panel shows
the Brunt-Vaisala frequncy in the actual model and the inver-
sion, the bottom panel compares the density.

Figure 11. Inversion for the central structure of a star of
1.45M� using the internal phase shift. The top panel shows the
sound speed in the model and the inversion in the neighbour-
hood of the boundary of the convective core whilst the bottom
panel shows the fractional difference in sound speed between the
inverision and the mode.

the combination Di = Γ1d log ρ/d logP at a set of mass
points qi =Mi/M ; we took Γ1 = 5/3. To build a model we
also need an interpolation algorithm for the values of D at
other values of q; we here took linear interpolation. Using
the stellar model constructed with this parameterisation
we calculate the model values of Gm

� (ω) and then search
for the set of Di(qi) that minimises

χ2 =
∑
�

∫
ω

[G�(ω)−Gm
� (ω)]

2
dω

For stars with a convective core there is a discontinuity
inD at the core boundary so that we also take the location
of the core boundary qc as a parameter to be determined
by the minimisation.
This procedure was applied to frequencies from a model

of an evolved main sequence star of 1.45M� with a cen-
tral hydrogen abundance ofX = 0.35, and with convective
core overshooting of 0.2 of a pressure scale height. The fre-
quency set was modes with . = 0, 1, 2, 3 and frequencies
in the range 500–2000µHz. The results are shown in Figs.
10 and 11. We reproduce the inner structure and the mass
of the convective core with good accuracy.
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Whilst this inversion worked, it was not without dif-
ficulty. We need a more robust algorithm to search for
the solution. One promising line is to modify the differen-
tial response technique to include some adjustable mesh
points (e.g. the location of the core boundary) within the
parameters to be determined.

11. Conclusions

This paper is necessarily of limited scope but I hope it
conveys to the reader some of the tools that are available
and are being developed to make the maximum use of
data from Eddington. I have not covered many areas, in
particular the g-modes which contain information on the
central structure of the star (see Figs. 3a, 3b above). In
principle information on g-modes can be incorporated into
the inversion techniques described above, but this requires
further consideration of the effect of stellar surface layers.
Even for very low frequency oscillators such as SPBs the
g-modes contain signatures of the convective core.
A major problem area that needs further study is that

of rotation. Rotation lifts the m degeneracy in the fre-
quencies, giving many more observable frequencies, and
making mode recognition difficult. It also and causes a
shift in the frequency of the modes (see Soufi et al. 2000).
But the rotationally split modes also provide the informa-
tion needed to probe the internal rotation of stars (Goupil
et al. 1996). There is also information in the line profiles
on the excitation mechanism of the oscillations, and on
the properties of turbulent convection (see Samadi et al.
2002, these proceedings).
Another approach is that of individual model fitting

– which out of a set of stellar models constructed with
our present understanding of stellar evolution best fits a
set of observed frequencies. Care needs to exercised with
such an approach since the actual values of the frequencies
are strongly influenced by the structure of surface layers
which are poorly understood. As shown above one can ap-
proximately subtract off the effect of these layers by using
the “small separations” as in the C-D diagram diagnostic.
Model fitting is particularly valuable when applied to

a set of stars in a cluster, enhancing the classical cluster
fitting technique. If one assumes that the physics of stel-
lar interiors and evolution is known, except for the mixing
length, then the addition of measurements of the mean
large and small separation to the classical observations
gives a substantial improvement in the accuracy of the
determination of cluster parameters such as helium abun-
dance and age (Gough and Novotny 1993). This analysis
can be extended to include the extent of convective core
overshooting, and the entropy in the surface convective
zone (or mixing length) of the individual stars and, if we
have measurements of individual frequencies for each of
the stars, gives improved accuracy on the cluster param-
eters (Audard and Roxburgh 1998; Favata et al. 2000).

Of course we do not know all the physics of stellar
evolution – aquiring that understanding is the goal of the
asteroseismology component of the Eddington mission!

Acknowledgements
I would like to record my thanks to Sergei Vorontsov for his
substantial contribution to much of the work described here.
This work was supported in part by the UK Particle Physics
and Astronomy Research Council under grants PPA/G/S/
2000/00442, PPA/G/S/1997/00309, PPA/G/S/1998/00576.

References

Audard N, Roxburgh I W, 1998. in Sounding Solar and Stellar
Interiors, eds J Provost and F-X Scmider, Nice, p213

Backus G and Gilbert F, 1968. Geophys J, 16, 169

Chaplin W. J. Elseworth Y, Isaak G, Lines R, McLeod C,
Miller B, New R, 1998. Mon Not Roy Astro Soc, 300, 1077

Christensen-Dalsgaard J, 1988. in Advances in Helio and Aster-
oseismology, eds J Christensen-Dalsgaard and S Fransden,
Reidel, p295.

Christensen-Dalsgaard J et al. 1996. Science, 272, 1286.

Eddington A S, 1926. Internal Constitution of the Stars, Cam-
bridge University Press, p1.

Favata F, Roxburgh I W and Christensen-Dalsgaard J eds,
2000. Eddington, A Mission to Map Stellar Evolution
through Oscillations and to Find Habitable Planets, ESA-
SCI(2000)8
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Abstract

Solar-like oscillations are stochastically excited by tur-
bulent convection. In this work we investigate changes in
the acoustic oscillation power spectrum of solar-type stars
by varying the treatment of convection in the equilibrium
structure and the properties of the stochastic excitation
model. We consider different stellar models computed with
the standard mixing-length description by Böhm-Vitense
(1958) and with a generalized formulation of the mixing-
length approach by Gough (1976) and Gough (1977). We
calculate the acoustic power generated by the turbulent
convection which is injected stochastically into the acous-
tic pulsation modes. Large differences in the oscillation
powers are obtained depending on the choice of the as-
sumed convection formulation. We show that the high-
quality data Eddington will provide, will allow us to dis-
tinguish between theoretical predictions of acoustic power
spectra obtained with different convection models.

1. Introduction

The amplitudes of solar-like oscillations are defined by the
balance between excitation and damping. The oscillations
are excited stochastically by the acoustic noise generated
by the turbulent motion of the convective elements. In
Samadi & Goupil (2001) – hereafter Paper I – a theoretical
formulation for the acoustic power injected into solar-like
oscillations is proposed and which supplements previous
theories. We refer the reader to Samadi (2001) for a de-
tailed summary and discussion on some recent unsolved
problems.
The excitation process depends on the assumed turbu-

lence spectrum, as discussed, for example, by Samadi et al.
(2001a) and Samadi (2001). It also depends crucially on
the convection model to compute the stratification of the
convectively unstable layers in the equilibrium model. The
amount of energy injected into the oscillations depends
strongly on the velocity of the convective elements.
The main goal of this work is to asses changes in the

oscillation power spectrum due to modifications of the
convection treatment in the equilibrium model. We con-
sider two different formulations: the classical description of
mixing-length theory by Böhm-Vitense (1958) and a non-
local generalization of the mixing-length formulation by

Gough (1976) and Gough (1977). Additionally we study
the dependence of the oscillation power on the assumed
turbulence spectrum in the excitation model for both con-
vection formulations.
The theoretical formulation in Paper I involves two free

parameters. These parameters are calibrated such as to
reproduce for a solar model the observed acoustic power
spectrum (Section 2). In Section 3 we compute oscillation
power spectra for several stellar models using the two con-
vection formulations.
We conclude that Eddington’s performance will allow

us to distinguish between the two treatments of convec-
tion and consequently that Eddington will provide further
constraints on convection models.

2. Power injected into solar-like oscillations

2.1. Theory of the stochastic excitation

The acoustic power P injected into the oscillations is de-
fined (e.g. Goldreich et al. 1994) in terms of the mode
damping rate η, the oscillation mean-square amplitude
〈A2〉, the mode inertia I and oscillation frequency ω as:

P (ω) = η 〈A2〉 I ω2 . (1)

The mean-square amplitude is defined by both the ex-
citation by turbulent convection and by the damping pro-
cess. It can be written as

〈
A2
〉 ∝ η−1

∫ M

0

dmρw3 Λ4

(
dξr
dr

)2

× {SR(ω,m) +R2(m)F2(ξr,m)SS(ω,m)
}
, (2)

where ξr is the radial displacement eigenfunction, ρ the
density, Λ is the mixing length, w the vertical rms velocity
of the convective elements; F2(ξr,m) is a function which
includes the second derivative of ξr, and R2(m) describes
the ratio of the excitation by the entropy fluctuations to
that by the Reynolds fluctuations. The source functions
SR(ω,m) and SS(ω,m) describe the contributions from
the Reynolds and entropy fluctuations, respectively, aris-
ing from the smaller scales of the turbulent cascade. De-
tailed expressions for

〈
A2
〉
, SR(ω,m), SS(ω,m), R2 and

F2 are given in Paper I.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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The source functions include the turbulent kinetic en-
ergy spectrum E(k), and the turbulent spectrum of the
entropy fluctuations Es(k) which can be related to E(k)
by a simple expression (e.g. Samadi et al. 2001 – hereafter
Paper II). Both source functions SR(ω,m) and SS(ω,m)
are integrated first over all eddy wavenumbers k, followed
by an integration over the stellar mass M to obtain the
acoustic power P (see Eq. 2).
In the present work, ρ and w are obtained from the two

equilibrium models, computed with the aforementioned
two convection formulations. The eigenfunctions ξr and
eigenfrequencies ω are obtained from two different oscilla-
tion codes and the k-dependence of E(k) is inferred from
different observations of the solar granulation and from
theory.

2.2. The equilibrium models

We consider two sets of stellar models: the first set consists
of complete models obtained with the CESAM evolution-
ary code in which the convective heat flux is computed
according to the classical mixing-length theory by Böhm-
Vitense (1958) – C-MLT hereafter. The momentum flux
(sometimes referred to as turbulent pressure) is neglected
in this set of models. The eigenfunctions are obtained from
the adiabatic FILOU pulsation code by Tran Minh & Leon
(1995). The detailed input physics used in this set of mod-
els is described in Paper II.
The second set consists of envelope models computed

in the manner of Balmforth (1992a) and Houdek et al.
(1999). In these models convection is treated with the non-
local mixing-length formulation by Gough 1976 G-MLT
hereafter, which consistently includes the momentum flux
(i.e., the rr-component of the Reynolds stress tensor). The
eigenfunctions are obtained from the nonadiabatic pul-
sation code by Balmforth (1992a), which includes both
the Lagrangian perturbations of the heat and momentum
fluxes in the manner of Gough (1977).
For both model sets the mixing length Λ = αHp,

where Hp is the local pressure scale height and α the
mixing-length parameter, is calibrated first to a solar
model to obtain the helioseismically determined depth
of the convection zone of 0.287 solar radii (Christensen-
Dalsgaard et al. 1991).

2.3. Models for stellar turbulence

Several turbulent spectra E(k) were discussed in Paper II:
the “Nesis Kolmogorov Spectrum” (NKS hereafter) and
the “Raised Kolmogorov Spectrum” (RKS hereafter) were
suggested from observations of the solar granulation by
Espagnet et al. (1993) and Nesis et al. (1993). Here we also
consider the “Broad Kolmogorov Spectrum” (BKS here-
after) by Musielak et al. (1994). These spectra are depicted
in Fig. 1. For wavenumbers k > k0, where k0 is the small-
est wavenumber of the classical Kolmogorov spectrum, all

Figure 1. Kinetic turbulent spectra versus scaled wavenumber
k/k0.

spectra follow the classical Kolmogorov scaling law, k−5/3.
Only in the low-wavenumber range, k < k0, where kinetic
energy is injected into the turbulent cascade, the spectra
exhibit different scaling laws. These spectra were consid-
ered by Samadi et al. (2001a) to compute acoustic power
spectra for various solar-type stars and are also considered
in this paper.
From observations of the solar granulation Espagnet

et al. (1993) and Nesis et al. (1993) suggest various values
for k0. Because of this ambiguity in the choice of k0, we
relate k0 to the mixing length Λ by k0 = 2π / (βΛ), where
β is a free parameter of order unity (Paper I). Another un-
certainty in the formulation of the excitation model it the
eddy correlation time scale. Because of our still poor un-
derstanding of turbulent convection the eddy correlation
time scale is not well defined and therefore needs to be
scaled, leading to an additional free parameter λ of order
unity (e.g. Balmforth 1992b). As it was demonstrated in
Paper II the oscillation power computed for the Sun de-
pends crucially on the values of the free parameters λ and
β.

2.4. Calibration of the free parameters

The mean square surface velocity vs is related to the acous-
tic power P (ω) and the mode damping rate η by the ex-
pression:

v2
s = ξ2r (rs) P (ω) / 2ηI , (3)

where rs is the radius at which the oscillations are ob-
served.
The acoustic power P is computed for the two cali-

brated solar models using the aforementioned convection
formulations. For the velocity estimates vs, Eq.3, we as-
sume the observed linewidths (damping rates) by Lib-
brecht (1988). The free parameters β and λ are calibrated
for all turbulent spectra (see Section 2.3) and for both
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Figure 2. Computed surface velocities vs (Eq.3) assuming vari-
ous turbulent spectra (see Fig. 1) and G-MLT for computing the
turbulent fluxes. The free parameters λ and β are calibrated to
Libbrecht’s (1988) velocity and linewidth (damping rate) mea-
surements.

Table 1. Calibrated values of the parameters β and λ for the
solar model computed with G-MLT.

spectrum βλ β λ

RKS 0.6 1.96 0.31
BKS 1.6 4.06 0.39
NKS 2.6 3.11 0.83

solar models to fit the estimated velocities vs to the ob-
servations by Libbrecht (1988).
Fig. 2 displays the results for the solar model computed

with G-MLT. The corresponding calibrated values of β
and λ are listed in Table 1 (see Paper II for the calibration
results of the models computed with the C-MLT).
At low frequencies the velocity vs computed with G-

MLT is in better agreement with the data than the results
published in Paper II obtained with the C-MLT. At high
frequencies the differences in vs obtained with the various
turbulent spectra are of similar small magnitude than the
results of Paper II which assumed the C-MLT. Best agree-
ment between theory and measurements is obtained with
the NKS for both convection formulations.

3. Scanning the H-R diagram

3.1. Stellar models

We consider various solar-type stars with masses between
1M� and 2M� in the vicinity of the main sequence.
The model parameters are listed in Table 2, which cor-
respond to the models considered previously by Samadi
et al. (2001a). As for the solar models in Section 2 we
consider two sets of stellar models: the first set, computed
with the C-MLT, is adopted from Samadi et al. (2001a).
The second set, computed with G-MLT, assumes the cali-

brated mixing length of the solar model discussed in Sec-
tion 2. The acoustical cut-off frequencies are very similar
between the two sets of models and are displayed in Ta-
ble 2 for the first set.

Table 2. Model parameters of solar-type stars. The model age
and acoustical cut-off frequency νc are listed for the models
obtained with the CESAM evolutionary code which assumes the
C-MLT for computing the convective heat flux.

Models L Teff M Age νc

[L�] [K] [M�] [Gyr] [mHz]

A 12.1 6350 1.68 1.79 1.0
B 9.0 6050 1.44 3.05 1.0
C 6.6 6400 1.46 2.40 1.5
D 3.7 5740 1.08 7.33 1.5
E 3.5 6120 1.25 4.10 2.3
F 2.6 6420 1.25 1.76 3.6

3.2. Dependence on convection models

For all stellar models in both sets we assume the NKS and
the calibrated values of β and λ quoted in Samadi et al.
(2001a) and in Table 1.
The position in the H-R diagram of all stellar models

and a qualitative overview of their acoustic power spectra
P are depicted in Fig. 3. Detailed results of P are shown
in Fig. 5.
At high frequencies the differences in P between mod-

els computed with the C-MLT and G-MLT increase with
increasing effective temperature Teff and luminosity L. As
discussed in Houdek (1996), the nonlocal formulation (G-
MLT) predicts smaller temperature gradients in the upper
superadiabatic region relative to the C-MLT. This means
that convection is more efficient in models computed with
G-MLT which leads to a different profile (depth-depende-
nce) of the superadiabatic temperature gradient between
the C-MLT and the G-MLT. The differences in the supera-
diabatic temperature gradient between the two model sets
increase with L and Teff . These results are illustrated in
Fig. 6 which shows the superadiabatic temperature gra-
dient ∇ − ∇ad versus R∗ − r, with R∗ being the radius
of the star. With increasing L or Teff , the maximum of
∇ − ∇ad is shifted more rapidly to deeper layers for the
G-MLT models than for the C-MLT models. This leads
to progressively larger differences in the convective veloc-
ities w and in the shape of the eigenfunctions between the
two sets of models. These differences in w (note that P
depends crucially on w, see Eq. 2) and in the shape of the
eigenfunctions are particular large in the superficial layers
and result in a larger amount of acoustic power injected
into high frequency modes for models computed with the
C-MLT.
There is an additional age effect: it can be seen from

comparing the results of the models E and F (see Fig. 5).
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Model E has the same mass than model F but is older.
The increase of the maximum acoustic power with age is
found to be larger for models computed with the C-MLT
than for the G-MLT models.

3.3. Dependence on turbulence models

We compute P for all the kinetic turbulent spectra dis-
cussed in Section 2.3. The results are shown in Fig. 4 for
the models C and E. For the set of models computed with
the C-MLT (top panels), the dependence of P on the as-
sumed turbulence spectra is more pronounced for the hot-
ter model C than for model E. This is not observed for
the model set computed with G-MLT (bottom panels).
Models computed with the C-MLT exhibit a more pro-

nounced decrease of the depth of the surface convection
zone with increasing Teff . This leads to a smaller extend
of the excitation region for hotter models compared to
the models computed with G-MLT. As discussed in more
detail by Samadi et al. (2001a), Samadi et al. (2001b) a
shallower excitation region results in a more pronounced
frequency-dependence of P on the assumed turbulent spec-
tra.
Model C, obtained with G-MLT, exhibit a deeper ex-

citation region and consequently the dependence of P on
the assumed turbulent spectra is smaller. This property
can be explained by the larger efficacy with which G-MLT
transports the convective heat flux.

3.4. Discussion

One of Eddington’s tasks will be the continuous observa-
tion of stellar luminosity oscillations over a time period
of 30 days with a frequency accuracy of 0.3µHz (Favata
et al. 2000). Furthermore the large telescope of Eddington
(approximately ten times larger than that of the COROT
mission) will lead to a noise level of ∼ 0.2 ppm for stars
with a magnitude mv = 6 and for an observing period of
30 days. For comparison, COROT will reach a noise level
of 0.7 ppm (Auvergne & the COROT Team 2000) for stars
with a magnitude mv � 6 and for a continuous observing
period of 5 days.
Will the high-quality observations of the Eddington

mission be accurate enough to allow us to distinguish be-
tween the changes in the predicted oscillation powers P of
Section 3.2 and Section 3.3? In order to answer this ques-
tion we estimate the expected accuracy of Eddington’s
measurements of P .
Kjeldsen & Bedding (1995) suggested a very simplified

scaling law between oscillation amplitude ratios (δL/L)/vs
and Teff :

δL/L ∝ vs T
−1/2
eff , (4)

assuming adiabatic oscillations in a purely radiative
star. It suggests that the amplitude ratios scale inverse
proportionally to the effective temperature (but see also

Houdek et al., 1999, Fig. 14, who found that the amplitude
ratios scale directly with Teff).
According to Eq.(3) and Eq.(4) the relative error for

P can be expressed as

∆P

P
= 2

∆δL

δL
+
∆η

η
, (5)

where δL is obtained from Eqs.(3, 4). The damping
rates η are supplied from the nonadiabatic pulsation code
of Balmforth (1992a) assuming equilibrium models com-
puted with G-MLT.
In Fig. 4 and 5 the error bars ∆P are plotted according

to Eq.(5) assuming a noise level of ∆(δL) ∼ 0.2 ppm and
∆(η/2π) ∼ 0.3µHz.
We conclude that for hotter stars with a magnitude

mv ≤ 6, Eddington will provide data of sufficient accu-
racy which will allow us to distinguish between the results
obtained with the two considered convection formulations
and consequently will provide further details on how to
improve stellar convection models.
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Figure 3. Positions of models in the H-R diagram (filled circles). For each model of the two sets, the computed oscillation power
spectra assume the NKS and are illustrated in an associated box : the solid curves correspond to models computed with G-MLT
and the dashed curves display the results obtained with the C-MLT. The plot range of the abscissa starts from zero and extends
to the acoustic cut off frequency, indicated for each model. The power spectra are normalized with their maximum values.

Figure 4. Oscillation power spectra computed for the models C and E assuming the NKS (solid curves), the RKS (dashed curves)
and the BKS (dot-dashed curves). The top panel displays the results for models computed with the C-MLT and the bottom panel
illustrates the results for models computed with G-MLT. Vertical error bars ∆P are obtained from Eq.(5) assuming an accuracy
for η/2π (resp. δL/L) of 0.3µHz (resp. 0.2 ppm).
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Figure 5. Oscillation power spectra computed for both sets of stellar models. The NKS turbulence model is assumed. The solid
curves display the results for models computed with G-MLT and the dashed curves show the results for models computed with
the C-MLT.
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Figure 6. Depth dependence of the superadiabatic temperature gradient ∇ − ∇ad for the two sets of stellar models with surface
radius R∗. The solid curves display the results for models computed with G-MLT and the dashed curves are the results assuming
the C-MLT.
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Abstract

Some issues of inverting asteroseismic frequency data
are discussed, including the use of model calibration and
linearized inversion. An illustrative inversion of artificial
data for solar-type stars, using least-squares fitting of a
small set of basis functions, is presented. A few details of
kernel construction are also given.

Key words: Stars: structure – Stars: oscillations

1. Introduction

The accumulated experience in helioseismology of invert-
ing mode frequency data provides a good starting point
for asteroseismic inversion. In some rather superficial ways
the circumstances of the two may seem very different:
helioseismologists can use many more mode frequencies
than will ever be possible for a more distant star, so that
the resolution that can be achieved in helioseismic inver-
sion is beyond the grasp of asteroseismology (an exception
may be situations such as where modes are trapped in a
narrow range of depth within the star). Another difference
is that global parameters of the Sun such as its mass, ra-
dius and age are much better known than they are for
other stars; hence the structure of the Sun is constrained
a priori much more accurately than it is for a distant star,
even if the input physics had been known precisely, which
of course is not the case for the Sun or for other stars.
In more fundamental ways, though, helioseismic and

asteroseismic inversion are much more similar than they
are different. Helioseismology has not always been blessed
with such a wealth of data, and helioseismologists in the
early days of their subject learned the value of model
calibration and asymptotic description (in particular of
low-degree modes) for making inferences about the Sun.
They also learned some of the dangers and limitations
of drawing inferences from real data. The modal proper-
ties in many asteroseismic targets will be similar to the
low-degree solar modes. Moreover, the principles of inver-
sion are the same in both fields: obtaining localized infor-
mation about the unseen stellar interior; assessing resolu-
tion; taking account of the effects of data errors; assessing
what information the data really contain about the ob-

ject of study; judiciously adding additional constraints or
assumptions in making inferences from the data.
This paper touches on a few of these points with regard

to inverting asteroseismic data, including the usefulness
of optimally localized averaging (OLA) kernels and model
calibration using large and small frequency separations for
solar-type oscillation spectra. Much more detail on those
two topics can be found in the papers by Basu et al. (2001)
and Monteiro et al. (2001), both in these proceedings.
The inversion problem predicates that one is able to

perform first the forward problem. In the present con-
text, that means the computation of the oscillation data
(the mode frequencies) from the assumed structure of the
star. Solving the forward problem always involves approx-
imations or simplifying assumptions, because we cannot
model the full complexities of a real star. The inverse pro-
cedure, inferring the structure (or dynamics) of the star
from the observables, is ill-posed because, given one solu-
tion, there will almost invariably formally be an infinite
number of solutions that fit the data equally well. The art
of inverse theory is in no small part concerned with how to
select from that infinity of possibilities. Actually, in vari-
ous asteroseismic applications to date, e.g. to η Boo and
certain δ Scuti stars, the problem is rather that one has
so far been unable to find even a single solution that fits
the data (see Christensen-Dalsgaard, Bedding & Kjeldsen
1995, Pamyatnykh et al. 1998). This may indicate that the
some of the approximations made in the forward problem
are inappropriate; it could also indicate that the errors
in the data have been assessed incorrectly. In the present
work, unless otherwise stated, we assume both that the
forward problem can be solved correctly and that the sta-
tistical properties of the data errors are correctly known.

2. Model calibration

A relatively straightforward approach to the inverse prob-
lem is model calibration. At its conceptually simplest, this
entails computing the observables for a set of models, pos-
sibly a sequence in which one or more physical parameters
vary through a range of values, and choosing from among
that set the one that best fit the data. ‘Best’ here is of-
ten taken to mean that model which minimizes the χ2

value of a least-squares fit to the data. Given today’s fast
computers, searches through large sets of models are feasi-
ble, either blindly or by using some search algorithm such

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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as genetic algorithm or Monte Carlo. Approaches similar
to this have been undertaken for white dwarf pulsators
(Metcalfe, Nather & Winget 2000; Metcalfe 2001) δ Scuti
stars (Pamyatnykh et al. 1998), and pulsating sdB stars
(Charpinet 2001). Depending on the way in which the
method is applied, the resulting model may be constrained
to be a member of the discrete set of calibration models,
or could lie “between” them if interpolation in the set of
models is permitted.
Model calibration is powerful and dangerous. It is pow-

erful because it allows one to incorporate prejudice into
the search for a solution and, suitably formulated, it can
always find a best fit. It is dangerous for the same reaons:
perhaps unwittingly on the part of the practitioner, it
builds prejudice into the space of solutions that is con-
sidered. Also, even a satisfactory fit to the data does not
mean that the solution model is necessarily like the real
star: one can make a one-parameter model calibration to
a single datum, but it is unclear what aspects of the re-
sulting stellar model the datum is actually able to con-
strain. Examples of prejudice that model calibration may
incorporate, for good or ill, are the choice of physics used
to construct the models, and possible assumptions about
the smoothness of the structure of the star. An insidi-
ous problem is that, if the approximations in the forward
modelling introduce errors into the computed model ob-
servables, this can introduce a systematic error into the
result of the model calibration. The Sun and solar-type
stars provide a good example. Here the near-surface struc-
ture and the mode physics in that region are poorly mod-
elled at present, and the simple approximations made in-
troduce a systematic shift in the computed frequencies:
low-frequency p modes have their upper turning point rel-
atively deep in the star and are almost unaffected by the
treatment of the surface layers, whereas modes of higher
frequency have turning points closer to the surface and
the error in their frequencies grows progressively bigger.
In these circumstances, it is preferable not to calibrate to
the frequency data themselves but rather to data combi-
nations chosen to be relatively insensitive to the known
deficiency in the forward modelling. In the near-surface
layers, the eigenfunctions of solar p modes of low or inter-
mediate degree l are essentially independent of l, so the er-
ror in the frequencies introduced by incorrectly modelling
this region is just a function of frequency, scaled by the
inverse of the mode inertia. This suggests that one should
calibrate frequencies of solar-type stars to data combina-
tions chosen to be insensitive to such an error.
Asymptotic analysis suggests other data combinations

which can be used for model calibration and which are
more discriminating than the raw frequency data. Mon-
teiro et al. (2001) consider in some detail the use of the
so-called large and small separations:
∆nl = νn+1 l − νnl , δnl = νnl − νn−1 l+2 (1)
respectively. As Monteiro et al. demonstrate, the results of
such a calibration, even for such global characteristics as

Figure 1. Model calibration selects a model M0 in the space of
models allowed by the calibration procedure: subsequent inver-
sion using M0 as reference determines a (hopefully improved)
model M, not necessarily in the original space. If some other
calibration selected a different model M′

0, one hopes that the
inversion procedure would bring one to the same or similar final
model M.

the mass and age of the star, depend on the other physics
assumed.

3. Linearized inversion

Model calibration is just one approach to the inverse prob-
lem of inferring the stellar structure, which we may indi-
cate schematically as X, from the frequency data ν. How
else may the nonlinear dependence ν = ν(X) be inverted?
A way which then allows application of a variety of tech-
niques is to linearize about a reference modelM0: inver-
sion takes as input δν, the difference between the observed
data and the corresponding values that model M0 pre-
dicts, and produces as output δX, the estimated difference
in structure between the star andM0. Since the structure
ofM0 is known, the structure of the star can then be re-
constructed. Of course, that is a naive hope, because of
the inherent nonuniqueness discussed earlier, quite apart
from issues of data errors. But one may at least produce a
refinement on the initial model and indeed this new model
can then be used as reference for a subsequent inversion
as the next step of an iterative approach. Depending on
the technique adopted, it is helpful and may be essential
to have a reasonable starting guess in the form of the ref-
erence model M0. Model calibration using the large and
small separations is a reasonable way to find such a model
for solar-type stars.
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Model calibration produces a solution M0 that is in
the span (suitably defined) of the calibration set of models,
illustrated schematically as a surface in Fig. 1. Inversion
of the kind just described may then be used to proceed
fromM0 to a new modelM which may be ‘close’ toM0

but outside the span of the original calibration models.
One hopes that the final model depends only weakly on
the initial model, so that if by some other calibration (as-
suming different physics when calibrating the large and
small separations, for example) one produces some other
model M′

0, then the inversion step takes one close once
more to the same final modelM.
One can imagine making all structural quantities in

both the reference model and the target star dimension-
less by taking out appropriate factors of the gravitational
constant G and the stars’ masses M and radii R. Then
the frequency differences δωnl between the same mode of
order n and degree l in the two stars can be related to
the differences in dimensionless structural quantities by
an equation such as

δωnl
ωnl

= δ

(
ln
(
GM

R3

) 1
2
)
+
∫ 1

0

K
(nl)
u,Y (x)

δu

u
(x) dx

+
∫ 1

0

K
(nl)
Y,u (x)δY dx +

F (ωnl)
Enl

(2)

where here the choice has been made to express the struc-
tural differences in terms of u, the ratio of pressure p to
density ρ, and Y , the helium abundance by mass: for dis-
cussion of this choice, see Basu et al. (2001). Here, δu is
the difference in dimensionless u between the two stars,
the differences being evaluated at fixed fractional radius
x in the star. The first term on the right-hand side is
a constant and just reflects the (GM/R3)1/2 homologous
dependence of the frequencies. The final term is some func-
tion of frequency, divided by mode inertia Enl, which ab-
sorbs uncertainties from the near-surface layers. For some
details of the construction of the kernel functions K(nl)

u,Y (x)

and K
(nl)
u,Y (x), which are known functions derivable from

the reference model, see the Appendix. In an inversion, the
left-hand side will be known; all terms on the right-hand
side are to be inferred, including the difference in M/R3

between the reference model and target star.

4. Structural and frequency differences

To motivate the rest of the paper we consider first the
structural differences between a few stellar models. These
will already indicate that rather small uncertainties in
global parameters of stars, e.g. mass or age, can lead to
large uncertainties in their structure. Of course the posi-
tive side of that is that the stellar structure is sensitive to
those parameters and so, if the observable mode frequen-
cies are in turn sensitive to those aspects of the structure
then we may have some hope of using the observations to
constrain e.g. the mass and age of the star rather precisely.

Figure 2. Relative differences in pressure p (solid curve) and
density ρ (dashed curve), at fixed fractional radius, between
ZAMS stars of mass 1.0M� and 1.1M� (in the sense 1.1M�
minus 1.0M�). (a) The quantities have not been homology-
scaled before taking differences. (b) Quantities have been
homology-scaled before differencing.

Panel (a) of Fig. 2 shows the relative differences in
pressure p and density ρ, at fixed fractional radius, be-
tween two ZAMS stars, of masses 1.0M� and 1.1M�. We
note that even for two stars with rather similar masses
the differences are large, of order unity. Panel (b) shows
the corresponding differences after the homology scaling
has been taken out: this scaling is assumed taken out in
the formulation presented in eq. (2). The effect is essen-
tially to shift the two curves by a constant: although the
differences are smaller, they are still large. These changes
arise from nonhomologous differences in the surface layers
which change the entropy of the convection zone. Indeed,
writing p = Kρ1+1/n in the stars’ convective envelopes (in
this context only, n denotes polytropic index), and noting
that sound speed there is essentially determined by surface
gravity, one finds that in that region
δ ln p � δ ln ρ � −n δ lnK . (3)
Possibly of more direct relevance for inversion of eq. (2)

is the difference in adiabatic sound speed c (c2 = γ1u,
where γ1 is the first adiabatic exponent). As Fig. 3 shows,
the relative differences in c2 are smaller than the differ-
ences in pressure and density, but still quite substantial for
stars that differ in mass by as little 10 per cent. Homol-
ogy scaling has little effect on the differences in this case.
For a reasonable range of masses, these differences scale
linearly with the mass difference, so for example the corre-
sponding scaled differences between 1.05M� and 1.0M�
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Figure 3. Relative differences in sound speed squared (c2) at
fixed fractional radius, between ZAMS stars of mass 1.0M�
and 1.1M� (in the sense 1.1M� minus 1.0M�): the two curves
show unscaled (solid) and homology-scaled (dashed) differences.

ZAMS stars are half those illustrated here, to a very good
approximation.

5. Inversion methods

A number of different linearized inversion methods have
been developed in helioseismology, geophysics and diverse
other areas of inversion applications. Two flexible
approaches are Optimally Localized Averages (OLA) and
Regularized Least Squares (see e.g. Christensen-Dalsgaard
et al. 1990 for a description). The OLA method explicitly
constructs a linear combination of kernels that is local-
ized at some location in the star and is small elsewhere:
the corresponding linear combination of relative frequency
differences is then a measure of the localized average of
the structural differences. The application of SOLA in the
asteroseismology of solar-type stars is discussed and illus-
trated by Basu et al. (2001). We emphasize here that OLA
reveals the true extent to which the seismic data alone can
resolve the aspect of the stellar interior under study. Meth-
ods which on specific classes of problems appear to have
superior performance to OLA in resolving aspects of the
stellar interior are introducing nonseismic information or
assumptions in addition to the frequency data.
The form of least-squares method used most exten-

sively in helioseismology is regularized least-squares: the
idea is to represent the solution with a set of basis func-
tions more finely than can be resolved by the data and
with ideally no bias about the form of the solution built
into the basis; but then to minimize the sum of χ2 fit to the
data and a penalty term which is large if the solution has
undesirable characteristics. The most used penalty func-
tion is the integral over the star of the squared second

derivative of the function under study with respect to ra-
dius.
A different way of regularizing the least-squares solu-

tion, without introducing a penalty term, is to choose a
drastically smaller set of basis functions. This alternative,
which we do not claim is intrinsically superior, may give
apparently better results from few data if the basis func-
tions are chosen with appropriate intuition or good for-
tune. The reason is that one can introduce a huge amount
of prejudice into the solution by forcing it to have a form
determined by the basis functions. Such a basis could, for
example, force the buoyancy frequency to be zero in a
convective core and permit a single discontinuity at the
core boundary but not elsewhere: such assumptions may
be reasonable, but it should be realized that they are ad-
ditional to the seismic data. If the star actually had a
second discontinuity, or a more gradual variation at the
core boundary, such an inversion would not generally re-
veal those features. A helioseismic example is in finding
the location of the base of the convective envelope, where
remarkable precision (0.001R� taking into account uncer-
tainties in abundance profiles, 0.0002R� if the only un-
certainty comes from data noise) has been claimed (Basu
& Antia 1997): this is credible only insofar as the base of
the convection zone has precisely the form assumed in the
inversion, because the true resolution at that location is
much coarser than that. The true resolution (e.g. verti-
cally) is essentially limited by the reciprocal of the largest
vertical wavenumber of the eigenfunctions corresponding
to the available data (Thompson 1993).

6. An experiment with specific basis functions

As a simple illustration of the apparent ability of least-
squares inversion with a limited basis to infer structure
even where the mode set has little resolving power, we take
a basis of five functions chosen for algebraic convenience.
They are approximately (but only approximately) able to
represent the difference in u between ZAMS models of
solar-like stars. The basis represents a function that is
quadratic in x ≡ r/R for x < 0.1 with zero derivative at
x = 0, piecewise constant between radii x = 0.1, 0.3 and
x1, quadratic between x1 and x2 and zero for x > x2. The
values of x1 and x2, which are initially set to 0.65 and 0.75
respectively, are adjusted by hand to find a minimum of
the χ2 fit.
In the first of two illustrative applications, we con-

sider the inversion of frequency data (65 modes: l = 0,
n = 14 − 32; l = 1, n = 13 − 29, l = 2, n = 15 − 30,
l = 3, n = 16 − 28) from a 1.05M� ZAMS star. In a real
application we would first calibrate the star by comput-
ing large and small separations from the data and using
the approach of Monteiro et al. (2001) to arrive at a ref-
erence model; in fact we simply took a reference model
which was a 1.0M� ZAMS star. Before discussing the
results of the inversion, we first consider the data, i.e.
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Figure 4. Relative frequency differences (ν = ω/2π is cyclic
frequency) between ZAMS stars of masses 1.0M� and 1.05M�
(in the sense 1.05M� minus 1.0M�). Lines join modes of the
same degree: l = 0 (continuous line), l = 1 (dotted), l = 2
(dashed) and l = 3 (dot-dashed). Crosses indicate the actual
values of the frequency differences, diamonds indicate the val-
ues produced by a least-squares fit of expression (2) using the
basis functions discussed in Section 6. .

Figure 5. Residual frequency differences after the fitted constant

term δ ln(GM/R3)
1
2 and a two-term fit for the surface-like con-

tribution F (ω)/Enl have been removed. Line styles have the
same meaning as in Fig. 4.

the relative frequency differences, shown in Fig. 4. (For
clarity, no noise has been added to the data, though it
was added for the inversions.) The dominant trends are
that the values are negative, around −0.066, because of
the difference in M/R3 between the two stars (in fact,
δ ln((GM/R3)

1
2 ) = −0.0668 for these two stellar mod-

els); and there is a roughly linear trend with frequency,
in this frequency range, coming from near-surface differ-
ences. These two contributions can be estimated and re-

moved by fitting an expression of the form (2): for illus-
tration, we show in Fig. 5 what would remain: this is the
signal from the interior, which contains the information
that the inversion will use to infer conditions inside the
star. The impression now is that the data contain a signal
which has some oscillatory component (from the rather
abrupt change in the structural differences at the base
of the convective envelope) but is otherwise only weakly
a function of frequency and increases with decreasing l,
indicating that the more deeply penetrating (i.e. lower-l
modes) sense δu/u increasing in the deep interior as one
gets closer to the centre of the star.
These features are indeed revealed by the inversion

(Fig. 6), which compares the exact u-differences with the
least-squares solutions for noise-free data and for data
with Gaussian noise with zero mean and uniform stan-
dard deviations σ = 0.1µHz, 0.2µHz, and 0.3µHz. The
noise realization in the two panels is different, but within
each panel the noise differs from case to case only by a
multiplicative scaling. It can be seen that for low noise
levels this very small basis enables the differences to be
recovered rather well, including the structure beneath the
convection zone and the variation of δu in the core. For
larger noise levels the artificiality of the basis functions
becomes more apparent; also the solution for the higher
noise levels is rather different for the two noise realiza-
tions, which gives some indication of the uncertainty even
in this highly constrained solution.
A second example is an application to the same mode

set but with data from model S1 of Monteiro et al. (2001)
and Gaussian data errors with σ = 0.1µHz. This star
is slightly more massive and more evolved than the Sun.
Again, we omitted the calibration step and inverted rela-
tive to a reference model of the present-age Sun. The re-
sults are shown in Fig. 7. Again the qualitative behaviour
of the differences is recovered reasonably, including the
downturn in the core. The discrepancies are perhaps partly
attributable to the fact that the basis functions are not so
well suited for representing this case as the ZAMS case.

7. Discussion

It is a prejudice of some stellar astrophysicists (it was
indeed expressed a few times in Córdoba during the work-
shop) that helioseismic experience with the Sun provides
a poor example when it comes to asteroseismic inversion.
But the similarities between the two applications are much
more significant than their differences. An extremely im-
portant aspect of inversion in any context is to assess what
the data really tell you and what information is being in-
troduced by other assumptions or constraints. OLA ker-
nels (Basu et al. 2001) indicate what resolution can really
be achieved without additional assumptions. But other
approaches can advance our knowledge by allowing intro-
duction of reasonable prejudices: e.g., looking for signa-
tures of sharp features, or introducing specific basis func-
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Figure 6. Inversion results for the relative difference in
homology-scaled u between a 1.05M� ZAMS star and a 1.0M�
ZAMS star. The solid curve shows the exact difference δu/u,
and the short-dashed curve the solution from a least-squares
inversion of noise-free data. The other curves show inver-
sions of noisy data containing independent Gaussian errors
with zero mean and uniform standard deviation σ = 0.1µHz
(dot-dashed), σ = 0.2µHz (triple dot-dashed) and σ = 0.3µHz
(long-dashed). The upper and lower panel show two different
realizations of the noise; within each panel the noise from one
curve to another has just been scaled by a multiplicative factor.

tions. The best apparent results are likely to be achieved if
those functions are physically motivated, because the so-
lution will accord with our physical intuition (prejudice).
This may of course be dangerous. Our example of a highly
constrained least-squares inversion illustrates that quali-
tatively reasonable results can be obtained throughout a
star by introducing assumptions about the form of the so-
lution, even in regions where in fact the mode set provides
little or no localized information (cf. Basu et al. 2001). One
may have other grounds on which to believe that such a

Figure 7. Inversion results for the relative difference in
homology-scaled u between model S1 of Monteiro et al. (2001)
and a present-day standard solar model (in the sense S1 minus
solar model). The solid curve shows the exact differences, the
dashed curve shows the solution of the least-squares fit to the
data (which contained Gaussian noise with uniform standard
deviation 0.1µHz).

solution is plausible, but on the basis of the data alone it
should be viewed sceptically.
Model calibration is a useful tool in its own right and

for obtaining possible starting models for linearized aster-
oseismic inversions. Carefully used, model calibration al-
lows one to build in some prejudice; and the combination
of calibration and inversion extends the space of solutions
that one explores.
Calibrating on large and small separations can be ef-

fective (Monteiro et al. 2001), always assuming that one
has not neglected some important aspect of the physics:
in that regard, the effects of rotation and magnetic fields
need to be borne in mind (see Dziembowski & Goupil
1998), in solar-type stars as in many other pulsating stars.
Finally we note that mode identification may be a

problem, even in solar-type stars. The asymptotic pattern
of high-order p-mode frequencies may allow l to be deter-
mined, but there may be some uncertainty in n. Such an
uncertainty can be allowed for in the inversion by adding
to the right-hand side an extra term

G(ωnl)/ωnl (4)

where G is some function of frequency. We have verified
that, with our ZAMS example, even restricting G to be
a constant function removes quite satisfactorily the effect
of a misidentification of n. More generally, G could ju-
diciously be chosen to reflect the variation of the large
separation with frequency.
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Appendix

The derivation of kernels relating the linearized differ-
ences in structure to the differences in frequency (cf. eq. 2)
has been discussed by, e.g., Gough & Thompson (1991),
Gough (1993), and Kosovichev (1999). As all those au-
thors show, the kernels for either of the pairs of variables
(c2, ρ) or (γ1, ρ) are quite straightforward to derive from
the equations of linear adiabatic oscillations together with
the linearized equation of hydrostatic support. Obtaining
kernels for various other pairs, including the pair (u, Y )
used in this paper, can be accomplished by first obtaining
kernels for one of the other two pairs and then using the
following piece of manipulation. It is sufficiently ubiqui-
tous (occurring often when one wishes to transform from
kernels for a pair including ρ to some other variable pair)
that we write it rather generally.
Let ψ(r) be a solution of(
ψ′

r2ρ

)′
+
4πGρψ

r2p
=
(
F (r)
r2ρ

)′
, (5)

where prime denotes differentiation with respect to r (or x
if everything – including r – is expressed in dimensionless
variables), for a given function F (r) (so ψ is a functional
of F ), with boundary conditions ψ(0) = 0 and ψ(R) = 0.
Then, provided δm(0) = 0 and δm(R) = 0, where m(r)
is the mass interior to radius r, and letting 〈. . .〉 denote
integration from r = 0 to r = R (x = 0 to x = 1),〈
F (r)

δρ

ρ

〉
≡
〈
−p (ψ/p)′ δu

u

〉
. (6)

Note that δm(0) = 0 holds in general; and in our present
application, we scale all structural quantities by G,M and
R to make them dimensionless, so δm(R) = 0 is forced to
be true. These two conditions also mean that

〈
4πr2δρ

〉
is

zero, so any multiple of 4πr2ρ may be added to a kernel
multiplying δρ/ρ. Note that such an additional contribu-
tion to F (r) makes no change to the right-hand side of
eq. (5) and hence the contribution to ψ from such an ad-
dition is zero.
Obtaining kernels for Y additionally requires an as-

sumption about the equation of state through γ1, since
the oscillations do not know directly about the chemical
abundances. In the following we write

γ,p≡
(
∂ ln γ1

∂ ln p

)
ρ,Y

, etc., γ,Y ≡
(
∂ ln γ1

∂Y

)
ρ,p

. (7)

Then for convenience we record the following transforma-
tions:

(c2, ρ) → (u, γ1)
Kγ1,u ≡ Kc2,ρ

Ku,γ1 ≡ Kc2,ρ − p

(
ψ

p

)′
(8)

with F ≡ Kρ,c2 ;

(γ1, ρ) → (u, Y )
KY,u ≡ γ,Y Kγ1,ρ

Ku,Y ≡ γ,pKγ1,ρ − p

(
ψ

p

)′
(9)

with F ≡ (γ,p+γ,ρ )Kγ1,ρ +Kρ,γ1 ; and

(u, γ1) → (u, Y )
KY,u ≡ γ,Y Kγ1,u

Ku,Y ≡ γ,pKγ1,u +Ku,γ − p

(
ψ

p

)′
(10)

with F ≡ (γ,p+γ,ρ )Kγ1,u.
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Abstract

Theoretical radial and non-radial modes of low n or-
ders in main sequence stars, like δ Scuti and β Cephei,
do not show regular pattern in their power spectra. Al-
though Barban et al. (2001) have shown that assuming an
amplitude distribution certain patterns could be recov-
ered, a method to identify the mode is needed in order to
perform real asteroseismology of these objects. Examples
are given in the literature where for several stars show-
ing many periods: FG Vir (24): Breger et al. (1999a), XX
Pix (22): Handler et al. (2000), 4 CVn (30): Breger et al.
(1999b) and BI CMi (20): Breger et al. (2001), a physical
modeling was not successful, the reason being the mode
identification. Multicolor photometry, as well as line pro-
file spectroscopy, have been the usual methods to identify
modes. In this work we will focus on the capabilities of
color information to discriminate the different angular de-
grees . of the spherical harmonic associated to a radial or
non-radial mode excited in a given δ Scuti pulsating star.
Some numerical simulations are also presented for the ex-
oplanetary camera in the space mission COROT where it
is shown that, under some physical assumptions, color can
be very important in order to identify the angular degree
.. Furthermore colors can give relevant information of the
non-adiabatic properties of some pulsating stars which, in
the case of the δ Scuti stars, are related with the treatment
of the convection. Arguments are also given to support the
inclusion of color information in Eddington.

Key words: Stars: pulsations – Stars: photometry – Stars:
δ Scuti

1. Introduction

The evolution of the stellar structure of a 2 solar mass star
– typical of a δ Scuti star – from the Main Sequence to the
Termination Age of the Main Sequence, is characterized by
the diagram shown in Fig. 1. As far as the star evolves the
p-modes enter into the g-modes region giving rise to the
well known phenomenon called “avoided crossing”. When
hydrogen decreases at the center, as a consequence of the
nuclear reactions, the number of non-radial modes in a
given frequency range increases continuously. It is evident

from that figure that identification becomes crucial in or-
der to compare theoretical predictions with observations.
The radial or non-radial nature of the mode is manifested
in line profile variations and in different amplitudes and
phases of the light intensity at different wavelengths when
the star pulsates. Rotation lifts them degeneracy inducing
splitting of the non-radial modes giving rise to multiplets,
but only spectroscopy is able to discriminate among the
2l+1 times in which a given mode is split. Multicolor pho-
tometry is only sensible to different . values basically due
to the “phase lag” angle between temperature and radius
variations, and the different behavior of the flux deriva-
tives mainly with respect to the temperature at different
wavelengths. All the asteroseismology space missions fore-
seen for the next years will use only photometric informa-
tion, this is the reason why we will concentrate here on
giving a general overview of the present photometric tech-
niques to identify modes, with particular emphasis on δ
Scuti stars. δ Scuti stars are selected simply because they
are the only stars in this region of the H-R diagram for
which a large number of frequencies have been detected. In
the next section we will explain the photometric technique
in some detail and the next one is devoted to some nu-
merical simulations specifically made for the exoplanetary
camera of COROT. Conclusions point to the usefulness of
including color in Eddington.

2. Photometric technique for mode identification

The schematic overview of the technique, as given in the
flow chart of Fig. 2, is based on the linearisation of the
non-radial flux variations of a pulsating star, for which
the formula is basically given by Watson (1988) and it is
not shown here.
The observables of a pulsating star are the mean pho-

tometric fluxes, x, periods P , and amplitudes and phases,
δx, of the flux variations. For a given photometric system
one can derive from the mean fluxes, x, a physical cal-
ibration in temperature, gravity and metal content. For
these atmospheric conditions one can evaluate limb dark-
ening coefficients together with derivatives with respect to
temperature and gravity. This has been done using a mod-
ified version of the Kurucz (1993) ATLAS9 code (Heiter
et al. 2001, in preparation). Limb darkening coefficients
are calculated using a quadratic law with a numerical
method based on the flux conservation – see Wade and

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Time evolution of the l=2 modes of a 2 solar mass
model showing the “avoided crossing” phenomenon. Equilib-
rium model is from A. Claret and pulsation code is from R.
Garrido and A. Moya.

Rucinski (1985) – for the Strömgren uvby bands and for
the COROT photometric system band. The modified ver-
sion of the ATLAS9 code used differs essentially by the
number of layers used to describe the vertical structure
– up to 143, or even 285 for some models – of the at-
mospheres and by the treatment of the convective energy
transport (we used the mixing-length theory with α = 0.5
instead of 1.25 used in ATLAS9 code; for more details see
Heiter et al. 2001). The increasing number of layers al-
lows us to compute more accurate derivatives of flux and
limb darkening coefficients with respect to the tempera-
ture and gravity by providing sufficient vertical resolution
and a dense enough spacing in the (Teff , log g)-plane. With
these improvements in the computation of the model at-
mospheres, the discontinuity in the limb darkening coef-
ficient as a function of effective temperature, mentioned
in e.g. Diaz-Cordoves et al. (1995) and thought to be due
to the treatment of the convection has disappeared (for
more details see Barban et al. 2001). The observed period,
P , and the absolute magnitude of the star, as calibrated
from the mean fluxes, provide a value for the pulsation
constant Q. The only unknown quantities are then the
“phase lag” ψT , angle between temperature and radius
variations, a parameter R which measures departures of
the atmosphere from adiabatic conditions and the angular
degree .. The couple (ψT , R) and . control the behavior
of the color differential variations – amplitude ratios and
phase differences – in a non-radially pulsating star. Am-
plitude ratios and phase differences have then been used
as indicators of the angular degree .. Fig. 3 shows different
“regions of interest” for different . values. These regions
cover areas corresponding to values for the couple (ψT , R)
which have been determined independently by means of

spectroscopic observations and then physically plausible.
In particular for δ Scuti stars these values fall in the range
of (900, 0.25) and (1350, 1.00). However uncertainties re-
lated to model atmospheres and the accuracy required on
the observational data – better than a few degrees – make
the technique somehow critical giving, in some cases, an
unclear distinction between different non-radial modes, see
Garrido (2000) for more details.

Figure 3. “Region of interest” using a temperature indicator –
the Strömgren (b − y) index– versus a luminosity indicator –
Strömgren y. Kurucz (1993) and Smalley and Kupka (1997)
model atmospheres have been used for the physical conditions
indicated.

Another approach is to calculate, using non-adiabatic
theoretical models, the couple (ψT , R). However the com-
plicated behavior occurring when convection is present in-
troduces some additional uncertainties as shown in Balona
and Evers (1999). Basically these non-adiabatic quanti-
ties, so calculated, depend very much on the mixing length
parameter α. In any case the comparison with theoretical
models could improve our knowledge of the atmospheres
of these stars but a star by star comparison with observa-
tions is complicated, see Garrido et al. (2001) for a detailed
discussion. A third method was proposed by Garrido et al.
(1990) and it is possible only when multicolor photome-
try is available, in particular more than two colors are
necessary. In such a case, and for some selected photo-
metric bands, the linear equation of Watson (1988) can
be solved if one assumes that the limb darkening coeffi-
cients do not depend on the wavelength, which is certainly
true for the lowest . degrees, and values for the couple
(ψT , R) can be obtained directly from only photometric
observations, corresponding to a given star and to a given
mode. A subsequent least squares solution matching ob-
served photometric amplitudes and phases gives the best .
value. In such a way one can obtain at the same time these
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Figure 2. Flow chart describing the photometric technique.

non-adiabatic quantities and the . value of the mode, see
Garrido (2000) for some examples of High Amplitude δ
Scuti stars where the technique is applicable from ground
based observations because of the available precision. Ob-
servational values obtained following this last method are
plotted in Fig. 4 where we compare with some theoretical
non-adiabatic models for different stellar masses and mix-
ing parameter α – defined as the ratio of the mixing length
to the local pressure scale height. These theoretical values
have been obtained using equilibrium models from Claret
(1995) and Claret and Gimenez (1995) and a version of
the non-adiabatic pulsation code described in Unno et al.
(1989) written by R. Garrido and A. Moya. A comparison

using different α’s indicates that for these stars this pa-
rameter could be close to a value between 1 and 1.5 Hp

since α = 0.5 gives too low R values for the lowest ψT val-
ues, a more detailed discussion can be found in Garrido
et al. (2001). In any case these results demonstrate that
in addition to determine the . values – i.e. makes possible
the asteroseismology techniques for these stars – multi-
color photometry can also bring up information about the
non-adiabatic conditions of the stellar atmospheres in this
region of the H-R diagram which, in turn, depend on the
convection model. Furthermore, and because of the strong
dependence of the amplitude ratios on the derivatives in
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the model atmosphere, these kind of comparison could be
also a very critical test to the present model atmospheres.

Figure 4. (ψT , R) observations (crosses) compared to theoretical
predictions (other different symbols depending on the masses),
top panel for α=0.5, middle for 1.0 and bottom for 1.5.

3. Color simulations for COROT

COROT is a space mission devoted to asteroseismology
and the detection of planet transits around stars through
the use of high precision photometry. The asteroseismol-
ogy camera is mainly dedicated to study solar like oscilla-
tions and very accurate photometry – the goal is 0.6 ppm
- is expected on defocused images of bright stars with-
out color information. Small and large differences in the
observed frequencies are thought to be sufficient to per-
form asteroseismology of solar like stars. Transits are ex-
pected to be detected from the exoplanetary camera which
includes a dispersive element in order to better distin-
guish between transits – achromatic – and stellar activity
– higher amplitudes at shorter wavelength. A bi-prism, in
front of the focal plane, will supply a colored spotted im-
age with, in principle, three colors centered in the “blue
(b)”, “green (g)” and “red (r)” part of the visible spectrum
with different bandwidths. Our simulations consisted on
calculating the “regions of interest” for a typical model
atmosphere of a δ Scuti star using the “blue” and “green”
colors and model atmospheres calculated specifically for
these photometric bands.
As shown in Figs. 5 and 6, and for pulsation periods

close to the fundamental radial one, that is for Q val-
ues close to 0.035 days, the discrimination is optimal for
the first low . values. The regions marked with differ-
ent symbols have been calculated for (ψT , R) values from
(900, 0.25) to (1350, 1.00). It can be shown that the most

Figure 5. “Regions of interest” for a δ Scuti model using “blue”
and “green” bands of the exoplanetary camera of COROT.
Model is for Teff = 7500 K, log g = 4.0 and Q = 0.035 d.

Figure 6. Same as Fig. 5 but showing a zoom of the central part.

efficient color distribution, in order to better discriminate
different modes, would be one with the most extended
wavelength range, in particular Balona (2001) pointed out
to the inclusion of the Johnson I band together with the
Strömgren uvby four colors in order to increase the capa-
bility of the method to identify modes. In any case, and for
the COROT exoplanetary camera, the inclusion of color
information through the use of a prism does not reduce
very much the number of total photons finally received
since one has always the possibility to recover the full spot
as a slightly defocused image of white light. This is crucial
for the mission since the precision required in order to de-
tect transits produced by earth-size planets, which is one
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of the most challenging goals of the mission, is basically
dependent on the total number of received photons.

4. Conclusions

Mode identification has become a crucial point when one
tries to model δ Scuti stars. Possibly this will be the case
for the rest of main sequence stars not showing solar like
oscillations, that is β Cephei, γ Dor and Slowly Pulsating
B stars. Asteroseismology space missions and Eddington
in particular will supply a huge number of light curves
for many multiperiodic pulsating stars. Theoretical pre-
dictions indicate that lots of non-radial modes of different
angular degrees . are overstable and that the enormous
precision to be attained with these space missions will be
sufficient to observe very high . values. High photomet-
ric precision will then permit to observe more and more
modes but basically we will observe higher and higher ..
Without a method to discriminate the mode we risk that
the goal for which these satellites have been designed could
not be reached, at least for main sequence κ-mechanism
driven pulsating stars. Multicolor photometry can supply
a way to disentangle the forest of frequencies expected
from theory. Nevertheless it must be noted that some com-
plications arise when the star is rapidly rotating. In that
case the amplitude ratios and phase differences become
dependent on the inclination angle (Soufi et al. 1996 and
Balona 2000). It remains then to quantify in more de-
tail the effect of a rapid rotation on the color variations.
Needless to say that any technical solution to implement
color in Eddington should be compatible with the present
photometric requirements envisaged to perform asteroseis-
mology and planet detection in the terms specified in the
present status of the mission.
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Abstract

We summarize our current observational knowledge
about the EC 14016 class of variable stars. We begin by
presenting some general considerations about the subd-
warf B stars, followed by a description of the main charac-
teristics of the pulsating ones, the so-called EC 14026 ob-
jects. We next focus on two particularly interesting cases:
that of KPD 1930+2752, a member of an ellipsoidal bi-
nary system, and that of PG 0014+067, the first object of
the EC 14026 class for which a complete asteroseismologi-
cal analysis has been successfully carried out. We conclude
by underlining the advantages of studying pulsating sdB
stars from space and the importance of these fascinating
objects in the grand scheme of stellar evolution.

Key words: Stars: oscillations – Stars: variables – Stars:
subdwarf B stars

1. Introduction

The hot B subdwarfs (sdB’s) are a class of stars that re-
mained poorly studied until relatively recently and that
constitutes one of the last grey areas in the field of stel-
lar evolution theory. The sdB’s are evolved, compact, ex-
treme horizontal branch stars that are found in the range
40 000 K ≥ Teff ≥ 24 000 K, and that have typical values
M ∼ 0.5M� and log g ∼ 5.8. They are all chemically pe-
culiar and, from that point of view, constitute a formidable
challenge to stellar astrophysicists interested in explaining
their abundance anomalies. In addition, the evolutionary
status of the sdB’s is still controversial in its details. In
this context, it was felt potentially rewarding to examine
the possibility that the power of asteroseismology could
be applied to these unwieldy stars, and, hence, provide
essential constraints on their structure.
About 5 years ago, in collaboration with a number

of colleagues, we initiated a program to uncover pulsa-
tions in sdB stars. Our initial motivation for this program
came from the theoretical considerations of Charpinet et
al. (1996) which predicted that a fraction of sdB stars
should undergo nonradial pulsational instabilities driven
by an opacity mechanism, associated with the presence
of iron in the envelope of these stars. Further impetus
came from the nearly simultaneous announcement of the

independent and exciting discovery of the first batch of
4 real pulsating sdB’s by a team of astronomers at the
SAAO (Kilkenny et al. 1997; Koen et al. 1997; Stobie et al.
1997; O’Donoghue et al. 1997). Further work by our South
African colleagues, by ourselves, and by others, has led to
the discoveries of additional pulsators (dubbed EC 14026,
after the prototype). Currently, a total of 19 of these pul-
sating stars has been made publicly known. These pulsat-
ing stars are generally multiperiodic variables and their
observed periods (typically in the range 100–200 s) imply
that nonradial pressure modes (or p-modes) are involved,
as predicted by Charpinet et al. (1997). The amplitudes of
the variations (typically less than 1% of the mean bright-
ness of a star), the number of detected modes (from 1 up
to more than 55), and the relative faintness of the objects
make the detection of the pulsations via fast photometry
sometimes really difficult. In such cases, the Fourier trans-
form becomes an essential tool to highlight the luminosity
variations.

The known characteristics (effective temperature, grav-
ity, magnitude) and asteroseismological information of the
19 known EC 14026 stars are summarized in Table 1. Here
some general tendencies about the actual sample can be
underlined. The first important point is that an instability
region is well localized in the Teff− log g plane. Charpinet
et al. (1997) uncovered a theoretical instability region in
this plane inside which subdwarfs should be variable. As
it turns out, all the known EC 14026 stars (as plotted in
Fig. 1) are inside (or very close to) a theoretical instability
contour, which corroborate predictions.

As Fontaine et al. (1998) pointed out, the effective
temperature and the gravity play an important role with
regard to the ranges of periods of the excited modes. Ac-
cording to theoretical considerations, the lower the tem-
perature (gravity) is, the longer the periods are. Moreover,
at low effective temperatures (gravities) larger amplitude
variations should be expected in so far as growth rates
provided by linear nonadiabatic theory are indicators of
true amplitudes. Interestingly, if we have a look at the
observations, we find that these trends are truly present.
For example, the most extreme case of the sample – PG
1605+072 – with an effective temperature ∼ 32 100 K and
a gravity around 5.25 (low values compared to a “typical”
EC 14026 pulsator), shows more than 55 modes in the pe-
riod range 290–601 s with amplitudes as large as 27 mmag

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)



110 M. Billères et al.

Figure 1. Localization in the Teff − log g plane of all the known
pulsating sdB stars (in color or with a number) and the con-
stant ones (in black open symbols) observed during the couse
of the Montréal survey.

(see Fig. 2 for an example of light curve and Fourier trans-
form of that star). This case is the most extreme as the
star shows, as expected from theory, the longest periods
and largest amplitudes. PG 1605+072 is thus an extreme
example of the class, and we believe that this is due to its
advanced evolutionary state beyond the zero age extreme
horizontal branch.
If we consider the rest of the sample, we have a class

of variable stars defined by periods around 150 s and with
apparently simpler light curves (see for example Fig. 3.,
for PG 1047+003). Among them, 13 correspond to this
“simple” pattern.

2. Observations

2.1. Fast photometry

The surveys initiated by the various groups of astronomers
seeking to uncover pulsating sdB stars have been all based
upon observations in the fast photometry mode, a well-
proven technique in the studies of other types of pulsat-
ing stars. Observations were performed with telescopes as
small as 0.9 m (SAAO) and as large as 3.6 m (CFHT), with
standard, multichannel, or CCD photometers. Multi-site
campaigns were organized for 3 objects so far: PB 8783
(O’Donoghue et al. 1998), PG1605+072 (Kilkenny et al.
1999), and PG 1047+003 (Kilkenny et al. 2001). They
improve quantitatively the time resolution and allow the
detection of fainter amplitude modes. An important point
to underline is the fact that observations with small tele-
scopes at single sites are difficult due to the faintness of the
objects and the low amplitudes of the variations. Hence,

Figure 2. Example of the light curve (each point corresponds to
a sampling time of 10 s) and of its Fourier transform of PG
1605+072 obtained at the CFHT with the help of LAPOUNE,
the Montréal 3-channel photometer.

Figure 3. Example of the light curve and Fourier transform of
PG 1047+003, a “classical” EC 14026 pulsator.

for the majority of the known EC 14026 stars, we have
only discovery data with relatively low signal-to-noise ra-
tios and poor time resolution. As a result, not enough
modes are detected in the Fourier transform (see, e.g., the
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Table 1. Main characteristics of the 19 known pulsating sdB stars: atmospheric parameters determined by the combination of
spectroscopy and model stellar atmospheres, number of frequencies detected in the Fourier transforms, range of the periods, range
of the amplitudes, magnitude, and quality of the ground based data

Name Teff log g Nfreq Range Ampl V Quality
(103 K) (s) (mmag)

PG 0014+067 33.3 5.8 13 80–168 0.4–2 15.9 very good
PB 8783 35.7 5.5 11 94–136 0.3–2 12.32 very good

KUV 0442+1416 30.9 5.72 7 186–232 3–20 15.11 good
EC 05217–3914 31.3 5.76 3 213–218 2–7 15.55 medium
KUV 0815+4243 33.7 5.95 1 126 7 16.3 poor
PG 0911+456 31.9 5.82 3 155–166 2–7 14.92 poor
EC 10228–0905 34.3 5.85 3 139–147 4–14 15.88 medium
PG 1047+003 35.0 5.9 16 91–163 0.4–7 13.38 very good

Feige 48 28.9 5.45 6 342–379 0.4–6 13.38 very good
PG 1219+534 32.8 5.76 4 128–149 2–9 12.41 poor
PG 1336–018 33.0 5.7 2 141–183 5–10 13.35 very good
EC 14026–2647 34.7 6.1 2 133–144 4–12 15.28 poor
PG 1605+072 32.1 5.25 > 50 290–601 0.6–27 12.92 very good
PG 1618+563B 33.9 5.8 2 139–144 1–2 13.52 poor
KPD 1930+2752 33.3 5.61 44 146–332 0.2–3 13.82 very good
EC 20117–4014 34.8 5.87 3 137–159 1–4 12.47 poor
KPD 2109+4401 31.2 5.84 15 104–213 0.2–8 13.38 very good
HS 2149+0847 33.6 5.90 2 142–159 7–11 B16.5 poor
HS 2201+2610 29.3 5.40 1 350 11 B13.6 poor

row Nfreq in Table 1) to allow for a quantitative analysis.
To overcome this problem, and to avoid the logistic prob-
lems associated with the setup of a multi-site effort, we
chose to carry out follow-up observations at the CFHT, a
medium-size telescope available to us. The improvement
in the S/N ratios turned out to be impressive and this
convinced us that such observations were essential to play
fully the game of asteroseismology for sdB stars.
So the ideal way from the ground to carry out detailed

asteroseismological analyses of pulsating sdB objects is to
combine the long runs of multi-site campaigns (to obtain
the maximal temporal resolution) with the runs on the
larger telescopes (to reach a relatively good S/N ratio in
order to detect small amplitude modes). Of course, multi-
site campaigns with relatively large telescopes (about 4
m) would be even better!

2.2. Fast spectroscopy

Currently only a few attempts have been made at study-
ing pulsating sdB stars on the basis of fast spectroscopy.
Jeffery & Pollacco (2000) at the 4.2 m William Herschel
Telescope looked at PB 8783 and KPD 2109+4401, and
O’Toole et al. (2000), on smaller telescopes, chose to study
PG 1605+072 on the basis of its relatively bright appar-
ent magnitude and, especially, because of the large ampli-
tudes and the long periods encountered in this star. These
exploratory results bring new information about the pul-
sation characteristics of these objects. For instance, the
results of O’Toole et al. (2000) showed that velocity varia-
tions could be detected – with frequencies similar to those

detected in fast photometry – which opens the way for
such studies and adds a new diagnostic tool.

3. KPD 1930+2752

Among the known EC 14026 stars, many of them are
clearly components of binary systems (see, for example the
spectacular case of PG 1336–018; Kilkenny et al. 1998),
but the pulsations appear completely independent of the
binarity. One of our discoveries is a very interesting case:
KPD 1930+2752, a “typical” EC 14026 star from the
point of view of its pulsation characteristics, has an invis-
ible companion (most likely a white dwarf) whose pres-
ence has been confirmed by the spectroscopic observa-
tions of Maxted et al. (2000) after we reported our finding
(Billères et al. 2000). The orbital period of 8218 s is dis-
tinctly visible in the light curve (see Fig. 4), correspond-
ing to two maximum-minimum variations. According to
the shape of the light-curve, this system is clearly an el-
lipsoidal variable; the companion, close but detached, is
massive enough to produce tidal deformations. Moreover
the binary system is in synchronous rotation so the rota-
tional period of the sdB is the same as that of the orbital
motion.
Concerning the luminosity variations due to the sdB

pulsations (the short period and short amplitude varia-
tions in Fig. 4), the analysis of our data, gathered at the
Mount Bigelow 1.6 m telescope in Arizona, was done via
the combination of Fourier transform (see Fig. 6), least-
square fits to light-curve and pre-whitening techniques.
We determined the amplitudes and the phases of at least
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Figure 4. Light curve of KPD 1930+2752. Each point corre-
sponds to a sampling time of 10 s. The upper curve is the ob-
served light curve, the middle and bottom ones are the binned
light curves with a sampling time of, respectively, 30 s and 250
s that clearly emphasizes the orbital period.

44 pulsation modes (Billères et al. 2000). In the lower
part of Fig. 6 we show the Fourier transform of the resid-
ual light curve after having subtracted these 44 harmonic
components plus the monochromatic ellipsoidal signal.
KPD 1930+2752 remains a unique object: the combi-

nation of the information we can gather through, on the
one hand, the study of the binarity (mass and radius of the
subdwarf) and, on the other hand, the pulsations, should
give us an exceptional opportunity to test our asteroseis-
mological interpretation of the data.

4. PG 0014+067

The ultimate goal of our work on pulsating subdwarf B
stars is to carry out complete asteroseismological analyses
and derive their global structural parameters through this
independent means. The asteroseismological models that
we use have 4 free parameters: the effective temperature
Teff , the surface gravity log g, the mass of the star M#,
and the mass of the hydrogen layer in the outer envelope
log M(H)/M#. The output we obtain are sets of theoreti-
cal periods of stable and unstable modes at each grid point
in parameter space. Thus, to determine the model that
best corresponds to the studied star, we have to match in
an optimal and objective way observational and theoreti-
cal period spectra. To achieve that goal, we use a specially
designed period matching algorithm based on the general
class of evolutionary schemes for optimization problems
(see Brassard et al. 2001).
The best candidate that we have found so far, showing

a period spectrum that is both rich and simple enough to
attempt such an analysis, is PG 0014+067 (Brassard et
al. 2001). Excellent data gathered at the CFHT (see Fig.
5 for an example of the light curve, and Fig. 7 for the
Fourier transform of the 5 nights of observations) reveal

the presence of 13 distinct harmonic oscillations with pe-
riods in the range 80–170 s. The largest amplitude is only
∼ 0.22% of the mean brightness of the star, making PG
0014+067 the EC 14026 star with the smallest intrinsic
amplitudes so far. Nevertheless, with a period spectrum
showing at least 13 distinct modes, we were able to carry
out to the end a full analysis and recognize 10 more modes
for a total of 23. This is reported in Brassard et al. (2001).
The optimal model is characterized by:

Teff = 34 500K,
log g = 5.78

M# = 0.49M�,
logM(H)/M# = −4.5

Figure 5. Example of the light curve of PG 0014+067.

Fig. 8 presents the association between the observed
periods – 23 distinct modes – in bold dashed lines and
the theoretical ones as inferred from the optimal model of
Brassard et al. (2001). The solid lines are associated with
the unstable modes, whereas the dotted lines refer to the
stable modes. The degree index of the modes is indicated
on the right hand side part of the graph, and the radial or-
der index is indicated under each line segment. The mean
dispersion between the observational and theoretical pe-
riods is lower than 1 %, a rather interesting achievement
by asteroseismological standards. Of course, the absolute
value of this fit rests on the (unknown) accuracy of the
microphysics used in building the equilibrium models.
From our asteroseismological analysis, we have also ob-

tained some very interesting secondary quantities for PG
0014+067. These are:

R/R� =
√
(GM/g)/R� = 0.149± 0.004

L/L� = (4πR2σT 4
eff)/L� = 28.5± 10.4

MV =MV (g, Teff ,M#) = 4.43± 0.24
V = 15.9± 0.1

d = d(V,MV ) = 1950± 305 pc
Prot = 29.2± 0.2 h

Veq = 2πR/Prot = 6.20± 0.22 Km/s
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Figure 6. Fourier transform of KPD 1930+2752: The upper part is the Fourier transform of the observations while the lower part
corresponds to the Fourier transform (plotted upside down) of the residual light curve after the subtraction of 45 oscillations. The
scale on the right part is enlarged because of the small amplitudes of the variations compared to that of the ellipsoidal variation.

Figure 7. Fourier transform of the full light curve of PG 0014+067. The upper part shows the Fourier transform of the complete
run of 1998 at the CFHT in the 5–13 mHz range. The lower part is the Fourier transform (plotted upside down) of the light curve
reconstructed with 13 harmonic oscillations. The bottom curve is the point-by-point frequency difference between the “observed”
and the “computed” spectrum.
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Figure 8. Comparison between the observational and the theoretical periods of the optimal model of PG 0014+067. The bold
dashed lines are the 23 modes detected in the Fourier transform; the solid lines are the theoretical unstable modes; and the dotted
lines are the theoretical stable modes. The value of the radial order index k and degree index l are also indicated.

These results, the first ever obtained for this class of
pulsators, bode extremely well for the future exploitation
of asteroseismology for several other EC 14026 stars.

5. Why we should go to space

The current limitations of ground based observations are
the same than for other types of stars: the scintillation
noise is the main source of noise, the daily aliases due
to single-site observations make the determination of the
real frequencies in the Fourier transform often ambiguous,
the lack of temporal resolution due to short runs (never
more than 2 weeks at best on the same object) compli-
cates matter, the lack of sensitivity of the telescopes used
to low-amplitude modes often precludes quantitative anal-
yses, the lack of sensitivity to long periods resulting from
the increase of noise in the atmosphere at low frequencies
may mask the presence of long period modes. All these
restrictions are really common to all targets. So why fo-
cus on the study of compact pulsators such as EC 14026
pulsators? The answer lies in the unique potential for suc-
cessful and complete analyses such as the one that has
been carried out for PG 0014+067. While the promise of
asteroseismology has been with us for a long time, it has

been fulfilled so far only in the case of sdB stars, with the
exceptions of a few white dwarfs. This is the main argu-
ment! The potential of the asteroseismological method we
use is particularly high for many of these stars. What is
needed, are data with the best possible signal-to-noise ra-
tios and the best temporal resolution. Going to space will
offer us the chance to improve quantitatively our under-
standing of these stars.

The importance of subdwarf B stars in the stellar evo-
lution context is undoubtedly also a strong argument: the
late stages of the evolution are still poorly understood
and the connection between the RGB and the EHB is
still quite uncertain. From this point of view, sdB’s are
ideal laboratories to test at its fullest our understanding
of stellar evolution theory. Another point is the possible
explanation of the UV excess of some galactic structures
through the presence of a subdwarf population (Dorman
et al. 1995). The comprehension of the physics of sub-
dwarfs by the technique of asteroseismology should help
immensely to shed additional light on this phenomenon.
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SEARCH FOR EXTRA-SOLAR PLANETS

D. Queloz1, N.C. Santos1, and M. Mayor1

Observatoire de Genève, 51 ch des Mailettes, 1290 Sauverny, Suisse

Abstract

Today 68 planets have been discovered by precise Dop-
pler measurements. The observed planet detection rate is
about 3% on G and K nearby stars. However the planet
mass function is rising toward low mass planets. It sug-
gests that we are still missing a lot of giant planets with
smaller masses. The observed diversity in the orbital char-
acteristics of extra-solar planets discovered so far contrasts
with the almost circular orbits of giant planets in our own
solar system. The shape of the binary mass function of
the extra-solar planets is not the continuation of the stel-
lar companion mass function. It provides an argument for
a formation mechanism different from stars that remains
to be understood. The extra-solar planets that we have
found do not fit into the standard planetary formation
scenario. Micro-lensing experiments have not detected any
short magnification that could be clearly interpreted as a
planet micro-lensing event. However this negative result
allow to set a upper limit of 25% on the occurrence of
planets on M stars producing the micro-lensing events.
The metal content of stars bearing planets is unusually
high. It may be the consequence of an intrinsically richer
proto-planetary nebulae that would favor giant planet for-
mation. One star bearing traces of planetary materials not
mixed into the star have been found. It is an argument in
this case for a multi-planet interaction or planet migration
phenomenon like.

Key words: Extra-solar planets – radial velocity surveys

1. Radial velocity surveys

The search for extra-solar planets by precise Doppler mea-
surements (radial velocities) of stars has been very suc-
cessful during the last five years. Since the first detection
of an extra-solar planet (Mayor & Queloz 1995) in 1995,
67 other planetary companions orbiting nearby stars have
been found1. Now about 3000 nearby stars in both hemi-
spheres are monitored by ongoing surveys (Udry et al.
2000; Marcy & Butler 1998). The spectral types of stars
of the surveys are G, K and few early M dwarfs located
1 A regularly updated list can be found at:

obswww.unige.ch/ naef/who discovered that planet.html

within a sphere of 100 pc. Young stars are usually avoided
because of their strong activity that prevents planet de-
tection (Queloz 1999). In some case, stable rotating spots
at the star surface may even mimic a planetary motion
(Queloz et al. 2001).
The detection capability of radial velocity planet sur-

veys depends on the number of measurements and their
precision. Past achievements have shown that radial ve-
locity variations down to 15m s−1 amplitude could be de-
tected independently from their variation period if the pe-
riod is equal or less to the survey duration (Fig. 1). Today
we have the capability of detecting a planet similar to
our own Jupiter making a wobble with a K = 13m s−1

amplitude. However a limited number of stars has been
monitored on a long duration. Moreover the precision of
measurements achieved in the past was not as good as the
one we can reach today. It is therefore wiser to consider
that our detection threshold is bounded at K > 30m s−1

and for periods less than 4 years.

Figure 1. Amplitude of the radial velocity variation K vs period
of all planetary companions detected. It illustrates the detection
capability of the ongoing surveys.

The ongoing extra-solar planet survey with the Euler
telescope at La Silla with the CORALIE fiber-fed spectro-
graph (Queloz et al. 2000) has so far detected 17 planets.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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It is the most efficient planet survey machine “on the mar-
ket”. Recent improvements on the CORALIE online data
reduction software has brought the typical long term in-
strumental precision at 2m s−1 per measurements with a
yearly systematic less than 1m s−1 (Fig. 2). Radial ve-
locity measurements done with a I2 cell self-calibration
unit reach about the same accuracy (Butler et al. 1996).
While the two techniques have about the same intrinsic
precision they don’t have the same efficiency. The I2 cell
self-calibration technique is about 4 to 6 time less effi-
cient than the thorium referencing technique (Bouchy et
al. 2001).

Figure 2. Radial velocity measurements of the star 82 Eri (G8)
made with the spectrograph CORALIE since its commissioning.
A dispersion of 3 m s−1 is observed over 3 years and a yearly
systematic smaller than 1 m s−1 (open dots). The photon noise
of each measurement is between 1 and 2 m s−1.

Radial velocity surveys provide information on the or-
bital characteristics of planets and their mass with a small
statistical uncertainty due to the unknown projection fac-
tor sin i. So far 68 planets orbiting nearby stars have been
detected by the various radial velocity surveys. The planet
detection rate is about 3%. It is a lower limit to the giant
planet rate orbiting nearby Sun like stars.
The observed diversity in the orbital characteristics

contrast with those of giant planets in our own solar sys-
tem. While the orbit of our giant planets are almost circu-
lar, the eccentricity of extra-solar planets ranges from zero
to 0.9. However when comparing with our solar system one
should remember that the limited duration of radial ve-
locity surveys prevented so far the detection of planets on
orbit farther than 3 AU (Fig. 3). Moreover, the mass de-
tection threshold of the radial velocity surveys are biased
towards the detection of systems on short orbits, close to
their stars. One-third of the planets detected by the radial
velocity surveys have short periods. This number should

be seen as an upper limit considering that the detection
of short orbit systems are favored by the radial velocity
technique.

Figure 3. Eccentricity vs semi-major axis of extra-solar planets
(dots) compared to the solar system giant planets (squares).

The discovery of giant planets on very short orbit, con-
firmed by the detection of a transit on the star HD209458
(Charbonneau et al. 2000; Henry et al. 2000; Mazeh et al.
2000), is challenging for the planetary formation theory.
These systems do not fit to the standard paradigm of the
giant planet formation that had not predicted them (Boss
1995). Extra mechanisms not envisioned by the study of
the Solar system have been suggested like the migration of
planets in the proto-planetary disk or gravitational inter-
actions in multiple planet systems (see in Mayor & Udry
2000 and references herein)
The observed planetary mass function rises toward

small planetary mass (Fig. 4). The apparent decrease of
the observed planet mass function below 1MJup is an ar-
tifact stemming from the decrease of sensitivity towards
shorter period systems. If one considers the shape of the
mass function one can assume that the planetary mass
function rises toward low mass giant planets. Therefore
we can expect that any improvements in the detection
sensitivity of surveys should lead to an higher planetary
detection rate.
The companion mass function provides information on

the formation mechanisms of multiple systems. The com-
panion mass function computed over a wide mass domain
ranging from stars to planets is suggesting of different for-
mation mechanisms between planets and stars (Fig. 5). In
the stellar and sub-stellar regime down to 10MJup the bi-
nary mass function is decreasing in dN/d log(m) ∼ −1.
For masses below 10MJup the function is flat. It sug-
gests that the brown-dwarf companions (15–75MJup) are
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Figure 4. Observed extra-solar planetary mass function. Be-
tween 1 and 13 MJup the mass function is unbiased for systems
with periods less than 2 years.

the low mass tail of the stellar companions. Therefore
the number of brown-dwarf companions is little compared
to the number of stellar companions. This is sometimes
known as the “brown-dwarf desert”. The sin i uncertainty
on the measurement of the mass of objects does not impact
on the shape of the companion mass function. In the plan-
etary mass companions domain, the probability to see a
sub-stellar companion with a small sin i is negligible. We
can therefore consider that the break in the mass func-
tion at 10MJup is the low mass limit for a brown dwarf
companion orbiting G and K stars but it is as well the up-
per mass limit of planetary companions (Zucker & Mazeh
2001; Jorissen et al 2001)
The radial velocity surveys have detected many multi-

ple systems. While the fraction of multiple planet is still
unknown, preliminary results suggest that it could be sig-
nificant (Fischer et al. 2001). The detection of a second
planet usually needs the observation of many orbital cy-
cles of the first companion. Moreover one usually detects
first the shortest period that turns out to be the easiest
to detect by radial velocity measurements. Therefore the
detection of the next one needs more time as well as more
accuracy. Some of the multiple systems seems to be dy-
namically trapped into resonant orbits (Marcy et al 2001).
This raises interesting issues on the formation and the dy-
namical evolution of these systems.

2. Micro-lensing survey

Micro-lensing observations provide a rich statistical infor-
mation on the occurrence of planets orbiting stars pro-
ducing micro-lensing events. If a giant planet is in the
Einstein radius of the lens star, a short magnification ef-
fect occurs (about 1 day duration). This anomaly of the

Figure 5. Companion mass function in log mass bin ( MJup

unit) seen through 4 decades of mass including stars and plan-
ets. The hatched lines mark the completeness detection limit for
current survey and the futur high precision instrument HARPS
(see below).

micro-lensing event is large enough to be detectable by
ground photometry (Mao & Paczyński 1991). So far no
photometric anomaly clearly explained by a planet orbit-
ing a lens has been detected on about 50 micro-lensing
events closely monitored (Albrow et al. 2001). This neg-
ative result is however very interesting. It can be used
to set an upper limit on the occurrence of planets. We
can exclude at 75% confidence level a companion with a
few thousand of mass ratio of the lens and located at 1
Einstein radius to the lens (Fig. 6). Considering a typi-
cal distances to the lens of 6 kpc and the lens being a M
star, this corresponds to Jupiter mass planets between 1.5
to 4 AU orbiting M stars (Albrow et al. 2001). The com-
parison with the results from the radial velocity surveys
should be made carefully since the radial velocity surveys
are focused on G and K dwarf stars. Moreover the best
sensitivity of the micro-lensing planet survey is reached
for planets located at 2AU, while radial velocity surveys
reach their best sensitivity for short orbit planets.

3. Spectroscopy of parent stars

The spectroscopic studies of stars bearing planets have
shown that they have, in average, an unusual high metal-
licity content compared to the stars where no planet has
been found (Gonzalez 1998; Santos et al. 2001). The CO-
RALIE extra-solar planet search is a volume limited sur-
vey an therefore unbiased towards age and metallicity. It
is an unique sample for spectroscopic studies because it is
not biased towards any systematic that would favor the de-
tection of planets on high metallicity stars. The histogram
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Figure 6. Exclusion diagram for a planetary mass companions
on lens stars producing a micro-lensing event. The projected
separation (d) is in unit of Einstein radius (Albrow et al. 2001,
c© The University of Chicago Press).

of the [Fe/H] distribution of a sample of stars from this
survey is illustrated in the (Fig. 7)
The high metallicity of stars with planet could be the

consequence of the accretion of planetary material (rich in
metal) that occured right after the formation of the star
(Lin et al. 1996). But it may also be intrinsic to a more
metal rich proto-planetary disk. According to the standard
model of the formation of gaseous giant planets, based on
the observation of our solar system, a gas giant planet is
formed by runaway accretion of gas from approximatively
an 10 earth masses planetesimal (Pollack 1984; Lissauer
1993). We can imagine that an higher metallicity may fa-
vor a faster planetesimal growth before the gas in the disk
dissipates. The Fig. 7 (bottom diagram) suggests that the
metal content of the nebulae may be a key parameter in
the formation of the extra-solar giant planets detected by
the radial velocity surveys. The transit none-detection in
the survey made on the globular cluster 47Tuc (Gilliland
2000) could be understood in this context. However the
crowding may play some role as well since some planets
have been detected on deficient field stars.
Some evidences support the intrinsic enrichment sce-

nario. The argument is mostly based on the fact that any
material falling on the star would produce a differential
metallicity increase with the depth of the stellar convective
envelope where the mixing can occur. But not relationship
is observed between the mass of stars hosting planets and
their metallicity enrichment (Santos et al. 2001; Pinson-
neault et al. 2001).
The recent detection of 6Li in the atmosphere of the

star HD82943 (Israelian 2001), known to harbor a system
of two planets, is suggestif that the star may sometimes re-
ceive planetary materials and possibly even a whole planet.

Figure 7. Metalicity histogram of star sample of the CORALIE
planet survey. Top: The hatched histogram includes all star
with a planet. The other histogram includes all remaining stars
(the two histograms have an arbitrary scale). Bottom: His-
togram of the relative frequency of planets per bin of metallicity
of stars. For very rich stars the probability to find a planet is
almost 10 times higher than for solar metallicity stars.

To be visible when the star is on the main sequence this
phenomena should occure at a time late enough such that
this material can not be mixed into the star. If the mi-
gration mechanism and the multi-planet interaction play
some role during the formation of the planet it is not un-
likely that sometimes planetary material may be engulfed
by a star.

4. Planet search in the Eddington horizon

At the time of the launch of Eddington (2007–2010) sys-
trematic planet searchs will still be conducted by radial
velocity surveys but with measurements at the precision of
1m s−1 or even better (Queloz &Mayor 2001). We also can
expect that the ground based precise astrometric by inter-
ferometric method with the Keck-I and VLTI (PRIMA)
will have reached their targeted precision of few tens of
micro-arcsecond. The ground based transit searches and
the first results from the COROT satellite (see in this
volume) should have detected many transits from giant
planet on short orbits. We can reasonably expect a sig-
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nificant amount of data on orbital characteristics of giant
planets and a better characterization of planets on short
orbits. For telluric planets, considering that measurements
better than 1m s−1 is within reach of the next generation
of instruments optimized for precise radial velocity mea-
surement like HARPS (Pepe et al. 2000) we should be in
position to search for massive telluric planets on short or-
bits. The astrometric detection of a planet like the earth
needs 1 micro-arcsecond precision. This is only possible in
space. It is one of the main objective of the SIM mission
(launch date 2009). But before SIM, the detection of a
telluric planet in the habitable zone (Kasting 1996) is out
of reach. In this very competitive context, the most excit-
ing capability of Eddington is the detection of earth like
planets between 0.5 and 3AU. On the long range, the ex-
ploration of telluric planet in the habitable zone distance
is a first step towards the understanding of the puzzle of
the onset of the life in the univers. A topic that ESA is
willing to consider as one of its key science objective with
the Darwin mission.
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Abstract

The capabilities of Eddington for the detection and
analysis of extrasolar planets are outlined. The primary
goal of the PF (Planet finding) part of the mission is the
detection of planets that are Earth like – which limits their
size to less then 3 Earth Radii - and which are poten-
tially habitable – which limits their temperature or their
orbital distance and period. Secondary goals will be the
detection of larger planets and their analysis. For evalua-
tions, stellar light-curves from Eddington were simulated,
and artificial transits were included in a subset. These
curves then served as the base for detectability tests, giv-
ing us an outline of the stellar-size versus planet-size ver-
sus planet-temperature parameter space in which Edding-
ton may perform reliable detections. For stars smaller then
about G5V, and brighter then mV = 16, Eddington will
detect any transiting planets with minimum sizes of 1–2.5
Earth radii. As Eddington will survey several hundred-
thousands of stars for transits, a significant number of
Earth-like planets would be detected, provided that the
fraction of stars with such planets is not a small number.
Also, there will be detections of large numbers of giant
planets through transits, as well as a complete survey of
Hot Giant planets, as these can be detected by reflected
light – even if they are not causing transits.

Key words: Planets: exoplanets – transits

1. Introduction

In the following, an overview is given about the capabili-
ties of Eddington towards the detection of extrasolar plan-
ets. It is given in the form of an adaptation of the slides
presented at the meeting in Cordoba, interspersed with
some additional comments. For a more technical descrip-
tion of the planet finding (PF) capabilities of Eddington,
we refer to the Eddington Assessment Study Report (Fa-
vata et al., 2000), sections 7.1, 7.3 and Appendix B. Also
of interest is section 6.2, which describes the requirements
that these capabilities pose onto the mission design. Also,
two previous conference proceedings describing Eddington
PF capabilities are given by Deeg et al. (2000a, 2000b).
Results of the studies presented here assume the Ed-

dington baseline mission (Fig. 1), as described in the As-

Figure 1.

Figure 2.

sessment Study Report: a telescope of about 0.6 m2 effec-
tive mirror area, that will observe a single stellar field for 3
years, with a single-color CCD camera with a field of view
of about 7 deg2. This does not exclude that Eddington’s
PF mission will undergo further changes; the discussion
of alternative mission concepts is however outside of the
scope of this contribution. The motivation for the current
baseline mission, and its primary goal, is the detection of
habitable or Earth-like planets (Fig. 2), where ’Earth-like’
refers to both a planet’s size and temperature.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 3.

Figure 4.

2. why go to space

For the planet around the star HD209458, transits where
discovered in late 1999, which cause a brightness drop of
1.7%. The difference in size between that planet (shown
in Fig. 3) and the Earth is however considerable, and
so would be the magnitude of the brightness variations
caused during transits. While detecting the HD209458
transit is within the reach of advanced amateur astrono-
mers, observations of transits of terrestrial planets around
solar-like stars are beyond the limits of ground-based ob-
servations (Fig. 4).

Observations undertaken with the STIS spectrograph
on board of the HST (Brown et al., 2001) show the po-
tential of space-based transit observations (Fig. 5 – hor-
izontal line is for large terrestrials with 3 REarth). Even
though they were done with a non-optimized instrument
like STIS, it was demonstrated that the precision needed
for the detection of transits of Earth-like planets is achiev-
able from space.

Figure 5.

Figure 6.

3. Evaluation of detection limits of Eddington

Limits of detection capabilities where derived from simu-
lations of stellar light-curves as they would be delivered by
Eddington. Two sets of curves were created (Fig. 6): light-
curves with simulated noise only, and light-curves with
added transits of uniform characteristics (such as planet
size and period). Detection tests were then performed,
that return ’detection coefficients’ c, which are numbers
that describe the likelihood that a transit is present in a
light-curve. When repeating such light-curve simulations
and detection tests in large numbers (N = 104−5), values
of c for ’noise only’ light-curves (labeled cn) and for curves
with transits (labeled cp) form two Gaussian-shaped dis-
tributions (Fig. 7). The amount of separation between
these two distributions indicates a planet’s detectability,
and is governed by the S/N and duration of a transit sig-
nal, the number of individual transits in the light-curve,
and by the quality of the detection algorithm. In order to
avoid (or minimize) false alarms, the lowest acceptable c
value that constitutes a detection has to be larger then the
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Figure 7.
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Figure 8. Detection probability against relative planet size

highest expected c value found in noise-only light-curves,
cn,max. If a significant fraction of light-curves with transits
results in c values lower then cn,max, detection probabil-
ities, given by the fraction pd = N(cp > cn,max)/N(cp),
may become low. In further results that are shown, min-
imum detection probabilities of pd ≥ 50% are used. As
shown in Fig. 8, pd is a steep function of planet size, and
pd > 90% is achieved for planets only 1.1 times larger than
those at the 50% limit. A further limit for a ’true’ planet
detection is the presence of at least 3 individual transits
during observations. During the 3 year observations of Ed-
dington, this limits planet detections to a maximum or-
bital period of about one year (Somewhat longer periods
may also be detected with 3 transits, depending on the
epoch of the transit. Detection probabilities are however
going towards zero as periods approach 1.5 years.)
In Fig. 9, detectable planet sizes are shown in depen-

dence of the central star’s brightness and the orbital pe-
riod (which affects the transit signal through the num-
ber of transits that can be detected). For a G2 star, Ed-

Figure 9.

Figure 10.

dington can cover a large amount of the parameter space
that represents the habitable zone (Fig. 10) in terms of
orbital period (or temperature) and planet size. A mini-
mum brightness of V ≈ 13.5 is needed for the detection
of an exact Earth equivalent. For smaller stars (K and
M), coverage of the habitable zone is even more complete
(Fig. 11), whereas only the ’hotter’ end of habitable zones
is accessible around F stars.
A second approach (Fig. 12) towards the evaluation of

detection capabilities was undertaken by K. Horne, based
on calculating the condition that the transit signal needs
to be larger then then the highest expected noise in all
N differentiable transit detection attempt needed for the
encounter of one planet (a number on the the order of
N = 108−9), multiplied by a ’safety factor’ X. Fig. 13
shows transit light-curves folded by orbital period for a
1REarth planet with 300 K temperature, against varying
stellar diameters and brightnesses. The parameter-space
covered by the requirement X = 2 agrees very well with
results from the detection simulations (Figs. 6–11) and –
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Figure 11. The habitable zone is indicated by the hatched area

again – the detection of a true Earth equivalent needs to
take place around a star with at least V ≈ 13.5.

4. Numbers and characteristics of planets

For the derivation of the numbers of planets that will be
detected, and their characteristics, the detection capabili-
ties of Eddington need to be folded over the stellar sample
that can be surveyed. The two principal features of that
sample are: fainter stars dominate in numbers any bright-
ness limited stellar sample, and low mass main-sequence
stars are becoming increasingly dominant with decreasing
brightness (Fig. 14). Eddington will survey in significant
numbers (and with sufficient precision) stars in the magni-
tude range V=14-19; the sample will hence be dominated
by solar-like stars of spectral classes F, G and K. Esti-
mates of the stellar sample depend to a large extent on

Figure 12.

Figure 13.

the Galaxy model used and the external assumptions (es-
pecially extinction) that are being fed in. Their results can
to some degree be verified through comparisons with deep
stellar catalogues, especially the USNO2 with a magnitude
limit of about V=19. Detailed observations to character-
ize the stellar sample will however be needed for any field
that is a serious candidate for the PF survey.
More uncertain is still the abundance of detectable

planets or planetary systems. Except for Hot Giant plan-
ets, no first order estimates exist. Abundances of solar-
system equivalent planets are still completely unknown
(though true Jupiter and Saturn equivalents are expected
to be discovered from radial velocity surveys in the next
years), and Solar-System equivalence assumptions were
used, where the probability for planet presence is scaled
with a−1Mr−1.5 (a: orb. half-axis, M : planet mass, r:
planet radius). The discovery of thousands of planets is ex-
pected, with a sample dominated by large and hot planets
(Fig. 15). Provided that the fraction of stars with plan-
ets is not a small one, considerable numbers of planets
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Figure 14. Stellar types against brightness, for a typical field
at b=5 deg (simulation from Besancon Galaxy Model). The
hatched region indicates the magnitude range of the Eddington
PF sample.

Figure 15. Upper panel: planet radius against temperature;
lower panel: planet radius against stellar mass

will be detected within the habitable zone (where larger
planets might also harbor life on terrestrial sized moons),
among them a few tens of terrestrial-sized planets – poten-
tial harbors for life (Fig. 16). Besides the pure detection
of transiting planets – allowing the derivation of primary
planet parameters as size, orbital period, distance, incli-
nation and temperature estimation, further knowledge on
exoplanets (Fig. 17) may be gained from secondary ef-
fects such as transit-timing, or an analysis of a transit’s
shape, both possible indicator for third bodies. Also, non-
transiting Hot Giants may be detected through their re-
flected light as they change phases (similar to the Moon)

Figure 16. In the lower panel, the size-range of habitable planets
from 0.7 to 2.5 Earth radii is indicated.

Figure 17.

and brightness in their orbit around their central star.
This may lead to they detection of large numbers of these
bodies.

5. The Eddington exoplanet mission in perspective

In comparison with other missions that are currently be-
ing developed (Fig. 18) and which can survey only ’edges’
of solar-type stars’ habitable zones, Eddington will ex-
tend this coverage (also in terms of planet size) towards
a large fraction of the available parameter-space and give
a profound survey of habitable planets. Eddington will
also serve as an important intermediate step between near-
term missions like COROT – which is expected to detect
many short-periodic, hot planets – and very advanced con-
cepts like Darwin, which will should lead to the detailed
characterizations of entire solar systems (Fig. 19).
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Figure 18.

Figure 19.
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Abstract

Solar-system planets fall into two distinct categories,
the terrestrial planets and the giant planets, which can
be simply interpreted in the frame of the so-called ”nu-
cleation” model. This currently accepted model is sup-
ported, in particular, by the determination of abundance
ratios in the giant planets. The exo-giant planets (EGPs)
recently discovered are, in many cases, very close to their
parent stars, which implies very different formation pro-
cesses, still to be understood. At stellar distances typically
larger than 0.2 AU, their upper atmospheres are expected
to be dominated by H2O, CH4 and NH3; N2 should domi-
nate over NH3 below 0.2 AU, and CO should prevail over
CH4 below 0.06 AU. Earth-type exoplanets could exhibit a
large variety of spectral shapes and features, as illustrated
by the different spectra of the terrestrial planets.

Key words: Solar system: planets – Planets: exoplanets

1. Introduction

Solar-system planets, except Pluto, can be classified in
two distinct categories, the terrestrial planets and the gi-
ant planets. This division can be simply interpreted in
the frame of the so-called ”nucleation” model. This gener-
ally accepted theory implies the accretion of planets from
planetesimals within a protosolar disk. The solar-system
planets show a wide variety of spectra which all reflect
their specific formation and evolution processes.
In contrast, most of the exo-giant planets (EGPs) re-

cently discovered are very close to their parent stars, and
must have encountered very different formation processes
which remain to be understood.
This paper first describes the formation scenario of the

solar-system planets, and the various spectral properties of
these planets. In the second part, examples of theoretical
models are shown for the atmospheric structures and the
spectra of the EGPs. The expected spectra of Earth-type
exoplanets are also discussed.

2. Solar-system planets

Solar-system planets are characterized (apart from Pluto)
by nearly circular and co-planar orbits. These elements

are the main justification for the Kant-Laplace theory, ac-
cording to which the protosolar nebula collapsed into a
protoplanetary disk. Planets formed from the accretion of
planetesimals within this disk. This model now widely ac-
cepted, has also found support from the recent detection of
a large number of protoplanetary disks surrounding young
stars.
Pluto, the most distant solar-system planet, is now rec-

ognized as the largest example of a newly-discovered class
of objects, the trans-neptunian objects, which populate
the Kuiper belt, beyond 30 AU from the Sun; the Kuiper
belt is also probably the reservoir of short-period comets.
Apart from Pluto, the solar-system planets can be sep-

arated into two categories: the terrestrial planets (Mer-
cury, Venus, the Earth and Mars) and the giant planets
(Jupiter, Saturn, Uranus and Neptune). The terrestrial
planets are relatively small and dense, have a maximum of
two satellites, and (except Mercury) have an atmosphere
dominated by CO2, N2, H2O and/or O2. Giant planets, in
contrast, are very big, with a low density, a large number
of satellites, and an atmosphere dominated by H2 and He
(Table 1). As shown below, these main characteristics can
be understood in the frame of the so-called ”nucleation
theory” (Mizuno 1980).

Table 1. Main characteristics of solar-system planets

Planet a (AU) M(ME) ρ(g/cm3)

Mercury 0.39 0.06 5.4
Venus 0.72 0.82 5.2
Earth 1.00 1.00 5.5
Mars 1.52 0.11 3.9
Jupiter 5.20 317.9 1.3
Saturn 9.54 95.2 0.7
Uranus 19.18 14.5 1.3
Neptune 30.06 17.1 1.7
Pluto 39.44 0.002 2.0

2.1. The formation of solar-system planets

The distinction between terrestrial planets and giant plan-
ets can be explained as a result of a condensation sequence

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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within the protosolar disk. At small distances from the Sun
(below 2 AU), the temperature must have been such that
only metals and silicates could be in solid form. This mat-
ter led to the formation of initial cores smaller or equal
to one terrestrial mass. In contrast, at larger heliocentric
distances, in a colder environment, most of the elements
except H and He were in the form of ices (H2O, CO2,
CH4, NH3, . . . ). As the cosmic abundances of these ele-
ments were much larger than the heavier ones, these ices
led to the formation of larger initial cores, up to 10–15
terrestrial masses. This in turn was sufficient to accrete
the surrounding nebula, mostly composed of hydrogen and
helium, which led to the formation of the giant planets
(Mizuno 1980).
We also note that within the giant planets, two sub-

classes appear: the gaseous giants, (Jupiter and Saturn),
very massive, for which the initial core is less than 10 % of
their total mass, and the icy giants, Uranus and Neptune,
for which the initial core is more than half of their total
mass (Table 1).
The chemical composition of planetary atmospheres

can also be explained, to first order, on the basis of ther-
mochemical equilibrium. In the protosolar nebula, the
abundances of carbon- and nitrogen-bearing species are
given by the following reactions:
CH4 + H2O —– CO + 3 H2

2 NH3 —– N2 + 3 H2

which evolve toward the right side at high temperature
and the left side at low temperature (Prinn and Fegley
1989).
A third reaction leads to the formation of CO2:
CO + H2O —– CO2 + H2

In the case of the giant planets, CH4 and NH3 are
expected to dominate; this is actually observed. In the
case of terrestrial planets, hydrogen escapes, and the at-
mosphere is dominated by CO and N2, with in addition
CO2 and H2O. Subsequent modifications occur from pho-
tochemical evolution and, in the case of the Earth, from
the apparition of life.

2.2. Abundance ratios in the giant planets

A strong evidence in favor of the nucleation model is pro-
vided by the measurement of abundance ratios in the giant
planets. Indeed, according to this theory, giant planets ac-
creted some fraction of their total mass in the form of ices
(this fraction increasing with heliocentric distance). As a
result, the ratios of C, N, S, . . . with respect to H is ex-
pected to be enriched with respect to the protosolar (i.e.
cosmic) value (Gautier and Owen 1989). In the same way,
the D/H ratio is expected to be enhanced as compared
to the protosolar value, because deuterated molecules are
known to be enriched in ices, as an effect of ion-molecule
reactions taking place at low temperature, as currently
observed in the interstellar medium (Irvine and Knacke
1989). These enrichments are expected to increase from

Jupiter to Uranus and Neptune, as an increasing function
of the relative mass fraction of the initial core.
Recent abundance measurements, especially with the

Galileo probe (Niemann et al. 1998; Atreya et al. 1999)
and the ISO satellite (Encrenaz et al. 1999), have con-
firmed this theory. In particular, mass spectrometry mea-
surements of the Jovian atmosphere have indicated a fac-
tor 3 enrichment of C, N, S, Ar, Kr, and Xe with respect
to hydrogen, as compared to the solar ratios (Owen et al.
1999; Fig. 1).

Figure 1. Elemental abundances, relative to hydrogen, in
Jupiter’s atmosphere, compared to solar values. Apart from He,
Ne and O (which are believed to be depleted because of inter-
nal or local processes), all elements exhibit an enrichment by a
factor about 3. The figure is taken from Owen et al. (1999).

The D/H ratio has been found to be close to the pro-
tosolar value in Jupiter and Saturn (Lellouch et al. 2001),
and enriched by a factor 2–3 in Uranus and Neptune (Fe-
uchtgruber et al. 1999; Fig. 2). In addition, the C/H ratio,
measured in CH4 from Voyager and ground-based mea-
surements, has been found to increase from 3 times the
solar value (Jupiter) up to 30–60 times the solar value
(Uranus and Neptune; Baines et al. 1995). All these mea-
surements provide strong arguments in favor of the nucle-
ation model which now appears firmly established.

2.3. Spectra of solar-system planets

Planetary spectra are, to first order, characterized by two
components: a solar component corresponding to the re-
flected part of the solar flux, and a thermal component,
corresponding to the absorbed solar flux, re-emitted at
longer wavelengths. While the solar component peaks in
the visible range, the thermal emission peaks in the mid-
dle or far infrared range (from 7 µm in the case of Mercury
to 70 µm in the case of Neptune).
In the case of the reflected solar component, at wave-

lengths lower than 5 µm, planetary atmospheric features
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Figure 2. The D/H ratio in the outer solar system. The Jupiter
and Saturn values seem consistent with the protosolar value of
D/H (measured from 3He in the solar wind), while the values
in Uranus and Neptune are significantly enriched. The figure
is taken from Encrenaz et al. (1999).

Figure 3. The near-infrared spectrum of the Earth. Reflected
sunlight dominates below 3 µm. The Earth spectrum is dom-
inated by atmospheric features. The figure is taken from
Drossart et al. (1993).

are observed in absorption in front of the solar spectrum.
In the case of the giant planets, the planetary signatures
are dominated by CH4, while, for terrestrial planets, CO2

is the main absorber. There are striking differences be-
tween the near-IR spectra of Venus, the Earth and Mars,
however, due to the difference in their surface pressures
(respectively 92 bars, 1 bar and 6 mbar on Venus, the
Earth and Mars) and atmospheric compositions (Fig. 3
and 4). It should be mentioned also that the Venus near-
IR spectrum also shows a thermal component (Pollack et
al. 1993), detectable only on the dark side, in the spec-
tral windows appearing between the CO2 bands, due to
the very high surface temperature of Venus (730 K). As
discussed below (Section 3.3 and Fig. 11), this situation
might possibly occur in the case of Earth-type exoplanets
which would orbit near their central star.
The thermal emission spectrum of planetary atmo-

spheres, beyond 5 µm, is more difficult to interpret, be-
cause it strongly depends upon the thermal profile. In the
case of the giant planets, this T (P ) profile is characterized

Figure 4. The near-infrared spectrum of Mars. As in the case of
the Earth, the spectrum is dominated by reflected sunlight below
3 µm. The Mars spectrum strongly depends upon the reflectivity
of the surface. The curves correspond to different terrains (from
top to bottom on the right side: bright area, dark area, warm
and cold polar cap). The figure is taken from Encrenaz et al.
(2001).

Figure 5. Infrared spectra of Jupiter, Saturn and Neptune ob-
tained with the Short-Wavelength Spectrometer of ISO. Spec-
troscopic signatures of methane (7.7 µm) and its photodissoci-
ation products (C2H6 at 12.2 µm, C2H2 at 13.7 µm) are seen
in emission in their stratospheres. PH3 and NH3 are seen in
absorption in Jupiter and Saturn around 10 µm. The figure is
taken from Encrenaz et al. (1999).

by a temperature inversion, with a temperature minimum
at the tropopause (P = 100 mbar). As a result, molecu-
lar lines formed in the troposphere, below this level, are
seen in absorption while stratospheric species are seen in
emission (Encrenaz et al. 1999; Fig. 5). In the case of the
terrestrial planets, the mean thermal profiles of Venus and
Mars show no inversion, while the terrestrial one does: this
temperature increase, in the case of the Earth, is due to
the absorption of the solar UV flux by stratospheric ozone.
In addition, in the case of Mars and the Earth, the sur-
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face may be warmer (near the equator) or colder (at the
poles) than the atmosphere; as a result, the shapes of at-
mospheric molecular bands are drastically changed (Hanel
et al. 1992; Fig. 6). This diversity of spectra illustrates that
interpreting the spectrum of an exoplanet may not be an
easy task, especially in the thermal regime.

Figure 6. Infrared spectra of Mars recorded at mid-latitudes
(top) and at the south pole (bottom). The figure is taken from
Hanel et al. (1992).

3. Exoplanets

About 60 exoplanets have been detected so far (July 2001)
in the vicinity of a star (Schneider 2001; Fig. 7). The
present instrumental constraints limit the detection to gi-
ant exo-giant planets (EGPs) with a mass of at least 0.1
Jovian mass. The main surprise of these detections is that
more than 50 % of these EGPs are found in the close
vicinity of their star (between 0.04 and 1 AU) and have
large eccentricities, which implies that their formation sce-
nario was drastically different from the one encountered
in the solar system. Migration processes, which will not
be discussed here, have been proposed to account for the
presence of giant exoplanets in the close vicinity of their
star (Lin et al. 1996). We cannot presently conclude about
the existence of ”solar-system” planets around other stars,
as the present available techniques still preclude the de-
tection of Earth-like planets, and are still marginal for
detecting giant planets located at more than 5 AU.

3.1. Atmospheric models of EGPs

Several authors have studied the structure of EGPs, with
and without the effect of the illuminating stars (Allard et
al. 1997; Baraffe and Chabrier 1997; Guillot et al. 1997;
Burrows et al. 1997; Goukenleuque et al. 2000). Assuming
cosmic abundances and thermochemical equilibrium, the
molecules expected to be present (apart from H2) are H2O,
CH4, NH3, CO and N2. Calculations show that CH4 and
NH3 are expected to be the major carbon and nitrogen-
bearing molecules at stellar distances larger than 0.5 AU.
Models by Goukenleuque et al (2000) indicate that, in the

Figure 7. The exoplanets (dots) presently detected (July 2001)
as a function of semi major-axis and mass, as compared to
the solar-system planets (crosses). The data are taken from
Schneider (2001).

upper atmospheres of the EGPs, N2 is expected to prevail
over NH3 for a stellar distance smaller than 0.2 AU, and
CO is expected to be dominant over CH4 for a stellar
distance larger than 0.06 AU (Fig. 8).

Figure 8. Models of atmospheric structures for EGPs located at
0.23, 0.10 and 0.05 AU from their star. Equilibrium curves of
CO–CH4 and N2–NH3 are also shown, with the condensation
curves of Fe and SiO2. The case of 51 Peg B is close to a = 0.05
AU. The figure is taken from Goukenleuque (1999).

The case of 51 Peg B (M sin i = 0.47MJup, a = 0.05
AU) has been analysed in detail (Goukenleuque et al.
2000). An important issue is the formation of condensates,
an the pressure level at which it takes place. Goukenleuque
et al. (2000) consider 3 possible clouds: Mg2SiO4 at 2 bars,
MgSiO3 at 10 bars, and Fe at 10 bars. The thermal struc-
ture derived for 51 Peg B (a = 0.05 AU) illustrates the
importance of the stellar energy input (Fig. 8).
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3.2. Synthetic spectra of EGPs

Synthetic spectra of EGPS and brown dwarfs have been
calculated by many authors (Marley et al. 1996; Seager
and Sasselov 1998; Sudarsky et al. 2000; Goukenleuque
et al. 2000). All results point out the interest of the 4–5
µm and 10 µm windows, where the contrast between the
stellar and planetary fluxes is minimized (Fig. 9).

Figure 9. The synthetic spectrum of 51 Peg B, assuming a
Mg2SiO4 cloud at a pressure level of 2 bars. The spectrum is
dominated by the absorption features of CH4. CO is also ex-
pected to be detectable at 4.7 µm. The figure is taken from
Goukenleuque et al. (2000).

Detecting the spectrum of an EGP is still presently
below the limit of the present instrumental capabilities;
only brown dwarfs, like Gl 229 B, have been detected
by near-infrared spectroscopy (Oppenheimer et al. 1995,
1998; Fig. 10). In the case of 51 Peg B and HD209458 B,
upper limits have been found which constrain the atmo-
sphere/exosphere of the planet within about 1–3 % of the
stellar flux (Rauer et al. 2000; Moutou et al. 2001). Syn-
thetic calculations (Goukenleuque et al. 2000) show that,
in the case of 51 Peg B, the expected signatures of CH4

(3.3 µm) and CO (4.7 µm) would represent 2–3 10−4 of
the stellar flux. Assuming the observations to be photon-
noise limited, and no intrinsic stellar fluctuations larger
than this contrast, such features might be detectable us-
ing long-term programs on 8-m class telescopes, with a
resolving power of about 5 103.

3.3. Expected spectra of Earth-type exoplanets

The variety of spectra exhibited by the terrestrial plan-
ets illustrate that Earth-type exoplanets (EEPs) might
show very different spectra, depending upon their atmo-
spheric composition and thermal structure, and possible
the nature of their surface. Observing these spectra will
obviously require very high imaging capabilities coupled

Figure 10. The spectrum of the brown dwarf Gliese 229 B be-
tween 0.8 and 5 µm, as observed at the Keck I telescope. The
main absorbers are indicated. The shadowed regions correspond
to spectral ranges where the telluric absorption is too strong for
ground-based measurements. The figure is taken from Oppen-
heimer et al. (1998).

to spectral devices, as currently under study in the frame
of the DARWIN and TPF projects.

The example of Venus tells us that, in the case of EEPs
orbiting at 0.5–0.8 AU from their illuminating star, a ther-
mal component could exist in the near-infrared range (Fig.
11), if these EEPs have encountered a significant green-
house effect. The EEP’s spectrum of the dark side (to be
observed just before or after inferior conjunction) would
be very different from the day-side one (to be observed
around superior conjunction).

Figure 11. The spectrum of the dark side of Venus, as observed
by the Near Infrared Mapping Spectrometer of Galileo during
its flyby (February 1990). The whole spectrum is due to ther-
mal radiation. Above 2.8 µm, the flux comes from above the
cloud level (T = 235 K) and shows the ν3 and 3ν2 absorption
bands of CO2. Below 2.8 µm, between the CO2 absorptions, the
emission originates from the deeper and hotter atmosphere. At
1.1 µm, the radiation comes from about 10 km above the sur-
face, and is thus sensitive to the highest summits. The figure
is taken from Carlson et al. (1991).
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The presence of water and ozone in the mid-infrared
spectrum of the Earth (Fig. 12) illustrates the interest
of these spectral features as possible diagnostics for habit-
able EEPs (H2O) and even for inhabited EEPs (O3; Léger
1997). Indeed, current photochemical models suggest that
the presence of massive amounts of oxygen in an atmo-
sphere cannot be explained in the absence of life (Rosen-
qvist and Chassefière 1995).
The infrared spectrum of Mars shows that the spectral

properties of EEPs may strongly depend upon the surface
morphology and climatology, with the possible appearance
of seasonal polar caps.

Figure 12. The spectra of Venus, the Earth and Mars (mid-
latitudes) between 5 and 100 µm. The ν2 band of CO2 at 15
µm is visible on all spectra. H2O is marginally detectable on
Mars and very abundant in the Earth spectrum. In spite of the
low abundance of O3 on Earth, its spectral signature is quite
strong, which makes O3 a better spectroscopic tracer than O2

for the search for extraterrestrial life. The figure is taken from
Hanel et al. (1992).

4. Conclusions

This review has illustrated that extrapolating from solar-
system planets to exoplanets is not an easy task for two
main reasons:

- the formation scenario of the solar system appears to
be very different from the ones encountered by the ex-
oplanets presently detected;

- the spectra of solar-system planets exhibit a very wide
variety of features, all characteristic of their formation
and evolution processes. In the thermal regime, they
strongly depend upon the thermal atmospheric profile.

In all cases, the mid- and far infrared range appears
well suited for exploring the chemical composition and the
atmospheric structure of exoplanets, due to the favourable
contrast of the planet with respect to its illuminating
star. In particular, the 3–5 µm range (observable from the
ground) allows the search for CH4 and CO, and the 6–10
µm range (observable from space only) allows the search
for water and ozone.
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Abstract

I review the status and prospects of ground-based plan-
etary transit surveys in the era before the Eddington and
Kepler missions. Over 70 extra-solar planets have been
found to date by high precision radial velocity searches,
but so far only one of these exhibits planetary transits.
This situation should dramatically reverse in the next few
years as photometric searches begin to find large numbers
of “Hot Jupiters” that transit in front of their host stars.
I discuss and illustrate the methods being used to assess
the planet catch of the Eddington mission. Scaling laws
are derived to express the planet catch in terms of instru-
ment parameters and planet type. More detailed Monte
Carlo simulations yield simulated planet catalogs. Edding-
ton’s survey volume for Earth-analog planets extends to
d ≈ 300 pc, and scales with star mass, planet radius and
temperature as M−1/8r2T , strongly favouring large hot
planets. The Eddington baseline design is likely to deliver
only a handful of habitable Earths. The planet catch can
be increased by design changes, subject of course to cost
and feasibility constraints, to maximize the figure of merit
Ωd3 ∝ Ω(NAt)3/2, where N is the number of co-aligned
telescopes, A and Ω are the effective pupil area and solid
angle of each telescope, and t is the duration of the mis-
sion.

Key words: Planets: exoplanets

1. Introduction

This introduction outlines developments expected in the
field of exoplanet transit surveys in the years prior to the
launches of Kepler (2006+) and Eddington (2007+). §2
then discusses analytic scaling laws, and §3 Monte Carlo
methods, developed to evaluate the planet catch of transit
survey experiments.

1.1. Doppler wobble planets

The first “Hot Jupiter”, discovered in 1995, was found by
detecting Doppler wobbles of the star 51 Peg (Mayor &
Queloz 1995). The star’s sinusoidal radial velocity curve,
with a semi-amplitude K = 57 m s−1 and period P =
4.2 d, implies an orbit radius a = 0.05 AU, planet mass

m sin i = 0.47 MJ, where i is the orbit inclination, and
temperature Teff ∼ 1400 K.
The Doppler wobble surveys, monitoring a few thou-

sand bright stars, have sustained for 6 years a discov-
ery rate of about 1 planet per month. The Doppler wob-
ble planets now number ≈ 75, with half a dozen multi-
planet systems. Roughly 5% of the Sun-like stars sur-
veyed have ‘Jupiters’ in the Doppler wobble detection zone
(K ≥ 3 km s−1, P <∼ 5 yr). They spread roughly uniformly
in log a and logm, but are absent inside Pmin ≈ 3 d. The
mass distribution suggests that we may so far be seeing
only “the tip of an iceberg”, with many smaller planets
lurking below the detection threshold. Longer periods are
now being probed as the time baseline of the observations
increases, and somewhat lower masses will be reached as
the accuracy of Doppler measurements is further refined.

1.2. Planetary transits

Transits yield information about exo-planet radii, masses,
and densities. The Doppler star wobbles give m sin i, a
lower limit on the planet mass. If transits occur, then
sin i ≈ 1, giving the actual planet mass m. The depth
and duration of the “winks” in the transit lightcurve give
i and the planet radius r.
For Jupiter transiting the Sun, since Jupiter’s radius

is RJ ≈ 0.1 R�, the transit depth is ∼ 1%, and scales as
∆F

F
≈ 0.01

(
r

RJ

)2(
R

R�

)−2

(1)

where r and R are the planet and star radii. The transit
duration, for an edge-on orbit, is

∆t ≈ PR

πa
≈ 3
(

P

4 d

)1/3(
R

R�

)(
M

M�

)−1/3

h (2)

where M is the star’s mass. For Hot Jupiters, the 1%
dimming lasting 3 hours is easy to detect with modern
CCD detectors. For Earth-analog planets the depth and
duration are 8× 10−5 and 13 h respectively.
Transits occur only when the orbit is close to edge-on.

For i < 90◦, the transits become shallower and narrower,
vanishing when cos i < (R+ r)/a. For random orientation
of orbits, the probability of seeing transits is

Pt =
R+ r

a
≈ 0.1

(
P

4 d

)−2/3(
R

R�

)(
M

M�

)−1/3

(3)

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)



138 K. Horne

For a Hot Jupiter (P ≈ 4 d, a ≈ 0.05 AU), the transit
probability is a respectable ≈ 10%. For an Earth-analog
(P = 1 yr, a = 1 AU) it is only 0.5%.
Secure identification of planetary transits requires ver-

ification that the depth and duration of the lightcurve
“winks” repeat consistently over three or more cycles.
Even when these criteria are met, a weak detection (tran-
sit depth ≈ lightcurve noise) can still be ambiguous. Star
spots, grazing and brown dwarf eclipsing binaries, and
deeply eclipsing binaries blended with foreground stars,
can mimic planetary transits. Starspots have longer tran-
sits, ∆t ∼ P/2, and shorter lifetimes than planets. Graz-
ing and brown dwarf eclipsing binaries withK >∼ 1 km s−1

may be weeded out with a couple of spectra. Background
eclipsing binaries may be recognized from distinctive
colour changes and/or secondary eclipses, or spatially re-
solved by e.g. HST imaging. Strong detections are un-
ambiguous because the transit lightcurves have a steep
ingress and egress as the planet crosses the limb, and a
U-shaped minimum due to stellar limb darkening. With
sufficient signal-to-noise, starspots and even moons and
rings may be discovered.

1.3. HD 209458

In today’s catalog of Doppler wobble planets, only one
transits in front of its star. HD 209458 dims by 1.6% for 3
hours every 3.5 days (Charbonneau et al. 2000). The star is
so bright (7.6 mag) that the transits were discovered with
a remarkably small (10 cm!) wide-angle (6◦) CCD camera
(STARE). The wide field is essential for high-precision
differential photometry, so that comparably bright com-
parison stars can be measured simultaneously.
The HD 209458 transits were quickly confirmed (e.g.

Henry et al. 2000; Jha et al. 2000), most spectacularly
in lightcurves captured with HST’s STIS spectrograph
through a wide slit (Brown et al. 2001). Here the tran-
sit shape, recorded in exquisite detail, fits an immaculate
limb-darkened star occulted by the planet’s circular sil-
houette, yielding the orbit inclination i = 86◦.6±0◦.2 and
planet radius r = 1.35± 0.06 RJ. The rms accuracy, bet-
ter than 10−4, was sufficient to place significant limits on
moons (rmoon < 1.2 r⊕) and rings (rring < 1.8 r⊕).
Doppler wobbles revealed the planet orbiting the star

HD 209458, and so far no new planets have been discov-
ered by high-precision transit photometry. But this should
change soon. Three search strategies are being pursued to
reveal the Hot Jupiter populations of stars in globular
clusters, in open clusters, and in the solar neighborhood.

1.4. Globular clusters

First, HST’s 0.1 arcsec resolution resolves main-sequence
stars in the crowded cores of globular clusters. Staring for
8 days at 47 Tuc, HST monitoring of 34 000 17–21.5 mag
main-sequence stars should have found 17 transits, but in

fact found none (Gilliland et al. 2000). Hot Jupiter forma-
tion and/or survival is evidently inhibited, perhaps by low
metallicity (Gonzalez 1998; Gonzalez et al. 2001; Santos
et al. 2001), ultraviolet evaporation (Armitage 2000), or
collisional disruption (Bonnell et al. 2001) of the proto-
planetary disks in this crowded stellar environment.

1.5. Open clusters

Open cluster surveys should help to clarify the factors that
control the formation and survival of planets by character-
izing Hot Jupiter populations as functions of age, metal-
licity and crowding. Wide-field CCD cameras on 1–4 m
telescopes with ∼ 0.5–1◦ fields are suitable for survey-
ing 14–22 mag stars in open cluster fields. St.Andrews
is involved in a project using the Wide-Field Camera on
the UK’s 2.5 m Isaac Newton Telescope on La Palma.
With 30 bright nights we have monitored ∼ 40 000 17–
22 mag main-sequence stars in the fields of NGC 6819,
6410, and 7789. With psf-fitting photometry followed by
self-calibration of systematic errors in the lightcurves, the
rms accuracy approaches ∼ 4×10−3 mag. The fainter clus-
ter stars have smaller radii, hence deeper transits, mak-
ing the transit detection sensitivity almost independent
of star mass. We are identifying dozens of new variable
stars (Street et al. 2002) and will hopefully soon be able
to report on candidates for transiting planets.

1.6. Wide-angle surveys

Wide angle transit surveys probably offer the most excit-
ing discovery potential. Bright stars (7–14 mag) require
small (∼ 10 cm) wide-angle (5◦−10◦) CCD cameras. The
main challenge is to achieve 10−3 mag accuracy differential
photometry over a very wide field of view, with airmass,
transparency, differential refraction, seeing, and even the
heliocentric time correction, all varying significantly across
the field. A number of surveys are underway, and their
characteristics shown in Table 1.

Table 1. Wide angle transit surveys.

name start diam field pixel CCD
(cm) of view (arcsec) format

Vulcan 1998 8 7◦ × 7◦ 6 4k×4k
STARE 1999 10 6◦ × 6◦ 10 2k×2k
WASP0 2000 6.3 9◦ × 9◦ 15 2k×2k
BEST 2001 20 3◦ × 3◦ 6 2k×2k

If the requisite accuracy can be achieved (Borucki et
al. 2001), these surveys may discover Hot Jupiters transit-
ing thousands of bright nearby main-sequence G, K, and
M stars. Given the modest survey depth (∼ 300 pc), the
targets are roughly uniform on the sky, and each magni-
tude yields 4 times more targets. For a rough estimate, if
7th mag HD 208458 is the brightest, then there may be
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Figure 1. The “habitable zone” is identified here as the region
where the equilibrium temperature permits water to exist in liq-
uid form on a rocky planet surface. The temperature declines
with distance a from the parent star of star mass M . Stellar
radii for different spectral types are shown at the left. The solid
and dashed contours give the orbit period P and temperature T
at intervals spaced by factors of 10. Solar System planets are
marked for reference.

4 more down to 8th mag, 16 to 9th, 32 to 10th, 4000 to
13th and 16 000 to 14th mag.
How long will these surveys take? A 9◦×9◦ field of view

may yield 30 new planets down to 14th mag. An all-sky
survey of ∼ 510 such fields, assuming 2 months per field,
would take 85 years with a single camera, and might yield
15 new planets per month. The astronomical community
will likely deploy a dozen or more cameras to complete
this era of Hot Jupiter discovery in < 7 years.
The resulting catalog of ∼ 10 000 Hot Jupiters will

serve nicely to define their statistics as functions of orbit
period, planet size, and star characteristics, to test theo-
ries of planet formation and orbit migration. The 100 or
so brightest will be suitable for radial velocity and HST
follow-up to define the mass-radius relationship of Hot
Jupiters as a function of star mass, orbit radius, age, and
metallicity. The 10 brightest will yield information on Hot
Jupiter atmospheres by direct detection of reflected light
(Cameron et al. 1999), revealing albedo spectra, and trans-
mission spectroscopy (transit depth depending on wave-
length), revealing absorption spectra (Brown 2001). This
bonanza should be reachable, perhaps in the next 5 years.

1.7. Earth-like planets?

The high accuracy (∼ 3 × 10−5) of HST’s lightcurve of
HD 209458 shows that space-borne CCD cameras will be
stable enough to detect transits by planets as small as
the Earth. COROT may find the first, and Eddington and

Kepler are being designed to detect significant numbers of
Earth-sized planets in the “habitable zone” around other
stars. For lower luminosity stars, the habitable zone moves
inward, as shown in Fig. 1.

2. Scaling laws

We turn now to an analysis leading to scaling laws for the
planet catch of a transit search experiment.

2.1. Main sequence stars

For our main-sequence star targets, we adopt power-law
approximations:
R ∝M L ∝M3.5 F ∝M4.5d−2 (4)
to express the star radius R, luminosity L, and visual flux
F in terms of its mass M and distance d. These apply
in the range 0.1 < M < 1.7M� (spectral types M8V to
F5V). For convenience we take F to be the flux in units
of that of the Sun viewed from d = 300 pc, corresponding
to mV = 12.2 mag. This turns out to be near the limit of
the Eddington survey for Earth-analog planets.

2.2. Orbits

For the orbit size we have 3 options: the semi-major axis,
a, or (for a given M) the corresponding period P , or tem-
perature T . For a study of Hot Jupiters, P might be the
best choice, but since Eddington seeks Earth-analog plan-
ets, we use T and scale to T⊕ ≈ 300 K. The orbit radius
and period are then
a
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T
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We have used Eq. (4) to express a and P in terms of M
and T , and will now use these similarly to replace a and
P in subsequent expressions.

2.3. Transits

The fractional depth of the transit is
∆F

F
≈
( r
R

)2
≈ 8.4× 10−5

(
M

M�

)−2(
r

r⊕

)2

(7)

The duration of the transit, for i = 90◦, is

∆t ≈ 2(R+ r)P
2πa

≈ 13
(

M

M�

)11/8(
T

T⊕

)−1

h (8)

The probability that a randomly-oriented circular orbit
exhibits transits is

Pt ≈ R+ r

a
≈ 0.05

(
M

M�

)−3/4(
T

T⊕

)2

(9)

Of course the depth, duration and shape of the transit
lightcurve depend on the inclination and limb darkening,
but these rough estimates suffice here. We will do better
in §3.
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2.4. Photometric accuracy of lightcurves

The photon flux from Vega (mV = 0) is ≈ 103 cm−2 s−1

Å−1, for wavelengths near λ ∼ 5500 Å. The number of
photons from a star of flux F (in units of the 12.2 mag
Sun at 300 pc) detected in an exposure time ∆t is then

Nγ ≈ 1010 F
A

0.63m2

Q

0.7
∆λ

4000Å
∆t

13 hr
(10)

where we scale to the Eddington baseline design, with
pupil areaA ≈ 0.63 m2, detection efficiency (CCD+optics)
Q ≈ 0.7, and bandwidth (unfiltered) ∆λ ≈ 4000 Å.
Assuming that the dominant source of noise is counting

statistics from the star’s photons (see §3.1), the accuracy
achieved in the lightcurve is

σ

F
= N

−1/2
γ

≈ 10−5

(
F

A

0.63m2

Q

0.7
∆λ

4000Å
∆t

13 hr

)−1/2 (11)

2.5. Transit detection

The signal-to-noise ratio, S1, for detecting a single transit
is

S1 =
∆F

σ
≈ 8
(

A

0.63m2

Q

0.7
∆λ

4000Å

)1/2

×
(

d

300 pc

)−1(
M

M�

) 15
16
(

r

r⊕

)2(
T

T⊕

)−1/2 (12)

We have set the exposure time equal to the transit dura-
tion ∆t from Eq. (8), and substituted for ∆F from Eq. (7),
for σ from Eq. (11), and for F from Eq. (4). The first line
collects factors characterizing the experiment, followed by
those concerning the star and planet.
If we now observe continuously for a time t, a planet

with orbit period P will exhibit a number of transits

Nt =
t

P
=
(

t

yr

)(
M

M�

)−17
8
(

T

T⊕

)3

(13)

Phase-folding on the orbit period superimposes the Nt

transits, increasing the signal-to-noise ratio for transit de-
tection from S1 to

SN = S1N
1/2
t ≈ 8

(
A

0.63m2

Q

0.7
∆λ

4000Å
t

yr

)1/2

×
(

M

M�

)−1/8 (
r

r⊕

)2(
T

T⊕

) (
d

300 pc

)−1 (14)

Notice that the dependence on M almost cancels. The
fainter lower-mass stars have noisier lightcurves, but their
transits are deeper and more frequent, rendering the de-
tection sensitivity, for fixed T and d, almost independent
of M .

2.6. Survey distance and volume

The maximum distance d to which a transit can be de-
tected with signal-to-noise ratio S, obtained by rearrang-
ing Eq. (14), is

d = 300 pc
(
S

8

)−1(
A

0.63m2

Q

0.7
∆λ

4000Å
t

yr

)1/2

×
(

M

M�

)−1/8 (
r

r⊕

)2(
T

T⊕

) (15)

The survey distance increases rapidly as r2T for larger and
hotter planets, but depends on star mass only weakly, as
M−1/8.
The volume of a survey covering solid angle Ω (Ω = 7.4

deg2 for Eddington) and extending to distance d, is

Ωd3

3
≈ 2× 104pc3

× Ω
7 ◦

. 42

(
S

8

)−3(
A

0.63m2

Q

0.7
∆λ

4000Å
t

yr

)3/2

×
(

M

M�

)−3/8 (
r

r⊕

)6(
T

T⊕

)3

(16)

2.7. Number of stars and planets

A uniform density of stars is a reasonable approximation if
the survey volume is not too deep and remains inside the
Galactic disk. If we look at b = 90◦, perpendicular to the
disk, the density of stars may be modeled as decreasing
exponentially with a scale height H. A deep survey ex-
tending to d >∼ ., where . = H/ sin b is the effective scale
height along the line of sight at latitude b, looks outside
the disk, reducing its effective volume to ≈ Ω.3/3.
For the F, G, K, and M stars of interest, Galactic disk

scale heights increase with M and are comparable to the
300 pc distance. Over such distances, neglect of extinction
by interstellar dust (∼ 1 mag kpc−1) is not a major error,
especially if a field with relatively low extinction is cho-
sen. Star counts presented in §3.3. suggest a factor <∼ 2
difference between the Galactic plane and pole.
For rough estimates, we assume a uniform density of

stars, and adopt a power-law stellar mass function

dn#
dM

≈ 0.1
pc3M�

(
M

M�

)−B
(17)

where the slope is B ≈ 2.35 for a Salpeter mass function.
To find the number of planets detected, Np, we count

the stars inside the survey volume that exhibit transits
by planets of the type we seek. Each star is weighted by
the planet function, f(r, T |M), which gives the number
of planets with radii from r to r + dr and temperature
T to T + dT for stars of mass M . To omit stars with
incorrect orbit orientations, we weight the stars by transit
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probability Pt(M,T ) ∝ M−3/4T 2 from Eq. (9). Putting
all this together, the planet catch is

Np =
Ωd3

3
×
∫

dM
dn#
dM

∫
dT Pt(M,T )

∫
dr f(r, T |M)

≈ 102 Ω
7 ◦

. 42

(
S

8

)−3

×
(

t

yr
A

0.63m2

Q

0.7
∆λ

4000Å

)3/2

×
∫

n#
0.1pc−3

dM

M�

(
M

M�

)(9/8−B)

×
∫ ∫ (

r

r⊕

)6(
T

T⊕

)5

f(r, T |M) dr dT

(18)

The planet function f(r, T |M), is an unknown distribution
over planet type for each star mass. To place fH Earth-
radius planets in the “habitable zone”, the temperature
range TC = 250 K to TH = 350 K, we may adopt

f(r, T |M) =
fH δ(r − r⊕)
T ln (TH/TC)

(19)

where δ(r) is a Dirac δ-function. Evaluating the integrals
then suggests Np ∼ 10fH, With most of the detections
arising from low-mass stars, and given the use of power-
law approximations, the uncertainty in this estimate is at
least a factor ∼ 3.
To obtain analytic results we have adopted a uniform

star density and various power-law approximations to main
sequence star properties. The Monte Carlo simulations
presented in §3 improve on these assumptions.

2.8. Optimizing a transit survey

The value of having scaling laws is to see how the planet
detection capabilities depend on parameters which define
the experiment (S,Ω, A,Q,∆λ, t), and on the type of star
(M) and planet (r, T ) being sought. For experiments like
Eddington, which is limited by star photon counting noise
and surveys a volume largely within the thickness of the
Galactic disk, the figure-of-merit to maximize planet de-
tection performance is the survey volume from Eq. (16),
scaling as

Ωd3 ∝ S−3Ω(A Q ∆λ t)3/2 (20)

If we make use of N identical telescopes, these may be
used to multiply Ω by N , if they point at different fields,
or to multiply A by N , if they point at the same field.
From the perspective of planet detection, the latter would
appear to be more advantageous choice.
The steep dependence of the planet catch on signal-to-

noise threshold S indicates the critical importance of using
optimal data analysis techniques. Sloppy work, requiring
adoption of a conservative S/N threshold to keep false
alarm rates down, will dramatically reduce the number of
detected planets.

Figure 2. Accuracy of Eddington photometry for constant stars
as function of visual magnitude for a 13-hour exposure consist-
ing of a cycle of 30 s exposures with 4.3 s readout time.

3. Monte Carlo simulations of the planet catch

We have developed a Monte Carlo simulator to evaluate
the numbers and types of planets that can be detected in a
transit survey. Each run generates a random catalog of the
stars and detected planets within the survey volume for
each type of star and planet. From one or more such cata-
logs, the statistical characteristics and correlations among
the parameters of the stars and detected planets can be
evaluated. Such results may provide useful guidance in
the optimization of design parameters for the Eddington
mission, and other planet transit surveys.
We discuss below several aspects of the simulator, il-

lustrating with results for the Eddington baseline design.
The improvements made here, compared with the rough
calculations done in §2, include (1) relaxing the assump-
tion of uniform star density, (2) including extinction by
interstellar dust (3) using an empirical stellar mass func-
tion, (4) an accurate main sequence star model for R(M),
L(M), and F (λ,M), (5) an instrumental sensitivity curve
P (λ), (6) more elaborate CCD noise model, (7) allowing
for i < 90◦ when evaluating the S/N for transit detection.

3.1. CCD noise model

Fig. 2 shows the predicted accuracy of Eddington photom-
etry vs. the star magnitude mV for a lightcurve binned to
13-hour time resolution. The calculation assumes that the
CCD camera is de-focused to produce Gaussian star im-
ages with a 5-arcsecond (3.3 pixel) fwhm. The 13-hour
exposure is really a series of 30 s exposures separated by
4.3 s CCD readouts, accumulating photons for 1365× 30
s= 11.83 h, a duty cycle of 0.87. The adopted spectral
sensitivity curve, shown in Fig. 3, includes the CCD quan-
tum efficiency and reflection from 3 mirrors. The sim-
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Figure 3. Sensitivity curve of the baseline Eddington CCD cam-
era including the quantum efficiency curve of the CCD and
reflection from 3 mirrors.

ple Poisson noise calculation in Eq. (11), which predicts
σ/F ≈ 10−5 at mV = 12.2, is seen to be fairly accurate
for 11 <∼ mV <∼ 17.
For stars fainter than mV ∼ 17 mag, the accuracy

becomes background noise limited, the background aris-
ing from zodiacal dust emission. CCD readout noise is
included but unimportant. Crowded field effects are not
yet included in the simulation, and may be important.
A bright limit at mV ∼ 11 mag is set by CCD satu-

ration. Shorter exposures or further de-focusing can im-
prove the saturation limit. De-focusing the star images
increases crowding and sky noise, while shorter exposures
diminishes the duty cycle.
In the present simulations, we neglect systematic er-

rors (e.g. due to image motion, focus changes, errors in the
CCD flat field) and intrinsic stellar variability on the rel-
evant timescale. For space-based surveys the stable point-
spread function and accurate tracking to keep star images
stationary to a small fraction of a CCD pixel will help to
keep flat-fielding problems within bounds.

3.2. Simulated transit lightcurves

Fig. 4 shows a set of simulated Eddington lightcurves for
Earth analogs (T = T⊕, r = r⊕) transiting stars of dif-
ferent R and mV . Dashed lines calculated from Eq. (14)
for SN = 12 and SN = 30 appear to give a good repre-
sentation of the limiting magnitude. The estimate that an
Earth-analog system can be detected down to 12–13 mag
is confirmed.

3.3. Star counts

For the simulator, we assume that the space density of
main sequence stars falls off exponentially with height
above the Galactic plane. For stars of massM , the density

Figure 4. Simulated Eddington lightcurves of Earth-like plan-
ets transiting stars with different V magnitude and radius. The
simulation is for a planet with the same radius and tempera-
ture as Earth. Each lightcurve shows a 48-hour subset of the
Eddington data after folding on the planet orbit period and
binning to 30-minutes time resolution. The dashed lines show
the adopted limiting magnitude for detection S/N thresholds
SN = 12 and 30.

of stars on the plane dn#(M)/dM , and the scale height
H(M), are interpolated from Table 2 in Robin & Creze
(1986). The number of stars brighter than apparent mag-
nitude mV is

N#(< mV ) =
∫

dΩ dM
dn#
dM

∫ d

0

e−x/�x2 dx (21)

Here Ω is the solid angle of the survey, x is distance along
the line of sight, .(M, b) = H(M)/ sin b is the effective
scale length along the line of sight, b is Galactic latitude,
H(M) is the exponential scale height for stars of massM ,
d(M,mV ) is the distance at which a star of mass M has
apparent magnitude mV .
The resulting cumulative star counts vs. apparent mag-

nitude and spectral type for galactic latitudes b = 90◦ and
10◦ are shown in Fig. 5 for the Eddington field of view.
A constant density approximation, giving 4 times more
stars for each magnitude of depth, and little dependence
on Galactic latitude b, is accurate for the F, G, K, and
M stars of interest down to 10, 13, 15, and 18 mag re-
spectively. The star count converges as we reach fainter
stars with distances extending outside the Galactic disk.
On each line of sight the mean spectral type of the stars
becomes later as we go fainter.
At low galactic latitudes the background of distant O,

B, and A stars outnumber the G, K, and M targets for
mV <∼ 15 mag. For b = 90◦, such background stars are
absent. The issue of crowding by background stars needs
to be considered carefully. It is not immediately obvious
that it is better to point at the Galactic plane.
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Figure 5. Cumulative star counts in the Eddington field of view
for main sequence stars of spectral types O, B, A, F, G, K, M
for Galactic latitudes b = 10 and 90◦. The model is validated
by comparison with observed total star counts (stars). Dashed
curves omit extinction by interstellar dust, showing that this
has little effect.

3.4. Detectable planets

The number of planets detected is

Np =
∫

dΩ dM
dn#
dM

×
∫

dr

∫ TH

TC

dT Pt(M,T ) f(r, T |M)

×
∫ d2

d1

e−x/� x2 dx

(22)

We now integrate over many lines of sight through the
survey volume. The distance limits are d1(M), where stars
of mass M saturate the CCD exposures, to d2(r, T,M),
beyond which transits are no longer detectable. Inserting

Figure 6. Mass-radius relationship for Solar system bodies in-
cluding planets, moons, and asteroids.

habitable Earths using the planet function f(r, T |M) from
Eq. (19), we again find ∼ 10fH Earth-analog planets.

3.5. Planet functions

The planet catch clearly depends not only on the transit
detection capabilities of the experiment, and the number
of stars inside the survey volume for each star and planet
type, but also on the planet function, f(r, T |M), which
gives the number of planets per star, as a distribution
over planet size r and temperature T , and as a function
of star mass M .
At present we have little hard information about the

planet function. We know the pattern of planets in our
solar system, and the distribution of Doppler wobble plan-
ets. It is a long extrapolation from Hot Jupiters to Habit-
able Earths. There is a correspondingly large uncertainty
in predicting the number of Habitable Earths that Ed-
dington may detect. A primary scientific goal of Edding-
ton, and other planet search experiments, is to fill in this
missing information on the numbers of large and small
planets at different temperatures around large and small
stars. This will help in developing and testing theories for
the formation, survival, and evolution of these worlds.
By looking at a couple of different planet functions, we

can get a feel for this uncertainty, and the corresponding
leverage that Eddington will have to measure the planet
function. Start by assuming that all stars have 9 planets
with the same r and T as for the 9 solar planets. The
number of such solar systems that the baseline Eddington
will detect is shown in Table 2.
The total number of planets found is not large, because

our solar system is lacking in close-in planets. The number
of times Jupiter and Saturn are detected depends strongly
on b, while the numbers for smaller planets do not. This
is because the deeper transits caused by gas giants are
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Table 2. Number of detected solar systems.

M V E M J S U N P
b = 10◦ 0 7 5 0 230 50 1 0 0
b = 90◦ 0 7 5 0 33 12 1 0 0

detectable to much greater distances, while the smaller
planets can be found only on nearby stars.
Now consider a power-law planet function,

f(a,m|M) ∝ aαmβMγ (23)

We spread the planets with power-law distributions over
0.03 < a < 100 AU, 0.5 < m < 3000 m⊕, 0.08 < M <
10 M�. This specifies the planet mass distribution, and
we obtain radii from the mass-radius relationship that is
shown in Fig.6 along with the masses and radii of Solar
system planets, moons, and asteroids.
We adopt γ = 0, making the planet function indepen-

dent of star mass. For γ = 1, the total mass in planets
would scale with M . We currently lack information on
this, because the Doppler wobble surveys have not yet
targeted a wide range of star masses.
The Doppler wobble planets are roughly uniform in

log a and logm, suggesting α = −1, β = −1. Bode’s law in
the Solar System is also roughly compatible with α = −1.
We adopt α = −1, and consider two cases β = −1,−1.5.
We also impose a period cutoff at P < 3 d.
To compare the planet functions, Table 3 shows the

number of planets per star for 4 categories: “Jupiters”,
with r > RJ, “Hot Jupiters”, with r > RJ and P = 3 −
5 d, “Earths”, with r > R⊕, and “Water” worlds, with
r > R⊕ and T = 250–350 K. We normalize to 0.01 Hot
Jupiters per star, thus roughly matching the result found
for Doppler wobble planets. The m−1 case has far fewer
small planets, and the m−1.5 case has more small planets
than the solar system.

Table 3. comparison of planet functions.

f(a, m) Hot Jups Jupiters Earths Water
3–5 d r > RJ r > R⊕ 250–350K

a−1m−1 0.01 0.24 0.85 0.07
a−1m−1.5 0.01 0.25 6.55 0.54
solar r, T 0 1 5 1

3.6. Monte Carlo catalogs

The catalog of 13 000 (!) detected planets from the Monte
Carlo simulation for f ∝ a−1m−1.5, and b = 10◦ is shown
in Fig. 7. The planets are projected onto various pairs of
axes to show the types of stars and planets found. The vast
majority are large hot planets, with only a handful fallling
in the “Habitable Earth” region on the r − T projection.
Results for f ∝ a−1m−1 are similar but with far fewer low-
mass planets. The number of Hot Jupiters is well anchored

Figure 7. The planet catch for a baseline Eddington field of
view for a 3-year mission at Galactic latitude b = 10◦.

from Doppler wobble planets, but the extrapolation to
lower masses is quite uncertain.

4. Summary

After reviewing the present status and bright prospects
for discovery of 1000 Hot Jupiters in ground-based transit
search programmes, we derived scaling laws and described
Monte Carlo simulations that are being using to evaluate
planet detection capabilities of Eddington and other tran-
sit survey experiments.
The scaling laws employ power-law approximations to

the properties of main-sequence stars in order to obtain
analytic expressions for the planet catch in terms of pa-
rameters that define the experiment and the types of stars
and planets.
For planets of fixed T and r, on stars of mass M , the

survey distance scales as d ∝ M−1/8r2T . The survey vol-
ume scales as T 3r6, and the planet count scales as T 5r6.
Large hot planets are strongly favoured. Eddington should
detect thousands of “Hot Jupiters” with 3–5 day periods,
with some certainty since Doppler wobble studies estab-
lish their presence around ∼ 1% of nearby sun-like stars.
Eddington should also find dozens of “hot Earths”, if they
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exist, with larger uncertainties because the mass function
of small planets is not yet known.
Our results indicate that the baseline design for Ed-

dington will deliver a handful of “habitable Earths”, if
they exist in significant numbers. If performance falls a bit
short of the somewhat idealized assumptions made in our
simulations, then Eddington may tell us little about hab-
itable Earths. Studies are therefore underway to identify
design changes that can significantly enhance the planet
detection capabilities.
If we wish to detect transits with S/N ratio S, using

a telescope with effective area A and bandwidth ∆λ to
cover a solid angle Ω for a time t, the survey volume we
probe scales as

Ωd3 ∝ S−3Ω(A ∆λ t)3/2 (24)

This is an appropriate figure of merit against which to
judge options and optimize parameters of transit survey
experiments. The strong dependence on S means that op-
timal data analysis methods are critical to success.
Once a field is selected, the same methods outlined

here, but using the actual numbers of main sequence stars
of different types and distances, can be used to evaluate
the likely planet catch.
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P. Riaud1,2, J. Schneider3, S. Gillet2, J. Baudrand1, A. Boccaletti4, and D. Rouan1

1DESPA/LESIA, Observatoire de Paris, 5 pl J. Place Janssen, Meudon, France
2LISE, Observatoire de Haute-Provence, St Michel l’Observatoire, France

3DARC/LUTH, Observatoire de Paris, 5 pl J. Place Janssen, Meudon, France
4GPS, CalTech, Pasadena California 91125

Abstract

We have recently described a concept of a corona-
graph using a phase mask with 4 sectors (FQ-PM) which
presents an excellent rejection factor, and which can be
rather easily made achromatic with two dispersive ma-
terials or with a multi-layers reflective phase mask. We
propose to add this device to the Eddington payload for
direct imaging of planetary systems. The FQ-PM requires
an off-axis telescope and a good corrections of pointing
errors to have a high rejection factor (> 106). The achro-
matic mask and the possibility of fine correction of point-
ing error directly on the phase mask are presently under
study.

Key words: Stars: structure – Planets: exoplanets

1. Introduction

We present here “Eddicoro”, a possible coronographic im-
plementation on the Eddington project. The direct imag-
ing of planetary system gives many informations such as
full orbital elements on the planets or the variation of
the planet brightness. First of all, we present the science
benefits of our concept for Eddington. In Section 3, we
show a possible optical concept with an off-axis telescope
and a corrector with two mirrors. Finally, in Section 4,
we explain the Four-Quadrant Phase-Mask with different
performance limitations regarding the central obstruction
effect and chromaticity of the phase-mask. In the last sec-
tion, we present expected performances for big Earth like
planets and Jupiter like planets, and a simulation concern-
ing the 16 exoplanets already known with radial velocity
measurements is shown.

2. Science Benefits

The direct imaging of exo-planetary system represents a
strong improvement with respect to the transit method.
Indeed, snapshot images of planetary systems give the full
orbital elements and especially any orbital inclination are
detectable. This last point, constitute a weakness of Radial
Velocity (RV) measurements. Several planets can be seen
simultanously, which is not the case for transit detection.
The method discriminate with a good accuracy the size

of planets, the flux ratio between big Earth (10 M⊕) and
Jupiter like planet being about 1/50, for any reasonable
value of the planet albedo.
In the long term, we can hope to see time variations

of the planet flux along the orbit (after substraction of
phase effect), thus with Fourier analysis have some infor-
mations relative to ring effect (Schneider J. 1999) around
planet for example and also seasonal, diurnal and random
variation. The detection being in visible wavelength (0.6µ
m–0.9µm), with four bandpass filters we can have infor-
mations to albedo color. Among the goals of Eddicoro, are
planetary systems already known from RV measurement.
Today, 16 known big Jupiters are detectable with a 1.2
meter telescope in the visible, only the planets between
1 A.U and 4 A.U being detectable in 10 hours exposure.
For longer exposures, it becomes easy to detect planets at
a distance larger than 4 A.U. Large radial velocity sur-
veys will broaden the number of known planets thus the
number of targets of Eddicoro. The information on incli-
naison and RV measurements can determine the mass of
the exoplanets.

3. Payload concept

The coronagraphic implementation requires an off-axis de-
sign for the primary and the secondary mirrors of the tele-
scope, and a perfect correction of aberrations on a narrow
field of view (maximum 20” × 20”). One of us (S. Gillet)
is studing the possibility to correct spherical and coma
aberrations with a Mertz corrector (Mertz 1979, Mertz
1981). But the total field of view must be larger than 3◦

in diameter for the other science purposes of Eddington.
It is interesting to note that this optical scheme simplifies
the photometric analysis because there is no large central
obstruction.

4. Coronagraphy Implementation

4.1. Principle

Roddier & Roddier (1997) proposed first the idea of a stel-
lar coronagraph with a mask in the focal plane making use
of phase rather than amplitude modifications. The design
of the coronograph is a small transparent disk of diameter
0.5λ/D (D is telescope diameter) (hereafter DPMC) pro-
ducing a phase shift of π and put in the focal plane. The

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Optical concept for Eddington with an off-axis tele-
scope (M1 and M2) and Mertz corrector (M3 and M4).

solution we have proposed recently (Rouan et al. 2000) has
some resemblance with Roddier’s concept, but the design
of the focal mask makes use of four quadrants, two of them
(on a diagonal) producing a π phase shift. Fig. 2 presents
a layout of the system we propose.
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Figure 2. Optical scheme in transmission of our new phase-
mask coronagraph: L1, L2 and L3 are three lenses in the opti-
cal system. L1 provides a large F/D ratio on the four-quadrant
phase-mask (FQ-PM), L2 images the pupil in the second plane,
the Lyot stop (L-S) suppresses the diffracted star-light and fi-
nally L3 forms the coronagraphic image on the detector (D).

In both cases, the principle is the same: because of a
destructive interference the light from the bright source
centered on the mask cancels out, this is possible because
the amplitude has been split into two equal parts, one of
them having a change in sign (due to the π phase shift).
Any companion or structure which is not centered on the
mask does not suffer a significant nulling and is transmit-
ted with practically no attenuation. Fig. 3 explains more
precisely the differents step of 4Q coronagraphic effect.

4.2. the central obstruction effect

The central obstruction of the pupil prevents from a per-
fect cancellation of the FQ-PM coronagraph. Fig. 4 gives
the attenuation of the star light (integrated in the coro-
nagraphic image) as a function of the percentage of cen-
tral obscuration in diameter. The entrance pupil includes
a central obscuration with spider arms. This simulation

clearly shows that even a small central obscuration has a
significant adverse effect on the coronagraphic capability:
for 30% obscuration, a degradation of about 7 magnitudes
of the nulling efficiency can be noted. A clear message that
can be sent to anyone wishing to detect extrasolar plan-
ets using coronography is: go to space and use an off-axis
telescope.

Figure 4. Effect of the central obscuration on the nulling degra-
dation: the nulling efficiency (in magnitude) is plotted vs the
fraction of the pupil diameter used by the central obstruction
and for various Lyot stop in unit of the pupil size. The upper-
right corner shows the Lyot stop shape.

Fig. 5 clearly shows the effect of central obstruction on
the coronographic pupil. The coronographic effect applies
to the edge of the pupil but also to the edge of central
obstruction. A significant part of starlight reappears inside
the pupil.

Figure 5. Effect of the central obscuration on the coronographic
pupil. Left: Without central obscuration. Right: With 25% in
diameter central obscuration.
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Figure 3. Numerical simulation illustrating the principle of the four-quadrant coronagraph. A companion 15 magnitudes fainter
(flux ratio of 106) is located 2.1λ/D away from the star. The individual images show: a) the shape of the phase-mask (white for 0
phase-shift, black for π phase-shift); b) the Airy pattern displayed in intensity; c) the complex amplitude of the star phase-shifted
by the mask; d) the exit pupil; e) the exit pupil through the Lyot stop (95% of the pupil diameter); f) the coronagraphic image
where the companion is clearly visible. Images are displayed with non-linear scale.

4.3. Chromaticity

The achievable spectral bandwidth is larger than with the
DPMC because the mask dimension does not depend on
the wavelength. But the phase difference between quad-
rants must be close to π with a small variance of the resid-
ual phase. If σ is variance of the phase for the considered
bandwidth, the nulling efficiency is N = 2/σ2. To have a
rejection factor of the coronagraph around 106, we need
to have a residual variance on the π phase shift lower than
σ = 1.41 × 10−3. Having an achromatic π phase shift is
a more complex problem but several solutions do exist.
First of all, our team developed a phase mask in reflec-
tion with a multi-layers coating technique (see Section 6).
We have also another solution with two or more dispersive
materials to compensate the residual error phase around
π (see also Section 6).

4.4. Additional improvements

Symmetry Image processing is another way to improve
the rejection rate of the spurious stellar light. As long as
the phase variance is not too large (i.e. exp(iφ) ∼ 1+ iφ),
the speckle image produced with the FQ-PM is centro-
symmetric: this is due to the mask symmetry and its at-

tenuation capability. Such an assumption can be shown
by considering the properties of the Fourier Transform re-
garding the parity (Boccaletti et al. 2001). We can take
advantage of this property when looking for the detection
of a faint companion, since it should appear as an asym-
metric pattern in the image. If we compute the centro-
symmetric image and substract it to the original image
we then strongly reinforce the contrast of the single fea-
ture. This technique was applied in the examples given in
Fig. 6 for a ground-based observation.

Dark-Speckles The pattern of residual speckles changes
randomly after each short exposure. This speckle noise of
the starlight after the FQ-PM appears like a dominant
noise. With a λ/100 RMS amplitude of surface roughness,
the scattered light level is about 10−7 − 10−8, in prat-
ice the same as planet’s flux. The dark speckle technique
(Labeyrie A. 1995, Boccaletti et al. 1998) can improve the
starlight rejection if thousands of short exposures a few
seconds each can be exploited.

5. Performances

We present in this section the expected performances for
Eddicoro with an off-axis telescope of 1.2 meter diame-
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Figure 6. Numerical simulation obtained under favorable at-
mospheric seeing (a median Strehl ratio of 0.80±0.10

0.30) includ-
ing photon noise (total integration of 1 hour on a mK =
6.7 star with a ground-based telescope) and read-out noise
(5e−/pixel/frame). Two companions 10 and 9 magnitudes
fainter than the central star are clearly evidenced at a distance
of 3 λ/D and 0.6 λ/D respectively from the star after subtrac-
tion of opposite quadrants.

Table 1. Main characteristics of the proposed coronograph.

diameter of the telescope 1.2 m
spectral wavelength R band

(0.56 - 0.72 µm FWHM)
Zodiacal background 22 mag/”2

Exo-Zodiacal background 19.5 mag/”2 (10 × Zodi)

Quantum efficiency 75 %
Dark current 0.05 e−/s
Readout noise 2 e−/frame
Dynamic range 65 535

gain 1.5 e−/ADU
Exposure time 10 hours

Surface roughness 8 nm RMS
Jitter error 3 mas RMS

ter. The simulation takes into account different parame-
ters listed in the Table 1.

We have developed a complete calculation of the sig-
nal to noise ratio, with a geometrical model of planets
(reflected light). For big Earths, we take a radius of 2 R⊕
and for giant planets the radius is 1.1 RJup. It appears that
detection of exoplanets is possible at a maximum distance
of 30 pc for giant planets (separation 1–4 AU) and with
a maximum distance of 5 pc for big Earths at 1 AU. It
seems to be difficult to detect planets with separation less
than 1 AU, because the angular resolution of the 1.2 meter
telescope is not sufficient.

6. Practical realisation

Two optical designs are possible for Eddicoro: with a trans-
missive phase mask (see Fig. 2) and also with a phase mask
in reflection (see figure 8). The phase masks in reflection
seem to be more accurate regarding phase error.

Figure 7. Simulation result for already know giant planets
around nearby star with an orbital separation > 0.97 A.U. For
three stars ( τ Boo, 55 Cnc, HD 217107) the separation is near
3-4 A.U for the possible secondary companion.

6.1. Design in reflection

In this section, we present a possible achromatic phase
mask in reflection. We proposed (Riaud et al. 2001) to
manufacture a reflecting phase-mask with a high reflec-
tivity quarter-wave multi-layer system using a stacking
with a low and high optical index. The π phase shift be-
tween two quadrants is provided by this layers structure
for the first pair of quadrants, and the opposite order for
the second pair of quadrants. The effect of the achromatic
π phase shift can be easily understood if one considers
the simple case of two layers. It is known that there is
no phase shift when n1 < n2 (the first pair of quadrants)
and a π phase shift when n1 > n2 for all wavelength (the
second pair of quadrants). Two problems appear in this
technique. The first reflection on the quarter-wave mirror
is a π phase shift. A Broad Band Anti-Reflection Multi-
Coating (BBARMC) minimizes this effect with a good
accuracy (2× 10−3 on the intensity). Secondly, the reflec-
tive multilayer mirror is not used at normal incidence: the
two polarizations undergo different phase shifts and this
phase-error increases with the incidence angle. It turns out
that the reflective phase-mask must be used close to nor-
mal incidence to retain phase errors due to polarization
within the phase errors due to imperfect BBAR MC or
dispersion effects in the layers. To optimize an achromatic
phase-mask in the visible (λ =650-720 nm) as described
above we adopt an incidence angle of 6◦. Assuming a cen-
tral wavelength of 800 nm, the quarter-wave mirror can
be made with a high index material ZnS and a low in-
dex material Y F3. To achieve a high-reflectivity of 99%,
12 layers at least of ZnS−Y F3 must be stacked together.
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Figure 8. Optical Design of Eddicoro with a reflective phase mask. L1 is the lens provide a good F/D ratio (around 16) for the
coronagraph. The mirror image the pupil of the telescope on the Lyot stop. The last lens L2 forms a coronagraphic image on the
CCD detector (total length 15–20 cm).

The BBARMC is four layers ( mirror-ZnS-YF3-ZnS-YF3-
air or SiO2). Fig. 9 shows the resulting phase shift for the
polarizations s and p in the range 650–720 nm. The phase
error is about 7×10−3 radian PTV or σ = 1.4×10−3 RMS.
The reflectivity coefficients are quite good (> 99%), but
this simulation is optimistic and does not take into ac-
count the scattered light in the layers, and variation of
the layers thickness.

Figure 9. Simulation result for multilayers four quadrants
phase-mask. Left: phase shift between two quadrants (180◦+0.1

−0.3

PTV or σ = 1.4× 10−3 RMS for two polarization s and p).

Table 2. Main requirements for the proposed coronograph.

The minimum telescope diameter is 1.2 meter
Telescope off-axis design

Field Of View > 4◦ (seismology and transits science)
Pointing error less than 3 mas RMS

–> Possible fine corrections directly on the phase mask
Surface roughness for each mirrors λ/25 PTV

–> With λ/25 PTV the rejection factor is > 105

6.2. Design in transmission

An other achromatic phase mask is possible in transmis-
sion. Indeed, for example with two materials, it is possible
to play with the difference in dispersion of index of several
materials in order to linearize the optical path difference
between quadrants with respect to the wavelength, so that
the phase is kept constant. We simulate with two disper-
sive materials the behaviour of the phase shift near π as a
function of wavelength. In the following example, we take
two SCHOTT glasses LAK22 and LAK9 between 0.65µm–
0.75µm. A problem appears in this case: the optical path
of the light depends on the arrival angle thus the numerical
aperture of the telescope. Here we take F/D = 16 and we
obtain a phase error of 180◦+0.33

−0.26 PTV or σ = 3.5× 10−3

RMS.

7. Main requirements

Finally, we summarize the main requirements for Eddi-
coro. The coronagraph uses a narrow field of view (maxi-
mum 20” × 20”), but for nominal science of Eddington, it
is interesting to increase the field of view to about 4◦ in
diameter. The achromatic mask and the possibility of fine
corrections of pointing errors directly on the phase mask
is under study at Meudon Observatory.
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Figure 10. Simulation result for two dispersive materials
LAK22 and LAK9 at F/D=16 The phase shift is 180◦+0.33

−0.26

PTV or σ = 3.5×10−3 RMS for a spectral wavelength between
0.65µm − 0.75µm.

8. Conclusion

We have proposed a stellar coronagraph for Eddington
based on the four-quadrant mask with a π phase-shift.
This device is particulary adapted for a space mission
with an off-axis telescope design, because the space tele-
scope would not suffer from atmospheric turbulence. But
Eddicoro also requires a fine correction of pointing errors
directly on the phase mask if the intrinsic pointing error
of Eddington is too large. Eddicoro would produce snap-
shot images of planetary systems which allow the deter-
mination of the full orbital elements. The Eddington mis-
sion with Eddicoro implementation can be a precursor of
TPF/Darwin project.
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PRECISE RADIAL VELOCITIES AND EDDINGTON ’S DETECTED TRANSITS
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Abstract

The transit method used by the Eddington space mis-
sion to find extra-solar planets allows us to character-
ize the size of a planet but not its mass. Ground-based
Doppler measurements can then avoid confusion between
planets and white or brown dwarfs by providing the the
actual companion mass. We review here the radial-velocity
accuracy to be expected for the determination of the plan-
etary masses of transit candidates detected by Eddington.
The future HARPS spectrograph (High Accuracy Radial
velocity Planetary Search), to be installed on the 3.6-m
ESO telescope (La Silla, Chile) at the end of 2002, will be
able to characterize the mass of a large number of these
detected planets.

Key words: Planets: exoplanets – Techniques: radial ve-
locities

1. Introduction

The scientific goals of photometric space missions like Ed-
dington in the field of exoplanet search will be the detec-
tion of “Earth-class” or “terrestrial” habitable planets by
observing their transits across their parent stars. These
planets are defined as planets with a radius in the range
0.8–2.2R⊕ (which corresponds to masses in the range 0.5–
10M⊕) and at an orbital distance which allows the pres-
ence of liquid water. More generally, the goal is to detect

Figure 1. Schematic illustration of a planetary transit and the
corresponding light curve.

all kinds of transiting companions orbiting up to 1 AU
around main sequence stars.
Observation of a transit, as represented on Fig. 1, al-

lows us to characterize the orbital period P , and hence
the orbital distance a to the parent star. It gives a good
(±10%) determination of the radius Rp but cannot deter-
mined the mass mp.
In the case of the Eddington mission, 500 000 stars are

expected to be monitored in the course of the 5 years
baseline mission (including the ones observed during the
asteroseismic observations). Their V magnitudes are in
the range 11–18 and correspond essentially to F, G and
K dwarfs. Several thousands of planets are expected to be
detected.
Fig. 2 represents themp–a diagram where are reported

the exoplanets detected by radial velocity until date. The
dotted and dashed lines approximately corresponds to the
expected limits of the region to be covered by COROT and

Figure 2. Capability limits of the photometric space missions
COROT (dotted lines) and Eddington (dashed lines) in plane-
tary search. The full circles are the extra-solar planets discov-
ered up to now (here represented with their minimum masses
m sin i), while open circles are solar-system planets.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Eddington, respectively, in the case of at least 3 transits
detected. Future space missions are expected to increase
the number of exoplanets considerably and to discover new
classes of objects.

2. Radial-velocity detections of exoplanets

To this day, 64 exoplanets have been detected by radial-
velocity measurements. These planets are shown in Fig. 3
in the K–P diagram where K is the semi-amplitude of the
radial-velocity variation induced on the parent star. On
this diagram we have added iso-masses of planets orbiting
a 1 solar-mass star. About 70% of these planets have min-
imum masses larger than Jupiter and half of them have
orbit smaller than Mercury. Only one of these planets,
HD 209458 b, has been detected by both transit (Charbon-
neau et al. 2000) and radial velocity (Mazeh et al. 2000)
permitting the determination of its mass and radius.
Present radial velocity precision of the exoplanet search

surveys is close to 3 m s−1 (see Queloz 2001 for the CORA-
LIE program). With a precision down to 1 m s−1, it will
then be possible to detect big Earths with short periods.

Figure 3. Extra-solar planets detected by radial-velocity mea-
surements.

3. CORALIE radial-velocity precision

CORALIE is a fiber-fed echelle spectrograph (Queloz et al.
2000a) mounted on the 1.2-m Euler Swiss telescope at the
ESO La Silla Observatory. It is the southern hemisphere
twin of the ELODIE spectrograph (Baranne et al. 1996),
both of them well known for their extra-solar planets dis-

coveries1. The wavelength domain ranges from 3875 to
6820 Å, recorded on 68 orders. Thanks to a slightly dif-
ferent optical combination at the entrance of the spectro-
graph and the use of a 2k by 2k CCD with 15-µm pixels,
CORALIE reaches a spectral resolution of 50 000 with a 3-
pixel sampling. The total efficiency including atmosphere,
telescope, spectrograph and detector is about 1.5 % at
5500 Å, in the best seeing case. During stellar exposures,
the spectrum of a Thorium lamp carried by a second fiber
is simultaneously recorded in order to monitor the spec-
trograph instability and thus to obtain high-precision ve-
locity measurements. Spectra are extracted and reduced
in real time using the INTER-TACOS software package
developed by D. Queloz and L. Weber at the Geneva Ob-
servatory (see Baranne et al. 1996).
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Figure 4. (Top) 116 RV measurements of the full integrated so-
lar disk with 30 s exposure time. (Bottom) Dispersion of aver-
aged adjacent RV measurements compared to expected photon
noise.

The long-term RV precision reached by CORALIE on
the exoplanet-search survey is presently close to 3 m s−1.
The short-term RV precision reached on the asteroseismo-
logical campaigns is even better, close to the 1 m s−1.
Fig. 4 presents a sequence of RV measurements realized

on the Sun. During the measurements, a diffusing mask
was inserted at the entrance of the telescope in order to
obtain a full integrated solar disk and to be free of any
1 http://obswww.unige.ch/∼udry/planet/planet.html
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possible guiding errors. The standard RV computation by
a cross-correlation algorithm was replaced by an algorithm
based on the optimum-weight procedure, more efficient in
terms of photon noise than cross-correlation (Bouchy et al.
2001). The measured RV dispersion is 1.22 m s−1. The es-
timated errors due to photon noise on the simultaneous
Thorium spectrum (0.55 m s−1) and on the stellar spec-
trum (0.70 m s−1) reach 0.90 m s−1. One part of the dis-
persion comes from the well known 5-mn oscillation modes
of the Sun. If we average adjacent RV measurements we
see that the dispersion goes below 1 m s−1 and reaches the
expected photon noise.
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Figure 5. (Top) 268 RV measurements of α Cen A with 40 s
exposure time. (Bottom) Dispersion of averaged adjacent RV
measurements compared to 1 and 1.3 times the expected photon
noise.

We have made the same analysis on a RV sequence
obtained during one night of an asteroseismological cam-
paign on the solar-like star α Cen A (see Bouchy & Car-
rier 2002). On the RV measurement sequence presented
in Fig. 5, we measure a dispersion of 1.39 m s−1. The es-
timated errors due to photon noise on the simultaneous
Thorium spectrum (0.50 m s−1) and on the stellar spec-
trum (0.50 m s−1) reach 0.70 m s−1. One part of the dis-
persion comes from the 7-mn oscillation modes of this star
(Bouchy & Carrier 2001a). If we average adjacent RV mea-
surements we see that the dispersion goes below 1 m s−1

and reaches 1.3 times the expected photon noise. This

means that there is a white noise at a level of 0.60 m s−1

for a 40 s exposure time, possibly a guiding noise.
These RV sequences demonstrate that a short-term

precision better that 1 m s−1 is achievable with CORALIE
and that the optimum weight algorithm provides a very
efficient way to extract the RV information from a stellar
spectrum. We will see in the next section that this preci-
sion will not be limited to very bright stars.

4. The HARPS project

The future spectrograph HARPS (High Accuracy Radial
velocity Planetary Search, Pepe et al. 2000), which will be
installed end of 2002 on the 3.6-m ESO telescope at La
Silla Observatory, is optimized for high-precision radial-
velocity measurements. The optical design and the char-
acteristics of this instrument are given in Fig. 6. One
hundred nights per year will be dedicated to a planetary-
search survey embracing more than 1000 stars.

Spectral range 3800–6800 Å
Spectral resolution 90 000
Global efficiency* ∼ 4 %
Telescope 3.6-m ESO
RV technique simultaneous Thorium
Expected σRV 1 m s−1

* including atmosphere, telescope, spectrograph and detector

Figure 6. Optical design and characteristics of HARPS.

A complete photon-noise study has been made for this
instrument by Bouchy et al. (2001). The fundamental ra-
dial velocity uncertainty due to the photon noise for a
given flux is presented in Fig. 7 as a function of spec-
tral type (effective temperature) and rotational broaden-
ing (v sin i) of the observed star.
Fig. 8 shows the photon-noise uncertainty versus stel-

lar magnitude assuming a non-rotating K5V star (Teff =
4500K, v sin i = 0 km s−1), for various exposure times. In
this case, the 1 m s−1 level is reached on a 13th magnitude
within 1 hour.
HARPS will be fully adapted to measure RV at a level

of few m s−1 up to the 15th magnitude.
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Figure 7. Radial-velocity uncertainty predictions for HARPS
(texp (s) = 2.512V ).

Figure 8. Radial-velocity uncertainty predictions for HARPS
versus magnitude for a star spectrum with Teff = 4500K,
v sin i = 0 km s−1.

5. UVES+FLAMES on the VLT

UVES (Ultraviolet and Visual Echelle Spectrograph) is a
cross-dispersed echelle spectrograph located at the second
Unit Telescope of the VLT. Our photon-noise study for
HARPS has been extrapolated to UVES and shows a gain
between 1 and 2 magnitudes.

FLAMES (Fiber Large Array Multi Element Spectro-
graph) is a VLT large-field fiber facility which consists of
several components, including a fiber link to the UVES
spectrograph (see Fig. 9). The light is collected at the
Nasmyth focus through 8 fibers in a usable field of up
to 25 arcmin in diameter. Considering that one fiber is
used for the simultaneous Thorium spectrum, 7 objects
can be simultaneously measured with UVES and with a
RV precision of few m s−1, up to the 16th magnitude. The

Figure 9. Representation of the VLT UT2/Kueyen telescope
with all FLAMES components.

usable field is fully compatible with the limited field of the
photometric space missions like COROT and Eddington.

6. Planetary masses determination

Considering that in case of a detected transit the orbital
plane is superposed with the line of sight, the RV semi-
amplitude K can be expressed by:

K = 0.09
mp(M⊕)√

a(AU)M#(M�)
m s−1. (1)

Knowing the orbital period P of the planet and its
phase, it is then possible to reduce the uncertainty σK on
K with intensive RV measurements. With a high num-
ber of observations Nobs, the uncertainty σK is reduced
according to the following formula:

σK =
σRV√
Nobs/2

. (2)

If we want to determine the planetary mass with an
uncertainty as less as 10%, we need to realize the number
of observations Nobs given by:

Nobs = 2.47 · 104 a(AU)M#(M�)σ2
RV

m2
p(M⊕)

. (3)

Table 1 gives this number for a = 0.1AU and σRV =
1 ms−1. For example, a 5-Earth mass planet orbiting an
M0 star (0.51M�) at 0.1AU induces a RV semi-amplitude
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of 2 m s−1. With a 1 m s−1 precision on each measure-
ment, 50 RV measurements properly covering an orbital
period (11.6 days) allow to constrain the mass at a 10%
level.

Table 1. Number of RV measurements (1 m s−1) needed to con-
strain the mass (10% level) of transit detected planets orbiting
at 0.1 AU.

5 M⊕ 10 M⊕ 15 M⊕
F0 (1.60 M�) 158 40 18

G0 (1.05 M�) 104 26 14

K0 (0.79 M�) 78 20 9

M0 (0.51 M�) 50 13 6

Mass determination of big Earths with short periods
by RV measurements from the ground is feasible and not
only on bright stars but it will need very intensive cam-
paigns with 4-m and 8-m class telescopes.

7. Conclusion

It will be very useful and may be indispensable to follow
up future photometric space missions with complementary
ground-based Doppler observations. The most important
reasons are:

– Knowing the radius of the planet, it provides a way
to characterize its density and then bring constraints
to physical models of these objects. It will allow to es-
tablish the density-mass relation for planetary masses
ranging from a few Earth masses to 10 Jupiter masses.

– Confusion between planetary and brown- or white-
dwarf transits will be avoided.

– It will allow, in some cases, to determine the binarity
of a star.

– Observation of a spectroscopic transit (see Queloz et al.
2000b) also allows us to determine the v sin i of the star
and the geometry of the system (the angle between the
orbital and stellar-rotation planes).

The future photometric space missions like COROT,
Kepler and Eddington will need very intensive RV follow
up campaigns from the ground.
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Abstract

A brief overview of a procedure for identifying time se-
ries showing evidence of transits is presented. The method-
ology is intended for application to large databases of time
series. Some results of applying the method to the Hippar-
cos epoch photometry are summarised.

Key words: Methods: statistical – Planets: exoplanets

1. Introduction

We present a report on work in progress, in which we
are investigating various aspects of detecting planetary
transits in time series of photometric observations of stars.
The following topics are briefly discussed:

(1) A comparison of a number of statistics designed to
select the “best” transit period present in noisy data.

(2) A comparison of the efficacy of a number of statistics
for the detection of a small excess of faint magnitude
measurements.

(3) A scheme for efficiently testing a large number of pho-
tometric datasets for transit signatures.

(4) The results of applying the scheme to the Hipparcos
epoch photometry of a large number of stars.

2. Statistics for selecting optimal periods

The approach taken is to fold the data with respect to
a trial period, and then to calculate the value of a test
statistic for the particular trial period. The test statistics
are designed to detect changes in the mean value of the
phased observations: when folding with respect to an in-
correct period, the mean is expected to be independent of
phase, and constant, while a variation with phase will be
maximally visible when folding with respect to a period
which is truly present in the data. The optimal period is of
course that at which the value of the test statistic is most
extreme. The performance of four statistics was studied:

(1) A non-parametric test can be based on the fact that a
change in the mean value over the [0, 1] phase interval
will manifest as an excess power at low frequencies of
the periodogram of the phased observations (see e.g.
Lombard 1998).

(2) The use of cumulative sums (CUSUMS) to test for
changes in mean value of a sequence of observations
is well known (see e.g. Lombard & Koen 1993 for an
application in astronomy). The form of the statistic we
evaluated was that appropriate for a temporary change
in level (Lombard 1987).

(3) The remaining two statistics are based on fitting the
specific model of a square wave to the phased observa-
tions. The first of these is simply the maximum con-
trast between the two levels of the square wave.

(4) The final statistic is based on a least squares fit of a
square wave to the phased observations. The resulting
statistic is equivalent to the “matched filter” statistic
(e.g. Jenkins et al. 1996, Castellano et al. 2000).
Our rather limited simulation studies suggest that the

statistic based on least squares is the most powerful, fol-
lowed by the CUSUMS statistic. Only the former was used
in studies reported below. It will be denoted by T∗ in what
follows.

3. Skewness statistics

The longer the time baseline of the observations, the finer
the frequency resolution of any period test statistic. The
result is that any procedure used is computationally very
expensive if the baseline is a few years. It is therefore de-
sirable to develop a quick screening statistic which can be
used to eliminate datasets which clearly do not contain
any evidence for transits. A possibility is offered by the
small excess of fainter, as compared to brighter, magni-
tudes induced by planetary transits. The result is a slight
asymmetry in the distribution of magnitude measure-
ments, with the upper tail being slightly longer than the
lower. This suggests testing magnitude distributions for
symmetry, and concentrating on those showing hints of
positive skewness.
Many skewness tests have been proposed in the statis-

tics literature. Examples can be found in Butler (1969),
Rothman & Woodroofe (1972), Randles et al. (1980) and
Bhattacharya et al. (1982). Some of these tests assume
that the median of the distribution is known; we have
determined new percentage points for these under the as-
sumption that the median is unknown, as is the case in
the problem at hand.
Simulation studies show that for the very small posi-

tive skewnesses expected, a test based on the asymptotic
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normality of the standardised skewness coefficient is the
most powerful of the statistics studied. However, it rou-
tinely fails to reject the hypothesis of symmetry in cases
where the statistic T∗ identifies the correct periodicity in
the data. Our preliminary conclusion is that the coeffi-
cient of skewness may be a useful aid in selecting datasets
containing relatively deep eclipses, but that it will be of
limited utility in the case of the very small effects caused
by planetary transits.

4. A suggested procedure

The essential requirement is a significance test of the pe-
riod finding statistic T∗. This is most easily, and reliably,
done by using a permutation test: the magnitude values
are randomly re-assigned to the time points of observa-
tion, and the resulting value of T1 of the statistic is noted.
This procedure is repeated a large number N of times, and
the resulting additional statistics T2, T3, . . . , TN all noted.
The observed value T∗ is then ranked in the collection of
Tj to establish its significance level, at which point the
null hypothesis of “no periodicity” is either accepted or
rejected.
The advantage of this method is that no distributional

assumptions about the observations needs to be made –
it is fully non-parametric. The disadvantage is that it is
extremely expensive in terms of computation time. Before
embarking on the permutation test procedure, two other
simple tests, designed to weed out poor candidates, are
carried out. The first is an evaluation of how well the tran-
sit model fits the observations. Denote the model residuals
by εj , and the measurement errors of the individual mag-
nitudes by σj . The quantity

S2 =
N∑
j=1

(εj/σj)2

then has a χ2 distribution with N − 5 degrees of freedom,
or, more conveniently

S′ =
√
2S2 −√2N − 11

is approximately standard normally distributed.
The second test is one for model uniqueness: the “best”

model needs to be better by some margin, otherwise the
presence of observational error may have randomly ele-
vated it to prominence. Subject to a number of constraints
the difference between T∗ and the next-best value of the
statistic has an approximate χ2 distribution with two de-
grees of freedom, under the null hypothesis of no transits.
This can be used to test whether T∗ is significantly larger
than the statistics for the other folding periods.
The permutation test is then only applied to those

datasets which pass the two pre-selection criteria.

5. Application to Hipparcos data

The ideas above were applied to all bright stars from the
Hipparcos database which were deemed non-variable in the
catalogue (i.e. classified as “constant”, or with no variabil-
ity classification - see ESA 1997). The brightness limit was
set at Hp ≤ 7, in order to be sure that noise levels were
relatively low – this left 10 820 candidate stars.
In practice, the goodness-of-fit and uniqueness tests

were performed at the 5% level. Because of its demand on
computer time, the permutation test was done as follows:
if fewer than 5 values of Tj exceeding T∗ were found in
50 permutations, then T∗ was deemed significant. These
levels are, of course, much more generous than would have
been used in any serious attempt at finding planetary tran-
sits in the photometry. Here we are only interested in test-
ing the operation of our algorithms.
The goodness-of-fit statistic eliminated 1577 (15%) of

the datasets. In many cases the lack of fit could be traced
to outlying datapoints, which nonetheless had small
quoted measurement errors. In a number of other cases
stars were clearly slow, large amplitude variables. Only
196 (1.8%) of the datasets satisfied the uniqueness crite-
rion. In some cases this is obviously due to aliasing. There
are 114 (1.1%) of the datasets which survive both criteria.
Of these, 90 (0.8%) were also acceptable by the permuta-
tion test. We stress that these do not necessarily constitute
serious candidates for planetary transits, as the necessary
parameter limits were not set stringently enough to weed
out e.g. stellar eclipses. Four sample folded light curves
are shown in Fig. 1.
Only 44% of the final 90 datasets had positive stan-

dardised skewness coefficients larger than 1.28, and only
26% were larger than 1.64 (the upper 10% and 5% points
of the standard normal distribution). Thus, although the
selected datasets generally did have substantial positive
skewness, it was not such that it could be used as a selec-
tion criterion.
Recently Koen & Eyer (2001) have attempted to ex-

tract new periodic variable stars from the Hipparcos da-
tabase. They claim 148 new variables amongst the 10 820
stars studied by the present authors. Four of their pro-
posed variables are amongst our final 90 stars.

6. Conclusions

There is considerable scope for progress in the work re-
ported above. We mention only three possibilities which
are relatively simple to implement but may be of consid-
erable use.
First, our implementation of the permutation test sho-

uld be replaced by a scheme resembling that used in se-
quential hypothesis testing, with permutations continuing
until the null hypothesis can be either accepted or rejected
at pre-determined levels. However, it may be necessary to
depart from the traditional way in which such testing is
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Figure 1. Four examples from the Hipparcos database which sat-
isfy all the selection criteria. From top to bottom: HIP 3559
(P = 2.65 d), HIP 5021 (P = 2.04 d), HIP 48223 (P = 7.82
d) and HIP 93042 (P = 4.06 d).

done, or use unconventional significance levels, in order to
avoid excessive computational cost.
Second, more realistic transit light curve shapes which

still retain the virtue of simplicity should be investigated.
One possibility is the power law form

m =
{

m0 +B
[
1− |(φ− φ0)/A|β

] |φ− φ0| ≤ A
m0 otherwise

where φ denotes phase. This requires the additional de-
termination of the best-fitting value of β at each step of
the fit evaluation.
Third, incorporation of knowledge about the physical

nature of the star can improve the transit search efficiency.
To name but one example, deep eclipses (i.e. more than
about 0.03 mag) are only expected for red and white dwarf
stars. This suggests separating stars with extreme colours
from the rest, and applying stricter criteria for outlier de-
tection to the latter.
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Abstract

Up to day information on exoplanets or extrasolar plan-
ets gives about 60 main-sequence and subgiants stars with
such planets turning around them (Schneider 2001). But
many observed candidate late-type stars had not shown
just now any sign of the presence of any exoplanet around
them. With the information collected until now, could it
be possible to establish some criteria, based on relevant
known stellar characteristics, to distinguish stars with and
without exoplanets? High resolution spectra probably are
going to differentiate the two categories of stars, but some
doubts still persist about for example, the claims that
stellar supermetallicity is the best criterium giving higher
probability to find extrasolar planetary systems. We re-
view recent bibliography and we will try to counterbalance
arguments.

Key words: Stars: metallicity – Planets: exoplanets

1. Introduction

A relevant question about stars with exoplanets is if these
stars are or not typical for the local stellar population
or if they are different in some crucial aspects (Suchkov &
Schultz 2001). In addition, could it be possible to establish
some criteria, based on relevant known stellar character-
istics, to distinguish stars with and without planets?
We can think that some of them could play a role like

stellar evolution, stellar activity and angular momentum
or rotational velocities, but data in these domains are
scarce, difficult to obtain or inaccurate, not allowing at
present for conclusive results.
However, a possible answer to this question could be a

mean higher metallicity for stars having exoplanets than
field stars.

2. High resolution spectra and [Fe/H]

In a series of papers Gonzalez and collaborators (Gonzalez
1997, Gonzalez 1998, Gonzalez & Venture 1998, Gonzalez
1999, Gonzalez et al. 1999, Gonzalez & Laws 2000, Gon-
zalez et al. 2001, Feltzing & Gonzalez 2001) analyse high
resolution spectra and study metallicities of stars having
exoplanets or being candidates to observation with that

purpose. The remarkable result of these works is that these
stars (named SWP = stars with planets) considered as a
group, have statistically higher metallicity than stars in
the solar neighbourhood (Favata et al 1997).
Other groups dedicated to search for exoplanets con-

firm more or less the Gonzales team results (Gonzalez
et al. 2001).
For 20 SWP with exoplanets (planet mass < brown

dwarf mass), they found (Gonzalez et al. 2001) a mean
metallicity 〈[Fe/H]〉 = +0.18± 0.19 dex. Adding other 12
SWP (Gonzalez 1997, Gonzalez 1998, Gonzalez & Venture
1998, Gonzalez et al. 1999, Gonzalez & Laws 2000) and
another 6 SWP (Santos et al. 2000) the mean metallicity
becomes <[Fe/H]> = +0.17 ± 0.20 dex.
In Fig. 1 (from Gonzalez et al. 2001 Fig. 3) are rep-

resented the histograms of the [Fe/H] distribution for 38
SWP (20+12+6). The mean metallicities values obtained
were (Fig. 1a):
– 〈[Fe/H]〉 = +0.17± 0.20 for SWP stars and
– 〈[Fe/H]〉 = −0.12± 0.25 for field stars.
Taking into account that the more massive SWP can

introduce anomalous [Fe/H], Gonzalez et al. corrected by
0.15 dex to eliminate the correlation between stellar masses
and [Fe/H]. The corrected distribution for SWP gives a
new histogram (Fig. 1b) and a mean metallicity for SWP
〈[Fe/H]〉 = +0.07± 0.19.
Other claims of these authors are that:

– for youngest SWP F or G0 types, 〈[Fe/H]〉 is higher
by +0.15 dex than for young field stars of the same
galactocentric distance;

– SWP appear to have smaller [Na/Fe], [Mg/Fe] and
[Al/Fe] values than field stars with the same [Fe/H];

– there are no significant differences in [C/Fe], [O/Fe],
[Si/Fe], [Ca/Fe] and [Ti/Fe] values between SWP and
field stars.

3. Other results on [Fe/H] values

We summarize here some discrepant results of other work-
ers. Laughlin (Laughlin 2000) conclude that
– stars of [Fe/H] > 0.2 dex constitue a mere 2.4 % of
the local G dwarf population and hence about 35 such
metal-rich G dwarfs are expected to lie within 40 pc. It
therefore appears that approximatively 10 % of stars
with [Fe/H]> 0.2 dex are accompanied by short-period
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Figure 1. Histogram of [Fe/H] values for field stars from Favata
et al. (1997) is shown shaded in (a) and (b). Histogram of 38
SWP is shown in bold outline in both diagrams. (a) Comparison
between the two raw distributions. (b) The [Fe/H] values of the
SWP more massive than 1.0 M� have been reduced by 0.15
dex.

planets. In other words, the most metal-rich stars have
a 10 times increased probability of harboring a short-
period planet.

– there is some evidence for increasing metallicity with
increasing stellar mass (Fig. 2, from Laughlin 2000
Fig. 5) among all known planet-bearing stars for which
metallicities are available. Most of the metallicity val-
ues shown on this plot were taken from Table 5 of
Butler et al. (Butler et al 2000).

The conclusions of Giménez (Giménez 2000) are:

– Strömgren photometry and good calibrations will al-
low to deduce metallicity values similar to those ob-
tained from high resolution spectra and LTE stellar
models;

– there is observational evidence that stars with planets
are slower rotators than average MS stars;

– metallicity is not related with planet mass at least for
the sample at our disposal today (Fig. 3, from Giménez
2000 Fig. 5);

– and SWP have metallicity distributed around solar one
(Fig. 3, from Giménez 2000 Fig. 5).

Figure 2. Metallicity vs. stellar mass for the known planet-
bearing stars. A best-fit slope to the data is shown, illustrating
a possible trend toward increasing metallicity as a function of
stellar mass among the stars plotted. The increase in metallic-
ity achieved by adding 30 M⊕ of heavy elements to the convec-
tive envelopes of various stars of solar metallicity are shown
as vertical lines whose height corresponds to the metallicity in-
crease. The 30 M⊕ of debris added to the fully radiative 1.4 M�
star is assumed to mix with 0.004 M� of the stellar envelope.

Other works found similarities between SWP and
young stars like the Hyades ones (Suchkov & Schultz 2001)
in the sense that they show similar metallicities (Fig. 4,
from Suchkov & Schultz 2001 Fig. 1) and distribution over
the H-R diagram (Fig. 5, from Suchkov & Schultz 2001
Fig. 4).

4. [Fe/H] of stars in the solar neighborhood

From high resolution spectra (R ≥ 50 000) of a sample of
91 G and K dwarf stars, Favata et al (1997) determine
[Fe/H] abundances using only the high excitation Fe lines
to avoid NLTE effects over the lines originated from low
excitation levels. They take into account the results of
the detailed analysis of Steenbock (1985) who shows that
NLTE produces an over-ionization of Fe i and that NLTE
effects will increase with increasing line strength and de-
creasing excitation potential, due to the different depth of
formation of the core of these lines.
They find that an apparent break exists in the distri-

bution of [Fe/H] at Teff = 5100 K hinting a lack of metal
poor K dwarfs in the solar neighborhood (Fig. 6, from
Favata et al 1997 Fig. 1).
These two populations show very different histograms

(Fig. 7, from Favata et al 1997 Fig. 3), the hotter stars
centered at −0.25 and the cooler ones at 0. The complete
set for all stars give an histogram centered at 0.
The abundance determination depends on many fac-

tors to be taken into account: in particular, the [Fe/H]
value is very sensitive to the assumed microturbulence (ξ)
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Figure 3. Comparison of derived metallicities with the mass of
the lightest planet of each star in units of Jupiter’s mass.

Figure 4. Metal abundance distribution of single F stars within
50 pc (from Cayrel de Strobel et al. 1997; [Fe/H] from spec-
troscopy), planet-bearing stars ([Fe/H] compiled from the cur-
rent literature), and the Hyades F stars ([Fe/H] from the uvby
colors).

one, and a bias can be created naturally assuming lower ξ
for metal-poor stars (sharp lines) and higher ξ to metal-
rich stars (wide and deep lines).
Another factor that could influence [Fe/H] values for

cooler stars is the continuum blanketing produced by di-
atomic molecules as mentionned by Favata et al (1997):
“the line strength of diatomic molecules (not the hydrides)
goes roughly like the square of Z, while the line strength of
atomic lines is roughly linear with Z.” The continuum be-

Figure 5. The log Te–MV diagram for the Hyades and planet-
bearing F stars. The three lower lines are the zero-age main
sequence and 700 Myr and 1 Gyr isochrones, respectively; other
isochrones are labeled by their age.

ing depressed, the flux become lower than in the situation
without blanketing, and this effect will be more important
in metal-rich stars than in the other ones. However, calcu-
lations with Kurucz models with and without molecular
blanketing gave only differences of 0.02 dex in [Fe/H].
They also stressed that the considered samples were

small, so one need to be cautious to draw conclusions from
their statistical results.
In a recent work, Haywood (Haywood 2001) makes a

revision of the solar neighborhood metallicity using photo-
metric calibrations (Geneva and Strömgren) and analyses
in detail different biases that affect the observed metallic-
ity distribution, due to selection criteria of the observed
stars. In particular he remarks that most local metallicity
surveys are biased against metal-rich stars.
Haywood notices that from the statistical point of view

it is necessary to consider at least three biases:

– the age bias,
– the mass bias,
– the spectral type selection bias.

Haywood points out that unfortunately, spectral type
criteria introduce biases in the metallicity distribution
which are almost impossible to correct. In particular, a se-
lection of G-dwarfs is inherently biased against metal-rich
stars and is not representattive of the solar neighborhood
metallicity distribution.
In addition, the late-type star chromospheric activity

affects the Strömgren photometric index m1 producing
an apparent metal-deficient aspect for young active stars
(Haywood 2001).
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Figure 6. The Fe abundance plotted against effective temper-
ature for the whole sample studied (Favata et al. 1997). The
vertical error bars are the formal error on the abundance deter-
mined by the spread of the values derived from the individual
Fe lines.

The metallicity distribution corrected for biases of Hay-
wood results centered in the solar value, as was early ob-
tained by Favata et al. (Favata et al 1997) and not dis-
placed to lower values of [Fe/H] = −0.3 to −0.1 as ob-
tained by previous works (Fig. 8, from Haywood 2001 Fig.
8).

5. The solar photospheric abundance of iron

There is a long-standing debate concerning the solar pho-
tospheric abundance of iron. This controversy between the
Oxford group and the Kiel-Hannover group is summarized
by Grevesse & Sauval (1999) and clearly exposed by these
authors by plotting the evolution of the obtained Fe solar
abundance values with time (Fig. 9, Grevesse & Sauval
1999 Fig. 1).
Discrepancies of Fe abundances deduced from different

Fe i lines subsist as well as for Fe ii lines, a well-known de-
ficiency of the LTE assumption together with the use of a
one-component atmospheric model (normally plan paral-
lel and with homogeneous abundances). The LTE analysis
leads to Fe abundances depending on excitation poten-
tial and also on optical line formation depth (Fig. 10 and
Fig. 11, Grevesse & Sauval 1999 Fig. 2 and 3).

Figure 7. The histogram of [Fe/H] values for stars hotter (con-
tinuous line) and cooler (dashed line) than 5100 K. The values
have been corrected for scale height inflation (see Sect. 7 of
Favata et al. 1997).

An empirical (and ad hoc) modification of the Hol-
weger and Muller (Holweger & Muller 1974) photospheric
solar model allow Grevesse and Sauval to stabilize the
Fe/H abundance at 3.16 10−5 or A(Fe) = 7.5 ± 0.05, en-
abling the Fe i abundance to be statistically independent
of both excitation potential and optical line formation
depth τ . (Fig. 12, Fig. 13 and Fig. 14; Grevesse & Sauval
1999 Fig. 4, 5 and 6). Similar conclusions and practically
the same abundance value is obtained for the Fe ii lines,
and in this way the obtained solar Fe abundance agrees
with the meteoritic value.
However Grevesse and Sauval (Grevesse & Sauval 1999)

noticed that, after doing these corrections, the dispersion
of the results (A(Fe) as function of log τ) is unconfortably
larger.
Discrepancies between Fe abundances derived from dif-

ferent lines and ionization stages are classically attributed
to bad log gf values and to the use of simplified one-
component stellar atmospheric models. For other elements
there is some evidence that LTE hypothesis play an impor-
tant role in this abundance anomaly, i.e. different abun-
dance values derived from different lines of the same ion
and same species and great dispersion of the results. On
the one hand, physical considerations lead to suppose more
or less homogeneous abundances and on the other hand,
the same ions are those producing all the observed lines,
and then their number density must be always the same.
Grevesse and Sauval (Grevesse & Sauval 1999) clearly

demonstrate that abundances are model-dependent, not
only in relation with the fundamental parameters used
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Figure 8. Plot (a) illustrates how a bias against metal-rich stars
is introduced by selecting G-type stars. The plot shows the Hay-
wood’s sample of long-lived dwarfs, with all K-type stars re-
moved, to mimic the metallicity bias (thick line). The sample
of Rocha-Pinto and Maciel (1996), which contains only G-type
stars (cleaned using Hipparcos parallaxes) is also shown. The
lower plot shows the Haywood’s distribution (all stars, corrected
as described in section 2 of Haywood 2001) and the distribu-
tion by Favata et al. (1997), which shows no apparent bias.
Histograms have been normalised to contain the same number
of stars.

to define the model, but also to impose (theoretically or
empirically) the photosphere structure and the free pa-
rameters. They noticed that the Fe ii results (Grevesse &
Sauval 1999 Table 3) also depend on the microturbulent
velocity ξ: decreasing ξ from 1 to 0.8 km s−1 increases
A(Fe) by 0.03 dex.

Figure 9. The iron solar abundance as a function of time, since
the pioneering determination by H. N. Russell in 1929. The
value obtained by Russell was not too far away from the most
recent results of the last decade !

Figure 10. The iron solar abundance values against the exci-
tation potential for the 65 solar Fe i lines used (Grevesse and
Sauval 1999) as derived with the Holweger and Müller (1974)
model using ξ = 0.85 km s−1. Representative points are in-
dicated ’o’ for the Oxford set of lines and ’h’ for the Kiel-
Hannover set.

6. The NLTE abundance of Fe i and Fe ii

Thévenin & Idiart (1999) using NLTE calculations for de-
tailed atomic models of Fe i and II and LTE atmospheres
with A(Fe) = 7.46 (or −4.54 or Fe atoms/H atoms = 2.9
10−5) studied the range of [Fe/H] from −4.0 to 0.0 dex.
NLTE curves of growth were calculated for Fe i and II and
abscissae (of the curve of growth) considered as in the LTE
case to derive abundances for Fe i and Fe ii: because the
abundance value to obtain must be the same, an itera-
tion on log g (changing the atmospheric model) allows to
converge to one common [Fe/H] value.
So the discrepancy noticed by Nissen et al. (1997) be-

tween the deduced Hipparcos log g and the spectroscopic
log g can be solved in this way as shown by the compari-
son of the obtained log g(NLTE+CG) with the Hipparcos
deduced log g (Thévenin & Idiart 1999 fig. 8).
They noticed that overionization by UV lines seems to

play an important role in atmospheres of metal-poor late-
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Figure 11. The iron solar abundance values against the mean
optical depth of line formation (log τ0) for the 65 solar Fe i lines
(Grevesse and Sauval 99) as derived with the Holweger and
Müller model (1974) using ξ = 0.85 km s−1. Representative
points are indicated ’o’ for the Oxford set of lines and ’h’ for
the Kiel-Hannover set.

Figure 12. Temperature distributionm against log τ0 for the Hol-
weger and Müller model (1974) (dotted line) and the new pho-
tospheric model (solid line).

type stars. Upper levels will be overpopulated and lower
ones depopulated.
For lower Fe abundance values, the UV line blocking

decreases rapidly and the overionization become impor-
tant. This effect is shown in the relation between the
metallicity correction factors ∆([Fe/H]) and the metallici-
ties estimated by the LTE approach (Fig. 15, Thévenin &
Idiart 1999 Fig. 9). Overionization increases rapidly when
abundance decreases and reach a maximum for [Fe/H]
≈ −3.0. In other words, the NLTE analysis should in-
crease Fe abundances for metal-poor stars. For solar-type
stars the overionization has no effects.

7. Critical remarks about Fe abundances

The LTE assumption and the use of curve of growth me-
thod continue to be used in general to determine abun-
dances from observed spectral lines. Much of the anoma-
lies and discrepancies in abundance values from the same

Figure 13. The iron solar abundance values against the mean
optical depth of line formation (log τ0) for the 65 solar Fe i lines
(Grevesse and Sauval 1999) as derived with the new model.
Representative points are indicated ’o’ for the Oxford set of
lines and ’h’ for the Kiel-Hannover set.

Figure 14. The iron solar abundance values against the excita-
tion potential for the 65 solar Fe i lines (Grevesse and Sauval
1999) as derived with the new model. Representative points are
indicated ’o’ for the Oxford set of lines and ’h’ for the Kiel-
Hannover set.

ionization state and different excitation lines come from
them.
Indeed, the NLTE approach lead to harmonize abun-

dance values from different ionization stages as well as
abundances derived from visible and UV lines.
NLTE effects become more important when abundance

of the element become higher than normal, because then,
the lines will be formed at lower optical depths in the
stellar atmosphere.
Thus, the LTE abundances for super-metal-rich (SMR)

stars are surely overestimated and in a way that the more
the abundance increase, the more the NLTE effect works.
However, we notice that the NLTE approach do not

solve completely the abundance diagnostic problem.
The atmospheric models commonly used to these pur-

poses are plan parallel and with homogeneous abundances,
named one-component atmospheric model, being in fact
only photospheric ones. The minimum temperature re-
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Figure 15. Final estimated NLTE abundance corrections
∆([Fe/H]) vs LTE atmospheric parameters from Thévenin
(1998).

gion, between photosphere and the beginning of the chro-
mosphere is in general bad defined and many lines display
a formation region including this region and then affect-
ing indirectly the transfer in subordinate lines by chang-
ing population numbers of excited levels or by affecting
the mean radiation field by blanketing.
The construction of empirical solar models for the only

purpose to obtain lower dispersion of the LTE abundance
values should be consider only as a good exemple of the
influence of the model over the abundance parameter. But
in any way could allow to obtain coherent results to be
compared to other stars.
In the solar case, there are many “good” photospheric

one-component models, but all of them differ in the upper
layers and no one can reproduce all the solar phenomena
for which they will built. This lack of unicity is the coun-
terpart of the simplicity to use one-component models.

Is it well-known now that there are photospheric mo-
tions propagated from the upper convective zone produc-
ing asymetries, line shifts and changes in equivalent widths
and that local and temporal changes in temperature struc-
ture contribute also to give the inhomogeneous character
to the photosphere.
Other criticism that could be adressed to these statisti-

cal abundance determinations is that associated errors to
[Fe/H] values seem to be very optimistic as usual in abun-
dance works. Errors are always limited to 1 σ instead or 2
or better 3 σ. If the practice of 3 σ were more usual, some
of the abundance controversies they would not take place.
Finally, we need to consider the calibration process

of photometric indexes on metallicity. If individual star
metallicities are bad defined from spectroscopy, there will
be no method to retrieve the good abundance or metallic-
ity values, producing in this way innacurate photometric
calibrations.

8. Conclusions

The metallicity of stellar photospheres could not be known
precisely due to many factors, in particular the theoretical
interpretation of data uses transfer simplifications and/or
the physical interpretation of photospheres used is also
simplified. More complicate modelisations (atomic mod-
els, NLTE, inhomogeneous atmospheres, atmospheric hy-
drodynamics) could introduce new unknown parameters
and the astrophysicist must take a compromise to obtain
some convenient results.
The metallicity values have a sense only statistically

(from many lines of the same element), but the real values
would be obtained directly from a combined mid and high
spectroscopy analysis. In general, the accuracy of abun-
dances must be taken not in the optimistic way as 1 σ as
usually but in a more physical sense as 3 σ.
The claimed supermetallicity for stars with planets

(SWP) must be thought in this context. Probably statis-
tics show that SWP are supermetal rich stars as a group,
but some of the SWP have normal or lower metallicity
than solar.
We prefer to be prudent about these claims and wait to

a statistically well-defined SWP sample allowing to assess
a result that could allow in the future, to facilitate the
search for exoplanets.
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A. Léger, A. Labèque, M. Ollivier, P. Sekulic, and C. Valette
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Abstract

The present state of our knowledge on extra-solar plan-
ets is reviewed. Although it is mainly limited to giants,
their extraordinary diversity is impressive. A list is made
of some information we are eager to get: (i) understanding
the presence of hot and temperate jupiters, (ii) knowing
the abundance and size and distance distributions of ter-
restrial planets. The capabilities of theories to make pre-
dictions is considered and it is concluded that they are
not presently very efficient because they depend upon un-
known parameters. This stresses the importance of obser-
vations. Finally, the atmospheric composition and climate
of terrestrial planets is discussed as well as the tools we
have to investigate the ubiquity of life in the Universe, one
of the most significant problem that Science can address.

Key words: Planets: exoplanets – transit – planetary mi-
gration – planetary formation – terrestrial planets – cli-
mate – life

1. What do we know?

The information we have today about exoplanets around
main Sequence stars are mainly obtained from Radial Ve-
locity (RV) measurements. Since the major discovery of
51Peg b by Mayor and Quéloz (1995), 63 giant exoplanets
have been discovered around Main Sequence stars (June
2001, see the web site by J. Schneider). As RV provides
the abundance of planets, their mass (M) and semi-major
axis (a) distributions, we have some statistical information
about these quantities.

1.1. Giant exoplanet abundance

Today, a sample of 3000 stellar systems is monitored by
the different groups active in the field (D. Quéloz, this
workshop) out of which 63 giant exoplanets has been de-
tected. The detection sample can be considered as com-
plete for M ≥ 2MJup and a ≤ 2AU. The abundance of
giant exoplanets, in this mass and distance range, is about
2%.

1.2. Mass distribution

Fig. 1 shows the M sin i distribution where i is the an-
gle between the line of sight and the normal to the orbit,
because M sin i is the quantity accessible to RV. For a
given planet, sin i can have a special value which prevents
any definite conclusion about M . However, for a signif-
icantly large sample, e.g. 63 planets, a systematic effect
is extremely unlikely and the M sin i distribution is in-
formative about the M distribution, with < sin i >∼ 0.5
when averaged over the different orbit orientations.

Figure 1. Histogram of the 63 giant exoplanets discovered by Ra-
dial Velocity (RV) (June 2001) as a function of M sin i, where
M is the planetary mass and, i, the angle between the line of
sight and the normal to the orbit. Note the rise of the distri-
bution for small masses which is not due to an observational
bias. Data are from J. Schneider’s web site (2001).

The amplitude of the RV, in m/s, is given by:

| vr |max = 13
Mpl sin i
MJup

(
a

5AU
)−0.5 (

M#

M�
)−0.5(1− e−0.5)

where e is the eccentricity of the orbit. The RV ampli-
tude being proportional to the planetary mass, the distri-
bution cannot be biased towards small M . Then, the dis-

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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tribution rise for small masses is real. Presently, the small-
est mass is 1.1MSaturn (HD83443 b2), assuming sin i =
0.5. The discovery of smaller objects is expected in the
near future, possibly down to Uranus masses, because
| vr |max= 3 m/s for M = MUranus, sin i = 0.5, a = 0.05
AU, M# = 1M�, and measurements with σvr = 1 m/s,
are expected within few years.

1.3. Planet to star distance distribution

Figure 2. same as Fig. 1, but as a function of the orbital semi-
axis of the planet. Data are from J. Schneider’s web site (2001).

Fig. 2 shows the planet distribution as a function of
their orbital semi-major axis, a. For Mpl = MJup, sin i =
0.5, M# = 1M� e = 0, the radial velocity vr = 20 m/s
corresponds to a = 2.11 AU. As current measurements
are made with σvr = 5 m/s, planets with | vr |max larger
than 20 m/s are securely detected. Then, the distribution
is representative for big jupiters and a ≤ 2AU .

The distribution of Fig. 2 shows the great diversity of
giant exoplanets: hot jupiters (a < 0.1 AU), temperate
ones (a ∼1 AU), planets with large eccentricity (up to
e = 0.93).

The presently discovered giant exoplanets appear very
different from the Solar System ones. However, this does
not mean that Solar System analogues do not exist be-
cause they are presently out of reach of our observations.

2. What do we want?

2.1. Giants

First, we want to understand their great diversity. The
presence of giant planets close, and very close, to their
star likely implies their migration from a native region
further away in the planetary nebula, probably further
than the ice boundary where more material can condense.
This migration was predicted before the observation of
hot and temperate jupiters (e.g. Ward, 1986). However,
the present state of the theory of planet migration (type
I and type II, Ward 1997 and Fig. 3) is indicative of the
physical processes but not fully satisfying: it depends upon
an arbitrary parameterization of the gas viscosity, the α
models. In addition, major events, as the formation of gi-
ant planet cores before their migration into the star, are
not understood. The theory finds a migration time for
these cores (few 104 yr) shorter than the time required for
the gas accretion that builds the gaseous planet.

Figure 3. Migration time of an object, due to its interaction with
the nebula disk, as a function of its mass, for various values
of the viscosity parameter, α, of the disk (α models). Type II
migration is when the planet has opened a gap in the disk and
type I when it has not. Note that, for viscosity parameter values
believed relevant for the Solar System, α = 10−4 − 10−3, the
migration time of giant planet cores (M ∼ 10MEarth, τ ∼
2 104 yr) seems shorter than the time required for the gas to
accrete and form the gaseous giant (from Ward 1997).

Second, we want to understand the internal structure
of giant exoplanets because they definitely extend the
range of parameters, e.g. mass, age, chemical composi-
tion, that are accessible in the Solar System. For that
goal, a valuable tool is already available for one object
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(HD209458b), and should develop in the future: the mea-
surement of the R(M) relationship when a transit observa-
tion, providing R, can be combined with a RV observation,
providing M . The R(M) relation can be derived from dif-
ferent theoretical models of the internal structure of giant
planets and the results compared with observations.

2.2. Terrestrials

The quantities of interest are:

– their abundance in the Solar neighborhood;
– semi-axis distribution, e.g. how many are in the Hab-
itable Zone (HZ)?

– Rpl distribution. Whether big earths exist, or not, is
important for having an idea of the ”zoo” around us
but also for direct detection missions (Darwin, TPF)
because their detection and spectral analysis will be
significantly faster, as the integration time for those
detections goes as R−4

pl when the other different pa-
rameters of the observation are kept unchanged;

– e, the planet eccentricity.

Tools are:

1. theoretical understanding of the processes involved, in
order to make predictions on the planet formation, mi-
gration and e building;

2. detection and characterization by transit observations
(a, Rpl).

3. Information from theory

3.1. Terrestrial planet formation

The subject was discussed by F. Massey at this workshop.
Some important results are:

– terrestrial planets can be common;
– as a result of numerical simulations, the number and
distance to the star of terrestrial planets formed from a
planetary nebula is independent of its surface density,
Σ(r), (Wetherill, 1996);

– on the other hand, the mass of individual planets de-
pends upon Σ(r). It is roughly proportional to it (same
reference and Fig. 4).

3.2. Migration and terrestrial planets

As mentioned above, this physical process is probably
essential for understanding the existence of hot jupiters
and more generally, most if not all, the giant exoplanets
presently detected.
Concerning the abundance of terrestrial planets, mi-

gration may play a key role. If the low abundance of giant
planets is confirmed and due, in most cases, to a migra-
tion of these objects into their star, it would imply that
the planetesimals or terrestrial planets in the region 0.5–2

AU (around solar type stars) are swept out when the gi-
ants pass by. Then, the terrestrial planets would be rare.
On the other hand, if the giant low abundance is due to
the difficulty to build their core (see sect. 2.1), the for-
mation process of terrestrials seems unavoidable and their
abundance should be high.
An interesting observation has recently been published

by Israelian et al. (2001). They have detected 6Li in a
solar type star and interpreted it as the indication of the
engulfment, in the past, of a planet. It may be a way to
know if giant planet migration has occurred in the past
and swept terrestrial objects.

3.3. Conclusions

In the present state of the art, theory is progressing but
not yet able to produce real predictions about the abun-
dance of planets, their radius, mass and orbital param-
eters. All the calculations are heavily dependent upon
presently unknown parameters as the initial nebula sur-
face density, Σ(r), and its effective viscosity, α. Clearly,
observations are needed.

4. Planetary atmospheres – climates

4.1. Nature of atmospheres

At the distance of terrestrial planets in the proto-planetary
nebula, i.e. with low pressure (P < 1 mbar) and high
temperature (T ∼ 1000 K), the following reactions are
expected:

CH4 + 2H2O → CO2 + 4H2

2NH3 → N2 + 3H2

Then, CO2 and N2 are expected as important compo-
nents in the atmosphere of terrestrial planets, as in the
Solar System. The question is whether this is confirmed
by observations in extra-solar systems which would put on
firm grounds our understanding of our own system.
More generally, spectroscopic observations are expect-

ed from missions like Darwin or TPF. They would al-
low exoplanetology science, a major extension of the Solar
planetology, with a impressive field of investigation.

4.2. Habitable zone

The Habitable Zone (HZ) is defined as the region around
a star where water can remain liquid, at least during some
part of the local year, for a long enough geological time,
typically few billion years. This concept is based upon the
quest for life elsewhere in the Universe, a life similar to
what we have on Earth that requires water and a long
enough time to evolve.
If one neglects the greenhouse effect, a range of dis-

tances to the star derives from these requirements. The
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Figure 4. Mass distribution of planets formed during 23 independent simulations (about 3 planets are formed in each simulation)
from nebulae with variable surface density, Σ(1AU). The mean mass of planets depends upon Σ and is roughly proportional to
it, whereas their distance to the star and number are almost independent of it. (Wetherill, 1996)

evolving time of stellar luminosity drives the duration of
the situation. Kasting et al. (1993) have derived the appro-
priated distance and duration as a function of the stellar
mass (Fig. 5).
It appears that high mass and high luminosity stars

are not good candidates because of their fast evolution.
Stars with mass close to, or somewhat smaller than, the
solar one (G and K stars) have a long lasting HZ. The
case of low mass stars (M stars) is somewhat controver-
sial. Tidal forces vary as the inverse of the third power of
the distance. The distance of the HZ to a M star must be
small to insure a sufficient heating of the planet and tidal
forces are expected to lock its spinning with its orbital ro-
tation. The same hemisphere of the planet is then steadily
facing the star and one may expect the atmospheric gases
to condense onto the cold hemisphere. However, this is far
from being for sure, with low planetary spinning and high
temperature differences, strong zonal winds are expected
that will tend to thermalize both hemispheres (Joshi et
al. 1997). The case of Venus illustrates this situation, al-
though the planet spins in about 200 Earth days, the sur-
face temperatures of its dark and illuminated faces differ
by only by few degrees and no differential condensation
appears. As a consequence, it is possible that the numer-
ous M stars are favorable for harboring life.

4.3. Climate: the faint Sun problem

Understanding the stellar evolution is one of the firm pro-
gresses of astrophysics since the 50’s. It yields that the Sun
luminosity has continuously increased during the lifetime
of the Earth (Fig. 6). If the greenhouse effect and the plan-
etary orbital parameters and obliquity of the Earth were
constant during the last 4.3 Gyr, its mean surface tem-

Figure 5. Habitable Zone (HZ) around stars as a function of
time and stellar mass. Note that around big mass stars, HZ
have a short duration which is not favorable for life evolution.
On the contrary, very low mass stars have long lasting HZ but
planets are phase locked around the star which might not be
favorable for life (see text). From Kasting et al. (1993).

perature would have been below the water freezing point
during the first 2.5 Gyr (Fig. 6).
On the other hand, there are clear geological indica-

tions of water erosion on Earth’s (and Mars’) soils older
than 4 Gyr. Most likely, its implies that the greenhouse
effect used to be stronger at the beginning for these two
planets. There are several candidates to produce such an
enhancement:

– the mere increase of gaseous CO2 concentration is not
sufficient because the main bands of this gas are al-
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ready saturated in the present atmospheres which lim-
its its additional greenhouse effect;

– Forget and Pierrehumbert (1997) showed that IR scat-
tering by CO2 clouds could increase the incidence of
this component but a quantitative estimate is missing
because their model is presently at one dimension;

– Selsis (2000) made an attractive proposal: an impor-
tant greenhouse effect due to CH4. An increase of this
gas concentration from the present one is efficient be-
cause its bands are not saturated. He proposed that
for the very early Earth the gas came from volcan-
ism, then, methanogenic bacteria, in the absence of O2,
would produce of lot of it. When the concentration of
O2 produced by cyanobateriae increases steeply (2.2
Gyr ago), this latter gas reacts with CH4 and reduces
its concentration. F. Selsis showed that the processes
have stabilizing feedback one on the other and that the
biological O2 increase can occur only when the Sun lu-
minosity relieves the need for the CH4 greenhouse ef-
fect. An observational fact supports his proposal: the
date of the O2 steep increase is close to that when the
surface temperature, TS, crosses the 0o C value in the
simple model represented in Fig. 6 (t∼ 2 Gyr).

Figure 6. Evolution of the Solar luminosity, S, with time in
the past. Age=0 is nowdays. Corresponding evolution of the
Earth surface temperature in absence of greehouse effect ( Teff)
and with that due to the present composition of its atmosphere
( TS). With the latter hypothesis, TS crosses the water freezing
point 2 Gyr ago, implying a global glaciation of the planet from
4.4 Gyr to 2 Gyr, in conflict with geological records.

5. Ubiquity of life?

5.1. General definition of life

Before searching for life elsewhere, it seems necessary to
give a general definition of it. Most people agree to define
a living being as a system that:

– contains information;
– is able to replicate;
– has Darwinian evolution.

However, such a general definition is not operational.
So, one restricts the search for life as we know it on Earth.
We shall see that, very fortunately, the latter definition is
operational.

5.2. Origin of life on Earth

This is a major, and unsolved, scientific problem. The
present ideas are that life could have originated from the
building of progressively more complex chemical entities
in small water pools at the Earth surface or in deep oceans.
The most favorable chemical species for such a building are
organic chemistry species which implies that the carbon is
in a reduced state, as opposed to CO2, the gas expected
in terrestrial planet atmospheres (see Section 4.1).
If life originated at the surface of Earth, the heavy

bombardment by comets and micrometeorites on the
young Earth can have provided the require amount of or-
ganics. In the (recent) alternative proposal, life appeared
in deep oceans, around black smokers where the outgassing
of the terrestrial mantle provides organics and energy. If
the latter hypothesis is correct, it would significatively ex-
pand the habitable zone, e.g. up to Europa in the Solar
system.

5.3. Detection by remote sensing?

A priori, the detection of systems that correspond to the
definition given in Section 5.1 appears extremely difficult,
if not hopeless. Very fortunately, it is not the case because
life, as we know it on Earth, can have deeply modified the
planetary atmosphere and this can be detected by remote
sensing.
A first bio-marker is the simultaneous presence of the

3 gases: CO2, H2O, O3 (as a tracer of O2). This criterion
for the presence of life has been proposed by Owen (1980)
over 20 years ago and the different attempts to falsify it
have failed. The basic idea is that O2 is a very reactive
gas that reacts with rocks and volcanic gases and would
disappear in less than 107 yr if not continuous produced.
In situations analogous to that of the Earth, the main pro-
ducer of O2, by far, is biological photosynthesis. The best
and most comprehensive discussion of possible errors when
using this criterion, false positives – one think incorrectly
having discovered life – and false negatives – life exists but
is not detected – has been made by Selsis (2000) and Selsis
et al. (2001). They conclusion is that, if observations are
carefully performed, false positives can be avoided, a key
point, but false negatives do exist, a simple example being
the Earth during its first 2.5 Gyr or so.
Others possible bio-markers are CH4 if further studies

find conditions where there are no abiotic sources of this
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gas, and generalized chlorophyll, if features which are re-
ally specific to it can be found in the Visible to near-IR
spectrum of the planet.
The analysis of all these bio-markers require missions

that can make direct detection of exoplanets and perform
the spectroscopy of their light (Darwin and TPF).

6. Conclusions

The different information we want and tools to obtain
them are summarized in Table 1.

Table 1. A list of key questions in exo-planetary science and
the tools which can give an answer to them.

Question Tool

(1) M and a distribution RV and astrometry
of giants (ground + space)

(2) R and a distribution transit missions (COROT,
of telluric and giants Eddington, Kepler)

(3) atmospheric direct detection missions
composition, with spectroscopy
ubiquity of life (Darwin, TPF)

The role of transit missions, as Eddington, appears es-
sential, they should provide the first detection of telluric
planets, a key step in our quest for life elsewhere in the
Universe, one of the most significant question that Science
can address.
The next generation missions that will attempt direct

detections and are needed to perform spectroscopic iden-
tification of bio-markers will benefit from the transit ones
as the latter provide information on the abundance of ter-
restrial planets and their size, most valuable topics to es-
timate the number of objects that the former can study.
In conclusion, this is a great adventure for the XXI

century and Europe should make a very significant effort
to play an actual role in it.
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PARALLEL SCIENCE WITH ASTEROSEISMOLOGY MISSIONS
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Abstract

Eddington, COROT, MONS, Kepler, and the other
asteroseismology and planet finding missions, obtain ex-
tremely high photometric quality time-series data as their
primary purpose. Similar quality data are potentially, and
in some designs actually, being obtained for very many
other sources in the telescope field of view, in addition to
the primary mission targets. These parallel data, of excep-
tional quality and broad scientific interest, can be made
available for scientific analysis with small system impact.
This paper lists some of the most obvious of the serendipi-
tous research and discovery opportunities which these par-
allel data will allow. The scientific potential is both large
and unique, encouraging efforts to provide these data to
the community.

Key words: Stars: variability, binaries – Photometry – X-
ray sources – Accretion physics – Supernovae – Extra-
galactic astrophysics

1. Introduction

High precision time-series photometry is the method of
choice for study of many astrophysical objects. These ob-
viously include astero- and helio-seismology, and searches
for low-mass planets eclipsing their parent stars, the sub-
jects which have justified a series of dedicated spacecraft
projects. The generally large fields of view of these mis-
sions, especially in their planet-finding mode of opera-
tion, at least in principle allow time-series photometry free
of the Earth’s atmospheric disturbances for many other
sources in that field of view which are not primary targets.
Delivery of this parallel science data stream for analysis is
necessarily subject to the technical constraints set by the
primary mission science, especially such factors as teleme-
try, sampling frequency, number of objects, on-board pro-
cessing capability, and so on. Nonetheless, parallel science
has a proven record of discovery (pace HST), and is man-
ifestly a cost-effective use of resources, so that its optimi-
sation is a legitimate factor in mission design.
We note here some of the scientifically most obvious,

and technically least demanding, parallel scientific stud-
ies which can produce important and unique science from
missions whose primary purpose is asteroseismology

and/or planet finding. Examples of the science applica-
tions, and indications of the number of sources available
for study, are provided. We do not discuss here pulsating
stars, wherever they exist in the H-R diagram, as such
stars are core science for asteroseismology, not additional
science.
We consider in turn the following:

1. Solar system objects
2. Young stars
3. Low mass stars
4. Eclipsing binaries
5. Accretion physics
6. AGN and QSOs
7. Supernovae
8. Low surface brightness galaxies
9. Gravitational lensing

2. Solar system objects

The minor bodies of the Solar System record physical
conditions in the proto-Solar nebula, and their properties
therefore shed light on the formation of planetary sys-
tems. This is naturally a complementary aspect of planet-
discovery, a primary science goal. Discovery and orbital
determination of near-Earth objects is also a subject of
high public interest.
Solar system objects crossing the focal plane must of

course be identified, and removed from primary target
photometry. The data are also of intrinsic interest. By
detailed surveys of specific directions, Eddington will dis-
cover substantial numbers of solar system objects. This
survey is a natural complement to larger-area shorter in-
tegration studies. Eddington will naturally be very sensi-
tive to slow-moving sources, which are those hardest to
detect in normal surveys. The Eddington sensitivity limit
reaches to the brighter magnitude regions expected to con-
tain Kuiper-belt objects, which will have small apparent
motion.
The angular motion of a typical Kuiper-belt object

at ∼ 90◦ elongation is small: the known Kuiper-belt ob-
jects have dα/dt = 0.02 − 1.0 arcsec hr−1 and dδ/dt =
0.002 − 1.2 arcsec hr−1. That is, with the expected spa-
tial resolution of present mission designs, Kuiper-belt ob-
jects are effectively stationary for times of hours, allowing
long effective integration times. The surface density of the

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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Kuiper Belt at V = 20 mag is 8× 10−3 objects per square
degree, in the ecliptic plane, so that the very large area of
sky observed is well matched to the surface density.

3. Young stars

Optical photometric variability is one of the original defin-
ing characteristics of pre-main-sequence stars (Joy 1945).
Although pre-main sequence objects are usually identi-
fied by other, less biased photometric and spectroscopic
survey techniques now, modern variability observations
remain a valuable probe of the stellar and circumstel-
lar activity (e.g. Bouvier et al. 1995). Such monitoring
studies have shown that photometric variability is a di-
verse phenomenon in that the observed flux can change
by milli-magnitudes to magnitudes on time scales of min-
utes to years, often with periodic as well as aperiodic com-
ponents. Young stellar objects are also variable at X-ray,
ultraviolet, infrared, and radio wavelengths. For periodic
stars, the variability is thought to originate mainly from
cool magnetic or hot accretion spots on the stellar surface
that are hundreds to thousands of degrees different in tem-
perature from the photosphere and rotate with the star.
Aperiodic variability may arise from mechanisms such as
coronal flares, irregular accretion of new material onto the
star, and temporal variations in circumstellar extinction.
An example of the incidence of photometric variability

is provided by a recent study by Carpenter et al. (2001) of
a part of the Orion Nebula Cluster. They established the
near-infrared variability properties of pre-main-sequence
stars in Orion on time scales up to 2 years. A total of
1235 near-infrared variable stars were identified, over 90%
of which are likely associated with the Orion A molecular
cloud. About 30% of their targets were detected as vari-
able, in spite of their relatively high detection threshold.
The variable stars exhibit a diversity of photometric

behavior with time, including cyclic fluctuations with pe-
riods up to 15 days, aperiodic day-to-day fluctuations,
eclipses, slow drifts in brightness over one month or longer,
colorless variability (within the noise limits of the data),
stars that become redder as they fade, and stars that be-
come bluer as they fade. The mean peak-to-peak ampli-
tudes of the detected photometric fluctuations were about
0.2 mag in each band and 77% of the variable stars have
color variations less than 0.05 mag.
The high surface density of such variables towards star

forming regions is illustrated in Table 1. It is worth re-
calling that the Sun is presently moving through an ex-
panding star-forming complex, well-mapped by Hippar-
cos data (e.g. de Zeeuw et al. 1999). The local number of
young stars is higher than might be expected from sim-
ple star count models. Thus, while Orion A is certainly
an unusually high density region, all low Galactic latitude
directions have a large number of young, and therefore
variable, stars at apparently bright magnitudes.

Table 1. Variable YSO Population Associated with Orion A

Surface Density N Nvar fvar
(arcmin−2)

0.25 2704 786 0.29 ± 0.010
0.50 2148 627 0.29 ± 0.011
0.75 1881 554 0.29 ± 0.012
1.00 1488 445 0.30 ± 0.014
1.25 1262 386 0.31 ± 0.016
2.50 895 258 0.29 ± 0.018
3.75 752 202 0.27 ± 0.019
5.00 621 158 0.25 ± 0.020
7.50 397 94 0.24 ± 0.025
10.00 253 52 0.21 ± 0.029

The amplitude range of the Carpenter et al. variations
suggests that higher photometric precision observations
will show every young star to be intrinsically variable. The
more extreme stars have amplitudes as large as about 2
mag and change in color by as much as about 1 mag. The
typical time scale of the photometric fluctuations is less
than a few days, indicating that near-infrared variability
results primarily from short term processes.
Rotational modulation of cool and hot star spots, vari-

able obscuration from an inner circumstellar disk, and
changes in the mass accretion rate and other physical
properties in a circumstellar disk are possible physical ori-
gins of the near-infrared variability. Cool spots alone can
explain the observed variability characteristics in about
one-half of the stars, while the properties of the photomet-
ric fluctuations are more consistent with hot spots or ex-
tinction changes in about one-quarter of stars. Variations
in the disk mass accretion rate or inner disk radius, while
evident, are a minority variability source. Comparison of
the observations and the details of variability predicted by
hot spot, extinction, and accretion disk models suggest ei-
ther that another variability mechanism may additionally
be operative, or that the observed variability represents
the net results of several of these phenomena.

3.1. Pre-planetary systems

An illustrative study of variability in the Pre-Main Se-
quence Star KH15D induced by eclipses by circumstellar
dust features has been presented by Hamilton et al. (2001).
This illustrates the potential of photometric monitoring to
investigate pre-planetary structures in stellar disks, an el-
egant complement to the main planet-finding programme.
KH15D is a pre-main sequence eclipsing T Tauri mem-

ber of the young cluster NGC 2264. The orbital period is
48 days and both the length (16 d) and depth (3 mag)
of the eclipse have increased with time. Brightening near
the time of central eclipse is confirmed in Hamilton et
al.’s recent data but at a much smaller amplitude than
was originally seen. During eclipse there is no detectable
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change in spectral type or reddening, indicating that the
obscuration is caused by rather large dust grains and/or
macroscopic objects. Evidently the star is eclipsed by an
extended feature in its circumstellar disk orbiting with a
semi-major axis of 0.2 AU. Continued photometric mon-
itoring should allow studies of the disk structure with a
spatial resolution of 3× 106 km or better.

3.2. X-ray emission and variability

X-ray emission has played a major role in identification of
young, nearby stars. The ROSAT All-Sky Survey (RASS)
is an important tool for discovering stellar associations
and investigating their X-ray properties. The new genera-
tion of X-ray observatories are powerful tools for discovery
and study of young stars. For example, for coronal X-ray
sources XMM has about an order of magnitude higher sen-
sitivity than the RASS and provides much longer exposure
times allowing continuous monitoring for more than 40 h.
Complementary and coordinated studies between X-ray
and optical monitoring is a valuable tool to extend, and
perhaps complete, the local young-star census.

4. The lowest-mass stars

Very low mass stars, even those which are not very young,
have recently been shown to be intrinsically variable.
Spots, magnetic activity, large convection zones, and even
meteorology are all possible explanations. An illustrative
study is that of the ultracool dwarf BRI 0021−0214 by
Martin et al. (2001). They report CCD photometric moni-
toring of the non-emission ultracool dwarf BRI 0021−0214
(M9.5). Significant variability in the I-band light curve at
a period of 0.84 day is found, but appears to be transient
because it is present in the 1995 data but not in the 1996
data. They also find a possible period of 0.20 day, stable
over the year, but no periodicity close to the rotation pe-
riod expected from the spectroscopic rotational broaden-
ing (< 0.14 day). BRI 0021−0214 is a very inactive object,
with extremely low levels of Hα and X-ray emission. Thus,
it is unlikely that magnetically induced cool spots can ac-
count for the photometric variability. Martin et al. suggest
the photometric variability of BRI 0021−0214 could be
explained by the presence of an active meteorology that
leads to inhomogeneous clouds on the surface. The lack of
photometric modulation at the expected rotational period
suggests that the pattern of surface features may be more
complicated than previously anticipated.
The magnetic Reynolds number (Rm) in the atmo-

sphere of L dwarfs, which describes how well the gas cou-
ples with the magnetic field, is too small (� 1) to support
the formation of magnetic spots. Thus, these authors sup-
port the idea that non-uniform condensate coverage (i.e.
clouds) is responsible for the variations. In contrast sili-
cate and iron clouds form in the photospheres of L dwarfs.
Inhomogeneities in such cloud decks can plausibly produce

the observed photometric variations. Further evidence in
support of clouds is the tendency for variable L dwarfs
to be bluer than the average L dwarf of a given spectral
type. This color effect is expected if clear holes appear in
an otherwise uniform cloud layer.
A high level of magnetic activity in very late type stars,

with associated flaring, has also been deduced from VLA
observations by Berger (2001).

5. Eclipsing binary stars

Eclipsing detached binary stars provide key tests of stel-
lar mass-luminosity-radius relations, tests which available
stellar models struggle to meet (e.g. Lebreton, Fernandes
& Lejeune 2001; Bedin et al. 2001). The corresponding
stellar model tests complement the asteroseismology sci-
ence case, and in that sense are core science for the mis-
sions, rather than additional science. We do not discuss
this further here.
It is worth noting that such studies can extend stellar

structure studies beyond single stars. Discoveries of eclips-
ing detached binaries, especially in open clusters, where in-
dependent ages can be provided, will revolutionise those
fundamental tests of stellar evolution which include dy-
namical histories. As just one illustration, the star S1082
in M67 has been recently shown to be a triple, with inner
and outer components being blue stragglers (van den Berg
et al. 2001). Study of such systems provides key tests of
stellar evolution, binary coalescence, and the dynamical
evolution of multiple systems.
For contact binaries, the distribution of the observed

light-variation amplitudes, in addition to determining the
number of undiscovered contact binary systems falling be-
low some photometric detection thresholds and thus lost
to statistics, serve as a tool in determination of the mass-
ratio distribution, which is very important for understand-
ing of the evolution and mass transfer.
Rucinski (2001) provides simulations of the expected

amplitude distribution, which show that it tends to con-
verge to a mass-ratio dependent constant value for suf-
ficiently accurate photometric data. The strong depen-
dence of variation amplitude on mass ratio can be used
to determine the latter distribution. Estimates based on
Baade’s Window data from the OGLE project, for am-
plitudes a > 0.3 mag allow determination of the mass
ratio distribution Q(q) over 0.12 < q < 1, and suggest a
steep increase of Q(q) as q tends to zero. The mass-ratio
distribution can be approximated by a power law, either
Q(q) ≈ (1 − q)a1 with a1 = 6 ± 2 or Q(q) ≈ qb1, with
b1 = −2±0.5, with a slight preference for the former form.
Both forms must be modified by the theoretically expected
cut-off caused by a tidal instability at about qmin = 0.07-
0.1. An expected maximum in Q(q), is expected to be
mapped into a local maximum in A(a) around 0.2–0.25
mag. Clearly extension of such data below the current
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large photometric detection threshold will substantially
enhance such statistical analyses.

6. Accretion disk stellar systems

This general class includes cataclysmic variables, dwarf
novae, high-mass and low-mass X-ray binaries, and a host
of other historical terminologies. The evolutionary state of
the mass donor and of the recipient of the accreted mass
define the categories, and the timescales and amplitudes
of relevance. The basic physics is common to all classes.
X-ray binaries (XRBs) are close binaries that contain

a relatively un-evolved donor star and a neutron star or
black hole that is thought to be accreting material through
Roche-lobe overflow. Material passing through the inner
Lagrangian point moves along a ballistic trajectory un-
til impacting onto the outer regions of an accretion disk.
This material spirals through the disk, losing angular mo-
mentum, until it accretes onto the central compact object,
where X-rays are emitted from inner disk regions.
In cataclysmic variables, additional variability is cate-

gorised as a superhump, a periodic modulation caused by
a precessing eccentric accretion disk.
X-ray novae (XNe) are mass transferring binaries in

which long periods of quiescence (when the X-ray lumi-
nosity is ≤ 1033erg s−1) are occasionally interrupted by
luminous X-ray and optical outbursts. XNe provide com-
pelling evidence for the existence of stellar mass black
holes, since they can be shown to contain compact objects
whose mass exceed the maximum stable limit of a neutron
star, which is ≈ 3M . Observations of the companion star
in quiescence can lead to a full understanding of the or-
bital parameters of the system, including the masses of the
binary components and the orbital inclination (e.g. Bailyn
et al. 1998).
A detailed understanding of the accretion flow in these

objects is of considerable importance, since the behavior
of the flow close to the event horizon may give rise to tests
of general relativity in the strong field limits. During their
outburst cycles, XNe generally display the complete range
of spectral states, from quiescent (“off”) to “low/hard” to
“high/soft” to “very high”. They therefore present unique
opportunities to study all of these kinds of accretion flows
in a situation in which the geometry of the binary system
is well understood.
X–ray pulsars in High Mass X–ray Binaries (HMXBs)

consist of an accreting neutron star orbiting a (super)giant
or a main–sequence Be–type companion star. Most known
neutron stars in Supergiant XBs emit high X–ray fluxes,
driven by accretion of a roughly spherical dense wind from
the massive companion (which may be enhanced by Roche
lobe overflow).
In contrast, the neutron stars in Be-star X-ray binaries

often exhibit transient X–ray outbursts which may occur
periodically at periastron (type I) or when the companion
star undergoes a mass loss episode from the equatorial re-

gions due to its high rotational velocity (up to∼75% of the
break–up velocity; type II). In Be-star X-ray binaries, the
primary star is an early type star in the range 10−20 M�
of luminosity class III to V, which often displays Balmer
lines, but also He I and metallic lines, in emission. Due
to these lines, Be stars are difficult to classify. Be X-ray
binaries are young systems, concentrated to the Galactic
Plane and in the Magellanic Clouds, complicating identi-
fication and study. Only about ∼20 optical counterparts
have been discovered out of the >100 known and 104–105

expected Be/X–ray pulsars. A illustration of the analy-
sis of combined optical and X-ray data for one of these
sources is provided by Reig et al. (2000).
The spatial distribution of accretion disk stellar sys-

tems varies with type. High mass B-stars are found pri-
marily at low Galactic latitudes, following recent star for-
mation. Cataclysmic Variables populate the full thin disk
and thick disk volumes, while LMXBs are found preren-
tially towards the Galactic bulge.
In addition to discovery of probable black holes, the

key physics involved is that of accretion. The irradiated
regions of an X-ray binary are illustrated in Fig. 1, where
the left hand panels show a typical X-ray binary, using
binary parameters based on those of Nova Sco, viewed
from an inclination of 60 degree (from O’Brien & Horne
2001).
Much of the optical emission in X-Ray Binaries arises

from reprocessing of X-rays by material in regions around
the central compact object. Light travel times within the
system are of order tens of seconds. Optical variability
may thus be delayed in time relative to the X-ray driving
variability by an amount characteristic of the position of
the reprocessing region in the binary, which depends in
turn on the geometry of the binary. The optical variability
may be modelled as a convolution of the X-ray variability
with a time-delay transfer function.
This time delay is the basis of an indirect imaging

technique, known as echo tomography, to probe the struc-
ture of accretion flows on scales that cannot be imaged
directly. The time delays observed between the X-ray and
optical/UV variability in X-ray binaries can be modelled
to echo-map the irradiated regions, allowing study of the
detailed geometry and radiation transfer physics in the
accretion disk.
While the method of echo-tomography of X-ray bina-

ries is still in its infancy, current studies have shown that
with just a small amount of data, from co-ordinated ob-
serving campaigns using optical and X-ray satellite obser-
vatories, this technique can reveal important insights into
the geometry of X-ray binaries. Furthermore this tech-
nique has the promise of probing the structure and ge-
ometry of such systems on scales unobtainable with any
other current technique.
An example of a recent detailed analysis of the dwarf

nova/CV WG Sge, illustrating the implications for disk
structure and stability, and for the mass transfer rate and
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Figure 1. Left, model X-ray binaries, based on the Scorpius X-1 binary parameters, showing iso-delay surfaces projected onto the
irradiated surfaces of the binary. Right, the associated time delay transfer functions, showing the relative contributions from the
regions highlighted in the model X-ray binaries. The accretion disk has constant time delays in the region 0-8 seconds, whereas
the time delays from the companion star are seen to vary sinusoidally with binary phase between 0 and 20 seconds. From O’Brien
and Horne (2001).

viscosity (the ‘α -parameter’), has been presented by Can-
nizzo (2001).

6.1. Characteristic timescales

Echo mapping has already been developed to interpret
lightcurves of Active Galactic Nuclei (AGN, see below),
where time delays are used to resolve photoionized emis-
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sion line regions near the compact variable source of ion-
izing radiation in the nucleus. In AGN the timescale of
detectable variations is days to weeks, giving a resolution
in the transfer functions of 1–10 light days (Krolik et al.
1991; Horne et al. 1991). In X-ray binaries the binary sep-
aration is light seconds rather than light days, requiring
high-speed optical/UV and X-ray lightcurves to probe the
structure of the components of the binary in detail. The
detectable X-ray and optical variations in the lightcurves
of such systems are also suitably fast.
In the standard model of reprocessing, X-rays are emit-

ted by material in the deep potential well of the compact
object. These photoionize and heat the surrounding re-
gions of gas, which later recombine and cool, producing
lower energy photons. The optical emission seen by a dis-
tant observer is delayed in time of arrival relative to the
X-rays by two mechanisms. The first is a finite reprocess-
ing time for the X-ray photons, and the second is the light
travel times between the X-ray source and the reprocess-
ing sites within the binary system.
The light travel times arise from the time of flight dif-

ferences for photons that are observed directly and those
that are reprocessed and re-emitted before travelling to
the observer. These delays can be up to twice the binary
separation, obtained from Kepler’s third law,

a
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(
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days
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where a is the binary separation, MX and Md are the
masses of the compact object and donor star, P is the
orbital period. In LMXBs the binary separation is of the
order of several light seconds.

6.2. Characteristic amplitudes

Examples of both the considerable amplitude of variation
seen, and the very bright magnitudes which these sources
reach, are provided by V6461Sgr, and by XTE J1118+480.
V4641 Sgr = SAX J1819.3−2525 underwent a bright

optical outburst on 1999 Sept. 15.7 UT, going from mag-
nitude 14 to 8.8 in the V-band, reaching 12.2 Crab in the
X-rays. This outburst was therefore bright, but very brief,
with an e-fold decay time of 0.6 days (Fig. 2). A radio
source was resolved, making of V4641 Sgr a new micro-
quasar (Hjellming et al. 2000). The distance of the system
is probably between 3 and 8 kpc, with the companion star
being a B3–A2 main sequence star. Another possibility is
that the companion star is crossing the Hertzsprung gap
(type B3–A2 IV), and in this case the distance cited above
would be the minimum distance of the system. The system
is therefore an Intermediate or High Mass X-ray Binary
System (IMXB or HMXB).
The X-ray nova XTE J1118+480 exhibited two out-

bursts in the early part of 2000. As detected by the Rossi
X-ray Timing Explorer (RXTE), the first outburst began
in early January and the second began in early March.

Figure 2. Optical Observations of the X-ray tran-
sient/microquasar V4641 Sgr. +: VSNET, �: B, ×: V,
∗: R, : I magnitudes. The beginning of the optical activity
took place on 1999 Sept. 8 UT (= MJD 51 429.5), followed by
the outburst of 1999 Sept. 15.7 UT (= MJD 51 437).

Figure 3. The top plot shows the ROTSE-I light-curve for XTE
J1118+480. The lower plot is a comparison of the ROTSE-I
and RXTE/ASM fluxes over the same time period. The ASM
fluxes are 2 day averages. The peak fluxes used for the scaling
were 1.85×10−14 erg/s/cm2/Å for ROTSE and 2.8 c/s for the
ASM. Fig. from Wren et al. (2001).

Routine imaging of the northern sky by the Robotic Op-
tical Transient Search Experiment (ROTSE) shows the
optical counterpart to XTE J1118+480 during both out-
bursts. These data include over 60 epochs from January to
June 2000 (Fig. 3). A search of the ROTSE data archives
reveal no previous optical outbursts of this source in se-
lected data between April 1998 and January 2000. While
the X-ray to optical flux ratio of XTE J1118+480 was
low during both outbursts, Wren et al. (2001) suggest
that they were full X-ray novae and not mini-outbursts
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based on comparison with similar sources. The ROTSE
measurements taken during the March 2000 outburst also
indicate a rapid rise in the optical flux that preceded the
X-ray emission measured by the RXTE by approximately
10 days. Using these results, Wren et al. estimate a pre-
outburst accretion disk inner truncation radius of 1.2×104
Schwarzschild radii.

6.3. Milli-Hz oscillations and QPOs

X-ray pulsar binaries, such as Her X-1, can show opti-
cal mHz quasi-periodic oscillations (QPO). In the power
spectrum of Her X-1 it appears as ‘peaked noise’, with a
coherency ∼2, a central frequency of 35 mHz and a peak-
to-peak amplitude of 5%. These QPOs are quite common,
and are suggested to have a variety of causes (van der
Klis 2000), with mHz oscillations possibly due to warping
of the inner accretion disk. In at least some cases, QPO
emission probably results from a small hot region, possibly
the inner regions of the accretion disk, where the ballistic
accretion stream impacts onto the disk
Intriguingly for the parallel science opportunities for a

primarily asteroseismology mission, Wagoner, Silbergleit,
and Ortega-Rodriguez (2001) have introduced the anal-
ysis concept of ‘Diskoseismology’. They show that one
may compare calculations of the frequencies of the fun-
damental g, c, and p–modes of relativistic thin accretion
disks with recent observations of high frequency QPOs in
X-ray binaries with black hole candidates. These classes
of modes encompass all adiabatic perturbations of such
disks. The frequencies of these modes depend mainly on
the mass and angular momentum of the black hole; their
weak dependence on disk luminosity is also explicitly indi-
cated. Identifying the recently discovered relatively stable
QPO pairs with the fundamental g and c modes provides
a determination of the mass and angular momentum of
the black hole. For GRO J1655−40, these authors derive
M = 5.9 ± 1.0M�, J = (0.917 ± 0.024)GM2/c, in agree-
ment with spectroscopic mass determinations.

7. Active galactic nuclei

The ultraviolet and optical continuum and the broad emis-
sion line flux of active galaxies are known to be variable
on all timescales from hours up to years. Quantification
of these variations, both their rate of occurrence and the
rate of change, provides direct study of the inner accre-
tion processes around massive black holes. The variations
are very broad in frequency, with much of the optical ra-
diation being reprocessed from higher frequencies, as in
the accretion stellar systems discussed above. Thus, per-
haps the greatest impact of Eddington observations would
be in coordination with an extended monitoring program
including X-ray and γ−ray satellites, and ground based
spectroscopy. From such studies, reverberation mapping
(see the previous section) can determine central black hole

masses and accretion rates, and the physical conditions in
the accretion disk and line emitting regions. A good review
of short-term variability in AGN in general is provided by
Wagner & Witzel (1995).
In Seyfert and lower luminosity sources, direct studies

of the inner accretion disk are feasible. In a typical model
of high-frequency emission (Fig. 4), the intrinsic emission
originating in the warm skin of the accretion disk is re-
sponsible for the spectral component that is dominant in
the softest X-ray range. The hard X-ray line emission re-
quires an ionised reflecting medium, perhaps the warm
surface of the accretion disk.

Rion

Hard X

Soft X

Optical

Figure 4. Geometry of the accretion flow in the Narrow line
Seyfert I galaxy PG1211+143. The optical flux is emitted by
the cold accretion disk (T ∼ 104 K). The disk is the source
of seed photons for the hot Comptonizing cloud (T ∼ 106 K,
τ ∼ 20), which extends below the transition radius Rion. The
hard X–ray flux is emitted by the hot flare region (T ∼ 109 K)
and is partially reflected by the cloud (ξ ∼ 500, Ω/2π ∼ 1).
From Janiuk, Czerny & Madejski (2001).

BL Lac objects, of which a well-studied example is
ON 231, have the peak of the synchrotron emission from
the core source in the near IR-optical band. Available
multi-wavelength monitoring data suggest that the occur-
rence of a long-term trend in the optical luminosity and of
periods of enhanced activity could be related to changes in
the innermost radio structure. A better understanding of
these phenomenon requires both optical monitoring and
VLBI mapping.
Variations on timescales of hours and even less have

been observed in AGN. To study the physical processes
which are responsible for the observed spectral energy dis-
tribution of an active galactic nuclei (AGN) multiwave-
length monitoring campaigns have proven to be an excel-
lent tool, (cf. Alloin et al. 1994 for an AGN watch overview
and Gilmore 1980 for an earlier example). Thus, over the
last decade, several large space-based and ground-based
monitoring programs have been undertaken for nearby
AGN.
Historic light curves of some bright BL Lac objects

have shown that fast luminosity fluctuations (typical of
this class of AGNs) are frequently superimposed on long-
term trends of relatively large amplitude. The origin of
these long-term changes is not fully understood. A possi-
bility is that the jet, pointing very close to the observing
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Figure 5. Optical broad-band light curves for NGC 5548. Fluxes
in broad-band U , B, V , R, and I are in units of 10−15 erg
s−1 cm−2 Å−1. In the top panel the normalized V-band flux
of star 0 (+) and C (x) is shown which was contant within
∼0.57 %.(From Dietrich et al. 2001)

direction, undergoes strong instabilities and oscillations:
if relativistic plasma blobs are ejected from the central
source with a small diversity of orientations, substantial
ranges in relativistic boosting factors will naturally occur.
Another possible scenario is that of a slowly precessing
jet approaching the observer’s line of sight over the past
few decades. The progressive increase of the beaming fac-
tor would then be responsible for the mean brightening or
fading optical trends shown by many BL Lac sources.
Correlation studies of optical outbursts with higher fre-

quency data and radio VLBI maps are required to discern
the true evolution of these structures.

Figure 6. The light curve of ON 231 in the R (Cousins) band
after 1994, from Massaro et al. 2001.)

Extremely rapid changes of large amplitude occur in
AGN luminosity. Many examples exist. Data for June 1998
on the Seyfert 1 galaxy NGC5548, continuously monitored
in the optical since late 1988 by the international AGN
watch consortium are shown in Fig. 5 (from Dietrich et
al. 2001). The broad-band fluxes (UBV), and the spec-
trophotometric optical continuum flux monotonically de-
creased in flux while the broad-band R and I fluxes and
the integrated emission-line fluxes of Halpha and Hbeta
remained constant to within 5%. On June 22, a short con-
tinuum flare was detected in the broad band fluxes. It had
an amplitude of about 20% and it lasted only 90 min. The
broad band fluxes and the optical continuum appear to
vary simultaneously with the EUV variations.
The extreme variability of the much-studied BL Lac

object ON231 has been illustrated recently by Massaro et
al. (2001). They have analysed radio images of ON231 (W
Com, 1219+285), showing remarkable new features in the
source structure compared to those previously published.
The R band luminosity evolution in the period 1994–1999
is shown in Fig. 6. These authors identified the source core
in their VLBI radio images with the brightest component
having the flattest spectrum. A consequence of this as-
sumption is the existence of two–sided emission in ON231
not detected in previous VLBI images. A further new fea-
ture is a large bend in the jet at about 10 mas from the
core. The emission extends for about 20 mas after the
bend, which might be due to strong interaction with the
environment surrounding the nucleus. They suggest in-
terpretations relating the changes in the source structure
with the optical and radio flux density variation in the
frame of the unification model.

7.1. AGN: are any visible?

Since AGN are primarily studied at high Galactic latitude,
it is necessary to ask if any at all will be visible to a stel-
lar/planetary mission like Eddington. While this is quan-
tified in the next section, an example of what is viable is
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provided by the recent identification of 3EG J2016+3657,
an EGRET blazar behind the Galactic Plane.
Halpern et al. (2001) recently identified the blazar-like

radio source G74.87+1.22 (B2013+370) as the counter-
part of a high-energy γ-ray source in the Galactic plane.
However, since most blazar identifications of EGRET sour-
ces are only probabilistic in quality even at high Galac-
tic latitude, and since there also exists a population of
unidentified Galactic EGRET sources, they obtained ad-
ditional evidence to support identification of this source as
a blazar. Their new observations provide a complete set of
classifications for the 14 brightest ROSAT X-ray sources
in the relevant error circle (Fig. 7), of which B2013+370
remains the most likely source of the γ-rays. They also
obtained further optical photometry of B2013+370 itself
which shows that it is variable, providing additional evi-
dence of its blazar nature.

Figure 7. ROSAT PSPC image and 95% confidence error circle
of the source G74.87+1.22, taken from Mukherjee et al. (2000.
The X-ray sources are numbered as in that paper. All sources
are point-like except for #1, which is the SNR CTB 87.

Interestingly, this field contains, in addition to the bla-
zar, the plerionic supernova remnant CTB 87, which is
too distant from the field centre to be the EGRET source,
and three newly discovered cataclysmic variables, all five
of these X-ray sources falling within 16′ of each other. This
illustrates the very large surface density of astrophysically
interesting high-energy sources in the Galactic plane.

8. Supernovae and γ-ray bursts

Supernovae are of increasing importance as cosmological
probes, as well as continuing of interest as tracers of re-
cent (Type II) and past (Type I) star formation histories,
and as the origin of much of the chemical elements. In ad-
dition they are of considerable intrinsic interest, as efforts

continue to understand the diversity of light curves and
rates of different supernova types. At present, there is no
reliable ab initio model of a supernova explosion: rather,
‘artificial’ explosions are introduced into the models, with
a radial structure adjusted ad hoc to reproduce observed
chemical element ratios. Supernova progenitor models re-
main in need of more direct observational constraints (e.g.
Smartt et al. 2001).
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Figure 8. Classification of SNe requires not only identification
of specific features in the early spectra, but also analysis of line
profiles, luminosity and spectral evolution (from Cappellaro and
Turatto 2000).

Figure 9. Representative light curves of SN II. The dotted line
is the expected luminosity decline rate when the light curve is
powered by the decay of 56Co. Note the near-complete absence
of data at early times (from Cappellaro and Turatto 2000).

One of the key ways in which Eddington will contribute
here, and in which no other observational program will
be competitive with Eddington results, is in definition of
the early-time light-curves. It is the structure of the very
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early light curve which provides clues to the symmetry and
(hopefully) mechanism of explosion, crucial information at
present completely lacking. Eddington will provide time-
resolved photometry during the few hours to few days in
which different supernovae brighten, allowing direct tests
of the structure of the explosive shocks with observations.
We emphasise that no rapid or special analysis of the

data is required, so that there is system impact only on
telemetry: supernovae will be detected in the focal plane
during normal observations, and can be recovered after
the event, provided data are kept.
Two further points are worthy of note. That subset

of supernovae, often called hypernovae, which cause γ-ray
bursts, is of especial interest. It remains unknown just
what are the statistics of these sources, and what if any
intermediate types of these sources exist. Eddington has
a less than twenty-percent chance of discovering, and pro-
viding full early light-curve data for, such an event, as-
suming observations in fields where total line of sight ex-
tinction is less than a few magnitudes. This does however
imply a system impact: the (few known) optical counter-
parts of gamma-ray bursts are very short-lived, so that
the whole focal plane needs to be analysed for sources
each time it is read.

8.1. Supernova rates

Present supernova rates are poorly known, while the de-
tectivity will depend on both the Eddington observational
mode and the distance from any bright stars.
A recent compilation of relevant rate data has been

provided by Cappellaro & Turatto (2000). These data (Ta-
ble 2) show that one supernova occurs per 1010L�,B/100
yr. Thus, an estimate of performance is possible. This unit
luminosity is comparable to that of a typical galaxy ob-
served in a magnitude-limited sample. A ‘typical’ super-
nova is near maximum brightness for about one-month.
Thus, one supernova is visible in any month from monitor-
ing of about 1000 galaxies; given a combination of collect-
ing area and field of view which includes 1000 galaxies, one
supernova per month will be found. Scaling from extant
statistics, Eddington will discover, and provide a complete
fully-sampled early light curve for, one supernova for every
30 days of operations, for operation away from the highest
extinction lines of sight. We emphasise that no such light
curve exists, or is realistically obtainable, at present.

8.2. QSO and galaxy counts

A key question of course, for supernovae and all extra-
galactic parallel science, is whether any sources will be
visible. Table 3 presents summary QSO and galaxy counts,
showing that considerable numbers of galaxies will be in
the field of view, except when the primary science field
has very high extinction. The QSO counts are taken from
Hartwick & Schade (1980), the galaxy counts from Gard-

Table 2. Local Supernova rates. Units are SN/1010 L�,B/100
yr. h = H0/100.

galaxy SN rate
type (all types)

E-S0 0.32± .11 h2

S0a-Sb 1.28± .37 h2

Sbc-Sd 2.15± .66 h2

All types 1.21± .36 h2

ner et al. (1997). In using this table, it is important to
note that the supernovae are (in general) much brighter
than the galaxy.

Table 3. Galaxy counts, QSO counts: units are log N/mag/sq
deg

mag galaxies galaxies QSOs
B-band I-band B-band

15.25 0.15 1.17 -2.33
15.75 0.15 1.35 -1.93
16.25 0.67 1.67 -1.70
16.75 0.79 1.97 -1.15
17.25 1.12 2.18 -0.64
17.75 1.44 2.45 -0.13
18.25 1.64 0.13
18.75 1.88 0.77
19.25 2.08 0.95
19.75 2.32 1.20

9. Low surface brightness galaxies

Low surface brightness galaxies (LSB) are of considerable
intrinsic interest as cosmological and galaxy formation
probes. Their existence alone is enough of a puzzle, and
they may make up a significant part of all the stars in
galaxies. LSB galaxies are hard to detect against the sky
brightness. In principle, space observations, where the sky
is very much darker, are more sensitive, while the wide
field relatively large sky area per pixel of current satel-
lite designs is ideal to detect very low surface brightness
sources. However, on current designs, data from Edding-
ton and the related missions is read-noise limited on sky
areas. Thus, obtaining very deep observations by stack-
ing data is not possible. But indirect LSB detection, and
more generally, detection of any stellar population which
does not follow the distribution of high surface brightness
galaxies, is certainly possible.
A bonus of the Eddington parallel science is that the

fields are chosen for other reasons: thus Eddington will be
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sensitive to supernovae in putative Low Surface Bright-
ness galaxies, as well as to field supernovae, if the descen-
dants of the earliest stars (Population Zero) are indeed, as
expected in some models, distributed in space more like
dark matter than luminous galaxies. Any such discovery,
or tight limits, would be valuable. Knowledge of the local
mass distribution in the Universe has implications for the
peculiar velocity field, the direction and amplitude of the
Local Group acceleration, the determination of parame-
ters such as Ω0 and H0, and on the understanding of the
formation and evolution of groups of galaxies (e.g., Peebles
1994).

Figure 10. H-band mosaic of Dw1 displayed on a logarithmic
scale. The orientation is north up, east to the left. The field of
view is 4.7′ × 4.9′. (from Ivanov et al. 1999)

Is it possible to find such systems, when observations
are primarily at low Galactic latitude? Indeed yes, LSB
galaxies are already known at very low Galactic latitude.

Dwingeloo 1 (Dw1) is a large SBb/c galaxy, discovered
both in a systematic H i emission survey of the northern
part of the Milky Way in search of obscured galaxies in
the Zone of Avoidance by Kraan-Korteweg et al. (1994),
and independently by Huchtmeier et al. (1995). Interest-
ingly, Dwingeloo 1 is known to contain a bright X-ray
source (Reynolds et al. 1997), arguably a super-Eddington
Source (sic), as luminous as a 10 M� black hole accret-
ing at close to its Eddington limit; however, the nature of
these super-Eddington sources remains unclear. An op-
tical counterpart to the super-Eddington X-ray source,
NGC 5204 X-1 has been recently suggested, confirming
the need for continuing optical studies of these sources
and these galaxies.

10. Gravitational lensing

10.1. Microlensing

Gravitational microlensing of background stars in the Ga-
lactic bulge by foreground stars in the Galactic disk is
a rare phenomenon. Nonetheless, it happens, and is ob-
served. The characteristic microlensing signals are the light
curve, lack of colour variability, and photometric stability
outside the lensing event. This requires photometry over
longer timescales than are appropriate for the present pro-
posed missions, and multi-colour data. For planet finding
missions, microlensing will be a noise source rather than
a signal.
One possibly interesting application where planet se-

arching modes can study microlensing directly, is in pixel
microlensing. This method considers fluctuations in the
integrated light from all the unresolved stars in a pixel.
A critical requirement is point spread function (psf) and
pointing stability, maximising comparison of like with like
data. If there is an unresolved background galaxy in any
field, pixel microlensing will be a sensitive opportunity,
given the psf stability, which vastly exceeds that available
from the ground, so long as the spacecraft jitter is small
(cf. Calchi Novati et al. 2001).

10.2. Macrolensing

Gravitational macro-lensed systems, such as the famous
‘Einstein Cross’, are known and are variable. Analysis of
the variability delays between the image components can
be of profound significance for cosmological studies. How-
ever, the complexity of the image structure, together with
the natural several-year timescales, and the rareness of
such systems, precludes this as a major contribution of
the present missions.

11. Conclusions

Asteroseismology and planet transit searching necessarily
produce high-quality time-series photometry for the pri-
mary target stars. Where system considerations allow, the
equally high-quality photometry for other objects in the
field of view can provide excellent science in many fields.
Some of the most obvious are noted here.
While direct star-count studies of Galactic structure

are not an ideal parallel science priority, we also recall
however the recent substantial advances in mapping phase-
space substructures in the outer Galactic halo which fol-
lowed identification of a large sample of faint RRLyrae
stars (e.g. Vivas et al. 2001). The significance of pulsating
variables as distance indicators, RR Lyraes for old stellar
populations, Cepheids for young populations, and the rel-
evance of those distances for studies of galactic structure,
is worth consideration.
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STELLAR ACTIVITY STUDIES WITH EDDINGTON

K.G. Strassmeier

Astrophysical Institute Potsdam – D-14482 Potsdam, Germany

Abstract

I present a brief outline of the use of Eddington data
for stellar activity studies. The most important stellar pa-
rameters that could be obtained from secondary targets
within both main science fields are stellar rotation, differ-
ential rotation, meridional flows, stellar cycle morphology,
spot lifetimes, and flare activity. Due to the vast amount of
data, one may hope to find relations between stellar pulsa-
tion and magnetic activity, and between stellar flares and
the existence of Vulcan-type planets.

Key words: Stars: rotation – Stars: activity – Stars: spots
– Techniques: photometry

1. Introduction

One of the main scientific fields of interest in the stellar-
activity context is to map the angular-momentum evolu-
tion throughout the H-R diagram. This is done most effi-
ciently by including open clusters of various ages through
the detection of rotational modulation signatures, e.g. due
to starspots. As we also know from pre-launch studies of
similar missions, determining rotational properties of the
planet host star is a crucial issue for the correct interpre-
tation of planetary transits. This is because starspots are
expected to be the main limitation for the detection prob-
ability of planets from around late-F stars down to the L
dwarfs. Detecting and monitoring the variable amplitude
modulation of such a rotationally modulated signal with
an unprecedented level of precision opens up yet another
field of interest, namely that of mapping the surfaces of
spotted stars from one-dimensional data. From that we
could learn more about stellar butterfly diagrams, dif-
ferential rotation, wind geometries in case of anisotropic
winds, the interplay between stellar rotation and non-
radial pulsation and, ultimately, the star-planet interac-
tion, a field of virtual no data. I will also stress the im-
portance of having color information in the photometry.

2. Rotational evolution of solar-type stars

The Sun must have been a rapid rotator during at least
a brief stage in its past because angular-momentum con-
servation only starts from an initial distribution and does
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Figure 1. Rotation of a one solar-mass star.

not happen instantaneously throughout the protostellar
cloud. Using simple virial theorem one can show that for
star formation to occur at all most of the initial magnetic
flux and angular momentum must be shed at the very be-
ginning. How this would happen and on what time scale
would be a very interesting question to answer.
Despite these “initial” problems, the solar rotational

evolution in the pre-main-sequence phase is dominated
by the disk-star connection and the stellar contraction.
This is of course a spin-up1, but angular-momentum loss
due to wind is going on at the same time. The latter
is a strong function of rotation rate and surface mag-
netic field strength and topology which leaves quantitative
models inconclusive if not realistically modelled as an ax-
isymmetric (and possibly non-axisymmetric) MHD wind.
Furthermore, the internal connection between a dynamo-
generated field in the convection zone and a relic field in
the radiative core adds a further mechanism to break down
surface rotation, even differentially as shown by Charbon-
neau & MacGregor (1992) (Fig. 1). Clearly, observations
of rotational rates of class 0 (in the FIR though) and class I
and II T Tauri’s in the optical will constrain the early
stages of the solar rotational evolution. Unfortunately, the
rotational signal due to magnetic inhomogeneities on these

1 The switch from spin-up to spin-down is supposed to occur
on the ZAMS, or shortly prior to it, and is relatively insensitive
to the “initial” conditions.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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stars is hidden within stochastic short- and long-term vari-
ability from the accretion disk and/or the stellar surround-
ing. Very high precision photometry for longer intervals
in time than a usual ground-based observing run is thus
needed to disentangle the rotational signal. A science case
for Eddington.
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Figure 2. Observed variability for the Sun along the solar cycle.
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Figure 3. A Doppler image of the G2V star EK Draconis (right)
compared to a white-light image of the Sun (left).

Models predict a rapid spin-down due to magnetic
braking either on the ZAMS or shortly thereafter. Time
scales are on the order of a few years to 103 years depend-
ing upon the depth of the convective envelope and the
radius of the star. Observations of field sub-giants and gi-
ants indicate a pronounced drop of rotational velocities
near G2 (Gray 1989 and subsequent papers). A later pa-
per by Schrijver & Pols (1993) suggested a smoother drop
of rotational velocity. Unfortunately, these indications are
based on v sin i data or even on running-mean averages
from various older catalogues. Directly measured rotation

 !������!��"��#�$$�%
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Figure 4. The rotational domain for L–T dwarfs.

periods may show a slightly different drop of rotation in
the rotation-temperature plane than previously claimed.
Again, clearly a science case for Eddington.
Fig. 2 shows the well-known solar irradiance variability

as measured from a variety of satellites. It is of relevant
importance to emphasize that the rotationally modulated
signal is of the same amplitude as the cyclic variability
and that a too short a time coverage for photometry could
lead to spurious rotation periods. This is even more true
for very young stars where there will be additional light-
curve variations due to a rapidly changing spot distribu-
tion. Fig. 3 gives just a glimpse what can be expected from
a <1 Gyr old Sun.

3. Rotation of L dwarfs and Brown dwarfs

Are the very cool stars and brown dwarfs also rotating
and, if yes, how fast? Are the rotational speeds sufficient
to drive a dynamo in these objects? Initial observations of
the brown dwarf BRI 0021 with Keck I and II (Basri et al.
2000) verified that such objects tend to be rapidly rotating
but display only weak Hα emission. Further data indicate
a general trend to higher rotation with lower luminosity.
The fastest rotator so far is the brown dwarf Kelu-1 with
80 km s−1 which implies a rotation period of 90 minutes.
The most active object, PC 0025, is a relatively slow ro-
tator. Recently, Basri (1999) suggested a fully turbulent
dynamo driven by convection which is quenched when the
rotational velocities become too fast in comparison to the
convective velocities. With the “deeper” integrations in
the planet-search field Eddington may be used for a sur-
vey of rotational velocities of brown dwarfs and L-dwarfs
as faint as I = 20.

4. Stellar cycles

Fig. 5 shows three typical Ca ii H&K light curves of solar-
type stars along with a light curve of the sun-as-a-star as
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obtained within the long-term Mt.Wilson program (cour-
tesy their homepage). We see that stellar cycles not only
come in different periods, 3 years to 21+ years, but also
with quite different light curve shapes. Stars with low am-
plitudes but long periods and stars with large amplitudes
but short periods are common along with stars with vari-
able amplitudes and stars with clearly detectable vari-
ations but no clear periodicity (see e.g. Baliunas et al.
1998).
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Figure 5. Activity cycles for The-Sun-as-a-star (top) and three
targets from the Mt. Wilson H&K program.

The Eddington data for planet hunting as well as for
seismology will be clearly affected by such cyclic changes
if they are present. The three year observing window will
allow to follow some of these changes but will likely not
lead to the coverage of a full cycle for any single target.
On the other hand, giant stars may show shorter cycle
periods than the main-sequence stars monitored in the
Mt. Wilson project. For these stars though, the meaning
of “cycle” remains to be determined.

5. Activity-pulsation connection

If we – again – use our Sun as the model G2V star, we
may assume that there is good evidence that the internal
structure slightly changes as a function of the activity cy-
cle. Fig. 6 plots the sunspot number counts along with the
frequency shifts of all . < 4 p-modes throughout the so-
lar cycle from 1984 through 1995. Obviously, the average
frequency shift increases by almost a factor five from spot
minimum to spot maximum.

Eddington will provide lower precision frequency shifts
for a large number of stars in the background of the fields
containing the primary seismology targets. It will be ex-
tremely interesting to check these targets for activity signs
and, if positive, correlate their frequency shifts with activ-
ity signatures obtained from the ground. Sect. 8 suggests

Figure 6. The activity-pulsation connection for the Sun (Pallé
et al. 1989).

some facilities where such an activity survey could be done
once the science fields are fixed.

6. Stellar flare – planet connection

Recent success and a first understanding of the role of
prominences for the stellar angular-momentum loss after
arrival on the ZAMS was gained from Doppler mapping
of prominences with high-resolution optical spectroscopy
(e.g. Collier Cameron 1996).
Additional support for an observational approach

comes from the prediction of increased flare activity due
to the effects of an orbiting planet (Cuntz et al. 2000). Or,
the other way around, could flare activity be an indicator
for the existence of a close planet? A search for such a
correlation is clearly possible from the Eddington data.
Flares and (eruptive) prominences are complex and

highly dynamic physical processes driven and controlled
by stellar surface magnetic fields. Stellar flares on late-
type stars can free a total energy of at least 1037 erg at the
flare location, i.e. 100 000 times that of a strong solar flare
while stellar prominences can reach out several stellar radii
and are directly observable when they obscure the chro-
mospheric and photospheric Hα light. These prominences
could add an additional heating source for close (Vulcan)
planets besides the host star’s UV radiation field.

7. Modelling of monochromatic light curves

Previous work by numerous authors has shown that broad-
band light curves of spotted, late-type stars can undergo
changes on timescales ranging from days to years and are
the most sensitive, and yet most easily accessible, indica-
tor of spot activity. However, when combining data from
several consecutive rotation cycles into a single light curve
one usually cancels out the short-term variations. There-
fore, long and uninterrupted light curves with good sam-
pling would be needed to study the time dependence of
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Figure 7. Forward simulation of the effects of a changing spot distribution on the stellar surface. Left: The effect of differential
rotation. Right: The effects of a meridional flow plus differential rotation.
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Figure 8. Application of inverse spot modelling to the V light
curve of VY Arietis. From Strassmeier & Bopp (1992).

the spot activity. That is why ground-based APTs (auto-
matic photoelectric telescopes) are so well suited for stellar
activity monitoring.
Nevertheless, there still is daytime every 12 hours and

there still is “lousy” weather which leaves gaps in the data
that may even prevent to reach the basic scientific goal.
Clearly, we need to go into space for further significant
improvements.
Fig. 7 shows two examples of light-curve simulations of

a single solar-type star with a 17-day rotation period on
the equator and a continuous observational coverage of 170
days (a ground-based “observing season”). The light curve
in the left panel is for a star with two equally sized spots,
one on the equator and one at a latitude of 60◦. The dif-
ferential (surface) rotation parameter α ≈ Ωpole/Ωequator

(α� ≈ 0.2) was set to 0.1, which means that the high-
latitude spot’s angular velocity is approximately half that
of the equatorial spot. The simulation starts with both
spots at the same longitude. The right panel in Fig. 7
adds more complexity to the simulation. We start with
two large equatorial spots, one on both sides of the star,

and implement a surface meridional-flow law that adds
a velocity component from the equator toward the poles.
The spots on the equator break up into equal pieces and
drift toward the respective poles. A solar-type differential
rotation law with α = 0.05 presets the angular velocity
at each latitude during the drift to the poles. The result-
ing light curve (full line in Fig. 7b) is thus quite complex
and includes a period increase due to the latitude drift.
The dotted line in this figure is the light curve without
differential rotation.

Finally, Fig. 8 shows a real application of such time-
series photometric spot modelling. This was published qui-
te a while ago by Strassmeier & Bopp (1992) but remains
to be a good example (but see more recent papers by the
Konkoly group, e.g. Olah et al. 1999). Without going into
the details, we deduced spot changes from one rotation to
the next and even witnessed the formation of a new spot
(or spot group). Continuing such a data set would allow,
e.g., to establish a scaling law between spot lifetime and
spot size, as for the Sun, and thus provide some quantita-
tive input for solar and stellar MHD spot models.

Many authors have investigated the mathematic uni-
queness of a solution from a fit to a single light curve,
in one, two, or even three bandpasses (a recent brief re-
view is given in Messina et al. 2001; for more details see
e.g. Strassmeier & Bopp 1992, Olah et al. 2001 a.o.). In
short, a single one-bandpass light curve contains an unre-
coverable ambiguity between (relative) spot area and spot
temperature. A minimum of one color is needed to con-
strain ∆T (photosphere minus spot temperature). A zero
point in one bandpass is needed to constrain absolute spot
area, and zero points of two bandpasses are needed to get
absolute spot temperatures.

If zero point(s) are not known (or are too uncertain),
a minimum of two colors from different parts of the spec-
trum is needed to decide between cool vs. hot spots (e.g.
U − B, V − I). The optimum solution (within the math-
ematical approach adopted) is obtained when multi-color
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uvby or UBV RI photometry is applied throughout a ro-
tational cycle of a star.
As of the time of the present meeting, Eddington is

foreseen to obtain white light photometry in order to reach
maximum S/N for the shortest possible integration time.
This is of course important to cover the high-frequency
Fourier domain for the seismology targets as well as to
reach very deep in case of the planet-transit search. On
the other hand, it prevents any physical modelling for
additional science in the field of stellar activity. What
can be done very excellently though is geometric mod-
elling of time-series data as outlined above. It would re-
quire additional ground-based, multi-color, photometric
observations to determine average color indices along with
spectroscopic observations in order to determine the ba-
sic astrophysical parameters and evolutionary status of
the Eddington activity targets. Only then can the Edding-
ton data be interpreted within the physical realism of the
solar-stellar connection.

Figure 9. The STELLA observatory of the AIP (under con-
struction). It hosts a 1.2 m robotic telescope for high resolu-
tion Echelle spectroscopy and a similar telescope for CCD and
PMT photometry.

8. Ground-based support observations

Fig. 9 introduces the STELLA telescope (STELLA stands
for “stellar activity”). It will be a 1.2m robotic telescope
at the Teide Observatory on Tenerife that feeds a bench-
mounted echelle spectrograph with a set of 50 and 100µm
fibres and provides resolutions of up to 50 000 with a 1
arcsec slit. The spectrograph is a FEROS-like design lo-
cated in a separated temperature-controlled room within
the STELLA building to guarantee long-term stability.
The building will have a roll-off roof capable of hosting
two telescopes. First light for STELLA-1 is planned for
fall 2002. STELLA-2 will be a photometric telescope and
first light is not expected before 2004. More details are

��������	
���
�������
���	����


�	���������
���	����

���������	
����

�������
�
��������������
���
���	��� ���� !

Figure 10. The robotic photoelectric telescopes at Fairborn Ob-
servatory in southern Arizona.

provided at http://www.aip.de/stella. STELLA is an
ideally suited facility for ground-based support of the Ed-
dington mission.
A facility that has been in operation now for almost

two decades is Fairborn Observatory. Fig. 10 shows the
robotic telescope farm at the new Fairborn Observatory
in southern Arizona. Currently, Fairborn hosts 12 APTs
(automatic photoelectric telescopes) from a half a dozen
institutions, several of them dedicated to monitoring stel-
lar activity, including ourW olfgang-Amadeus telescopes2.
Furthermore, Tennessee State University is building a 2 m
robotic telescope there, which should see first light very
soon3 and which will be also used for stellar activity work.
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Abstract

Gravitational microlensing events of high magnifica-
tion (∼ 100) provide an exquisite probe of both the lens
and the source star systems. Terrestrial planets orbiting
the lens star may be detected, and the atmosphere of the
source star may also be probed. A first approximate mea-
surement of the abundance of terrestrial planets may be
obtained using the method. Furthermore, the effects of
chemical evolution on planetary formation may be stud-
ied by observing events in different regions of the galaxy,
and in external galaxies.
Here we show that, using microlensing, the Eddington

mission will be able to search for planetary systems which
have a range of planet mass and orbit radii that comple-
ments that found via the transit technique.

1. Microlensing basics

The passage of a massive object between an Earth ob-
server and a background star results in a time-dependent
magnification of the background source star. This effect
can be used to probe the exact nature of the lens system
(Mao 1991). The system geometry is shown in Fig. 1. With
a co-ordinate system as shown in Fig. 2, the stellar mo-
tions translate into the passage of the background source
star. The maximum amplitude of the lightcurve depends
on the minimum impact parameter as A � RE/umin. A
single mass lens system produces a symmetric lightcurve
as shown in Fig. 3. The amplification of the background
source star is given by A(u) = (u2+2)/(u

√
u2 + 4) where

u(t) =

√
u2
min +

(
t− tmax

tE

)2

(1)

and tmax is the time of the lightcurve maximum. The pa-
rameter tE is the time taken for the source star to cross
the Einstein ring radius, RE, which is given by:

RE = 2.86× 1011
√

ML

0.3M�
m � 1.9

√
ML

0.3M�
AU (2)

For typical lens system transverse velocities,

tE = 16.6

√
ML

0.3M�
days. (3)

Source star

Source plane

Lens plane

Observer

Planet position   
Projected position
Einstein Ring     

Figure 1. Typical gravitational microlensing geometry. The
background star, otherwise called the source star is magnified
by the gravitational influence of the foreground lens star sys-
tem. The lens mass may be a single object such as a star, or
more complex, such as a star and planet system.

In these expressions, ML is the mass of the lens star.
We assume here that the distances to the background
source star and to the lens system are 8kpc and 6kpc,
respectively.

1.1. Planetary microlensing

The presence of one or more planetary companions to
the lens star can be inferred from perturbations in the
standard microlensing lightcurve (Griest & Safizadeh
1998). The perturbations depend on the star-planet dis-
tance (projected onto the lens plane, see Fig. 1) and the
planet mass. The nature of the microlensing phenomenon
is such that the perturbations become very marked for
planets on or near the Einstein ring radius (Gould & Loeb
1992; Bennett & Rhie 1996; Wambsganss 1997). As shown
above, the typical values of RE lie in an interesting region
around stellar lens masses. Naturally, the perturbations
due to planets also increase in magnitude with planet

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 2. The co-ordinate system used, centred on the point of
minimum projected distance between the background source star
and the lens star.
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Figure 3. Microlensing lightcurve for an event with a minimum
impact parameter of umin = 0.005RE. The presence of planets
around the lens star can result in perturbations to this single
lens lightcurve.

mass. The perturbations due to planets in high magni-
fication events occur near the peak of the microlensing
lightcurve. Fig. 4 shows the deviation observed by the
MOA group for the MACHO event designated 98-BLG-
35 which has Amax � 70. Further examples are shown in
Figs. 5 and 6. These examples illustrate the sensitivity of
the high magnification technique.
Planetary perturbations also occur in low amplification

events. Figs. 7 and 8 show the deviations in a lightcurve
of modest maximum amplification due to an earth mass
planet orbiting a solar mass star and a red dwarf star.
The events have maximum amplification of Amax = 10.
Lighter mass planets give correspondingly smaller devia-
tions. These deviations are difficult to detect using earth-
based telescopes because they occur in only a small per-
centage of all events with terrestrial planets, and because

Figure 4. Best fit microlensing lightcurve for event 98-BLG-35.
The deviation seen is due to a planet with mass ratio ε =

Mp

ML
=

1.3× 10−5.
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Figure 5. Deviations in the microlensing lightcurve peak due to
planetary masses of mass ratio 2×10−6, 3×10−6 and 2×10−5 at
projected orbit radii 0.9315, 0.9486 and 0.8607RE in an event
with Amax = 70.

they may occur at any time during an event. To be de-
tected efficiently, continuous monitoring of a large area of
sky is required. This could be achieved from space.
The perturbations in the peak of high magnification

events due to terrestrial planets are relatively small, but
they are very well localised in time, and also they oc-
cur in a high percentage of events with terrestrial planets.
Therefore, they are relatively easily detected using follow-
up observations, either from space or from the ground.
Several groups are currently involved in the search for

planets using the microlensing technique. The MOA col-
laboration monitors the Magellanic Clouds and Galactic
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Figure 7. Perturbation in a low amplification microlensing
event due to an earth-sized planet around a solar mass lens
star.

bulge. Event alerts are issued via the WWW and follow-
up observations are often sought from other sites1. The
crowded field images are analysed online using the differ-
ence imaging procedure of Bond (2001b). The observed
lightcurve data are analysed using a technique based on
a numerical inverse ray shooting method (Wambsganss
1993; Schneider and Weiß1986). This technique is imple-
mented on the University of Auckland cluster computer.
(Rattenbury 2001; Dobcsányi 1999). Further details on
the analysis procedures and techniques used for detect-

1 http://www.phys.canterbury.ac.nz/∼physib/alert/alert
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Figure 8. Perturbation in a low amplification microlensing
event due to an earth-sized planet around a 0.3M� mass lens
star.

ing planets around lens stars are in Bond et al. (2001a,
2001b).

2. Eddington and microlensing

The baseline Eddington mission allows for the possibil-
ity of performing an improved search for planets in mi-
crolensing events. The detection of perturbations in mi-
crolensing lightcurves requires accurate high temporal res-
olution data. Eddington will be able to detect a wider
range of planetary systems than earth-based microlens-
ing observations. Fig. 9 shows a series of fractional devi-
ation lightcurves for a range of planet masses and orbit
radii. In this figure we compare the practical limits of the
MOA collaboration observations and those of the Edding-
ton mission. The x-axis of each set of axes extends from
±0.05× tE. The y-axis shows the deviation from a single
lens system lightcurve (i.e. no planet). The y-axis limits
are ±0.5%. We assume a photometric precision of 0.5%
for 15th magnitude stars in 3-minute exposures for the
earth-based MOA telescope, and 0.1% for the Eddington
telescope2. The region of the mass-orbit plane which can
be investigated under these two limits are shown by the
two dashed lines. The curves in Fig. 9 are for a theoretical
microlensing event with a maximum magnification of 100.
The range of planet parameters which microlensing will be
sensitive to complements that from a transit search. Gen-
erally, the microlensing technique will be able to search for
the presence (or absence) of planets at orbit radii from 1
to 10 AU. Figs. 10 and 11 show the detection limits for de-
tecting planets from earth and space using microlensing,
2 This precision limit for the Eddington telescope assumes

that no filter is used.
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Figure 9. Deviations in the microlensing lightcurve peak for a range of planetary mass ratio and planet-star orbit radii. The orbit
radii are given in terms of the Einstein ring radius at the bottom of each column of axes. The planet mass ratio is indicated in
the leftmost set of axes in each row. For a solar mass lens star, RE � 3.5 AU, and an Earth mass planet has a mass ratio of
ε⊕ � 9 × 10−6. The angle between the planet-star axis and the source star track is 3π

4
and the minimum impact parameter is

umin = 0.01. The design limits of the Eddington space mission and the MOA ground based observatory are indicated as dashed
lines. For each set of axes, the y-axis ordinate is the fractional deviation from a single lens lightcurve. The y-axis limits are
±0.5%. The x-axis for each set of axes is the normalised time ordinate. The x-axis limits are ±0.05×tE, where tE is the Einstein
ring crossing time.

respectively. The planetary habitable zone is also shown
(Kastings et al 1993).

2.1. Eddington microlensing proposal

A dedicated observation period of about two months to-
wards selected fields will yield several microlensing events.
These will be analysed for planet signatures. The obser-
vations will require focused optics. A feasibility study is
suggested, detailing suitable target fields, projected event
rates, suggested data analysis procedures and accurate de-
tection limit simulations. This study can be carried out by
members of the MOA collaboration as part of the Edding-
ton Planetary Transit Group. Simulation procedures and

techniques that are suitable for this study are detailed in
Rattenbury (2001).

3. Conclusions

The Eddington mission allows for the possibility of per-
forming a search for planets in microlensing events. The
analysis of these events will yield information on a range
of planet mass and orbit radii complementing that of the
transit search technique. Also, microlensing will probe
planetary systems in distant regions of the Galaxy. For a
modest allocation of observation time and no alteration to
the baseline mission, the planet finding abilities of the Ed-
dington craft will be enhanced. A feasibility study on the
use of microlensing for the detection of extra-solar planets
is suggested. This study can be performed by members of
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Figure 11. Detection limits estimated assuming a lightcurve
measurement accuracy of 0.1%.

the MOA microlensing collaboration with current analysis
techniques.
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Abstract

The primary science goal for Eddington is to detect
stellar oscillations and terrestrial-sized planets. The os-
cillations will be used to perform asteroseismology on a
large sample of stars of different ages, masses and chem-
ical composition. In order to do this we need high preci-
sion photometric time series observations. To achieve high
precision, we need to understand the different noise and
error sources and verify our ability to measure stellar os-
cillations at the required level of sensitivity. This paper
describes some key aspects of the analysis of the Edding-
ton Asteroseismology data, focusing on the known noise
sources. In the last section an alternative design for Ed-
dington is discussed.

Key words: Stars: photometry, low-amplitude oscillations

1. Data analysis: end-to-end

The complete analysis showing how and why Eddington
will deliver the expected scientific results, will include a
complete performance description of all subsystems and
data reduction procedures. Such an analysis will be per-
formed along with the progress of the mission implemen-
tation. A preliminary set of simulations, verifying how one
would be affected by and deal with the critical parts of the
end-to-end data analysis, has been performed up to know
to show the mission’s detailed feasibility.
It is clear that the actual data analysis is more compli-

cated than allowed in order to evaluate the performance
on simple assumptions. The different intrinsic and instru-
mental noise sources interact in a complex way and we
need a set of simulations to verify the Eddington data
analysis software.
For the Eddington assessment Study we performed a

number of different simulations including in full detail the
data reduction and analysis procedure. Those simulations
are described in the Assessment Study Report (Favata,
Roxburgh & Christensen-Dalsgaard 2000) and the reader
should consult this report for details.
The photometry simulations has been built to simu-

late the potential errors that will affect the performance
of Eddington. Schematically the simulations includes the
following terms:

– Acquisition of the raw CCD data, taking into account
the noise contributions from flat-field structure (in-
cluding sub-pixel/intra-pixel sensitivity variations),
spacecraft ACS jitter, Telescope PSF, contamination
from neighbouring stars, CTE and CTE degradation,
hot pixels and dark current.

– On-board data processing including correction for the
noise sources mentioned above.

– Ground-based data analysis, incl. reduction for jitter-
induced photometric error.

1.1. Possible noise sources

The number of possible noise sources in a high-precision
photometry mission such as Eddington is large. The noise
sources will not all have an important effect on the total
noise budget, however it may in some cases be difficult
to evaluate the influence of a given noise source based on
only “first principles”. Since most of the noise sources will
be non-white one needs to evaluate the power spectrum
for each noise source.
Kjeldsen & Bedding (1998) give a list of possible noise

sources relevant for a space project like Eddington. It in-
cludes noise intrinsic to the star (granulation etc.), de-
tector and gain noise and spacecraft noise. In Kjeldsen &
Bedding (1998) one also finds a discussion of the charac-
teristics of different noise sources, evaluating the difference
between white and non-white noise sources.
The number of relevant noise sources for a project like

Eddington are photon noise, stellar (starspots, activity,
granulation, random light variation/drift), detector/CCD
(sub-pixel structure, flat-field structure, sensitivity stabil-
ity, cosmic rays, radiation damage, charge-transfer effi-
ciency – CTE, dark, colour sensitivity, read-out noise, lin-
earity), gain (as function of temperature, electronic drift),
software, telescope/instrument (stray light, focus, flexure,
attitude) and spacecraft (jitter, temperature, stability of
energy supply). Most of those noise sources are considered
in the present analysis, however not all are fully included
in the present end-to-end evaluation/analysis.

1.2. Photometric precision

The main scientific data from Eddington will be time series
photometric measurements. Due to the low-amplitude of

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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the stellar oscillations one needs extremely accurate mea-
surements. Those two requirements result in differential
photometry being the most simple. There are in principle
three different ways of performing differential photometry:

– Using artificial light sources as reference.
– Measuring the brightness ratio between two passbands
in the target.

– Using “stable” comparison stars as reference.

The last one – “stable” comparison stars – is what one
normally understands as differential photometry and this
is also the one used in the Eddington mission.

2. The Assessment Study Simulations

In the following section we show the result of the Assess-
ment Study simulations described in Favata, Roxburgh &
Christensen-Dalsgaard (2000).
The purpose of the Eddington assessment study was

to demonstrate the feasibility of the general design of
telescope, detector and on-board data processing tech-
niques and algorithms. This was done by building a realis-
tic
model of the detector and simulating the effect of the
spacecraft environment on the observing philosophy. Fi-
nally we simulated the on-board data reduction proce-
dures.

Figure 1. The point-spread function as seen by the Eddington
baseline telescope.

Fig. 1 and 2 show the point-spread function as seen
by Eddington. The size of individual pixels is 1.5 arcsec
in the present simulations and the diameter of the PSF is
about 8 pixels.
Fig. 3 show a small part of the simulated star field used

to asses the performance of Eddington. The bright star at
the centre is a star of magnitude V=12.6 and in the figure

Figure 2. The point-spread function as seen by Eddington at the
resolution given by the baseline telescope/detector combination.

Figure 3. The simulated observation of the star field used to
asses the performance of Eddington as described in the As-
sessment Study Report. Note the doughnut-shaped point-spread
function and the presence, in the field of view, of a significant
number of stars with a potentially contaminating effect on each
other. The presence of vertical trails from other bright star in
the field of view (shown is only a small fraction of the chip)
should also be noted.

one can see the surrounding 100× 100 pixels. The neigh-
bouring stars in the local field are between magnitude
V=16 and V=28, distributed as following: 3 stars between
magnitude V=16 and V=18, 8 stars between magnitude
V=18 and V=20, 11 stars between magnitude V=20 and
V=22, 17 stars between magnitude V=22 and V=24 and
19 stars fainter than magnitude V=24. Two stars outside
the field shown in Fig. 3 are bright (V=7.2 and V=8.5)
and one can easily see the effect of vertical trails due to
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the frame transfer during readout (no shutter is used in
Eddington). Fig. 4 show the structure of the simulated
flat field. The peak-to-peak variations in the quantum ef-
ficiency are 3 %. Sub-pixel structures are also included in
the simulations.

Figure 4. The flat-field map used in the simulations of the Ed-
dington image shown in Fig. 3. The peak-to-peak variations
in the quantum efficiency are 3%. Sub-pixel structures are in-
cluded.

2.1. On-board reduction procedures

The on-board photometric reduction procedures will be
implemented in the Eddington payload DPU and the pro-
gramme must be able to operate without any human su-
pervision. This leads to simplicity and robustness.
As shown in the Assessment Study Report (Favata,

Roxburgh & Christensen-Dalsgaard 2000) the high per-
formance of the spacecraft ACS allow a simple algorithm
to produce very accurate results. The algorithm is based
on a simple aperture-photometry concept and does not
use any sophisticated modelling of the point-spread func-
tion or any fit to the background star field. The procedure
uses local background determination making it much less
sensitive to zodiacal light.

2.2. Radiation damage

The detector will be affected by cosmic radiation. The
known effects from radiation damage includes: dark cur-
rent, non-white background noise (“telegraphic pixels”),
hot and cold pixels, traps, CTE degradation, and cosmic-
ray hits (single pixel events). A simulation of this is shown
in Fig. 5. The photometric precision will be affected by the
radiation damage, however the simulations show that one

Figure 5. The same simulated field as shown in Fig. 3, but in-
cluding a simulated effect of radiation damage. Included in the
radiation simulation is increased dark current, hot-pixel de-
fects (due to protons), traps and degraded CTE and single-pixel
events.

can still achieve the specified accuracy and be able to de-
tect the low-amplitude oscillations.

2.3. The effect of no shutter

Another effect studied during the Assessment Study (Fa-
vata, Roxburgh & Christensen-Dalsgaard 2000) is the no-
shutter design. In the asteroseismic part of the Eddington
programme the baseline is to use a frame transfer mode
during readout. This allows a fast shift from the image
area into the storage area (frame transfer buffer) and this
will minimize the effect of “trailing” stars due to the miss-
ing shutter. If one would increase the field of view by us-
ing no frame transfer the situation would be significantly
different as illustrated in Fig. 6. Simple photometry be-
comes quite difficult in such a situation and the result
of the simulations show that one should go for the frame
transfer mode, although this may limit the size of the field
of view.

3. ACS error and jitter

Attitude movements (jitter) between two exposures and
during a single exposure affects the measured stellar
brightness due to the spatial structure of the detector sen-
sitivity (pixel and sub-pixel flat field structure). As a part
of the simulations described in the previous section we
used a simulated flat field, PSF and jitter power spec-
trum. Such a procedure will only allow one to justify a
given design and demonstrate that the end-to-end data
analysis is able to deliver the required precision.
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Figure 6. The same simulated field as shown in Fig. 3, but in-
cluding a simulated effect of reading out the detector in a classi-
cal way (no frame transfer mode). The presence of trails from
other bright stars in the field of view (outside the section of
the chip shown) is clearly dominating the background. Simple
photometry becomes quite difficult in such a situation. The re-
sult of the simulations show that one should go for the frame
transfer mode, although this may limit the size of the field.

In order to understand the sensitivity of different in-
put parameters, such as the size of the PSF (the degree
of defocus) and the size of the ACS jitter, one will need
to perform a more specific analysis. This is done in the
following section.

3.1. The attitude control system

In order to simulate the sensitivity to attitude jitter we
need to simulate the performance of the attitude control
system, including a description of the frequency depen-
dence for the error-signal. The design and performance of
the attitude control system is discussed in detail in the As-
sessment Study Report (Favata, Roxburgh & Christensen-
Dalsgaard 2000), however for the simple simulations we
do not need to include the detailed structure of the ACS
power spectrum. For the present analysis we therefore
used a simple feed-back algorithm in order to simulate
the spacecraft jitter.
The spacecraft ACS drift (perturbations) is simulated

as a small series of random “kicks” at random size and
direction. This will result in a change in pitch, yaw and
roll of the spacecraft. The drift away from the nominal po-
sition will now be measured by the ACS sensor (including
a measurement error) and based on the sensor output one
calculates an input signal to the attitude control system.
In order not to make an unstable system (and to take
into account the physical limitations of the spacecraft),
we only correct a part of the error-signal before the next

ACS sensor output. In principle the ACS jitter can then
be described by the following equation

∆ACS(t+ δt) = α ·∆ACS(t) + σACS (1)

where ∆ACS is a 3-dimensional vector describing the
pointing error at a given time, α is the correction coeffi-
cient performed during the time-interval dt and σACS is
a 3-dimensional vector describing the ACS “kick”. α can
in principle be a function of time, ∆ACS and orientation
(pitch, yaw and roll).
If one evaluates the time series produced by Eq. 1, it

turns out that α gives rise to a carateristic time scale for
the ACS and a combination of α and σACS determines
the scale length of the ACS error signal. For the present
simulations we adjust the parameters to meet the require-
ments specifications in such a way that the time scale of
the ACS is 10–100 sec and the RMS error of pitch and
yaw is 0.2 arcsec.

3.2. A “white” flat field

One way of looking at the response to structures in the
flat field is to study the power spectrum of the spatial sen-
sitivity variation. We note that small sub-pixel structures
will to a large extend be smoothed out by the out of focus
point spread function.
The result of such an analysis is shown in Fig. 7 and

8. In Fig. 7 we show an example of a flat field spatial
sensitivity variation that is modelled as a white noise. The
sensitivity variation is shown as a function of pixel position
on a single detector-axis.
The power spectrum of the spatial sensitivity variation

(Fig. 8) can be used to understand the sensitivity to the
size of the PSF (FWHM) and the size of the attitude error
signal RMS(ACS). For a fixed PSF and a small attitude
error signal, we find that

POWER ∝ RMS(ACS)2 (2)

If we don’t fix the size of the PSF we also get sensitivity
to the size of the PSF (FWHM). For small attitude errors
(RMS(ACS)� FWHM) we find

POWER ∝
(
RMS(ACS)
FWHM

)2

· 1
FWHM2

(3)

For large attitude errors (RMS(ACS) ! FWHM) we
find

POWER ∝ 1
FWHM2

(4)

The result of those simulations is that for a small at-
titude error signal one is gaining a lot by defocusing the
telescope in terms of sensitivity to ACS jitter.
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Figure 7. An example of a flat field spatial sensitivity variation that is modelled as a white noise. The sensitivity variation is
shown as a function of pixel position on a single detector-axis. The mean response for the Eddington baseline point-spread
function (8 pixel diameter) is shown as a thick line.

3.3. A “drift” flat field

If we instead look at a flat field spatial sensitivity variation
that can be described as a “drift” noise source, i.e. small
sensitivity variations at small scales and larger sensitivity
variations at larger scales, we will see a totally different
sensitivity to FWHM and RMS(ACS).
The simulations are shown in Figs. 9 and 10 and the

result of the simulations can be described in the following
three equations. For a fixed PSF we find that

POWER ∝ RMS(ACS)2 (5)

If we don’t fix the size of the PSF we also get sensitivity
to the size of the PSF (FWHM). For small attitude errors
(RMS(ACS)� FWHM) we find

POWER ∝
(
RMS(ACS)
FWHM

)2

(6)

For large attitude errors (RMS(ACS) ! FWHM) we
find

POWER ∝ RMS(ACS)2 (7)

3.4. Photometric noise from jitter

Analysis of different types of spatial detector sensitivity
indicate that ACS jitter of 0.2 arcsec RMS will result in
a noise level an order of magnitude (or more) below the
photon noise level, even for the brightest stars.
Although this is a very encouraging result it should

be notes that radiation-damage effects will need a further

study and that one during the mission will need close mon-
itoring of the detector performance, focusing especially on
radiation effects.

4. The photometric precision

The result of the simulations done during the Assessment
Study (Favata, Roxburgh & Christensen-Dalsgaard 2000)
can be described in a series of figures.

In Fig. 11 we show the noise level (in ppm) in the
amplitude spectrum as a function of stelllar magnitude
for a 1 month asteroseismic observing period performed
by Eddington. The exposure time is set to 0.5 sec resulting
in a saturation at magnitude V=5.6.

In Fig. 12 we show, in a similar way, the noise level (in
ppm) in the amplitude spectrum as a function of stelllar
magnitude. The exposure time is set to 2.0 sec resulting
in a saturation at magnitude V=7.1.

Fig. 13 is for a series of 8 sec exposures. The saturation
is a V=8.6.

In Fig. 14 we show the performance for a special read-
out mode described in detail in the Assessment Study Re-
port (Favata, Roxburgh & Christensen-Dalsgaard 2000).
The idea is to readout the detector in a cycle of 10.5 sec
(0.5 + 2 + 8) in order to get useful photometry also on the
brighter stars. One should note how the usage of different
integration times allows for a “flat” noise level through
the “bright” end of the possible Eddington targets.
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Figure 8. The power spectrum of the spatial sensitivity variation described in Fig. 7. The power of the sensitivity variation is
shown as a function of the inverse scale-length (1/scale). 0.001 corresponds to a 1000 pixel movement and 0.100 to a 10 pixel
movement. The power for “frequencies” (inverse scales) above 1.000 show the sub-pixel sensitivity. The inverse scale-length of
the used point-spread function is 0.125. The two curves demonstrate the situation for a defocused PSF (lower curve) and for a
focused PSF (upper curve). The curves have been rescaled so they match at low “frequencies”

5. An alternative design?

Although the present Eddington design is able to meet
the science requirement specifications, it is clear that the
telescope and detector design do not represent the only
possible mission profile.
A number of “problems” concerning the present design

exist and during the comming phases one should discuss
how we reach the optimum design under the given con-
straints.
Issues that has been discussed concerning the mission

design described in the Assessment Study Report (Favata,
Roxburgh & Christensen-Dalsgaard 2000) include:

– The baseline design does not allow colour information
to be measured

– Frame transfer in exoplanet mode is not possible be-
cause it would reduce the field of view too much

– The baseline f-ratio is too large. A faster optical design
will allow more stars to be included in the search.

– The large secondary mirror obstruction due to the base-
line TRT-design will result in a ring-like PSF and will
“absorb” a large fraction of the light.

Based on Fig. 6.1 in the Eddington Assessment Study
Report (Favata, Roxburgh & Christensen-Dalsgaard 2000)
one can see that many different combinations of field size
and telescope collecting areas produce an equal good tele-
scope for the planet search programme. Fig. 6.1 (Favata,
Roxburgh & Christensen-Dalsgaard 2000) show combina-

tions ranging from 100 deg2 to 1/3 deg2 (field size) and
0.04 m2 to 25 m2 (mirror area).
This fact can be expressed in the following equation

describing the number of possible planets
Nplanets ∝ a×A (8)
or

Nplanets ∝ d× A

f2
(9)

where a is the field size, A is the mirror area, d is the
area of the CCD detector and f is the focal length.
The present design contain 20 CCD’s for the planet

search modes having a total detector area of 313 cm2.
The properties af the present baseline design can be seen
in Table 1.

Table 1. The Eddington baseline design.

Detector area 313 cm2 PF mode
Detector area 125 cm2 AS mode
Mirror area 0.628 m2

Focal length 3.72 m
FOV 2.72 × 2.72 deg2 PF mode
FOV 1.22 × 2.44 deg2 AS mode

Based on Fig. 6.1 (Favata, Roxburgh & Christensen-
Dalsgaard 2000) it is easy to see that one can construct
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Figure 9. An example of a flat field spatial sensitivity variation that is modelled as a “drift” noise source (small sensitivity
variations at small scales and larger sensitivity variations at larger scales). The sensitivity variation is shown as a function of
pixel position on a single detector-axis. The mean response for the Eddington point-spread function (8 pixel diameter) is shown
as a thick line.

small and efficient telescopes that can match the present
baseline design. One example is shown in Table 2.

Table 2. A smaller telescope design.

Detector area 28.4 cm2 4 CCD’s
28.4 cm2 frame transfer

Mirror area 0.0707 m2 30 cm diam.
Focal length 0.39 m f/1.3
FOV 7.8 × 7.8 deg2

If one compares Tables 1 and 2 and evaluate this
through Equation 9 it turns out that the two designs of-
fer about the same possibilities to detect planets! In other
words, 4 2048× 2048 CCDs in the focal plane of a 30 cm
f/1.3 telescope have comparable capability as the baseline
design.

However the asteroseismology programme will need a
larger mirror area in order to reach a low noise level for
quite faint stars (V=11). We have simulated how photom-
etry can be expected to perform on a smaller telescope
(PSF for those are shown in Fig. 15 and 16) and it turns
out that there is no problem in combining a number of
smaller telescopes aiming at making the telescope area
larger.

Figure 15. The point-spread function as seen by an in-focus ver-
sion of the Eddington experiment.

5.1. Many small telescopes?

In order to evaluate the properties of an alternative design
for Eddington, we show in table 3 the properties for 9
small unit telescopes in the Asteroseismology mode. In
this mode we assume that all telescopes are pointing in
the same direction. In table 4 we show similar properties
for 9 small telescopes in the Planet Finding mode. In this



208 H. Kjeldsen

0.001 0.010 0.100 1.000
10-6

10-4

10-2

100

102

104

Figure 10. The power spectrum of the spatial sensitivity variation described in Fig. 9. The power of the sensitivity variation is
shown as a function of the inverse scale-length (1/scale). 0.001 corresponds to a 1000 pixel movement and 0.100 to a 10 pixel
movement. The power for “frequencies” (inverse scales) above 1.000 show the sub-pixel sensitivity. The inverse scale-length of
the used point-spread function is 0.125. The two curves demonstrate the situation for a defocused PSF (lower curve) and for a
focused PSF (upper curve). The curves have been rescaled so they match at low “frequencies”

Figure 16. The point-spread function as seen by an in-focus ver-
sion of the Eddington experiment. The figure show the PSF at
the detector “resolution”

mode we assume the telescopes are pointing in different
directions.

This design turns out to contain 20 times more stars
for the Asteroseismology mode than the present baseline
design and about 8 times more stars for the Planet Finding
mode.

Table 3. Alternative Eddington design: AS mode – 9 telescopes

Detector area 28.4 cm2 4 CCD’s per telescope
28.4 cm2 frame transfer

Mirror area 0.636 m2 9 x 30 cm diam.
Focal length 0.39 m f/1.3
FOV 7.8 × 7.8 deg2

Table 4. Alternative Eddington design: PF mode – 9 telescopes

Detector area 255 cm2 9 x 4 CCD’s
255 cm2 frame transfer

Mirror area 0.0707 m2 30 cm diam. (9 telescopes)
Focal length 0.39 m f/1.3
FOV 7.8 × 7.8 deg2

Additional flexibility includes the possibility to design
the different unit telescopes for specific colours (coded op-
tics and detectors) and by doing that one could implement
colour information in a simple way.

Another point is that frame transfer is used in both
AS and PF mode. This simplifies the focal plane design
significantly compared to the baseline design.
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Figure 11. The noise level (in ppm) in the amplitude spectrum as a function of stellar magnitude for a 1 month asteroseismic
observing period performed by Eddington. The amplitude of solar p-mode oscillations is also shown. The curve shows the
performance for a series of 0.5 sec exposures.
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Figure 12. The noise level (in ppm) in the amplitude spectrum as a function of stelllar magnitude for a 1 month asteroseismic
observing period performed by Eddington. The amplitude of solar p-mode oscillations is also shown. The curve shows the
performance for a series of 2 sec exposures.

6. Conclusions

The result of the present simulations of the analysis of the
Eddington asteroseismology data are:

– Using the baseline design described in the Assessment
Study Report (Favata, Roxburgh & Christensen-Dals-
gaard 2000) one can conclude that the experiment un-
der the present assumptions is able to perform photo-
metric time series observations with an accuracy down
to the photon noise level even with somewhat conser-
vative assumptions regarding the critical parameters
(ACS jitter and flat field structure).

– Only simple photometric reduction algorithms are
needed during the on-board data reduction and the
amount of processing is limited. In order to correct for
the effect of ACS jitter, temperature variations etc.
one will need a set of basic monitoring parameters (as
a part of the spacecraft House Keeping (HK) data set)
describing the status of instrument and detector.

– A major unknown factor, that potentially can limit
the photometric precision, is radiation damage. In the
present set of simulations this effect is only modelled
at a simple level. In order to construct data reduction
algorithms that can deal with the effect of radiation
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Figure 13. The noise level (in ppm) in the amplitude spectrum as a function of stelllar magnitude for a 1 month asteroseismic
observing period performed by Eddington. The amplitude of solar p-mode oscillations is also shown. The curve shows the
performance for a series of 8 sec exposures.
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Figure 14. The noise level (in ppm) in the amplitude spectrum as a function of stelllar magnitude for a 1 month asteroseismic
observing period performed by Eddington. The amplitude of solar p-mode oscillations is also shown. The curve shows the
performance for a special readout mode described in detail in the Assessment Study Report. The idea is to readout the detector
in a cycle of 10.5 sec (0.5 + 2 + 8) in order to get useful photometry also on the brighter stars.

damage one needs a significantly improved description
of the detector long-term and short-term changes. One
question that has not been answered in the present
simulations is: What is the photometric precision on
long time scales? Will radiation damage be the ulti-
mate limit for high-precision photometry at long time-
scales?
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Abstract

Several elements of Eddington make the specification
for the CCDs unusual compared with a standard imaging
application. For example, image sharpness is scarcely an
issue due to the defocussing, but stability is much more im-
portant than usual due to the requirement for high accu-
racy photometry detecting very small (∼ 10−4) variations
in intensity. There are also trade-offs brought about by the
different requirements of the asteroseismology and planet-
finding parts of the mission. These various trade-offs are
described. In addition, preliminary results are shown from
a lab run simulating a planetary transit by changing the
intensity of a defocussed point source on a CCD.

Key words: CCDs: astronomical

1. Introduction

The current baseline of the Eddington mission is described
in Favata et al. (2000). The requirement for highly accu-
rate time-resolved photometry of large numbers of stars is
shared by these two fields,

– Asteroseismology, the study of stellar oscillations in or-
der to understand the interior structure and evolution
of stars

– The detection and characterisation of habitable plan-
ets around other stars.

This synergy in the required measurement explains the
combining of two disparate scientific goals into a single
mission. However, there are also differences between the
two parts of the mission, in areas such as time resolution
and number of sources per field, which lead to compro-
mises in some of the instrument parameters. These trade-
offs are described in further detail below. Several other
fields will be able to make use of the data produced by
Eddington, for example monitoring the photometric vari-
ability of QSOs and detecting solar system objects. How-
ever, these are secondary objectives which do not drive
the instrument definition.
Historically, the Eddington mission began life as a pro-

posal to ESA in response to the “M3 Call for Proposals”
under the name “STARS”, which was to be an astero-
seismology mission to study the structure and evolution

of stars. STARS was selected for an assessment study fol-
lowed by a full phase A study, but did not progress beyond
the final selection in 1996. Around this time the first dis-
covery of a planet around a normal star other than the
Sun was made, a giant (M = 0.47MJup) planet around
the G2IV star 51 Peg. Two other discoveries which stim-
ulated the field of planet-searching were the direct obser-
vation of a dust disk around the star β Pictoris and the
detection by accurate timing of three Earth-mass planets
around the pulsar PSR 1257+12. More recently, the tran-
sit of a Jupiter-size giant planet has been observed from
the ground using photometry to detect the resulting dip
in the light curve of the star HD 209458 (Charbonneau
2000). In this context, it was natural to add photomet-
ric planet-searching to the asteroseismology capabilities
of STARS in the creation of the Eddington proposal.

2. Scientific requirements

Clearly, before addressing the CCD issues for Eddington,
it is necessary to begin with the scientific requirements
(although in practice these requirements are constrained
a priori by technological factors including CCD perfor-
mance). The scientific requirements are described in de-
tail in Favata et al. (2000) and in an updated form in
Mas Hesse (2001). They are briefly summarised below for
the two principal fields, in particular where they relate to
CCD performance.

2.1. Asteroseismology

In order to calibrate stellar evolution models (determin-
ing stellar ages to 0.1%) and study rotational splittings,
Eddington must identify the observed modes in the power
spectrum of a star’s light curve and measure the mode fre-
quencies with a precision of 0.3 µHz. The asteroseismology
targets will be open clusters (to simultaneously study a
large number of related stars) and individual field stars. To
reach a sufficient number of stars in each cluster (in order
to obtain statistically significant data on a range of stellar
types), Eddington needs to perform accurate photometry
down to a magnitude of at least V = 11. It is required to
detect individual p-mode oscillations, and this translates
to a total photometric noise of <∼1.5 ppm after ∼30 d
of observation, in the whole frequency range of interest,
which is 0.1 to 10 mHz. In order to meet this photon noise

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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requirement a flux of 1.5×106 photo-electrons per second
is required for a magnitude 11 star. The range of magni-
tudes for which useful data is required is ∼5 to 12, and
it is required that the combination of other noise sources
in the data be less than the photon noise, i.e. 8×10−4 per
second over the range of frequencies of interest. Examples
of such noise sources are CCD readout noise and appar-
ent changes in brightness caused by pointing drifts moving
the star’s image on a detector with spatial QE variations.
In order to observe a sufficient number of stars within a
cluster, a field of view of at least 3 square degrees will
be needed. This field of view allows ∼50 000 stars in the
range V = 5 to 12 to be studied in two years with 1 to 2
months spent on each field. The time resolution required
is ∼10 s, but to cover this range of magnitudes a range of
integration times 0.5 to 8 s is used. The studies in Favata
et al. (2000) show that a 1.2 m diameter telescope with a
collecting area of ∼0.6 m2 provides sufficient flux.

2.2. Planet-finding

The planet-finding phase of Eddington is driven by the
first “Action” recommended by the ESA Long Term
Strategic Plan: “Detect and characterize habitable Earth-
like planets in other planetary systems”. The most chal-
lenging requirement is the detection of “true Earth
analogs” (i.e. Earth-size planets around G2V stars). A
less stringent requirement is the detection of “terrestrial
planets” or habitable planets, which covers a radius range
∼0.8–2.2 R⊕ with a surface temperature which allows the
presence of liquid water. To definitively determine the
presence of a planet and its orbital period at least three
transits must be detected. This implies a ≥ 3 year dura-
tion for this phase of the mission, spent on a single field
with a high density of G to M-type stars. For a habit-
able planet, the depth of the dip in the light curve is
0.5–13×10−4, and the duration is 5–15 hours for an equa-
torial transit. A higher time resolution of ∼30 s is desir-
able to not only detect the transit, but also obtain ingress
and egress timings which will give further information on
planet size, satellites etc. Using the same telescope param-
eters as for the asteroseismology phase, the increased inte-
gration time allows photon-noise-limited measurements in
the range V = 11 to 17, the higher magnitudes having the
beneficial effect of increasing the number of stars observed
in order to maximise the number of planetary detections.
It is also desirable to maximise the field of view to increase
the number of observed stars. In total ∼ 5× 105 stars will
be searched for transits, the studies in Favata et al. (2000)
show that of the order of several tens of habitable planets
should be detected.

3. Common parameters

From the above section it can be seen that the require-
ment for high accuracy photometry is common to both

strands of the mission, while details such as time reso-
lution and field of view are different for the two phases.
CCD parameters which are common to the two phases are
as follows.

3.1. Thinned, back-illuminated

The CCDs must be thinned, back-illuminated devices to
maximise the QE and minimise inter- and intra-pixel re-
sponse non-uniformity. The devices will be non-AIMO
(Advanced-inverted-mode-operation). AIMO (also known
as multi-phase-pinned, MPP) devices have reduced dark
current due to elimination of the interface component of
the dark current. This simplifies (or in many applications
eliminates) the cooling requirements, but the penalty is a
reduced full-well capacity. For Eddington a high full-well
capacity is required, hence the use of non-AIMO devices.

3.2. “Defocussed” mosaic

In order to cover the field of view using a feasible tele-
scope without excessive source confusion a relatively large
imaging detector is required, and the requirement for high-
accuracy photometry dictates a CCD mosaic. The area
of silicon required is further increased because the re-
quired number of photo-electrons (∼ 108 per integration
per source) must be spread over a finite area of the CCD
to avoid saturating it. This extended image profile has a
number of effects.
1. The profile combined with the telescope optics sets the
fundamental limit to the detector size as the required
number of sources has to be imaged with an acceptably
low level of source confusion.

2. The profile can be achieved by defocussing (the base-
line), spectral dispersion or a combination. This is dis-
cussed in Sect. 3.6.

3. A beneficial effect of the spreading is that systematic
errors due to pointing drift become less critical be-
cause pixel response non-uniformity (PRNU) has less
impact on the photometry when the image is spread
over several pixels.
Given the constraints of telescope design and the nec-

essary defocussing (see Sect. 3.2, the area of silicon re-
quired to achieve the asteroseismology requirements is
∼1300 mm2.
A large pixel size is desirable to maximise the ratio of

signal to readout noise and reduce the number of pixels to
be read out (and hence reduce the readout rate and read-
out noise), whereas a small pixel size better samples the
PSF. A study by Marconi Applied Technologies has shown
that a device of 740×2900 pixels with a size of 27µm is a
good match to the mission requirements and the practi-
calities of device manufacture (three such devices can be
produced from a single silicon wafer). For the asteroseis-
mology phase, the short integrations dictate operation in
frame-transfer mode, so 16 such devices are required to
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provide the necessary imaging area. The devices are but-
table on three sides, with a butting loss along each edge of
∼ 370 µm. 4-phase clocking increases the charge-handling
capability of the CCD as half the silicon area can be used
for charge storage at any one time during charge trans-
fer (c.f. one third for 3-phase clocking). The trade-off here
is that 4-phase clocking increases the number of clock-
drivers (and hence power dissipation) and connections to
the focal plane. The 4-phase full well capacity is 1.6 Me−.

3.3. Readout rate and noise

Fig. 1 shows the CCD readout noise (e− rms) as a function
of readout rate for the Eddington CCD output node with
its 1.6 Me− capacity. It can be seen that readout rate has
to be traded-off against readout noise. In asteroseismology
mode, a readout rate of 0.5 Mpix s−1 allows a minimum
repetition period of 1.1 s, reading out through two read-
out nodes per CCD. A conservative readout noise of ∼15
e− rms is assumed at this rate and maintains the readout
noise below the photon noise level for the magnitudes of
interest.

Figure 1. CCD readout noise as a function of readout rate.

3.4. Temperature and radiation dose

Cooling of the CCDs is required in order to reduce the
dark current to a level where the shot noise on the dark
signal is less than the readout noise for the longest an-
ticipated integration, i.e. the dark signal should be less

than 225 e−. Marconi’s standard dark current equation
for non-AIMO devices is

Id = CT 3 exp[−6400/T ] (1)

where
Id is the dark current
C is a normalisation constant
T is the temperature (Kelvin)
Assuming a dark current of 1 nA cm−2 at 293 K, then

C is 5.55×106, so that Id is in units of e− pix−1 s−1. This
function is plotted in Fig. 2. For a longest integration of 30
s then Id needs to be maintained below 7.5 e− pix−1 s−1

and it can be seen that cooling to −60 C is adequate. In
addition to the shot noise on the dark signal, variations
in dark signal due to temperature drifts must be main-
tained to a similar level. Again it can be seen that control
to ∼ ±0.3 C would be sufficient. In practice, however, it
is planned to cool the CCD to −90 C. This is done in or-
der to minimise radiation-induced CTI and dark current
defects. The dark current at this temperature is a factor
∼200 lower than at −60 C, so that in principle exposures
of ≥1 hour could be made, going 6 magnitudes fainter,
although in this case field crowding would be a severe
problem and obviously time resolution would be greatly
degraded.

Figure 2. CCD dark current as a function of temperature

Three other CCD parameters vary significantly with
temperature.

1. The responsivity of the output node. Typically, this
output stage gain increases by 0.1% K−1 as tempera-
ture decreases. As Eddington is looking for variation
at the 10−4 level, this implies that temperature control
to significantly better than 0.1 K is required. However,
cross-calibration of the light curves from different stars
should allow this effect to be removed (as well as cor-
responding drifts in the analogue electronics).
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2. The intrinsic QE of the CCD. This varies by ∼ 7 ×
10−5 K−1. To keep this noise below the photon noise
level the chip temperature must be stable to 0.1 K/hr.

3. Thermal expansion of the CCDs. The thermal expan-
sion coefficient of Si is � 3 × 10−6 K−1. The required
temperature stability to keep this effect to the same
order as the 0.1 arcsec spacecraft jitter is 0.1 K.

Studies of the baseline spacecraft in Favata et al. (2000)
show that these requirements of 0.1 K and 0.1 K hr−1 can
be met by passive cooling of the CCDs using heat pipes
and a radiator.

3.5. Other sytematic errors

Just as temperature will have to be stable and carefully
monitored in order to minimise systematic errors, other
parameters which affect the digitised data will need to
be measured and analysed prior to flight and monitored
during flight. These include CCD bias supplies, analogue
electronics supplies and inter-channel crosstalk.

3.6. Spectral range and dispersion

Fig. 3 shows the quantum efficiency of a typical thinned,
back-illuminated Marconi CCD suitable for the baseline
Eddington response range of 3500 to 8500 Å. The detailed
shape of this curve can be modified by the application of
an anti-reflection coating. As mentioned in Sect. 3.2, the
spreading of the light from a single star over several pixels
can be achieved by defocussing, spectral dispersion or a
combination. This last method is used by COROT’s exo-
planet channel (Tiphene 1999), where defocussing is used
and a prism also disperses the spectrum in one dimen-
sion. Colour information has an impact on CCD issues in
several ways:

– The variation of CCD QE with temperature is also a
function of wavelength.

– The CCD spectral response may need to be optimised
differently depending on how the dispersion is per-
formed.

The issue of colour separation on Eddington is still TBD,
briefly the issues are as follows.

– Asteroseismology: Colour information can help with
mode identification.

– Planet-finding: Planetary transits are achromatic, so
events showing spectral variation can be eliminated as
false alarms (e.g. due to stellar activity).

– The fact that the stellar image needs to extend over
several pixels in any case makes the extra information
obtained by dispersion appealing. However, it adds to
the complexity of the optics.

Figure 3. QE of a suitable thinned, back-illuminated CCD for
Eddington as a function of wavelength.

4. Parameters not in common

The principal difference between the two phases of the
mission is in terms of image profile, integration time and
frame transfer/full-frame operation.

4.1. Asteroseismology

The integration times as short as 0.5 s have two main
effects on operation in the asteroseismology phase.

1. The CCDs have to be operated in frame-transfer mode
to minimise smearing.

2. Because the sources are relatively bright (V = 5 to
11), field crowding is not a problem and the image
profile can extend over ∼12 arcsec (8×8 pixels). The
telescope’s refocussing capability means that this value
can be adapted for different fields.

4.2. Planet-finding

In the planet-finding phase, the longer integration times
again have two effects.

1. Frame transfer mode is not required and it is preferable
to tolerate some image smear in order to gain a factor 2
in FOV by operating the CCDs in full-frame mode. To
this end, the focal plane has a removable cover for the
storage areas of the sixteen CCDs. In addition there
are four additional full-frame CCDs around the edge
of the detector plane. This is shown in Fig. 4. The im-
age smear resulting from full-frame operation can in
principle be removed in software. Favata et al. (2000)
allows for the possibility of colour filters on these four
CCDs to obtain colour information on small areas of
the FOV. These four full-frame CCDs will also be ex-
posed during the asteroseismology phase for acquisi-
tion of additional data.
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2. The fainter sources mean that source confusion is more
of an issue, so the profile is reduced to a nominal di-
ameter of ∼5 arcsec (3×3 pixels).

Image Area

Storage Area

Full-frame Imager

3o diameter FOV

Figure 4. Diagram of the Eddington focal plane mosaic show-
ing 16 central CCDs operable in frame-transfer mode for aster-
oseismology or full-frame mode for planet-finding, and 4 full-
frame CCDs around edge for planet-finding.

5. Lab tests

In order to support the Eddington programme, it was de-
cided to use the MSSL CCD Test Facility to perform lab
tests to simulate the light curve dip expected from a plan-
etary transit.
Fig. 5 shows a block diagram of the CCD Test Fa-

cility, which is situated in MSSL’s class 100 cleanroom.
The CCD and its front-end electronics (FEE) card are
mounted on an X-Y stepper motor system in the vacuum
cryostat and the CCD is cooled using a flexible attach-
ment to the liquid nitrogen reservoir which is built into
the chamber. A window in the chamber wall permits the
CCD to be illuminated from outside the chamber. This

allows various optical setups to be used and changed (e.g.
pinpoint illumination, flat-field, focussed image) without
disturbing the CCD. The X-Y stepper system allows the
CCD to be moved in the optical beam to expose different
areas of the CCD to the same optical flux, e.g. to perform
flat-fielding.
Heaters on the support plate for the CCD allow the

temperature to be controlled. A 4-wire rhodium-iron ther-
mometer is used to measure the temperature. Tempera-
tures down to −70C are routinely used. Two sets of read-
out electronics are currently in use, as described below.

5.1. Integral-OMC readout electronics

The original set of electronics used in the test setup is
based on the development model of MSSL’s readout elec-
tronics (ROE) for the Optical Monitor Camera (OMC) on
Integral. In this configuration (shown in Fig. 5) the ROE
is a separate unit which controls the integration time and
generates the clock sequences to read out the CCD at a
default rate of 310 kpix s−1. It also performs correlated
double sampling (CDS) on the analogue video signals from
the focal plane assembly (FPA) card, digitises the video
to 12 bits, buffers the digital data and transmits it over a
pair of 5 MBaud RS-422 serial links. The ROE is highly
flexible, having the following features, all under software
control from the PC (or in the OMC case, the OMC-DPE).

– Control of integration time, integration modes and full-
frame or frame-transfer CCDs

– Operation of any size CCD, with multiple windows per
image, horizontal and/or vertical binning

– Readout to left port or right port (or both simultane-
ously for split serial register CCDs)

– Control of CDS gain
– Control of clocking rate and gain.

The FPA card contains level shifters to convert the
logic level clock pulses from the ROE to the appropriate
levels for the CCD. It also contains preamplifiers for the
left and right output channels and filtering for the CCD
bias supplies.
The PC contains a custom-built card to control and

monitor the ROE and read back the digitised data us-
ing the serial links. This card also controls the shutter on
the optical bench. A PCI card in the PC handles DMA
transfer of the data into PC memory.
The bias/jitter-clocking box has three main functions.

1. Allows the PC to control VIΦ, VSS, VRD, VOD, VOG,
VABD and VDD using the DAC card.

2. Allows the PC to monitor these voltages using the
ADC card.

3. Allows the PC to take control of the image area clocks
during integration, for example to perform jitter clock-
ing tests (shifting the charge during integration to al-
low for image jitter).



216 D. M. Walton et al.

Cooled
CCD

Vacuum
Cryostat

Y Stepper Drive

X Stepper Drive

Window

Heater Resistor

Stepper Motor
Controller

Readout
Electronics
(ROE)

Plug-in cards

Serial
Port

PC

Ethernet

MSSL
Network

Shutter

Optical Bench with
mounts, source, lens system

Flexi/Ribbon Cable

Heater Supply

Temp Monitor

FPA
 PC

B

Thermistor

Shutter Controller

Cold
FingerBraid

Bias/
jitter-
clocking
Box DMA

Card

Custom
Card

DAC
Card

ADC
Card

Jitter control

Figure 5. Block diagram of MSSL CCD test facility.

The optical bench is bolted to the window flange outside
the chamber and is enclosed in a bellows to exclude exter-
nal light.

The experiment control and data acquisition PC com-
municates with the stepper motor controller via an RS-232
serial link.

The whole setup is controlled from the PC using IDL.
This allows interactive or program control and seamless
inclusion of graphics for near-realtime display. The high-
level software is written in IDL, while some low-level rou-
tines are written in C and called as dynamic link libraries
(DLLs). Another benefit of IDL is that the same analysis
programs can be run locally on the PC or on the MSSL
network. Code and data (e.g. in FITS format) can also be
exchanged with other groups.

5.2. High-speed sequencer readout

A new set of readout electronics is currently being com-
missioned. In this case the ROE box is eliminated and
its functions divided between a new FEE card and a new
custom PC card. The PC card is an arbitrary sequence

generator with 32 parallel outputs, based on RAM and an
FPGA. This is used to generate the clock sequences at up
to 40 MHz in order to readout and digitise CCD data at
2.5 Mpix s−1 on each of the two readout channels. The
FPGA performs three other functions.

1. A pair of counter/timers to control the integration
time and shutter.

2. An RS422 serial output to program the registers of the
FEE CCD Signal Processor (CSP) chips and the FEE
FPGA (see below).

3. A pair of high-speed (40 MBaud) serial data receivers
and serial-parallel converters to receive digitised data
from the FEE and output it to the DMA card.

Similarly to the OMC FPA, the FEE contains level-
shifters, bias supply filtering and preamplifiers (four in
this case), but in addition performs three other functions.

1. Two CSP chips digitise the analogue data from the
preamplifiers. These chips are designed for use in scan-
ners, colour copiers etc. Each one contains three cor-
related double samplers (nominally for RGB video),
an analogue multiplexer and a 14-bit analogue-digital
converter. In our case two of the inputs are used, so
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that CCDs with four readout nodes can be tested,
while the third is grounded (allowing noise measure-
ments).

2. An FPGA receives the clock signals from the PC card
and distributes them appropriately (e.g. for forward or
reverse clocking).

3. The FPGA also converts the parallel digitised CSP
output into serial form for transmission to the PC.

6. Experimental parameters

The experiment was set up to produce a defocussed spot
on the surface of a CCD. The parameters were chosen to
give signals as representative as possible of an Eddington
planetary transit using the available equipment.
The CCD used was a Marconi CCD75. This is a

thinned back-illuminated frame-transfer device with an
image area of 1024×1024 pixels and 12 µm pixel size. Full
well is ∼100 ke−. The CCD was operated at room tem-
perature.
The readout electronics was the OMC-based model

(12-bit ADC, ∼10e− readout noise, ∼40 e− DN−1, 310
kpix s−1).
The illumination source was a “point source” (25µm

aperture) green LED (λ ∼565 nm, FWHM∼25 nm). The
LED intensity is controlled using the PC DAC card oper-
ating an in-house-built voltage-controlled current source.
In normal operation, the DAC resolution is insufficient to
provide the 10−4 dip in brightness of a planetary transit,
so for this experiment the current source was modified in
order to provide a fixed current, with the DAC providing
a small offset, in principle allowing variations down to the
∼10−5 level.
The optical bench was set up to give an image of the

LED defocussed to ∼4 pixels FWHM and with a signal
at the peak of ∼100 ke− pix−1 s−1 using an 80mm focal
length lens. An integration time of 0.5s was used to give
a maximum signal of ∼half-full-well.

7. Results

Fig. 6 shows a surface plot of the profile of the defocussed
spot on the CCD. An experimental run was conducted
in which ten integrations were performed at the nominal
signal level, followed by ten with the intensity reduced by
∼ 10−3, followed by ten more at the nominal level.
To analyse the data, “box-photometry” was used, as

described in Favata et al. (2000). A 25×25 pixel box was
saved from each image, centred on the spot. The cen-
tral 15×15 pixels were averaged to give the “star”-with-
background signal, while the remainder of the pixels were
averaged to give the background. The background was
then subtracted from the star-with-background to give the
star signal. To simulate the process of searching the data
for a transit, a trial falling edge of ∼ 10−3 was generated

and stepped through the light curve, looking for a cor-
relation. Fig. 7 shows the result, where the trial edge is
superimposed on the light curve, showing the detection.
The ∼ 10−3 dip is detected at a significance of 3.1σ.

Figure 6. Surface plot of defocussed spot image on CCD.
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Figure 7. Light curve with 10−3 dip (round points) and detected
trial edge (joined square points).

8. Future refinements

Now that the experiment has been successfully run, fur-
ther developments of the hardware will be used to bring
the simulation closer to the Eddington case.
The CCD will be cooled to reduce dark current to a

negligible level and a test performed using a 10−4 dip. The
X-Y positioner stage can be used to simulate the effects
of image jitter. Because the LED intensity is under PC
control, arbitrary light curves can be generated (e.g. to
simulate stellar oscillations). The MSSL laser machining
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facility will be used to manufacture masks to mount on the
lens to produce different PSFs, e.g. a central obscuration
to produce a ring-shaped PSF similar to the Eddington
baseline. Filters, a prism or grating will be added to the
optical bench to investigate wavelength dependent effects.
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1UMR 6525 Astrophysique, Université de Nice – 06108 Nice Cedex 2, France
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Abstract

Interruption in the observations is a main limitation
for asteroseismology. It conducted to the development of
networks and spacecrafts for asteroseismology as for he-
lioseismology. However, the continuity offered by polar lo-
cations has played an historical role in the development of
helioseismology, allowing the first measurement of individ-
ual mode frequencies (Fossat et al. 1981). Several projects
were in the past envisioned for the exploitation of this ca-
pability for stellar observations, but none of them were
actually developed. From 2004, the permanent antarctic
station Concordia, will be running for its first winter sea-
son. Located at Dome C, the Franco-Italian station will
hold several scientific programs, including glaciology, geo-
physics, meteorology and astronomy. Continuity of the
observations is not the only advantage of the polar sta-
tion for astronomy. The high altitude, the low tempera-
ture and the incredible dryness of the site make it very
favorable for sub-mm and far IR observations. The Nice
University has already started the qualification of the site
in the visible domain. Up to now, no night data has been
recorded yet about sky transparency and seeing. However,
they are good reasons to expect exceptional conditions. In
comparison with South Pole site, the location on a dome
provides very quite weather with almost no wind. In con-
sequence, the seeing, mainly dominated at South Pole by
ground layer, should be excellent. Moreover, the absence
of high altitude jet-stream let expect a scintillation much
lower than in any other place. This would allow CCD ob-
servations to detect very faint photometric variations as
expected for asteroseismology, or planetary detection.

1. Introduction

After the Scott Amundsen station at South Pole and Vos-
tok station, Concordia will be the third permanent base
within the antarctic continent. Dome Concordia (Dome C)
is a broad topographic dome roughly centered at 75◦06’
06” S, 123◦ 23’42” E on the polar plateau of East Antarc-
tica (at 3233 m elevation a.s.l.), and is situated more than
700 km from the coast. This location is about 65 km south
of the old U.S. Dome C camp, and has been selected as the
optimal site for a new collaborative European (EPICA)
deep ice core. The chosen core site will allow recovery of

a core to a depth of 3250 m with a climate history of
some 400 000 years. In conjunction, the French and Ital-
ians have agreed to cooperate in the establishment of a re-
search programme, including construction and operation
of a scientific base “Concordia”. The use of this station
for scientific research is open to the world-wide scientific
community.
As shown on Fig. 1, Dome C offers a variety of ad-

vantages both for logistic and scientific point of view. The
place can easily be reached by plane and trucks from Du-
mont D’Urville and Terra Nova Bay. For astronomy, it is
a high altitude site with very dry conditions and cold sky
background. Therefore it is obviously an excellent place
for IR and submm astronomy. It will be better than the
South Pole, which is already one of the best place in the
world in this frequency domain. It is also not perturbed
by auroras.

Figure 1. Location of the dome C on the antarctic continent.
The figuer summarize some of the advantage of the site: 1. al-
titude > 3000 m, 2. slope < 1%, 3. snow fall < 5 g/cm2/year,
4. limit for auroras, 5. limit of visibility of geostationary satel-
lites.

The quality of polar sites for astronomy has been mon-
itored by several experiment from several years. Already
operated at South Pole from 6 years, the AASTO (Aus-
tralian Automatic Site Testing Observatory) demonstrated
the high quality of South Pole site in the mid-IR and sub-

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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mm range. Fig. 2 clearly shows the quality of a polar site
has compared to other place in the world. The instruments
included in the experiment are
– Mid-infrared sky monitor (MISM)
– Near-infrared sky monitor (NISM)
– Antarctic fibre-optic spectrometer (AFOS)
– Acoustic radar (SODAR)
– Sub-mm tipper (SUMMIT)
– Differential Image-Motion Monitor (DIMM)
It also allow continuous monitoring of wind speed and
direction, air pressure and temperature.

Figure 2. Sky brightness in the mid-IR range at South Pole as
compared to other site in the world. Dome C is even better,
because of the altitude.

In 1994, a collaboration started between the Australian
group and the Nice group to complete the characterization
of South Pole in the visible domain with optical seeing
measurement and balloon sounding. At the same time,
the possibility of a permanent station at Dome C was en-
visioned. Therefore, balloon sounding were made at both
site in 1997. It became soon clear that this site will offer
a better quality than the South Pole in almost all range.
In 1998, a consortium of laboratories from France and

Italy proposed to the IFRTP and ENEA (French and
Italian polar institutes) a project to definitively qualify
the site for astronomical purpose in the visible, near-IR
domain, focusing particularly on atmospheric conditions.
Together with balloon sounding, an automatic station will
qualify the site in the visible domain by monitoring the
transparency and the parameters of the optical turbu-
lence. As a sub-product, seismology of the double star α
Centauri will be performed.

2. Site qualification

The technique used for site qualification in the visible and
near-IR domain consists in global measurement of opti-
cal turbulence from the ground compared with in-situ
measurements obtained both with tethered (for ground

layer) and stratospheric (for the integral) balloons. It has
been shown that the optical turbulence, responsible for im-
age degradation and photometric variations, is due to the
movement of inhomogeneous layers driven by the wind.

Figure 3. Wind speed distribution measured at Dome C. Wind
speed higher than 15 m/s has never been measured.

At South Pole, temperature profiles and micro-thermal
measurements recorded between 1994 and 1999 (Marks
et al. 1999) has shown that the main contribution for the
astronomical seeing comes from the ground layer, i.e. the
first 300 meters above the ground. The optical turbulence
in this layer is mainly due to high wind prevailing there.
This wind, known as catabatic wind, is the result of the
cold air flowing from the high ice plateau. It is therefore
expected to be very low on the plateau. The conclusion of
Marks et al. 1999 was that the domes of the ice plateau
(Dome A, B, or C) would certainly exhibit very low wind
speed at any altitude, and that the seeing could be par-
ticularly good at that sites.
Indeed, the wind speed measured at ground level at

Dome C is very low, lower than 3 m/s in average as shown
on Fig. 3.
In 2000, balloon sounding shown that the potential

temperature is compatible with a very stable atmosphere
without dynamic turbulence and that the wind was very
low at any altitude, in this different of typical good see-
ing site dominated by high altitude jet-stream. This high
altitude turbulent layer is the main contribution to the
scintillation and is generally present even in sites with
very good seeing such as Paranal, or San Pedro Martir.
The stability of the atmosphere over the Dome C guaran-
tee not only an excellent seeing but also exceptionally low
scintillation level.
Of course, all these measurement have to be confirmed

on stars at night. The first campaign of site testing will use
a DIMM to measure seeing, followed by a Generalised See-
ing Monitor able to record all parameters such as external
scale, temporal coherence, isoplanetic angle, and scintilla-
tion. The GSM is based on differential position tracking
on a CCD on two or more small telescopes located on
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Figure 4. Typical wind speed (in abscissa, from 0 to 50 m/s) vs
altitude (from 0 to 30 km) measured through balloon sounding
at Dome C as compared to San Pedro Martir, Paranal and
La Silla. At Dome C, wind speed never exceed 10 m/s at any
altitude when mid- latitude sites always exhibit jet streams at
about 10 km, which are largely responsible for scintillation.

different bases. See Martin et al. 2000 for a complete de-
scription.

Figure 5. The Generalised Seeing Monitor of the Nice Univer-
sity, here during a campaign at La Silla. These device, com-
posed of 4 small telescope on different bases, is able to measure
all the necessary parameters of the optical turbulence on the
line of site. It is complementary of in-situ measurements ob-
tained by tethered and stratospheric balloons.

The project consists in monitoring one star with sev-
eral small diameter telescopes (between 20 and 30 cm),
allocated on a platform at 5 m above the ground. Two
such platforms will be installed simultaneously. One will
be dedicated to the site testing and the other one to as-
teroseismology. The calendar of the project will allow us
to be ready to run two telescopes on one platform for the
first wintering, i.e. by 2004. After that, each year, two
more telescopes will be installed. Meanwhile, each year a

mission to the site during the summer season will be ded-
icated to technological work as well as balloon sounding.
The AASTO will also be moved from the South Pole to
the Dome C at about the same date.

Figure 6. Artist view of the platform where the small telescopes
(up to 4) will be allocated. The platform is 5 m high to avoid
accumulation of snow. It is made of wood, which has excellent
qualities for the drastic polar conditions.

3. Seismology of the binary system α Centauri

The two components of this double star are similar to the
Sun in brightness and surface temperature. Their orbit
permits an estimation of their masses with an uncertainty
as small as 3 percent (Pourbaix et al., 1999). The small
differences of these stars with the Sun have important
consequences on their internal structure. For instance, the
biggest one (“A” component, 1.16 solar mass) is computed
to have a small convective core due to CNO fusion. As usu-
ally, the computed models rely on a very small number of
global parameters. As a preliminary study in the frame of
our project (Morel et al, 2000), these models have been
computed again with the very last estimations of these
global parameters. It has been shown that despite being
only 3 percent, the mass uncertainty is still too large for
constraining the models, because their age is still quite
uncertain. Just a few p modes would eliminate this uncer-
tainty. In the case of the A component the possible mixing
between the core and the radiative envelope plays an im-
portant role in the age estimation, and any ambiguity will
disappear with the p-mode frequencies.
The first platform will be dedicated to site testing, the

second one to asteroseismology. Each telescope, equipped
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Figure 7. Evolutionary track for α Cen A and B components for
different models. The knowledge of a few p-mode frequencies
would resolve the ambiguity. From Morel et al. (2000).

with a CCD camera, will realize a photometric survey of
α Centauri A and B for detection of oscillations. The use
of two or more telescopes allows autocorrelation in order
to eliminate the mean value of uncorrelated noise and to
increase the signal/noise ratio by a factor of two. On any
site on Earth, but at Dome C, such a tentative will fail.
Here, there are good hope that it could be successful.
The expected amplitude for solar-type stars oscilla-

tions can be deduced from Houdek et al. (1999) Fig. 8.
Converted in intensity variations, the amplitude of the
modes could be in average of 6 ppm for α Centauri A and
about 2 ppm for α Cen B. Such a small amplitude is gener-
ally impossible to observe from the ground because of the
scintillation. Typical intensity variance observed in good
sites between 10−2 and 10−3, with a small size telescope
and for zenith angle up to 30◦. In such conditions, it would
require several years of continuous photometric observa-
tions before to reach the necessary level for detection of 5
ppm oscillation. However, if the intensity standard devia-
tion would be lower than that by a factor of 10 – and this
is at least what is expected at Dome C – the oscillations
of α Cen B would be detectable in a few months.

4. Following projects

4.1. roAp stars

Other observations are already planned, in particular roAp
seismology and jovian seismology. RoAp stars bright
enough so they can be observed with small telescopes
do exist, as α Cir for instance. Network observations of
such stars have already provided very good results, allow-
ing identification of hundreds of modes on several stars.
But the resolution offered by months of almost continu-
ous observations would be a real improvement of the sci-
ence accessible by this technic on this type of stars. RoAp
stars have their pulsation modes aligned with their mag-

Figure 8. Amplitude of oscillations in cm/s (from Houdek et al.
(1999)).

netic axes, which are themselves inclined to their rotation
axes. This allows us to examine their non-radial pulsation
modes from varying aspect – a property unique to this
group. There have been many reviews of the roAp stars,
see e.g. Matthews (1991) and Kurtz (2000).
An example of the rich astrophysical results that can

be obtained is shown by HR 1217, the roAp star which
most closely resembles the sun in the character of its am-
plitude spectrum. Kurtz et al. (1989) observed HR 1217
for 365 hr at eight observatories over a time-span of three
months in 1986. From an amplitude spectrum of a 37%
duty-cycle subset of their data it is easy to see the char-
acteristic alternating spacing of 33.5 mHz, 34.5 mHz, 33.5
mHz, 34.4 mHz expected for alternating even and odd
l modes, as well as the rotational side-lobes generated
by the oblique pulsation. This star generated so much
interest that it was the target of a Whole Earth Tele-
scope campaign in November–December 2000 involving
48 astronomers at over a dozen observatories around the
globe to get the high duty cycle needed to understand
the frequency spectrum. One of the immediate prelimi-
nary results was the discovery of a previously unknown
frequency predicted by new theories of magneto-acoustic
modes (Cunha & Gough 2000). It is highly desirable to
study more of these stars in depth with photometric obser-
vations with extended time coverage. A prime candidate
is α Cir, the brightest know roAp star (V = 3.198). This
star was studied by Kurtz et al. (1994) who found multiple
frequencies with a “large” spacing of ∆ν0 = 50 mHz, plus
a rotational modulation with a period of 4.4790 d. The
large spacing was used by Matthews et al. (1999) to cal-
culate an asteroseismic parallax (luminosity) which they
compared with the Hipparcos parallax. For most roAp
stars this comparison gives excellent agreement, but α Cir
shows a strong discrepancy for reasons that are unknown.
For a star as bright as α Cir scintillation is the domi-

nant source of photometric noise, and at its far southern
declination (d = −64◦ 58’) there are few observatories
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that can observe it (only Chile and South Africa have
the outstanding photometric conditions necessary in the
southern hemisphere), making it essentially impossible to
obtain the extended coverage of this star that is needed
using traditional Whole Earth Telescope type multi-site
campaigns. The only possible competitor to antarctic ob-
servations for this star is an orbital asteroseismic satellite.
Several are due for launch in the coming years – MOST,
MONS, COROT – but none of these will have α Cir in
its observing field. The star tracker on the failed WIRE
satellite has recently observed α Cir with intriguing and
puzzling results. But the star tracker on WIRE cannot ob-
tain the continuous data that an antarctic telescope will be
able to because of its low earth orbit. Data from Antarc-
tica are needed to understand this important star.
There are other asteroseismically interesting roAp star

that can also be studied extremely well with an antarctic
telescope. In summary: roAp stars have similar p-mode
pulsation modes to those seen in the sun, but with much
higher amplitudes and dramatically complicated physics
because of their strong, global magnetic fields and abnor-
mal atmospheres. There is much fascinating physics to be
learned from them. Their frequencies can be best studied
with high precision photometric observations which are
scintillation limited. High duty cycles are needed and ex-
ceedingly difficult (or impossible) to obtain for the south-
ern stars because of the small number of photometric sites
in the southern hemisphere.
Other than extremely expensive space missions, the

solution to the observational challenge presented by these
stars is one or more telescopes in Antarctica where the
photometric conditions allowing continuous coverage is
and low-scintillation atmospheric conditions both exist.
A small photometric telescope in Antarctica is ideal. α
Cir is the ideal candidate for this program. It has a low
airmass at all times when observed from Antarctica. Its
variations are scintillation-limited – precisely the condi-
tion that this proposed project is designed to overcome
using the unique, low-wind, low scintillation conditions of
the polar observing site. While observations over months
will give better S/N and frequency resolution, a single
data set of duration 6 days with high duty cycle will re-
solve all known and expected frequencies in its spectrum.
The prospect for intervals of mostly photometric weather
for that time-span are excellent for the Dome C.

4.2. Giant planet seismology

Internal structure of giant planets offers a variety of phys-
ical problems. Equation of state are poorly known at such
pressure, the plasma phase transition between molecular
and metallic hydrogen deserves investigation, existence of
radiative zone is an open question. The formation, evolu-
tion and structure of the giant planets of the solar system
received a new interest with the discovery of extra-solar
planets.

The giant planets of the solar system offer the same
possibility of exploration since their gaseous envelope are
able to trap acoustic oscillations and the resonance fre-
quencies are easily excited by the noise generated by con-
vection.
Giant planet seismology is intermediate difficulty be-

tween solar and stellar seismology. Giant planets are far
less bright than the Sun but brighter (at least for Jupiter
and Saturn) than most of the brightest stars. Moreover, no
angular resolution can be obtained on stars, using conven-
tional techniques, and so far asteroseismology is limited
to very low degree modes (l = 0, 1, 2). On giant planets,
however, spatial resolution can be obtained even from the
ground, and intermediate degree modes can be observed,
which means at least ten times more modes observable
than on stars. This give much more constraints on the
models. The imaging capability also has the advantage to
allow a direct identification of the mode geometry. Con-
straints on the model obtained by other techniques such as
mass and J2 momentum also exist. It allows to build much
precise models, although the physic is less understood.
Since the very beginning of helioseismology, the pos-

sibility to use this technique on giant planets have been
envisioned by theoreticians. However, the first tentative
of detection had to wait until 1987. That year, two teams
intended observations by two different techniques. One
looking for intensity variations in the mid-infrared range
(Deming et al. 1989), where intrinsic jovian flux domi-
nates reflected solar light, the other looking for velocity
variations in solar light reflected by the surface (Schmider
et al. 1991). The first one concluded to no detection with
an estimated level of noise lower than 1 m/s, the second
gave a positive detection in the range of frequency from
1 to 2 mHz (10 to 20 minutes period) with amplitude of
the order of several m/s. Although both results appears
contradictory, they are not looking at the same thing, and
it is not obvious to convert velocity variation into flux
variation.
Since, other observations in velocity have confirmed

the first detection of 1987. Looking for other modes with
a totally different technique, detection on the same fre-
quency range with similar amplitude has been obtained.
The regularity found in the first attempt was confirmed.
New observations in 1996 with an excellent internal cali-
bration gave amplitude of 60 cm/s for the highest modes.
This is compatible with theory and with absence of detec-
tion from IR intensity measurement.
Despite more than ten years of effort, the results in

term of scientific input remains poor. Observation in one
single site, during only a few nights and without angular
resolution does not allow to identify the modes and mea-
sure accurately the frequencies. Therefore only a mean
value for the fundamental frequency could be obtained,
with a remaining uncertainty. This is clearly insufficient
to constraint the jovian model, in particular when element
settling and equation of state are poorly understood.
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During the year 2006, Jupiter will be far to the South
and well observable during the whole winter from Con-
cordia station. Continuous observations will be possible
during 3 months. At that moment, the site will have been
fully investigated by DIMM and GSM instrument and the
asteroseismology campaign on α Centauri will be com-
pleted.
The dedicated instrument which could be used at Con-

cordia station offers the capability of precise measurement
of the velocity field in the atmosphere of giant planets,
with a good angular resolution, allowing the detection of
modes up to degree l = 25 more or less, depending of the
quality of the site. The expected quality of the Dome C
site and the possibility of continuous observations from
the Antarctic provides an unique opportunity of a break-
through in the study of giant planets.
The instrument is an compact interferometer allowing

the measurement of the velocity field on Jupiter with a
precision of a few centimetre/second in a day. It is planed
to use it first with a network of 1.5 meters telescopes.
This will allow to detect modes of degree from 0 up to 20–
25 depending on seeing conditions, and with a resolution
of 0.5 µHz, resulting in 3 weeks of observations. A full
winter campaign would increase that resolution by a factor
of 6. The excellent seeing conditions which are expected
at Dome C will also increase the number of detectable
modes, up to 40. The gain in frequency will permit to
track tiny irregularities in the spectral pattern which are
the signature of the transition zone, and the increase in
degree allows the investigation of higher part of the planet
envelope such as the PPT, and the hypothetical radiative
zone.

5. Conclusion

The Concordia station is a very promising site for astron-
omy and appears to be particularly interesting for far IR
and submm observations. By now operated by a Franco-
Italian consortium, the station will become in a near fu-
ture a European Large Scale Facility. Australia and the
USA have already shown their interest in developing as-
tronomical programs there.
Although the scintillation will certainly be by far lower

than in any other place on Earth, the site is still not equiv-
alent to a space project. On the other hand, it offers more
flexibility for precise programs. The period for high qual-
ity photometric measurement and the duty-cycle is limited
by the cloud coverage at night, which remains to be eval-
uated. This is the main goal of the very first site testing
campaign. If, as expected, the duty-cycle is good enough,
the site will be perfect for photometric or spectrometric
measurements in complement to spatial observations.
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Abstract

The amplitude of radial velocity of a star coorbiting
with an Earth-like planet (several cm/s) is too low to be
measured; the probability to detect such planet during a
transit is very low, too. There is necessity to search for
another way to detect Earth-like planets. To attain this
goal we propose to use high time resolution photometry
of pulsating stars. Any star oscillates with a period and
an amplitude depending on stellar parameters. The light
of the star arrives to the observer in a time affected by
the changes of distance during the revolution around the
barycenter of the system. By this reason individual phases
of oscillation of the light curve (for example maximum or
minimum) should be observed at the different moments.
The time delay is of a few milliseconds for opposite posi-
tions with respect to the barycenter. We analyse the pos-
sibilities of detecting this effect for different kinds of star.

Key words: Stars: variability – Planets: Earth-like exo-
planets

1. Introduction

Martin Schwarzschild (1958) in his classical book “Struc-
ture and Evolution of the Stars” presenting the sources
of energy in a star, writes “our knowledge of nuclear pro-
cesses in the stellar interior is still fashinatingly surrounded
by the thrill of the new”. Nowadays the same words can be
used for the extrasolar planets: the task of the Eddington
satellite is to front this challenge.
The interest in exoplanets derives from the possibil-

ity also to find other habitable worlds and to have some
forms of communications with them; but to find evidence
of planets of the size of the Earth is not an easy endeavour:
the radial velocity of the Sun due to the Earth orbital mo-
tion (9 cm/s) is lower than the present errors (3 m/s) and
also than the expected ones in a next future (15 cm/s).
The transit of Earth-like planets over the solar-like disks
produces drops in luminosity of about 1/10 000, less than
the limit of ground-based observations (Gilliland 1993),
so photometry from satellite should be hightly desirable.
The probabilities of observing transits of different types of
planets on stellar disks are given by Beskin et al. (2001).

Only three Earth-like planets have been till now dis-
covered, all around the pulsar PSR 1257+12 by Wolszczan
(1991) from the analysis of the radiopulses.

2. The method of phase delay

We propose here a new method for finding Earth-like plan-
ets orbiting variable stars with pulsation periods extremely
constant.
We assume e = 0 and we consider the presence of only

one planet having Earth-like parameters:

Mpl = 3.0 · 10−6M� (1)

apl = 1AU = 1.5 · 1013cm (2)

We consider a pulsating star orbiting around the center
of mass of the system having:

Mst =M� = 2 · 1033g (3)

ast = apl
Mpl

Mst
= 4.5 · 107Mpl

M�
· apl

1AU
(4)

The time delay of photons emitted at the star position
behind of baricenter with respect of its position in the
front of baricenter is:

τ =
2ast · sin i

c
= 103

(
Mpl

M�

)( apl

1A.U

)
sin i s (5)

where i is the inclination of the plane of the orbit with re-
spect to the plane of the sky. For Earth-like configuration

τ = 3.0 · 10−3 sin i s (6)

Assuming that the oscillation period P of the star is
stable at least for 1 year, we can use the pulsation of the
star as a clock measuring its position by means of the
light-time effect.
We will use the cos-like shape of oscillation.
By using phase information derived from Fast Fourier

Tranform of the pulsations, the data can be reassembled
in order to obtain two time intervals, covering the two
part of the orbital period, in which the star is behind the
barycenter and between observer and the barycenter. The
evidence of the planet presence is given by the time delay
τd of the oscillations averaged for the external part of the
orbit with respect to the ones averaged for the internal
part.
The main problem is to detect this time delay analysing

time series of registered photocounts.
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The difference of 2 oscillation sets (behind of baricenter
and between baricenter and observer) can be written:

A =
T

2
n(1 + ε cos

(
2π

P
t
)
)− T

2
n(1 + ε cos

[
2π

P
(t − τd))

]
, (7)

where n is the intensity of the photocounts flux, ε is
the modulation depth (i.e. the modulated fraction of the
signal), P the period of oscillation, and T the observation
timeN = nT the number of photocounts registered during
T .
Since τd � P we can use as expression for A the dif-

ferential of the first term in formula (7). Then

| A |=| πεNτd
P

sin
2πt
P
| (8)

and averaging | A | over P we obtain:

| A |= 2Nετd
P

(9)

3. Duration of the observations

The problem now is to determine T in order to reach a
signal to noise ratio α.
In T/2 we accumulate nT/2 = N/2 photocounts. The

Poissonian noise is σ =
√

N
2 .

The signal to noise ratio is:

α =| A | /
√

N

2
. (10)

α =
| A | √2√

N
=
2
√
2ετd

√
N

P
(11)

Because N = nT , from (11) we have

α2 =
8ε2τ2

dN

P 2
=
8nε2τ2

dT

P 2
. (12)

Hence

T =
P 2α2

8nε2τ2
d

(13)

4. Observational parameters

We will scale (13) for a 1 meter telescope, α = 5 and
τd = 1.5 · 10−3s. We assume that the range of observa-
tions 4000–8000 Å and that the efficiency of photon regis-
trations (atmosphere transparency + PMT quantum effi-
ciency) is 0.25. The number of photons from a star of 15m

is ∼ 2 per 1000 Å per 1cm2 per sec (Fukugita et al. 1995)

n ∼ 2 · 0.25 · 4 · πD
2

4
10−(m−15) = (14)

= 1.6 · 104
(

D

1m

)2

10−(m−15)phcts/s. (15)

Hence, if ε−3 = 1000 ε and P10 the period expressed
in unit of 10 minutes,

T = 2.8 · 1013
(

D

1m

)−2 (α
5

)2
(16)

(
P10

ε−3

)2 ( τd
1.5ms

)−2

100.4(m−15)sec (17)

or

Tyear = 8.9 · 105
(

D

1m

)−2 (α
5

)2
(
P10

ε−3

)2 ( τd
1.5ms

)−2

× 100.4(m−15)yr.

5. Analysis of variable stars

In this frame we take in consideration the types of oscillat-
ing stars presenting stable periodicities (Frandsen 1993).
More details on δScuti are given by Auvergne et al. (2001),
on Solar type variables by Roxburg (2001), on Ap stars
by Kurtanidze and Nicolashvili (1993).

Table 1. Classes of variable stars.

Stellar Oscillation Amplitudes m

Kind Periods (min) mmag mag

δ Scuti 30 – 420 1 – 50 2 – 16
β Cephei 180 – 360 10 – 100 2 – 16
rap. osc. Ap 4 – 15 10−2 – 1 4 – 8
WD 3 – 40 1-100 13 -16
Solar 3 – 40 10−3 – 10−1 0 – 6

We show in Table 1 typical kinds of the oscillating stars
with their parameters.
In Table 2 the results of estimate of Tmin and Tave cor-

responding to the brightest stars and to mean magnitude
respectively for each kind are reported. In both cases we
used the best ratio of P to ε (the shortest periods and the
largest amplitudes).

Table 2. Observation time necessary to detect time delay.

Stellar P10/ε−3, mmin Tmin mave Tave

Kind 10min/0m.001 mag year mag year

δ Scuti 6 · 10−2 − 42 2 0.02 9 12.8
β Cephei 0.18 – 3.6 2 0.2 9 115
rap. osc. Ap 0.4 – 150 4 5.7 6 35.8
WD 3 · 10−3 − 4 13 1.3 14 3.2
Solar 3.0 -4000 0 8.1 3 127
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Figure 1. Dependence of T from P/ε for several types of variable stars.

We present in Fig. 1 the full set of dependencies of T
from P/ε for all kinds of oscillating stars.

6. Conclusions

Our estimate shows that having an observation period
about one year Earth-like planets could be detected around
variable stars of the type δ Scuti, β Cephei and perhaps
WDs. In principle it is possible to search for planets or-
biting rapidly oscillating Ap and Sun-like stars too (the
necessary observation time should be of the order of 10
years). We note that the real time of observation could
be less if more refined methods of data analysis would be
used.
The Roman philosopher Seneca, born in Córdoba, in

his book “Naturales Quaestiones” VII 4, wrote: “Veniet
tempus quo ista quae nunc latent in lucem dies extrahat et
longiori aevi diligentia”, that can translated in English: “A
time will come in which, through patient research, what
now is hidden will be revealed”
So after through patient research, in the diagram of

Kasting et al. (1993) the Habitable Zone could be full of
planets and Exobiology perhaps is studied also on other
planets.
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Abstract

In October 2000, the GAIA astrometric mission was
approved as one of the next two ‘cornerstones’ of ESA’s
science programme, with a launch date target of 2010–12.
GAIA will provide astrometric measurements with the ac-
curacies needed to produce a stereoscopic and kinematic
census of about one billion stars throughout our Galaxy
(and into the Local Group), amounting to about 1 per cent
of the Galactic stellar population. GAIA’s main scientific
goal is to clarify the origin and history of our Galaxy, from
a quantitative census of the stellar populations. The sur-
vey targets astrometric accuracies of 10 µas at 15 mag,
with completeness to V = 20 mag. In addition, compre-
hensive radial velocity measurements, and extensive multi-
epoch multi-band photometry will be obtained. The direct
distances measurements will be directly relevant to the
understanding of the Eddington data on stellar oscilla-
tions, for example by determining luminosities, and allow-
ing these to be compared with oscillation-driven models.
In the area of extra-solar planet research, GAIA will make
at least three distinct contributions: (i) it will yield precise
astrophysical parameters for planetary systems detected
by other techniques (e.g. radial velocity or transits); (ii) it
will detect some 10 000–20 000 massive planetary systems
out to of order 200 pc by virtue of its astrometric accu-
racy; and (iii) it will probably allow detection of several
thousand transiting planets from the photometric data.

Key words: Eddington – GAIA — Planets: exoplanets

1. Introduction

Following the success of ESA’s Hipparcos space astrom-
etry mission, the GAIA project has been approved as
an ambitious space experiment to extend highly accu-
rate positional measurements to a very large number of
stars throughout our Galaxy. Compared with the Hippar-
cos results of milliarcsec-level accuracy on 120 000 stars
to V ∼ 12 mag (completeness to V = 7 − 8 mag), with
2-colour (B, V ) photometry, GAIA will measure of order
1 billion stars, with accuracies ranging from 3–4 µarcsec
at V < 12 mag, to about 200 µarcsec at 20 mag. The
astrometric accuracies are shown as a function of the G
(GAIA) magnitude, ∼ V , in Table 1.

Basic angle
monitoring device

ASTRO-1 focal plane

ASTRO-1 secondary mirror

ASTRO-1 primary mirrorASTRO-2 primary mirror

Spectrometric Instrument
(Secondary Reflector & Focal Plane)

Platform Interface
(Titanium bipods)

Spectrometric Instrument
(Primary and tertiary mirrors)

Common Optical Bench

Wide Field
Star sensor

Figure 1. The payload includes two identical astrometric instru-
ments (labelled ASTRO-1 and ASTRO-2) separated by the 106◦

basic angle, as well as a spectrometric instrument (comprising
a radial velocity measurement instrument and a medium-band
photometer) which share the focal plane of a third viewing di-
rection. All telescopes are accommodated on a common optical
bench of the same material.

GAIA will be a continuously scanning spacecraft, accu-
rately measuring one-dimensional coordinates along great
circles in two simultaneous fields of view, separated by
a well-known angle. The payload (Fig. 1) utilises a large
CCD focal plane assembly, passive thermal control, and
natural short-term instrument stability due to the Sun
shield and the selected orbit. The system fits within a
dual-launch Ariane 5 configuration, without deployment
of any payload elements. The proposed operational or-
bit is a ‘Lissajous’ orbit at the L2 Lagrange point of the
Sun-Earth system, from where about 1 Mbit of data per
second is returned to the single ground station through-
out the 5-year baseline mission (with a possible extension
to 6 years). A more detailed description of the payload
and spacecraft is given elsewhere (Perryman et al. 2001),
based on the extensive study conducted between 1998–
2000 (ESA 2000).
Radial velocity and photometric information is

acquired to complete the dynamical and astrophysical in-
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Table 1. Mean accuracy in parallax (σπ), position (at mid-epoch, σ0) and proper motion (σµ), versus G magnitude. The values
are sky averages.

G (mag) 10 11 12 13 14 15 16 17 18 19 20 21

σπ (µas) 4 4 4 5 7 11 17 27 45 80 160 500
σ0 (µas) 3 3 3 4 6 9 15 23 39 70 140 440
σµ (µas yr−1) 3 3 3 4 5 8 13 20 34 60 120 380

formation about the individual objects observed. Radial
velocities complete the kinematic triad, allowing determi-
nation of dynamical motions, gravitational forces, and the
distribution of invisible mass. In addition, radial veloci-
ties provide information on perspective acceleration (the
change in transverse angular motion due to any radial ve-
locity component) and orbital binaries. For cool stars, the
mission-average velocity accuracy is σv � 5 km s−1 at
V = 18, while for hot stars the performance is limited to
σv � 10 km s−1 at V = 16 mag.
For essentially every application of the GAIA astro-

metric data, high-quality photometric data will be crucial,
in providing the basic tools for classifying stars across the
entire HR diagram, as well as in identifying specific and
peculiar objects. The GAIA photometric goals are to de-
termine (i) temperature and reddening at least for OBA
stars and (ii) effective temperatures and abundances for
late-type giants and dwarfs. To be able to reconstruct
Galactic formation history the distribution function of
stellar abundances should be determined to ∼ 0.2 dex,
while effective temperatures should be determined to ∼
200 K. Separate determination of the abundance of Fe and
α-elements (at the same accuracy level) will be desirable
for mapping Galactic chemical evolution. These require-
ments translate into a magnitude accuracy of � 0.02 mag
for each colour index. Present studies of the required pho-
tometric system target an 11-medium-band system, with
approximately 100 observations in each band made for
each star over 5 years. Combined with appropriate as-
trometric data, astrophysical calibration, and theory, the
data should also provide intrinsic luminosities (using ap-
propriate bolometric corrections) and age information.
The photometric accuracies as a function of colour in-

dex can be converted into accuracies on astrophysical pa-
rameters. For example, Fig. 2(a) shows the uncertainty
in effective temperature for G- and M-type dwarf stars
(Teff = 5750 and 3500 K respectively) as a function of
magnitude, for single transit and mission-average photom-
etry, while Fig. 2(b) shows the uncertainty in [Ti/H] for
M dwarfs.
The scientific topics that will be addressed by GAIA

cover an enormous range, covering structure, dynamics
and star formation history of our Galaxy, stellar astro-
physics, photometry and variability, binaries and multiple
stars, brown dwarfs and extra-solar planets, Solar Sys-

tem objects, and fundamental physics. Details will not be
given here, but by way of illustration, GAIA is expected
to observe, or discover, very large numbers of specific ob-
jects, e.g.: 105 − 106 (new) Solar System objects; 10 −
20 000 extra-solar planets; 200 000 disk white dwarfs; 107

resolved binaries within 250 pc; 106−107 resolved galaxies;
105 extragalactic supernovae; and 500 000 quasars.
Table 2 summarises the astrometric measurement ca-

pabilities of Hipparcos, GAIA, two other Hipparcos-type
global astrometric missions (FAME and DIVA), and the
pointed interferometer, SIM. FAME and DIVA may be
expected to deliver precise distances for (nearby) objects
as faint as 15 mag by around 2010.
GAIA’s overall astrometric measurement capabilities

can be summarised as follows, with the relevant quanti-
ties derived from the expected accuracies as a function of
magnitude convolved with an appropriate Galaxy model:

– Catalogue: ∼ 1 billion stars; 0.34×106 to V = 10 mag;
26 × 106 to V = 15 mag; 250 × 106 to V = 18 mag;
1000× 106 to V = 20 mag; completeness: ∼ 20 mag.

– Sky density: mean density ∼ 25 000 stars deg−2; max-
imum density ∼ 3× 106 stars deg−2.

– Median parallax errors: 4 µas at 10 mag; 11 µas at
15 mag; 160 µas at 20 mag.

– Distance accuracies: 2 million better than 1 per cent;
50 million better than 2 per cent; 110 million better
than 5 per cent; 220 million better than 10 per cent.

– Radial velocity accuracies: 1–10 km s−1 to V = 16 −
17 mag.

2. Applications to Eddington: asteroseismology

Given its completeness at about 20 mag, the most im-
portant point to note is that for every object observed
and observable by Eddington, GAIA astrometry will pro-
vide distances (and hence luminosities, albeit with the
above-mentioned caveat on determining bolometric lumi-
nosities), photometry, variability, and a wealth of astro-
physical diagnostics capable of supporting the interpreta-
tion of the Eddington asteroseismology data.
For example, white dwarfs will detected and classified

in their tens of thousands. For the bright G0 subgiant,
η Bootis, Bedding et al. (1998) showed that the major
frequency separation of ∆ν = 40.3± 0.3 µHz is consistent
with both theoretical models and the Hipparcos-derived
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Figure 2. (a) Errors on Teff derived from C47–57 (continuous line), C57–75 (dotted line) and C75–89 (dashed line) indices
(constructed from the proposed GAIA filter photometry), for M dwarfs with Teff = 3500 K. Solid symbols correspond to the
errors for a single observation, open symbols to the mission-average (100 observations); (b) Errors on [Ti/H] derived from the
TiO index, for Teff = 3500 K M dwarfs, for single observations (filled symbols) and for mission averages (open symbols).

Table 2. Summary of the capabilities of Hipparcos and GAIA,
along with those of the DIVA (Germany) and SIM and FAME
(NASA) astrometric space missions. Numbers of stars are in-
dicative; in the case of SIM they are distributed amongst grid
stars and more general scientific targets. Typical accuracies are
given according to magnitude where appropriate.

Mission Launch No. of Mag Accuracy
stars limit (mas) (mag)

Hipparcos 1989 120 000 12 1 10

DIVA 2004 40 million 15 0.2 9
5 15

FAME 2004 40 million 15 0.050 9
0.300 15

SIM 2009 10 000 20 0.003 20

GAIA 2012 1 billion 20 0.003 12
0.010 15
0.200 20

luminosity in the HR diagram (Fig. 3a). For rapidly os-
cillating Ap stars, Matthews et al. (1999) find that the
Hipparcos parallaxes are systematically larger than those
predicted by asteroseismology (Fig. 3b). On the assump-
tion that the Hipparcos parallaxes and the interpretation
of the p-mode spacings (which yield the radii) are both
correct, Matthews et al. (1999) suggest that the roAp
stars could be systematically cooler than expected from
the Hβ-based effective temperature calibrations.
Evidently, in these and other cases, including the δ Sct

variables (e.g. Høg & Petersen 1997) GAIA distances (and
hence luminosities) will provide crucial constraints for the
theoretical modelling and understanding of the Eddington
asteroseismology results.

3. Applications to Eddington: exo-planets

3.1. Exo-planets discovered by Eddington

Similar comments apply to the application of the GAIA
results to objects for which Eddington observes planetary
transits: for all objects observed by Eddington, and in-
dependent of the mass of the transiting companion de-
tected, GAIA will provide distances (and hence luminosi-
ties) of the parent star, kinematical information (for ex-
ample, if relevant to formation histories), spectral clas-
sification including metallicity, and precision multi-epoch,
multi-colour photometry for variability, astrophysical clas-
sification, and theoretical (e.g. age determination) diag-
nostics.

3.2. Exo-planets from GAIA: astrometry

Eddington’s planetary detection capabilities will excel for
short-period, high-inclination (i ∼ 90◦) planetary com-
panions, where the probability of detecting transits is high-
est. Of these systems, Eddington will be unrivaled in de-
tecting low-mass (i.e. Earth-mass) companions, for which
atmospheric scintillation prevents photometric detectabil-
ity from the ground. The Eddington results will provide a
rich source of data for theoretical studies of extra-solar
planet formation, which will be further constrained by
all other known planetary systems with very different or-
bital or mass properties detected by all other methods.
This complementary information of planetary statistics
expected from GAIA is summarised in the following.
Fig. 4(a) recalls the detection domains relevant to ra-

dial velocity, astrometry, and photometric transit meth-
ods, illustrating the complementary domains of the Ed-
dington and GAIA detection capabilities. Fig. 4(b) illus-
trates the relevant astrometric shifts, quantified by the
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Figure 3. (a) The HR diagram in the vicinity of η Bootis (from Bedding et al. 1998). The roughly horizontal lines are evolutionary
tracks for three masses, 1.60/1.63/1.66 M� (bottom to top). The diagonal lines join models of constant ∆ν, labelled in a few
cases by ∆ν in µHz. The solid point indicates the model selected by Christensen-Dalsgaard et al. (1995); the dotted error box
shows the (observational) (Teff , L) constraints adopted by Christensen-Dalsgaard et al. (1995); and the bold lines those derived
by Bedding et al. (1998) on the basis of the Hipparcos results. (b) Hipparcos parallaxes versus asteroseismic predictions for 12
multi-periodic roAp stars, with vertical error bars corresponding to the Hipparcos astrometric standard errors (from Matthews
et al. 1999).

‘astrometric signature’ α = (Mp/M∗) · (a/d) arcsec, where
a is the orbital radius in AU and d is the distance in pc,
showing that at the Hipparcos accuracy levels astromet-
ric detection of extra-solar planets is all but impossible,
whilst the detection capability of GAIA is enormous.
Measuring the photocentric displacements of orbital

systems will be carried out by GAIA irrespective of the
mass of the companion system, i.e. whether stellar, sub-
stellar, or planetary. For binary and multiple stars in gen-
eral, Söderhjelm (private communication) has estimated
that GAIA will detect ∼ 108 binaries from their photocen-
tric motions, of which orbits will be obtained for ∼ 105 re-
solved systems with separations above 20 milliarcsec, and
masses to 1% will be obtained for ∼ 104 objects through-
out the HR diagram.
At lower masses, Quist (2001) has estimated the num-

ber of brown dwarfs detectable in binary systems to be of
order 3000 out to 100 pc (with considerable uncertainties
in view of the poorly-known frequency and orbital distri-
bution of such systems), with sensitivity to orbital peri-
ods between 0.01–200 years, and many orbital solutions
obtained for periods below 15 years. Haywood (2001) has
estimated the number of isolated brown dwarfs detectable
by GAIA at around 3000, with numbers again very sensi-
tive to the GAIA magnitude detection limit, and to cur-
rent limits on the known brown dwarf luminosity function.
For planetary companions, astrometric detections with

GAIA have been estimated at between 10 000–30 000 (Col-
orado McEvoy 1999), assuming some 4% of FGK stars

have companions of order 1 Jupiter mass. Slightly more
conservative estimates have resulted from the work of Lat-
tanzi et al. (2000), based on Monte Carlo simulations using
a realistic distribution of expected orbital characteristics,
a realistic distribution of GAIA observations and instanta-
neous positional precisions as a function of magnitude and
ecliptic latitude, and appropriate orbital solutions. Detec-
tions would be significant out to 150–200 pc, and covering
the period range of P = 2− 9 years, with full orbital ele-
ments derived for some 5000 systems (note, for example,
that the astrometric displacement of 47 UMa due to its
companion planet is about 360 µas), and with companion
masses down to about 10 Earth masses for the very nearest
stars (at 10–20 pc). An important feature of the astromet-
ric detection method is its sensitivity to mass, rather than
to M sin i. Multiple systems (co-planarity) are important
for studies of dynamical stability, and hence formation
theories. Sozzetti et al. (2001) have considered the issue of
GAIA detection of multiple planetary systems, suggesting
that for large astrometric displacements and well-sampled
periods of less than about 5 years (for example, the two
outer planets of the υ And system),Mp and i of each com-
panion are well determined, such that the relative orbital
inclinations are determined to within a few degrees.

3.3. Exo-planets from GAIA: photometry

Quite distinct from GAIA’s astrometric planet detection
capability is its photometric (transit) detection capabil-
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Figure 4. (a) Detection domains for methods exploiting planet orbital motion, as a function of planet mass and orbital radius,
assuming M∗ = M� (Perryman 2000). Lines from top left to bottom right show the locus of astrometric signatures of 1 milliarcsec
and 10 µarcsec at distances of 10 and 100 pc; a measurement accuracy 3–4 times better would be needed to detect a given value of
α). Very short and very long period planets cannot be detected by planned astrometric space missions: vertical lines show limits
corresponding to orbital periods of 0.2 and 12 years. Lines from top right to bottom left show radial velocities corresponding
to K = 10 and K = 1 m s−1; a measurement accuracy 3–4 times better would be needed to detect a given value of K).
Horizontal lines indicate photometric detection thresholds for planetary transits, of 1% and 0.01%, corresponding roughly to
Jupiter and Earth radius planets respectively. The positions of Earth (E), Jupiter (J), Saturn (S) and Uranus (U) are shown,
as are the lower limits on the masses of known planetary systems (triangles). (b) astrometric signature, α, induced on the
parent star for the planetary systems known as of mid-2000 as a function of orbital period (from Perryman 2000). Circles are
shown with a radius proportional to Mp sin i. Astrometry at the milliarcsec level has negligible power in detecting these systems,
while the situation changes dramatically for microarcsec measurements. The positions of the innermost short-period planet (b)
and outermost longest period planet (d) in the υ And triple system are indicated: short-period systems to which radial velocity
measurements are sensitive are difficult to detect astrometrically, while the longest period systems will be straightforward for
microarcsec positional measurements. Effects of Earth, Jupiter, and Saturn are shown at the distances indicated.

ity. The method is nicely exemplified by the post-discovery
recognition that the HD209458 transits were actually
recorded (but, of course, never recognised) in the Hippar-
cos photometric data (Söderhjelm et al. 1999; Robichon &
Arenou 2000). Fig. 5 shows the relevant Hipparcos data
for HD209458 from Robichon & Arenou (2000): showing
in (a) the calibrated time-series data, and in (b) the same
data folded at the observed planetary period.
The GAIA photometric data will be of significantly

higher accuracy, and predictions of the number of ex-
pected transits that might be detected with GAIA have
been made by Robichon (2001). The assessment was based
on short-period (‘hot-Jupiter’) planets with R = 1.0RJup

or R = 1.3RJup occurring at the presently known fre-
quency, with a random distribution of inclination angles;
a GAIA (G) broad-band photometric precision 0.001 mag
at 15 mag; a 10σ detection threshold for a G2 star orbited
by a R = 1.0RJup planet; and an appropriate Galaxy dis-
tribution model and GAIA-type sky scanning law. Most
crucially, Robichon (2001) placed a requirement of either

5 or 7 distinct transit events per object which, given the
GAIA scanning parameters, implies transit observations
at 3 or more epochs, plus a false detection rate smaller
than 10%. The most conservative of these assumptions
(R = 1.0RJup, 7 distinct transit events) lead to the pre-
dicted detection of nearly 7000 such planets over a 5-year
measurement period; while more optimistic assumptions
(R = 1.3RJup, only 5 distinct transit events) lead to
the predicted detection of more than 36 000 such plan-
ets over the same measurement period. Høg (2001) car-
ried out a similar analysis for 0.5 AU orbits, finding about
3000 single transit signatures expected, although without
the ability to determine any orbital period. All of these
photometric predictions will require confirmation as more
refined accuracy analyses become available. The value of
GAIA’s multi-colour photometry as a diagnostic of atmo-
spheric conditions in the planet during the transit event
(e.g. Hubbard et al. 2001) is probably irrelevant due to
the small size of the effect.
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Figure 5. (a) The calibrated Hipparcos time-series photometric data for HD 209458; (b) the same data folded at the observed
planetary period (from Robichon & Arenou 2000).

4. Conclusions

The Eddington mission promises a breakthrough in the
understanding of stellar structure and evolution, and the
interpretation of the data in the areas of both astero-
seismology and extra-solar planetary transits will bene-
fit enormously from the availability of the GAIA results.
GAIA results, not expected until after 2015 or so, will not
be available in time to assist the selection of Eddington
targets, but should be available on time-scales relevant for
the Eddington data interpretation. With planned launches
of around 2004, results from DIVA and/or FAME should
start to become available even earlier, and with a suffi-
cient quality to allow much progress in the interpretation
of the Eddington results.
GAIA is expected to provide astrometric detections of

some 10 000 or more planetary systems, and photometric
(transit) detections of some 5000 or more short-period,
Jupiter-mass systems, although not approaching the low
mass systems that can be detected with Eddington. These
very large numbers of systems (many of which will demand
follow-up observations from ground!) are a consequence of
the very large number of objects surveyed by GAIA — of
order 1 billion to 20 mag.
Although GAIA will generate a wealth of observational

data, due attention will need to be given to whether all
necessary theoretical and other observational data will be
available to allow full exploitation and interpretation of
both the GAIA and Eddington data in areas such as bolo-
metric luminosity determination, stellar age determina-
tion, etc.
Technically, both missions share a number of common

features from which some future close contact during the
development phases may benefit both. The most obvious
are in the areas of photometric calibration, CCD perfor-
mance, CCD charge-transfer inefficiency problems related
to radiation damage, and the general issue of operation
at the L2 Lagrange point (for example, radiation environ-
ment and attitude perturbations).

One specific technical question may be posed from
the GAIA community to the asteroseismology community:
what is the acceptable magnitude limit for the brightest
objects that must be observed by GAIA? It may be pos-
sible, but rather demanding, to observe objects brighter
than V = 8−9 mag. Is this acceptable, given that accurate
distances for brighter objects would then not be supplied
by GAIA?

References

Bedding T. R., Kjeldsen H., Christensen-Dalsgaard J. 1998, in
R. A. Donahue, J. A. Bookbinder (eds.), 10th Cambridge
Workshop on Cool Stars, ASP Conf. Ser. 154, 741

Christensen-Dalsgaard J., Bedding T. R., Kjeldsen H. 1995,
ApJ 443, L29

Colorado McEvoy A. 1999, How Many Planets Will GAIA
Detect?, Technical Report SAG-AC-001, ESTEC

ESA 2000, GAIA: Composition, Formation and Evolution of
the Galaxy, ESA-SCI(2000)4, ESA-ESTEC

Haywood M. 2001, in O. Bienayme, C. Turon (eds.), Proc. Les
Houches Summer School on GAIA, EDP, in press

Høg E. 2001, in V. Vansevicius, E. Høg (eds.), Proc. Vilnius
Workshop on GAIA Photometry, Kluwer, in press

Høg E., Petersen J. O. 1997, A&A 323, 827
Hubbard W. B., Fortney J. J., Lunine J. I. et al. 2001, ApJ in

press, astro-ph/0101024
Lattanzi M. G., Spagna A., Sozzetti A., Casertano S. 2000,

MNRAS 317, 211
Matthews J., Kurtz D., Martinez P. 1999, ApJ 511, 422
Perryman M. A. C. 2000, Rep. Prog. Phys. 63, 1209
Perryman M. A. C., de Boer K. S., Gilmore G. et al. 2001,

A&A 369, 339
Quist C. F. 2001, A&A 370, 672
Robichon N. 2001, in O. Bienayme, C. Turon (eds.), Proc. Les

Houches Summer School on GAIA, EDP, in press
Robichon N., Arenou F. 2000, A&A 355, 295
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Abstract

Darwin is a cornerstone mission of the Horizons 2000+
program of the European Space Agency. It has the express
purpose of carrying out the first direct search for terres-
trial exoplanets, and to achieve unprecedented spatial res-
olution in the infrared wavelength region. The detection
and study of terrestrial exoplanets promises to usher in a
new era in science and will affect a broad spectrum of dici-
plines. Further, the time line for implementation of such
an instrument is now likely to be of the close order of
10 years, leading to possible answers to one of mankind’s
most fundamental questions in the second decade of the
21 st century.

Key words: Planets: exoplanets

1. Introduction

The European Space Agency identified interferometry in
space as an important topic already in the original Hori-
zon 2000 plan. During a number of conferences/workshops
held during the 1980’s, in order to define the scientific case
for interferometry, the search for terrestrial exoplanets al-
ways figured prominently. It was, however, felt that the
technological readiness was not then available. Advances
during the 90’s in the fields of optics, metrology and space
technology lead an external survey committee to make a
recommendation in 1993 for the inclusion of interferom-
etry from space into the extension of the Horizon 2000
program (H2000+) as a cornerstone candidate. Within
the interferometric context, three topics were identified
for further study:

1. Astrometry;
2. The search for terrestrial exoplanets, including the
characterization of their properties and atmospheres
and the possible detection of biospheres through re-
mote sensing;

3. Astrophysical imaging at a spatial resolution 2 – 3 or-
ders of magnitude higher than that foreseen with the
Next Generation Space Telescope (NGST).

Of these the first was considered to be (relatively)
‘simpler’ in implementation, and resulted in the GAIA
proposal and study carried out by the European Space

Agency. As a result of this study, GAIA is no longer an
interferometric mission.
The Darwin cornerstone concerns itself with the two

latter concepts. Already during the definition phase of the
Darwin mission, the possibility of addressing both top-
ics (exoplanets and imaging) in one mission was given
great weight. In the current paper we nevertheless focus on
the search for exoplanets, and refer to the Darwin report
(ESA-SCI(2000)12) for the imaging part.
With the introduction of the Eddington mission, and

the inclusion of the CNES mission COROT into the ESA
program, one can now say that Europe has a stepwise but
ambitious approach to the study of terrestrial exoplanets
and the question of life in the universe.

2. Formulation of the problem

To properly address the mandate of the H2000+ survey
committee, it appears necessary to:
– Directly detect exoplanets;
– Define and observe the fundamental requirements for
life as we know it;

– Define and observe signposts of the existence of life as
we know it.
These goals are amply adressed by the Darwin and Ed-

dington missions. In this paper we describe what can be
called a ‘model mission’. This is the outcome of a system
level (the first ever) scientific and industrial study that
describes a space craft/instrument complex that can ful-
fill the requirements. The industrial part was carried out
between 1997 and 2000 by Alcatel Space Division. It has
to be realized that the version of Darwin that finally flies
could depart significantly from this model mission, par-
ticularly taking into account that possible international
collaborations (see below) have not been allowed to influ-
ence the current design. As a consequence of the industrial
study, ESA has implemented an ambitious technology de-
velopment program, the result of which will influence the
eventual design. Test flights in space (SMART-2) are also
going to be implemented before comitting to the final mis-
sion profile. The background and present status of the
baseline model mission is, however, presented in this pa-
per. We also outline the intended technology development
program over the next few years, give a brief overview of
precursor programs, and finally provide a framework for
collaboration with other space agencies.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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2.1. The scientific case

To detect and study Earth-type planets and characterize
them as possible abodes of life summarizes the scientific
case for the Darwin mission, but nevertheless does not
contain the complete picture. The simple fact is that Dar-
win is not only an astronomy mission, but also contains
elements from geophysics (including atmospheric physics),
biophysics, organic chemistry and philosophy and the hu-
manities. Thus being totally cross disciplinary, the prepa-
ration to answer the question which put in simple terms is:
“Are we alone in the universe” necessarily involves a host
of disciplines. The data from a successful Darwin mission,
is expected to impact all of those and more. It is no doubt
one of mankind’s longest standing questions. Although for
centuries this issue has been the topic of vigorous philo-
sophical and religious debate, we have finally arrived at a
time when technology have advanced to a state that allows
this question to be properly addressed.
In order to answer question like:

1. How unique is the Earth as a planet?
2. How unique is life in the Universe?

we need to basically observe other stars and directly de-
termine the existence and characteristics of any accompa-
nying bodies. This has hitherto been impossible because
of the influence of the star on the attempts to observe any
planet circling it.
The detection problem is essentially a matter of con-

trast and dynamic range. The star and planet will be very
near each other on the sky, and the star will outshine the
planet with up to 9 or 10 orders of magnitude. Here pic-
ture a simple old fashioned wax candle placed very near
a modern coastal light house. Now place this ‘model so-
lar system’ at the coast of the island of Mallorca in the
Mediterranean and try to observe the wax candle from the
city of Madrid (this simile adapted very freely from M. Ol-
livier’s thesis, 1999). The planet need to be characterized
as what concerns mass, orbital parameters, atmospheric
composition and temperature. All of this requires the re-
peated detection of the planet with a good signal to noise
ratio.
The definition of an unambiguous signpost of life is an-

other matter completely. First we need to define what is
life and then we need to determine how life affects its en-
vironment. Finally we need to define observables that can
be obtained with the level of technology foreseen for the
mission. In the context of Darwin we have so far avoided
the first of these questions by instead specify the require-
ments of the mission based on life as we have observed it
on Earth. We thus disregard speculations about forms of
life based on a chemistry different from that found on our
planet. We then try to imagine the difference that would
occur if life was nonexistent on Earth. Following Owen
(1980) and Angel et al. (1986), we can then use informa-
tion on how life disturbs the equilibrium in the Earth’s
atmosphere, as our criterion.

Figure 1. Representative spectra of the planets Venus, Mars
and Earth at the wavelengths relevant for Darwin. The differ-
ence seen here – essentially the presence of water and ozone in
the Earth’s atmosphere – indicate an atmosphere out of equi-
librium.

To fully answer the questions raised above the follow-
ing appears necessary:

– Detect planets within the Habitable Zone (HZ – also
referred to previously as the ‘life zone’ – a term coined
by Frank Drake). This is the orbital radii where water
would be expected to be found in a liquid state. In the
Darwin study, the HZ is defined in terms of a black
body temperature, and does not per se take into ac-
count atmospheric pressure etc. This of course assumes
that life is based on the existence of liquid water.

– Determine the planets orbital characteristics, i.e. re-
peat the observations several times.

– Observe the spectrum of the planet. Does it have an
atmosphere? Determine the effective temperature and
total flux. Diameter of planet (emitting area× albedo)

– Determine the composition of the atmosphere viz. the
presence of water and ozone/oxygen in an Earth type
planet, mainly inert gases in a Mars/Venus type planet
and hydrogen/methane atmospheres in Jupiter type
planets (see Fig. 1).

3. Observations of exo-planets

The last 5 years have seen the detection of planets beyond
our solar system finally becoming a fait accompli. Since
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the first detection of a planet around 51 Peg by Mayor and
Queloz (1995) several groups have altogether put about 70
planets onto the map of our immediate neighborhood in
the Galaxy. The technique utilized is indirect and based
on measuring the parental stars motion along the line of
sight. We thus get very little physical information about
the planet itself (essentially only its minimum mass, since
we have an ambiguity introduced by us not knowing the
planetary orbit’s inclination with respect to our line of
sight). The reflex motion in the parent star, with respect
to the common center of mass of the star-planet system
caused by the gravity of the planet is observed as a pe-
riodic Doppler shift in the stellar spectrum over a rela-
tively long period of time. The precision of the method is
therefore dependent on the accuracy, with which we can
measure the spectrum of the star. This is usually done
by introducing a stable calibrating source into the light
path, and by utilizing regions of the spectrum where the
star itself show a suitable complement of spectral lines.
This also limits the number of types of star where one
can carry out this kind of search. The method is currently
limited to a precision of a few m s−1 allowing the detec-
tion of Jupiter (12 m s−1) or Saturn (3 m s−1). Since our
own Earth causes a reflex motion of order 0.1 m s−1 in the
Sun’s spectrum, and since the acoustical oscillations of
the atmospheres of solar type stars have an amplitude of
about 0.5 m s−1 (based on solar data), it appears unlikely
that this method could be used to infer the presence of
Earth-type planets. The lower limit, eventually expected
to be obtainable, is more plausibly about the same as that
of the planet Uranus (but at significantly smaller distances
– the revolution period of Uranus is about 85 years).
In conclusion, the planets found with this method are,

then, objects more akin to the planet Jupiter in our sys-
tem or even an intermediary step between ‘proper’ stars,
(i.e. bodies generating energy through nuclear processes)
and bona fide planets – the so called Brown Dwarfs. In one
case, we now know the inclination of the planet. The ob-
ject orbiting the star HD209458 at a distance of 0.05AU,
occults the star every 3.52 days. Its inclination and mass
can thus be calculated. It is found to be an object of
0.6MJup with a planetary radius of 1.3RJup (Charbon-
neau et al., 2000).
Thus, important results have been, and are being rea-

ched with the ground based methods. These results in-
clude the detection of the first planetary system – υ An-
dromedae which contain 3 planets with minimum masses
of 0.77MJup, 2.11MJup and 4.61MJup. The planets so far
discovered are also found mainly to have short orbital peri-
ods – something which has been clearly demonstrated as a
selection effect caused by the period of time during which
observations have been carried out being relatively short.
Consequently, as time passes, longer and longer periods
are picked up, and there are now a number of confirmed
planets in orbits with periods of a few years. Theorist,
however, have problems explaining the formation of the

’hot Jupiters’ – the massive planets orbiting very near
their parent stars, as well as the high value of the eccen-
tricity possessed by the majority of confirmed planets.
Another indirect method, is to obtain astrometric data

and thus track a stars path across the sky, measuring the
wobble introduced by the rotation around the common
center of mass of the star – planet system. Reports of the
detection of planetary companions to some nearby stars
have been legio during the last century. Both Barnards
star and 61 Cyg have several times been claimed to be the
central objects of planetary systems. None of these ob-
servations have ever been confirmed. In contrast, Hippar-
cos data has recently determined upper limits to masses
for a number of planets, including the first detected, 51
Peg (Perryman et al. 1996). An attempt at an absolute
mass determination for the outermost planet of υAnd
(10.1±4.7MJup, (Mazeh et al. 1999) have also been car-
ried out with Hipparcos data. The GAIA mission and the
Space Interferometer Mission (SIM) promises statistical
surveys of massive planets over large distances. The of
order micro-arcsecond wobble introduced by Earth-size
planets in stellar proper motions when viewed over dis-
tances of ≈ 10 pc are, however to small to be detected
by these missions. Further, if a system consists of more
then one planet, there will be a problem in characterizing
the planets (orbital period, mass) uniquely and unambigu-
ously.

4. The Darwin industrial study

ESA received the Darwin proposal in response to a call
for ideas in 1993, and as mentioned above, it was among
the mission concepts selected for a system level industrial
study. The Darwin proposal that reached the agency have
been described by Legér et al. (1996), but can briefly be
described here as a nulling interferometer comprising 5
one meter class telescopes, flying at a distance of about
5 astronomical units from the Sun (in order to diminish
the background radiation from the zodiacal dust). It was
conceived as a structured concept, and it was specifically
designed for the detection and study of terrestrial exo-
planets (See Fig. 2). Parenthetically, we can mention that
also the NASA equivalent to Darwin (Terrestrial Planet
Finder – TPF) started out at a great distance from the
Sun. A reevaluation of the dust emission in the inner solar
system led in both cases to the currently favored orbit at
about 1 AU. At this point in time the community prepared
for the coming study activity by having the first Darwin
related workshop in Toledo, Spain in March, 1996.
In order to advise ESA on Darwin related matters, a

temporary external advisory body – the Darwin Science
Advisory Groups (SAG) was formed in early 1997. This
group was first tasked with aiding in the preparation of the
scientific specification for an Invitation To Tender (ITT)
for industry. This work was carried out during the rest
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Figure 2. A graphical description (right) of the original, struc-
tured Darwin concept, proposed to ESA in 1993, and taken
from the paper of Legér et al.(1996.)

of 1997 and eventually, the SAG arrived at the following
specification:

– Major goal I: To detect Earth-like planets orbiting
nearby stars and to set constraints on the possibility
of the existence of life as we know it on these planets

– Major goal II: To provide imaging in the 5 µm to
28 µm band, at a spatial resolution that is order-of-
magnitude better than that expected of the Next Gen-
eration Space Telescope

More specifically, these targets were quantified as follows:

1. Direct detection of an Earth like planet at a black
body temperature close to 300K, circling a G0V star
at a distance of at least 10 pc (desirable 20 pc) with
a S/N ≥ 5–10 in a reasonable integration time ≤ 30
hours;

2. To characterize detected planets physically through a
determination of its orbital elements. This then re-
quires observations at several epochs;

3. Obtaining the planets thermal spectrum with a spec-
tral resolution large enough (≥ 20) to determine its
atmospheric composition. See Fig. 7 for a simulated
spectrum of the Earth at interstellar distances.

The only item here that requires more comment is the
selection of the thermal spectrum. In principle, one could
also chose to utilize the reflected spectrum of the planet
and detect signatures of life within the visual or ultravio-
let spectral band. Observations in these wavelength bands
would, however, severely constrain the mission in a num-
ber of ways. In order to acheive the resolution required to
separate a planet in the HZ from its primary, a system op-
erating in the visual/UV could be an order of magnitude
smaller than what is required by Darwin. Nevertheless,
this translates into a 10 – 15m space telescope. It is also
required to develope a coronographic system for this tele-
scope that operates over 3 – 4 orders of magnitude larger
constrast than what is expected for Darwin.

Figure 3. An artists impression of the current Darwin con-
figuration, seen orbiting at the Sun Earth L2 point. Picture
courtesy of Alcatel.

The specification above was provided in the ITT of-
fered to European industry in September 1997. After a
tender evaluation of industrial proposals to ESA, Alcatel
Space Division (at the time Aerospatiale Space Division)
was selected thus concluding the evaluation phase. Their
study has been ongoing since early 1998 and is expected
to end in mid April of 2000.
The feasibility study was initiated with the specific

goals of:

– Define a model mission that would be able to achieve
the scientific goals;

– Identifying a technology development program;
– Identifying the necessary precursor missions (ground-
and space-based).

The current baseline for the model mission – which will
be at the core of the final report of Alcatel in April 2000
– consist of 6 free-flying 1.5 meter telescopes, flying in
a hexagonal configuration. In the center of the array a
beam-combining satellite equipped with optical benches
for both the ‘nulling’ and the ‘imaging’ part of the mis-
sion, is located (see Fig. 3). All components found in the
optical path, from the main mirrors to the output of the
beam combination station need to be passively cooled to
≤ 40K, something which the thermal modeling performed
by Alcatel indicate is possible if the mission is flown in an
orbit far away from sources of heat input such as e.g. the
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Figure 4. A graph depicting the arrangement of the Robin Lau-
rance configuration described in the text as the current baseline
of Darwin. The beams are combined in sequences of three, with
three separate interferometers finally combined to provide the
appropriate nulling pattern. Different configurations are cur-
rently being investigated at ESTEC – some comprising fewer
telescopes. It is important to have a planar configuration in or-
der to acheive a good thermal situation for the passive cooling

Earth. The simulations then indicate that the detection
of the Earth out to a distance of 20 pc and the observa-
tion of its spectrum with a resolution ≤ 20 (see Fig. 4), is
possible. In order to minimize the influence of the zodi-
acal dust emission at 10 µm, the observing zone is a 40
degree cone around the anti–Sun axis. This configuration
goes under the name of the Robin Laurance configuration
in order to honor the first study manager of Darwin at
ESTEC, who passed away in 1999. It was developed by
A. Karlsson at ESTEC and is illustrated in Fig.s 3 and
4. This planar configuration (good thermal environment)
combines manageable size of the transfer optics with a
good rejection ratio of the central null, and can use both
internal modulation and simple translational movement
for discriminating e.g. exo-zodiacal light from the signa-
ture of an Earth type planet. There are no long delay lines
and the optical benches of the hub satellite can be made
relatively more simple. Finally, it allows, in principle, for
both an imaging and a nulling mission to be flown on the
same spacecraft.
The six telescopes, the hub beam combiner satellite

and a separate power and communications spacecraft are
all foreseen to be launched by a single Ariane 5 launch
vehicle into a direct transfer orbit to the L2 Lagrangian
point in the Sun-Earth system.

5. Nulling interferometry

As mentioned before, directly detecting exoplanets is es-
sentially a matter of contrast and dynamical range. The

Figure 5. The contrast between the solar flux and the Earth as
a function of wavelength in microns. The Darwin spectral band
is marked. Adapted from Angel, Cheng, & Woolf (1986).

star around which the planet revolves is going to be ≥ 109

times brighter than the planet, if we chose visual light to
observe the planet in. The planet is also going to be very
close. An Earth type planet in an orbit in the HZ, i.e.
≈ 1AU from its sun, is going to be 1 arcsec away at a
distance of 1 parsec. Unfortunately, the closest potential
target we have is α Centauri at 1.1 parsec. In order to
get a suitable number of targets, we have to reach at least
10 parsec out and preferably 25 parsec, thus requiring an
angular separation of 0.1 and .04 arc seconds respectively.
This is for the Solar type targets. For K-type and M-type
stars, which will dominate our sample, the separation dis-
tance will be much smaller, because of the demand of ob-
serving planets within the zone where we expect water to
be liquid. It is clear, that using conventional telescopes,
our detectors would have to handle an impossible dynam-
ical range in order to separate out the planetary light.
The problem is alleviated by going to the infrared. As

can be seen from Fig. 5 the relative contrast between pri-
mary and planet drops several orders of magnitude by go-
ing to the thermal infrared. This was first pointed out by
Bracewell (1978) and Angel et al. (1986). These authors
also pointed out the advantage of using lines of the H2O,
O3 and CO2 molecules as tracers of life as we know it, and
that are found in the mid-IR wavelength range. Kasting et
al. (1985) and Legér et al. (1993) have demonstrated that
O3 is a very nice tracer for O2 since the former have a loga-
rithmic dependence on the concentration of the latter. We
then have suitable tracers of Earth type atmospheres in a
wavelength band between 6 µm and about 20 µm. We still
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Figure 6. Here we display a two telescope nulling interferome-
ter. The angle θ depends on the distance D. Drawing courtesy
IAS, Orsay, France

can only allow 10−6 of the stellar light to remain in the in-
put feed to our spectrograph if we should have any hope of
detecting the planetary light and register its spectrum in
a reasonable time. As outlined above coronographic meth-
ods on monolithic telescopes have not been demonstrated
to be able to accomplish such an extinguishing of light at
the relevant spatial scales. Further, it should be stressed
that an instrument would have to be of a diameter ≥ 10m
if operated in the visual wavelength range. It has not been
demonstrated that the bio-markers found in this band are
as useful and unambigous as those in the mid-IR.
To overcome these hurdles, the technique of ‘nulling

interferometry’, as suggested by e.g. Bracewell & McPhie
(1979) and Angel (1989) is baselined for Darwin. A nulling
interferometer (a Bracewell interferometer) can best be
described by considering two telescopes. By restricting the
beams coming from each of the telescopes to the diameter
of the point spread function, and after parallelizing the
beams. We then introduce a phase shift of φ = π in one
of the ray paths, we will achieve destructive interference
on the optical axis of the system (in the combined beam).
At the same time, we will have constructive interference a
small angle θ away. This angle θ depends on the distance
between the two input telescopes. This is demonstrated
in Fig. 6. The output of this system is a set of interfer-
ence fringes (a ‘map’), with a sharp ‘null’ in the center
of the ‘map’. By placing the central star under this null,
and the zone where e.g. H2O will be liquid under a bright
fringe, one can in principle search for planets in the ‘life

zone’. Now, by using more telescopes we can achieve a
symmetric pattern around the star, with a deep central
null on top of the star. The actual shape and transmis-
sion properties of the pattern around the central ‘null’
depends on the configuration, and the distance between
the telescopes. Essentially, if we had an ideal case with a
star and a single planet and no disturbing sources, such as
exo-solar zodiacal dust, i.e. dust left over from collisions
between asteroids, comets and such in the target system,
the detection of a positive flux would imply that a planet
is present, if the star is well and truly ‘nulled out’. This
means that the detector could consist of a single element.
We wish, however, to also carry out spectroscopy with as
high resolution as possible and a linear array is thus in-
dicated. In the real world, there is of course a significant
amount of background radiation coming from dust. The
zodiacal dust in our own solar system is strong enough to
be seen (in visible light) as a bright band, from the ground
in dark locations. At a wavelength of 10 µm, this radiation
is dominating (the zodiacal dust temperature within the
Habitable Zone will of course also be close to 300K and
thus the peak of the emission is radiated around 10 µm)
and a significant background signal is thus present in the
inner Solar system. If we were observing the Solar system
at interstellar distances, the zodiacal dust would actually
be about 400 times brighter than the Earth at these wave-
lengths (Legér et al. 1996). In order to separate out signal
of the planet from this background one need to modu-
late the signal from the planet and from the zodiacal dust
at different frequencies. This is done either by switching
between different combination schemes (certain geomet-
rical arrangements of the telescope array), or by moving
the individual telescopes around or a combination of both
methods (see Legér et al. 1996 for a thorough discussion
of this topic).

6. Technology development

In the specifications for the study carried out by Alcatel,
one prominent item was to identify a technology devel-
opment program leading to a Darwin mission as soon as
possible. This is also the topic of an on-going effort within
ESA at ESTEC. As a consequence, an ambitious tech-
nology development plan have been initiated – including
space qualification and verification – within the context of
the European Space Agency’s SMART program. Activi-
ties planned for the next 3 years include development and
construction of the following:
– High stability optical benches;
– Optics active control;
– Fiber Optic Wavefront filtering, Single mode fibers –
operating in the 10 µm region of the spectrum. An
investigation into the phasing capabilities of fibers;

– Integrated optics, optical components for nulling and
imaging interferometry;

– Achromatic phase shifters for nulling interferometry;
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Figure 7. The Earth’s spectrum as it would appear observed
with Darwin from a distance of 10 pc. The spectral range have
here been specified as 7–17 µm. As can easily be seen, ideally,
one would like to observe a larger part of the spectrum in order
to detect the thermal continuum on both sides of the H2O and
CO2 lines.

– Detectors and cooling systems;
– Satellite formation flying: Deployment and control and
a local GPS system for 1 cm positional accuracy;

– Ultra-high precision (laser-)metrology;
– Field Electric Emission Propulsion (FEEP) technol-
ogy.

One of the key issues is to develop and verify ‘nulling’
interferometry. A representative breadboard with an as-
sociated star/planet simulator providing the necessary in-
put signals will be designed and built within the next few
years. An associated pre-cursor activity is the observation
of the exo-zodiacal light from target systems. This can
be carried out from the ground, using the breadboard in
conjunction with a large enough interferometer. A possi-
ble instrument would be the Very Large Telescope Inter-
ferometer (VLTI) of the European Southern Observatory
(ESO). By using the breadboard together with the VLTI,
its qualification would then also provide needed and in it-
self interesting scientific information. Plans are advanced
to initiate such a collaboration between ESA and ESO.
One of the most challenging technological aspects of

the Darwin mission, is that it requires to fly several space-
crafts in the close vicinity of each other and with centime-
ter precision. The control of the spacecraft will be per-
formed with µ-Newton FEEP thrusters (the largest dis-
turbing force in an L2 orbit is the differential solar pho-
ton pressure on the individual flyers). Deployment of the
individual spacecraft and the acquisition of objects is car-
ried out by using milli-Newton FEEP thrusters. A local
GPS system keep the spacecrafts to within one centime-
ter of their intended position, while a laser metrology sys-

tem measures the actual positions to within 5 nm. A sepa-
rate channel in the interferometric system will observe the
fringes from the central star in the target system – which is
nulled out in the ‘science channel’ – and since the observed
systems are all relatively nearby, there is no lack of pho-
tons for tracking the fringes. This information is fed into
the control loop of the interferometers two ‘nulling’ and
imaging circuits, as well as into the attitude and control
system of the individual spacecraft. It is indicated that
this technology requires a precursor mission to actually
test:

– Deployment, acquisition of observing positions and
control of a flotilla of spacecrafts;

– the metrology components – fringe tracker, laser sys-
tem;

– software and hardware of the control system;
– milli- and µ-Newton thrusters.

This technology has been inserted into the SMART pre-
cursor mission technology development program. It should
be noted in this context, that most of the new technol-
ogy required for Darwin also have other valuable uses. As
obvious examples we can mention the flotilla flying (for
communication satellite purposes), interferometry (Earth
observation of many kinds) and the ultra precision laser
metrology with many different uses. This then provides
an additional source of support for Darwin since many
of technology programs will be funded (sometimes partly)
outside science. It also is an added factor in ensuring that
the programs will be carried out relatively fast.

7. Darwin as an international project

The implementation of space interferometry is pursued
also in other places than in Europe. Disregarding the ra-
dio VLBI type experiments (such as e.g. the Japanese
HALCA which is already flying), which does not have the
capability of searching for terrestrial exoplanets, the two
most obvious examples are the SIM (Space Interferometry
Mission) and TPF (Terrestrial Planet Finder). Of these,
SIM is an optical interferometer which will use relative
astrometry to attempt the detection of ‘super-Earths’, i.e.
planets of 5 – 10 Earth masses – thus through an indirect
method. Another of SIM’s goals is to carry out ‘nulling
interferometry’ to one part in ten thousand – at visual
wavelengths. Because of these targets, SIM can be consid-
ered a pre-cursor mission to Darwin and TPF. The NASA
counterpart of Darwin is TPF (http://tpf.jpl.nasa.gov).
TPF have the same objectives and utilizes the same tech-
nology as the one foreseen for Darwin. Given that fact
that both projects – Darwin and TPF – are extremely
complex, will require a very ambitious technology devel-
opment program, and, are likely to be very expensive, it
makes sense if NASA and ESA would cooperate. In this
context, discussions have begun in order to see if a reason-
able joint mission could be designed. If these discussions
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are successful, a joint mission could be launched sometime
after 2012.
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Léger A., M. Pirre, F.J. Marceau, Search for primitive life on
a distant planet: relevance of 02 and 03 detections, 1993,
A&A, 277, 309–313
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Abstract

In this contribution, we show the capability of STARE
to obtain frequencies and amplitudes from high temporal
resolution δ Scuti spectra. Lightcurves of 13 new field δ
Scuti stars are analyzed and a total of 21 oscillation modes
are found in a single field. Noise level in the spectra falls
bellow 3 mmag for stars fainter than magnitude 9. Subse-
quent analysis of the other observed fields, a new location
for STARE, as well as the sharing of data with similar
projects will provide higher-quality results and a valuable
δ Scuti database, wich could be useful for follow-up obser-
vations.

Key words: Stars: δ Scuti – Planets: transits

1. Introduction

The STARE (STellar Astrophysics & Research on Exo-
planets) project uses a small aperture (9.9 cm), wide field-
of-view (6.1 by 6.1 deg2 in the first intrument, and 5.3 by
5.3 deg2 in the actual one), CCD-based (2034 by 2034
pixel) telescope to reach high-precision photometry in a
large number of stars. Its main purpose is the search of hot
giant planets transiting their parent star, although many
other byproducts are also produced. STARE detected the
first planetary transits across a Sun-like star, HD 209458,
as described in Charbonneau et al. (2000). The kind of
data taken by this instrument (described in next section)
provides a large set of lightcurves, which is of high value
for variability studies. Several types of stars observed with
STARE are plotted in Fig. 1. We centered our study in a
particular class of stars, δ Scuti, to show the kind of results
that can be achieved.

2. Observations and data reduction

A field in Auriga has been observed for more than 40
consecutive days around December 1997, from the city of
Boulder, CO (USA), with the old STARE configuration
(AeroEktar lens instead of a Schmidt-Cassegrain lens).
An image was taken every 2 minutes (107 sec exposure
time and 13 sec for readout), with around 25 000 stars de-
tected. Calibration of images involved flat-field, bias and
dark current measurements taken regularly, roughly once

Figure 1. Folded lightcurves for different kinds of stars. Fre-
quencies are in cycles/day and periods in days.

per week. Corrections for atmospheric extinction were ac-
complished using data from about 2300 Tycho-observed
stars present in the field. Coloured extinction was also
taken into account, with images of the field in R, V and B
filters (roughly Johnson filters). A specific software, based
on a pixel-weighting photometry scheme (see Jenkins et al.
2000), was used to obtain the lightcurves of the aproxi-
mately 5000 brightest stars. These lightcurves were binned
to a 15 minute cadence.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)



246 R. Alonso et al.

3. Analysis and results

The lightcurves of all the δ Scuti stars catalogued in the
STARE database1, have been analyzed using a pre-white-
ning technique. The SIMBAD database, operated by CDS
(Centre de Données Stellaires) in Strasbourg, has been
used to identify the stars. The amplitude spectra were
calculated with the ISWF technique (Ponman 1981) em-
ployed in Belmonte et al. (1994), with sampling in fre-
quency of 0.1µHz (oversampling factor 2). We have used
a threshold of 3.7σ above the mean noise level of the
100µHz closest to the peak in the power spectrum to con-
sider one peak as a real oscillating frequency, as described
in Alvarez et al. (1998). The FWHM of the main lobe in
the spectral window, which gives an idea of the spectral
resolution achievable, is slightly lower than 0.2µHz.

The results obtained are sumarized in Table 1, where
the coordinates are for epoch 2000, and the R magnitude
is the mean magnitude from STARE’s calibrated images.
Spectral type, when available, was obtained from the Nes-
terov et al. (1995) catalogue.

Two examples of the typical amplitude spectra ob-
tained from the pre-whitening analysis are plotted in
Figs. 2 and 3.

A total of 21 modes has been found, and out of the 13
δ Sct stars studied, 7 pulsate in more than one detectable
mode. Synthetic spectra of all the stars analyzed in this
study are plotted in figure 4.

The star labelled as 3902 is actually a binary one, HD
280570A and B, but the telescope resolution (10.8 arc-
sec per pixel) doesn’t allow to distinguish between them.
Both are catalogued as F0 type stars, so both are good
δ Scuti candidates. The identification of 543 is not uni-
vocaly determinated, as there are two stars with similar
magnitude and an angular separation of 19 arcsec, dif-
ficult to distinguish from STARE’s images. In this case,
only one of the stars is present in the HD catalogue, as
HD 277894 with a B magnitude of 11.3. The other star
is GSC 02900−00159 with a B magnitude of 10.8. HD
277894 spectral type is A0, while it’s unknown for GSC
02900−00159. Future work could be focused on resolving
which one of the stars is actually the δ Scuti star, and if
the system could be a binary one. Star 4170 is catalogued
at the GSC as a multiple object (* in Table 1). Binarity in
this stars could put some constraints when dealing with
models, such as knowing the mass ratio, or even the masses
of each component of the system, what makes these stars
very interesting candidates for follow-up observations.

4. Future

Currently, there are more data available from this Auriga
field, which will be used to confirm these results, as well as

1 web page http://www.hao.ucar.edu/public/research/stare/
stare.html

Figure 4. Synthetic spectra of all the δ Scutis listed in Table 1.

to look for temporal stability of these stars’ periods and
amplitudes.

The STARE instrument has recently been installed at
the Observatorio del Teide (Canary Islands, Spain) in or-
der to minimize the sky background noise contribution,
which was the main noise source when it was running at
Boulder (Colorado, USA). Tests made on a typical clear
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Table 1. Result of the pre-whitening analysis on the stars.

Number Identification RA2000 Dec2000 R mag ST Frecuency Amplitude

(h,m,s) (0,’,”) (µHz) (mmag)

114 HD 277934 5 19 33 +40 22 13 9.163 A2 213.39 7.3
193.04 3.9

167 HD 278238 5 29 19 +40 24 23 9.188 A7 105.74 7.5
315 HD 281084 5 26 03 +38 20 53 9.561 A7 147.59 6.3
384 HD 280549 5 12 18 +38 18 30 9.464 F2 112.60 7.7
476 HD 277660 5 10 09 +41 19 02 9.793 A7 276.04 6.2

143.90 2.9
543 HD 277894? 5 17 55 +41 11 54 10.165 A0 296.51 4.2

GSC 02900−00159? 5 17 57 +41 11 56 - 240.92 3.4
851 HD 280758 5 17 29 +38 09 54 10.093 F2 88.60 13.5

122.31 4.3
1045 HD 277875 5 17 05 +41 49 56 10.566 A3 166.11 8.4

161.93 2.5
1397 HD 280433 5 09 15 +38 14 39 10.481 F2 197.56 7.2

95.30 4.6
158.55 4.4

1727 GSC 02913−00463 5 29 18 +39 29 24 10.555 80.93 5.5
3902 HD 280570A? 5 13 12 +37 39 05 11.416 F0 99.90 9.7

HD 280570B? 5 13 12 +37 38 58 F0 114.11 4.2
4170 GSC 02896−00131(*) 5 15 18 +39 14 16 140.19 3.2
4873 GSC 02899−00443 5 03 38 +40 37 02 11.608 152.76 12.6

moonless night show that the sky background level has
been reduced at least by a factor of 2. Adding another
factor 2 that was gained when STARE changed from an
AeroEktar lens to a Schmidt Cassegrain camera, we are
expecting better results in the processed data. This new
emplacement will also allow to combine the data with sim-
ilar projects (Nasa/Ames’ Vulcain Camera Project, Cali-
fornia, USA, and Lowell’s PSST, Arizona, USA, see figure
5), thus increasing the nightly coverage, and so the chance

Figure 5. Location of the Nasa Ames’ Vulcain Camera Project
(California, USA), Lowell’s PSST (Arizona, USA) and
STARE (Canary Islands, Spain), from left to right.

to detect a transit. Also, the daily aliases will be reduced,
allowing a better determination of the pulsating periods
of all variable stars.
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Figure 2. Amplitude spectra obtained for star number 114, after 0,1 and 2 frequencies pre-whitened. Continuous line shows the
noise level at 3.7σ (99% significance).

Figure 3. Same plots as figure 2 for star number 1397; in this case, three oscillation modes were found and substracted.
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Abstract

The Subtractive Optimally Localized Averages
(SOLA) method, developed and extensively used in helio-
seismology, is applied to artificial data to obtain measures
of the sound speed inside a solar-type star. In contrast to
inversion methods which fit models to some aspect of the
data, methods such as SOLA provide an honest assess-
ment of what can truly be resolved using seismic data,
without introducing additional assumptions such as that
the space of admissible stellar models is small. The result-
ing measures obtained from SOLA inversion can subse-
quently be used to eliminate putative stellar models. Here
we present results of experiments to test the reliability of
SOLA inferences using solar models and models of solar-
type stars.

Key words: Stars: structure – Stars: oscillations

1. Introduction

Seismology of solar-type stars is expected in the not-too-
distant future to provide information of relevance for un-
derstanding stellar structure. We need to develop tools
that will allow us to use the full potential of the informa-
tion provided by the seismic observations of other stars.

Early attempts at inverting artificial sets of low-degree
modes have given mixed results. Gough & Kosovichev
(1993) and Roxburgh et al. (1998) inverted the frequen-
cies calculated for a 1.1 M� and a 0.8 M� star, respec-
tively to obtained very encouraging results. More recently,
Berthomieu et al. (2001) carried out a careful analysis of
the results to be expected in inversions of solar-like os-
cillations, taking into account the expected errors in the
COROT observations and mode amplitudes in a 1.45 M�
star; they concluded that reasonably well-localised inver-
sion is possible in the core of such a star. On the other
hand, Basu et al. (2001) failed in their attempts at invert-
ing a set of low-degree modes of a solar-type star.

One of the main differences between these efforts was
the mode set used for the inversions. The Roxburgh et
al. work used a very optimistic set: it is unlikely that all
those modes can be observed. The Gough & Kosovichev
mode set was somewhat more conservative. Basu et al.
(2001) used two conservative mode sets. The modes sets

and errors used in the different works are summarized in
Table. 1. In addition, unlike Gough & Kosovichev and
Roxburgh et al., Basu et al. tried to invert for the sound
speed c using density ρ as the second variable, instead of
inverting for u ≡ p/ρ, p being the pressure, with the he-
lium abundance Y as the second variable. It is known that
because density kernels (at fixed c2) have much larger am-
plitudes than Y kernels (at fixed u), a c inversion is more
difficult than a u inversion. The Basu et al. (2001) inver-
sions were done under the assumption that the mass, or
radius, or both of these properties of the test star was
not known very well and hence this introduced additional
uncertainty. Also we believe that there were numerical er-
rors in the kernels used.

In this work we attempt to understand the differences
in the results, in particular we study the effect of the mode
set and errors on the results obtained. The mode sets used
are the same as those used by Basu et al. (2001); the mode
set of Gough & Kosovichev (henceforth the GK set) is used
for comparison. In order to be able to compare with older
results we try to invert for u rather than c2 which is the
variable of choice in solar inversions. To avoid additional
uncertainties due to uncertainty in the radius or the mass
of the star under consideration, in this work we confine
our attention to solar models. Finally, we note that the
assumed errors are much larger than is typical in solar
frequencies.

2. Models and inversion techniques

Inversions for stellar structure are based on linearizing the
equations of stellar oscillations around a known reference
model. The relative differences in u (i.e. δu/u) and the
difference in Y (δY ) between a star and a reference stellar
model can be related to the differences in the frequencies
of the star and the model (δωi/ωi),

δωi
ωi

=
∫
Ki
u,Y (r)dr +

∫
Ki
Y,u(r)dr +

Fsurf(ωi)
Qi

, (1)

where r is the normalized distance to the centre. The in-
dex i numbers the multiplets (n, l). The kernels Ki

c2,ρ and
Ki
ρ,c2 are known functions of the reference model. The

term in Fsurf(ωi) is the contribution from the uncertain-
ties in the near-surface region (e.g. Christensen-Dalsgaard
& Berthomieu 1991); here Qi is the mode inertia, normal-
ized by the inertia of a radial mode of the same frequency.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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Table 1. Mode sets considered and assumed standard deviation
of errors.

Paper Mode set Assumed
errors

Gough & Kosovichev l = 0, 1, n=10–30 0.3µHz
(GK set) l = 2, n=9–29

Basu et al. l = 0, n =11-27 0.1µHz
Set 1 l = 1, n =12–28

l = 2, n =15–27
Basu et al. l = 0, n =14–32 0.3µHz∗

Set 2 l = 1, n =13–29
l = 2, n =15–30
l = 3, n =16–28

Roxburgh et al. l = 0, n=1–31 0.3µHz
l = 1, 2, n =1–30
l = 3, n =1–29

∗For Set 2, various errors are considered (see Fig. 5).

In general, the right-hand side of equation (1) may also
contain a term 1

2δ ln(M/R3) to absorb scaling of the fre-
quencies with stellar mass M and radius R according to
(GM/R3)1/2.

For linear inversion methods, the solution at a given
point r0 is determined by a set of inversion coefficients
ci(r0), such that the inferred value of, say, δu/u is〈
δu

u
(r0)

〉
=

∑
i

ci(r0)
δωi
ωi
. (2)

From the corresponding linear combination of equations
(1) it follows that the solution is characterized by the av-
eraging kernel, obtained as

K(r0, r) =
∑
i

ci(r0)Ki
u,Y (r), (3)

and also by the cross-term kernel:

C(r0, r) =
∑
i

ci(r0)Ki
Y,u(r) , (4)

which measures the influence of the contribution from δY
on the inferred δu/u.

The surface term in equation (1) may be suppressed
by assuming that Fsurf can be expanded in terms of poly-
nomials ψλ, and constraining the inversion coefficients to
satisfy

∑
i ci(r0)Q

−1
i ψλ(ωi) = 0, λ = 0, 1, ...,Λ. (Däppen

et al. 1991).
The goal of the inversions is to obtain a localized aver-

aging kernel, while suppressing the contributions from the
cross term and the surface term in the linear combination
in equation (2), and limiting the error in the solution.
Also, K(r0, r) must have unit integral with respect to r. If
this can be achieved, then〈
δu

u
(r0)

〉
�

∫
K(r0, r)

δu

u
dr (5)

defines a proper average of δu/u.

Here we use the Subtractive Optimally Localized Av-
erages (SOLA) method (Pijpers & Thompson 1992, 1994)
to determine the inversion coefficients such that the aver-
aging kernel is an approximation to a given target T (r0, r).
Details on the application of the SOLA technique to struc-
ture inversion were given by, e.g., Rabello-Soares, Basu &
Christensen-Dalsgaard (1999).

The reference model used in this work is the solar
Model S of Christensen-Dalsgaard et al. (1996). This is
a standard solar model.

The test model (the proxy star) we use is model MIX
of Basu, Pinsonneault & Bahcall (2000). This is a non-
standard model, with an artificially mixed core. This
model was selected because the differences in u with re-
spect to the reference model are large, somewhat along
the lines of what we expect for stars other than the Sun
due to uncertainties in their ages.

3. Results

3.1. Comparing c2 and u inversions

Figure 1. Averaging kernels for sound-speed inversions (con-
tinuous) and u inversions (dashed) for a few target radii. The
mode set used was Set 2 with a uniform error of 0.3µHz.

Fig. 1 shows a comparison of averaging kernels ob-
tained for c2 and u inversions. The data set used was Set 2,
with uniform errors of 0.3µHz. Note that the c2 averaging
kernels have a lot of surface structure, which has a detri-
mental effect on the inversion results. The mode set needs
to be expanded in order to get a cleaner averaging kernel.
Fig. 2 shows a comparison of the cross-term kernels ob-
tained for c2 and u inversions. One can see that with the
mode set used (Set 2), we cannot successfully suppress the
cross term in a c2 inversion. In contrast, the cross term for
the u inversions is very small.
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Figure 2. Cross-term kernels for the inversions.

3.2. Effect of mode set

Figure 3. The averaging kernels obtained with Set 1 (dotted
lines), Set 2 (continuous lines) and GK (dashed lines) mode
sets at 0.05 R� (Panel a), 0.139 R� (Panel b) and 0.227 R�

(Panel c). The near surface structure of these kernels is shown
in the panels to the right.

Fig. 3 shows a comparison of the averaging kernels
obtained for u inversions using mode sets Set 1, Set 2 and
GK. A uniform error of 0.3µHz was assumed for all sets.
Note that the Set 1 averaging kernels have structure at
the surface. Set 2 and GK kernels are much cleaner. Set 1
also results in very large cross-term kernels. It should be
noted that MOLA inversions can give somewhat better
averaging kernels.

Fig. 4 shows the inversion results for the three sets. The
horizontal error bars are an indication of the resolution of
the inversion. One can see that the Set 1 results have very

Figure 4. Results of u inversion for Set 1 (panel a), Set 2 (panel
b) and GK (panel c). The continuous line is the exact differ-
ence between the models. Inversion results are plotted at the
corresponding target radius. The vertical error bars show the
1-σ uncertainty in the inversion result, obtained by propagat-
ing the mode uncertainties through the inversion process. The
horizontal error bars provide an indication of the resolution of
the inversion; they extend from the first to the third quartile
point of the averaging kernels. A uniform error of 0.3µHz was
assumed for each set.

large errors, as well as poor resolution. Set 2 and GK give
very good results for a substantial portion of the core.

3.3. Effect of mode errors

A reduction in mode errors helps the inversions. The ef-
fects can be felt in two ways: one could improve the res-
olution, while keeping the error on the solution the same,
or, one could keep the averaging kernel the same and de-
crease the error on the solution. Fig. 5 shows the inversion
results for Set 2 for three different error-distributions: (1)
uniform errors of 0.3µHz, (2) uniform errors of 0.1µHz,
and (3) an error-distribution which mimics the distribu-
tion of errors in solar oscillations frequencies. The distri-
bution was scaled to be around 0.1µHz at low frequency
(see Fig. 6 for the error distribution). The reduction of
errors gives a more dramatic improvement for Set 1 re-
sults. If the errors are reduced by a factor of 5, the surface
structure of the averaging kernels can be removed and the
cross-term kernels can be made much smaller.

4. Discussion

In common with other investigations of the resolving power
of the low-degree modes expected from observations of
solar-like oscillations in distant stars, we find that with
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Figure 5. Results of u inversion with Set 2. Different error dis-
tributions were used for the inversions whose results are shown
in the different panels.

Figure 6. The distribution of errors used for the inversions
shown in Fig. 5(c). The errors were scaled from the error distri-
bution of solar oscillation frequencies so that the low-frequency
part of the distribution is around 0.1µHz.

realistic assumptions about the expected mode set and
observational errors it is possible to achieve some limited
resolution in the core of the model. With our present proxy
star this, for example, shows clear evidence for the core
mixing as reflected in the steep rise in δu/u towards the
centre.

The results depend strongly on the choice of variables
in the inversion. For helioseismic inversion, a common
choice is to express the inverse problem in terms of adi-
abatic sound speed and density. With the limited set of
modes available in the stellar case, the quality of the inver-
sion for the sound speed suffers from the need to suppress

the contribution from the density. A preferable choice of
variables is the pair (u, Y ); here the contribution from Y
is small and essentially confined to the outer layers, where
helium is partly ionized.

Not surprisingly, the results show substantial depen-
dence on the choice of mode set, although the precise
manner in which this happens is not obvious and needs
further study. It is important here also to include more
realistic estimates of the expected properties of the modes
and observations, as has been attempted by Berthomieu
et al. (2001).

In analyses of evolved stars it is possible that modes
with partial g-mode character may be observed; some evi-
dence for this may already have been found in the subgiant
η Bootis (e.g. Christensen-Dalsgaard, Bedding & Kjeldsen
1995). Such modes would have a highly beneficial impact
on inversions for the stellar core, because the averaging
kernels could exploit the localized trapping of the eigen-
functions.
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DOPPLER GROUND-BASED SEARCH FOR SOLAR-LIKE OSCILLATIONS WITH CORALIE
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Abstract

Observations of solar-like oscillation frequencies allow
to constrain theory of structure and evolution of stars with
an outer convective zone. Recent improvements in radial
velocity measurements have led to p-mode detections on
some bright target stars. We briefly review some Doppler
ground-based programs of asteroseismology of solar-like
stars in operation and present results obtained on α Cen A
with the spectrograph CORALIE. Photon noise study
shows that the future spectrograph HARPS, which will
be installed on the 3.6 m ESO La Silla telescope, will be
able to conduct a program of asteroseismology from the
ground on several tens of solar-like stars. Such an astero-
seismological program is far from the expected accuracy of
the future photometric space missions but is useful to con-
duct a preliminary and complementary study on solar-like
stars.

Key words: Stars: oscillations – Techniques: radial veloci-
ties

1. Introduction

One of the major objectives of the stellar physic is the un-
derstanding of stellar interiors and the modelisation of star
evolution. Asteroseismology is the ideal tool to constrain
stellar models and evolutionary theory. In the solar-like
class of pulsating stars (see Fig. 1.), acoustic oscillations
are stochastically generated by the outer convective zone.
Eigen modes of oscillation have Doppler amplitude in the
range 10–300 cm s−1 with period between 3 and 30 mn.
These modes are observed and studied on the Sun since
the 1960’s.

Recent results of ground-based observation using Dop-
pler techniques have permitted to detect solar-like oscilla-
tions on some bright stars. These results are summarized
in Table 1. The 3 high resolution echelle spectrographs
listed in this table use different radial velocity methods
and reach precision in the range 2 - 4 m s−1.

2. CORALIE P-mode observations on α Cen A

A primary and challenging target for the search of p-mode
oscillations in a twin star of the Sun is α Cen A. This

Figure 1. Schematic location of classes of pulsating stars in the
H-R diagram.

star was observed over 5 nights in May 2001 with the
CORALIE fiber-fed echelle spectrograph (Queloz et al.
2000) well known for its discoveries of extra-solar planets
and mounted on the 1.2 m Swiss telescope at the ESO La
Silla Observatory. We took sequences of 40 s exposures
with a dead time of 110 s in-between. In total, 1260 spec-
tra were collected with typical signal-to-noise ratio in the
range 300–420 at 550 nm. The radial velocities presented
in Fig. 2 were computed using the optimum weight proce-
dure described by Bouchy et al. (2001). Their dispersion,
after a 3 order polynomial fit subtraction, reaches 1.47
m s−1.

The power spectrum of the velocity time series is shown
in Fig. 3 and exhibits a series of peaks between 1.7 and 3

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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Table 1. Recent results on Doppler ground-based solar-like oscillation detections.

Stars Spectral mv Aosc νmax ∆ν Spectrograph Telescope Reference
type ( m s−1) (mHz) (µHz)

Procyon F5 IV-V 0.4 0.5 ∼ 1.0 55 ELODIE 1.93 m OHP Martic et al. 1999
β Hyi G2 IV 2.8 0.5 ∼ 1.0 56/60 UCLES 3.9 m AAT Bedding et al. 2001

” ” ” 0.4 ∼ 1.0 58 CORALIE 1.2 m La Silla Carrier et al. 2001a
α Cen A G2V 0.0 0.3 ∼ 2.3 105.7 CORALIE 1.2 m La Silla Bouchy & Carrier 2001
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JD - 2452029

Figure 2. Radial velocity measurements of α Cen A.

mHz modulated by a broad envelope. Toward the lowest
frequencies (ν < 0.5 mHz), the power rises and scales in-
versely with frequency squared as expected for instrumen-
tal instabilities. The mean white noise level, computed in
the range 0.5–1.5 mHz, reaches 3.06× 10−3 m2 s−2. With
1260 measurements, the velocity accuracy corresponds
thus to 0.98 m s−1. The photon noise uncertainty of our
measurements is estimated to 0.70 m s−1.

The average amplitude of the peaks is estimated to
be in the range 33–37 cm s−1. The average large splitting
〈∆ν〉, calculated with the comb response, is estimated to
105.7 µHz. The characteristics of the p-modes observed
are in full agreement with the expected values scaling
from the Sun. A complete description of this detection
and an attempted identification of the strongest modes
based on the asymptotic relation is given by Bouchy &
Carrier (2001). An extended analysis with astrophysical
interpretation will be published on Carrier et al. (2001b).

This result demonstrates the power of the simultane-
ous Thorium radial velocity method used on CORALIE
which reaches here the precision of 1 m s−1 at frequency

0 1 2 3
0

0.05

0.1

0.15

0.2

mHz

Figure 3. Power spectrum of Doppler measurements of
α Cen A.

higher than 0.5 mHz. We hope to obtain similar convinc-
ing seismological results on some bright solar-like stars
with CORALIE.

3. Asteroseismology with HARPS

The future spectrograph HARPS (High Accuracy Radial
velocity Planetary Search) (Pepe et al. 2000), which will
be installed on the 3.6 m ESO telescope at La Silla Obser-
vatory at the end of 2002, is optimized to high precision
radial velocity measurements. The optical design and the
characteristics of this instrument are given in Fig. 4.

A complete photon noise study has been made for
this instrument by Bouchy et al. (2001). The fundamen-
tal radial velocity uncertainty due to the photon noise
for a given flux is presented in Fig. 5 versus the spectral
type (effective temperature) and the rotational broaden-
ing (v sin i) of the star observed.

Fig. 6 shows the photon noise uncertainty versus stel-
lar magnitude for the best stellar case (T eff = 4500 K,
v sin i = 0 km s−1) for various exposure times. This quan-



255

Spectral range 3800-6800 Å
Spectral resolution 90 000
Global efficiency* ∼ 4 %
Telescope 3.6 m ESO
RV technique simultaneous Thorium
Expected σRV 1 m s−1

* including atmosphere, telescope, spectrograph and detector

Figure 4. Optical design and characteristics of HARPS.

tity is less than 1 m s−1 for exposure time of 1 mn on
stars with magnitude lower than 8. Typically, HARPS is
expected to observe stars with magnitude 5 dimmer than
CORALIE and with a better radial velocity precision.

We have prepared a first selection of solar-like targets
based on the following considerations:

– Spectral type F, G, K (IV, V)
– v sin i ≤ 17 km s−1

– mv ≤ 5.0
– in case of binary: a ≥ 4” or ∆m ≥ 5
– δ ≤ +10o

This first selection, limited to V = 5.0, gives 45 solar-
like stars (27 F, 13 G and 5 K). In some cases (low v sin i),
stars up to V = 8 can be added to this selection. We es-
timate that an asteroseismological program can be con-
ducted with HARPS on a sample of more than 100 solar-
like stars.

4. Discussion

With single-site ground-based campaign of asteroseismol-
ogy, the identification of oscillation modes is complicated
by the window of observation limited by the diurnal cycle.
In order to improve the spectral window, it is necessary
to develop a ground-based network of 4 m class telescopes
with, for example, existing spectrograph like UCLES on
the 3.9 m AAT, an updated version of UES on the 4.2 m
WHT and future spectrographs like HARPS on the 3.6 m
ESO and ESPADONS on the 3.6 m CFHT. These instru-
ments are localized on the map of the world on Fig. 7.

Of course, such a ground-based program is far from the
expected accuracies and the objectives of the future pho-

tometric space missions like MOST, MONS, COROT and
Eddington. However it is useful to conduct in the nearest
years a preliminary study on solar-like stars. Furthermore
a complementary seismological Doppler study on these
stars is necessary from the ground for the following rea-
sons:

– observation of modes with higher angular degree l,
– characterization of the Doppler amplitude of modes,
– low sensibility to the stellar granulation effect.
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Figure 7. Possible ground-based network of 4 m class telescopes
for asteroseismological campaigns.
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Abstract

We present the results of a global observational study
for slowly pulsating B stars1. In order to study the global
pulsational behaviour of this class of massive main se-
quence g-mode pulsators, 17 bright southern (candidate)
slowly pulsating B stars were selected for long-term ground
based follow-up campaigns. Spectroscopic and photomet-
ric measurements were gathered between March 1996 and
March 1998.

At least nine of our target stars turn out to be spec-
troscopic binaries. Thirteen targets are now classified as a
confirmed slowly pulsating B star. At least nine of them
are multi-periodic. For three stars, the observed frequency
spacings point towards the existence of frequency multi-
plets. No (clear) evidence is found for the influence of stel-
lar rotation on pulsation.

We plan to start very-long term ground-based mon-
itoring for the most promising targets with the goal of
a seismic study. Eddington will monitor its programme
stars for asteroseismology during approximately one-two
months. As shown in this paper, this time base is insuffi-
cient for the study of slowly pulsating B stars. We propose,
however, to perform a very detailed study of the frequency
behaviour and thus of the internal structure of slowly pul-
sating B stars, by making use of the data obtained in the
framework of the 3-year continuous monitoring of the stars
in the field selected to search for extra solar planets.

Key words: Stars: early type – Stars: variables: general –
Stars: oscillations – Stars: binaries: spectroscopic – Line:
profiles

1. Introduction

To fully understand the evolution of stars, detailed infor-
mation on the processes acting in the stellar interior is
needed. Since the stellar interior is not directly accessible,
the indirect information contained in stellar oscillations

1 Based on observations collected with the CAT Telescope of
the European Southern Observatory and with the Swiss Pho-
tometric Telescope of the Geneva Observatory, both situated
at La Silla in Chile

is thankfully used in asteroseismic studies to probe the
stellar interiors.

In this paper, we present for the first time a global
observational study for a class of massive main-sequence
g-mode pulsators. The slowly pulsating B stars (hereafter
“SPBs”) were introduced observationally (Waelkens 1991)
and explained theoretically (e.g. Dziembowski et al. 1993)
as a distinct group of mid-B multi-periodic variables pul-
sating in high-radial-order g-modes with periods of the
order of days. Since these modes penetrate deep into the
stellar interior, SPBs are very promising for asteroseismol-
ogy. Hipparcos led to an unbiased view of the occurrence
of SPB-type pulsations and revealed some 100 new candi-
date “Hipparcos SPBs” (Waelkens et al. 1998), while only
12 “confirmed SPBs” were known before the Hipparcos
mission (Waelkens 1991, North & Paltani 1994, Chapel-
lier et al. 1996, Clausen 1996, Waelkens 1996).

In order to study the global pulsational behaviour of
SPBs, we selected seventeen bright southern SPBs for a
long-term campaign (Aerts et al. 1999). Our sample con-
sists of five confirmed and twelve candidate Hipparcos
SPBs. The obtained ground-based spectroscopic and pho-
tometric observations were combined with the space-based
photometric Hipparcos Hp measurements to conduct a de-
tailed frequency analysis and a preliminary mode identi-
fication. The observations used are described in Section 2
while the results are briefly discussed in Section 3. In Sec-
tion 4, we argue why the SPBs among the stars in the
exoplanet field of the Eddington mission deserve special
attention during the analysis of their light curves. Our
conclusion is given in Section 5.

2. Observations

We used three different kinds of data-sets:

– space-based Hipparcos photometric measurements: Hp
filter, ∆T ≈ 1100 days (continuous), N ≈ 100,

– ground-based Geneva photometric measurements (P7,
0.7-m Swiss telescope, La Silla, Chile): U, B1, B, B2,
V1, V, and G filter, ∆T ≈ 340 days (168 nights, 8
runs), N ≈ 110,

– ground-based high resolution, high S/N spectroscopic
measurements (CES, 1.4-m CAT telescope, La Silla,
Chile): λλ 4130 Å Si ii doublet, ∆T ≈ 340 days (84
nights, 12 runs), N ≈ 70.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Table 1. An overview of the individual results of the target stars is given. The confirmed SPBs are marked with an asterisk.
The non SPBs are given in italic. For every binary in our sample, the orbital period Porb (days) and the eccentricity e are
given. “Gen”, “Hip” and “Spec” respectively denote the number of determined intrinsic frequencies in the Geneva data, in the
Hipparcos data and in the first three velocity moments of the λ 4130 Å Si ii profiles. A “+” sign means that more intrinsic
frequencies are clearly present, but different candidate frequencies occur and it is not possible to select the physical one. The
total number of detected intrinsic frequencies is given in the “Tot” column. l and |m| of the reliable identifications of the main
modes with frequency ν1 (c/d) are given. All the available error estimates are given between brackets in units of the last decimal.

Porb (days) e Gen Hip Spec Tot ν1 (c/d) (l, |m|)
Binary SB2 e �= 0 HD 123515* HR 5296* 26.035(4) 0.262(7) 4+ 4 2 4+ 0.68528(10) (2,2)

HD 140873 HR 5863 38.927(4) 0.731(6) 1 1 1 1 1.1515(8)

SB1 e �= 0 HD 74560* HR 3467* 8.378(1) 0.24(4) 5+ 3 2 5+ 0.64472(6) (1,1)
HD 177863* HR 7241* 11.9154(9) 0.603(7) 2 2 1 2 0.84059(10)
HD 24587 HR 1213 459(4) 0.18(2) 1 1 1 1 1.1569(6)
HD 53921 HR 2674 340(3) 0.43(8) 1 1 1 1 0.6054(6)

SB1 e = 0 HD 92287 HR 4173 2.904984(6) 0.0 1 1 1 1 0.21480(7) (4,1)
HD 69144 HR 3244 4.82306(4) 0.0 0 0 0 0
HD 169978 HR 6916 1.711529(5) 0.0 0 0 0 0

Single confirmed SPB HD 74195* HR 3447* 4 2 4 4 0.35745(9) (2,0)
HD 181558* HR 7339* 1+ 1 1 1+ 0.80780(10) (1,1)

Hipparcos SPB HD 26326 HR 1288 2 2 2 3 0.5338(8)
HD 85953 HR 3924 2 2 2 3 0.2663(6)
HD 138764 HR 5780 1 2 1 2 0.7944(9) (1,1)
HD 215573 HR 8663 1 2 1 2 0.5654(9) (3,1)
HD 55522 HR 2718 1 1 1 1 0.3664(6)
HD 131120 HR 5543 1 1 1 1 0.6374(6)

where ∆T denotes the total time-span of the measure-
ments, and N the average number of obtained measure-
ments per “Hipparcos” target. For the confirmed SPBs,
we have some 500 Geneva measurements per target with
a time-base of approximately 16 years. We point out that
our spectroscopic data also contain the 4121 Å He i line.

3. Results

Throughout this paper, all the available error estimates
are given between brackets in units of the last decimal.
In Table 1, an overview of the individual results for the
target stars is given. For a full description of these results,
we refer to De Cat (2001). In the following subsections,
the main results of our study are highlighted.

3.1. Orbital motion & Synchronisation

In the radial velocity variations of at least nine out of
seventeen target stars, orbital variations are found. There
is a great variety in the derived orbits. HD 123515 and
HD 140873 were already known as single-lined spectro-
scopic binaries, but both turn out to be double-lined. All
new spectroscopic binaries are single-lined. For HD 140873
and HD 177863, we find orbits with a large eccentricity of
respectively 0.731(6) and 0.603(7). HD 69144, HD 92287
and HD 169978 are three circular binaries with a short
orbital period of a few days. Since their photometric mea-
surements are dominated by a close-to-sinusoidal variation

with twice the orbital frequency, these stars are classified
as ellipsoidal variables.

Theoretical models predict that synchronisation occurs
before circularisation. For all the eccentric binaries we find
that the primary still rotates supersynchronously. This is
not surprising for the wider binaries, such as HD 24587
and HD 53921. For HD 123515, with a moderate eccen-
tricity and an orbital period of 26 days, we find that νrot ≈
4νorb. The closer eccentric binaries HD 74560 (8 days) and
HD 177863 (12 days) also still rotate supersynchronously.
According to tidal theory, this finding puts severe limits on
their age. HD 74560 is indeed one of the brightest objects
of the young open cluster IC 2391, whose age is estimated
at 3.63 107 years (Mermilliod 1981). Since HD 177863 is
also extremely eccentric, we suggest that it must still be
in its early main-sequence phase.

3.2. Intrinsic frequencies & Multiplets

From a theoretical point of view, slowly pulsating B stars
are expected to be multi-periodic g-mode pulsators. The
expected beat-periods are months or even years. Hence,
long time-bases are needed for the disentangling of the
complete frequency spectrum.

For the determination of the intrinsic frequencies, three
search algorithms were combined: Phase Dispersion Min-
imisation (Stellingwerf 1978), the modified Scargle peri-
odogram (Horne & Baliunas 1986) and the CLEAN al-
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Figure 1. An overview of our results for HD 74195. In the
left parts of the panels, the modified Scargle periodogram (full
line) is given for the variations in respectively the first velocity
moment 〈v〉 (top), the Geneva B measurements (middle) and
the Hipparcos Hp measurements (bottom). The dashed line de-
notes a false alarm probability p0 = 0.01. In the right parts of
the panels, the phase diagrams for the intrincic frequency in
the corresponding data-set are given.

gorithm (Roberts et al. 1987). In Fig. 1 and Fig. 2, an
overview of the results of two representative target stars is
given. For clarity, only the modified Scargle periodograms
are shown.

HD 74195 is an example of a confirmed SPB for which
we have many measurements in the Geneva photomet-
ric system with a long time-base. In total, four intrin-
sic frequencies were determined from this data-set: ν1 =

Figure 2. Same as 2, but for HD 140873.

0.35745(9) c/d, ν2 = 0.35033(9) c/d, ν3 = 0.34630(9) c/d
and ν4 = 0.39864(9) c/d. All four frequencies are con-
firmed in the variations of the first normalised moment
〈v〉, but only two of them are found in the Hp measure-
ments. Note that the frequency spacings between ν1, ν2
and ν3 point towards the membership of a frequency mul-
tiplet with l ≥ 2.

On the other hand, HD 140873 is an Hipparcos SPBs
for which we have three limited data-sets with a much
shorter time-base. Here, only one intrinsic frequency could
be found: ν1 = 1.1515(8) c/d. The residual standard de-
viations of the photometric data-sets are still high and
point towards multi-periodicity. However, both the time-
base and the number of measurements for this star are
insufficient for an unambiguous determination of other in-
trinsic frequencies.

Thirteen of our target stars are SPBs. An evident re-
sult of our work is that all of them exhibit line-profile
variations. For at least nine SPBs, the expected multi-
periodic character is confirmed. The targets for which the
most intrinsic frequencies are detected are the confirmed
SPBs. The time-bases of their Geneva measurements is
indeed considerably longer than those of the Hipparcos
SPBs. Like for HD 74195, evidence for the presence of
frequency multiplets is found in the data of HD 123515
and HD 85953. Note that for HD 177863, ν1 ≈ 10 / Porb,
which is due to a resonance between the tidal forces and
pulsation (Willems & Aerts 2001).

HD 69144 remains a candidate SPB. So far, no intrinsic
frequency could be found (yet). However, the prominent
line-profile variations point towards pulsation.

Three stars were misclassified as an SPB by Waelkens
et al. (1998). For HD 169978, there is no evidence for in-
trinsic variability at all. It is the only target for which no
(clear) line-profile variations are seen in our spectroscopic
data. For HD 55522 and for HD 131120, the intrinsic vari-
ations both in the photometric data and in the radial ve-
locities can be modelled by a single frequency ν1 and its
harmonics. However, the variations with ν1 in the radial
velocities derived from respectively the Si ii-lines and the
4121 Å He i line are not in phase and a different amount
of harmoncs is needed for their modelling (Briquet et al.
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2001). Therefore, both stars are classified as chemically
peculiar stars.

3.3. Mode identification & Rotation

A first attempt was undertaken to model the intrinsic vari-
ations in terms of non-radial pulsations by combining the
moment method (Aerts et al. 1992) for the line profile
variations and the method of the photometric amplitudes
(Heynderickx et al. 1994) for the variations in the seven
colours of the Geneva photometric system. Generally, the
single use of one of these data-sets leads to inconclusive
results.

In Table 1, (l, |m|) of the main modes is given only for
those stars for which the identification was considered as
reliable. For these seven stars, the rotational frequency νrot
was determined to study some of the expected effects of
stellar rotation on pulsation. In the left panel of Fig. 3, the
pulsation degree l is given as a function of the rotational
frequency. No evidence for the excitation of higher degree
modes in more rapid rotators is found. In the right panel
of Fig. 3, the observed amplitudes of the variations with ν1
are given as a function of νrot. No evidence for damping-
effects due to rotation is found. We do stress that our
sample has a very limited range in rotational frequency.
As shown by Maeder (these proceedings), understanding
internal rotation in massive stars is of utmost importance.
Therefore, we will continue the monitoring of the SPBs for
which we found rotational splittings.

Figure 3. Left panel: the pulsation degree l as a function of the
rotational frequency. Right panel: the observed amplitudes of
the main frequencies ν1 respectively in the first velocity moment
〈v〉 (AA, bottom) and in the Geneva B measurements (AB, top)
as a function of the rotational frequency νrot.

4. Proposal for Eddington

As shown by our work, one generally needs the combina-
tion of multicolour photometry and high-resolution spec-
troscopy to derive mode identification of g-mode pulsa-
tions from the ground. Eddington will monitor its aster-
oseismic programme stars during approximately one-two
months. Our results clearly show that such a time-base
is insufficient for the study of SPB-type pulsations. We

propose, however, to make use of the data obtained in the
framework of the search for extrasolar planets. These data
are characterised by:
– a time-base of 3 years, which is sufficiently long to

disentangle the frequency spectrum,
– continuous monitoring, which excludes aliasing,
– exposure times of 30 sec, which is more than sufficient

to study SPB g-mode pulsations with periods of the
order of days,

– observations in a selected field with thousands of stars
with magnitudes between 9 and 14, which provides us
an unbiased sample for the occurrence of SPB-type
pulsations.

Therefore, these photometric measurements will be ide-
ally suited to study the frequency behaviour of SPBs. As
learned from Hipparcos, there is no need to have specific
targets. Hopefully, the amount of frequencies provided by
the space data will be sufficient such that frequency pat-
terns with regular spacings are detected, which would im-
ply that the problem of correct mode identification will no
longer be an issue.

5. Conclusion

The most interesting targets of our sample are selected for
a very-long-term ground-based follow-up campaign start-
ing in the summer of 2001. The study of SPBs from the sin-
gle use of ground-based observations is a very difficult and
time-consuming task. However, the study of these type of
pulsations is a natural “free” by-product of the exoplanet
part of the Eddington mission. It will allow us to derive
the internal structure of a class of pulsators whose masses
range from 2–9 M�, i.e. a class with both white-dwarf and
supernovae progenitors.
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Abstract

We have obtained series of continuous differential pho-
tometry in the J and Ks bands for several L-type dwarfs.
We intend to search for photometric variability in order
to:

– investigate the variability amplitude associated to at-
mospheric changes in time-scales from minutes to sev-
eral hours,

– investigate rotation periods through light curve mod-
ulation due to superficial inhomogenities,

– set constrains on the frequency of flares in these fully
convective objects,

– search for transits of brown dwarf and planetary com-
panions in very close orbits (including habitable zones).

First results obtained for the brown dwarf 2M1146+22 are
presented.

Key words: Brown dwarfs – Planetary systems – Habitable
zones – Infrared astronomy

1. Introduction

Brown dwarfs are considered the bridge between the light-
est stars and giant planets. Since their discovery (Rebolo
et al. 1995, Nakajima et al. 1995), searches in star clus-
ters and in the field have shown that brown dwarfs are
rather numerous and could outnumber stars in the disk
of the Galaxy (Delfosse et al. 1997, Kirkpatrick et al.
1999, Kirkpatrick et al. 2000, Béjar et al. 1999, Béjar et
al. 2001). Photometric variability of brown dwarfs is an
unknown, potentially important phenomenon, which may
bring valuable information on rotational periods, magnetic
energy deposition in outer layers, surface inhomogenities
associated to changes in the phisical conditions of very
cool atmospheres (2200–750 K) and the existence of com-
panions. Optical variability appears to be common in L-
type dwarfs (Bailer-Jones & Mundt 1999, Terndrup et al.
1999, Bailer-Jones & Mundt 2001). Several objects show
periodicities at about a few hours, possibly associated to
rotation.

Here we present the first results of a long-term moni-
toring programme aimed to search for infrared variability
of L-type dwarfs.

2. Observations. The sample

We list in Table 1 several objects which have been moni-
tored with the 1.55-m Carlos Sánchez Telescope on Teide
Observatory. They are L-type dwarfs selected from the list
of potential brown dwarfs discovered by 2MASS (Kirk-
patrick et al. 1999, Kirkpatrick et al. 2000). Names have
been abbreviated following common practice. L dwarfs can
span a wide mass range depending on age. Most likely
masses for objects in Table 1 are in the range 50–90MJup.

Each object in Table 1 was monitored in the J and Ks
bands for an time interval of 3–6 hours, short exposures of
5–10 s were adopted. Every ten exposures we did dithering
to perform proper sky substraction. Typically, about 5000
images were taken for each star. Individual exposures ob-
tained at each detector position were combined into single
images where aperture photometry was performed on the
target and reference stars. An aperture radius twice the
FWHM was adopted.

Table 1. Abbreviated L-dwarf name, apparent magnitudes
in J and Ks bands, spectral type, lithium equivalent width
and distance. 2M0345+25 is a spectroscopic binary L-dwarf;
2M1146+22 is a wide binary brown dwarf.

L-dwarf J Ks Sp. T Li EW d
(Å) (pc)

2M0015+35 13.82 12.24 L2 < 0.5 ∼ 20
2M0030+31 15.49 13.99 L2 < 1.0 ∼ 35
2M0147+34 14.34 13.59 L0.5 < 0.5 ∼ 32
2M0208+25 14.02 12.58 L1 < 0.5 ∼ 25
2M0345+25 14.03 12.70 L0 < 0.5 28.2
(sp.Bin.)
2M0829+14 14.72 13.12 L2 < 0.5 ∼ 30
2M1146+22 14.23 12.63 L3 5.1 ∼ 18
(wide Bin.)

3. Search for very faint objects

We have combined all the exposures obtained for each
target in order to produce deep images where wide faint
brown dwarf companions could be detected at projected
separations of 3–30 arsec (50–500 AU, given the distances

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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of our targets). Limiting magnitudes for these combined
images are about 19.5 and 18.5 in J and Ks bands, respec-
tively. This will allow detection of objects up to four-five
magnitudes fainter than our targets, i.e., methane brown
dwarf companions. Inspection of these displayed images
show a few candidate companions which are under inves-
tigation. We only present two of them, Figs. 1 and 2 for
2M0015+35 (1) and 2M1146+22 (2) in J-band, respec-
tively.

2M0015+35

Figure 1. 2M0015+35: J image, after 3-hour integration. North
is up, East is left. Approximate size: 3.5’×3.5’.

4. A first glance at variability

We present preliminary results of the near IR ligth curve
for the brown dwarf 2M1146+22. The presence of lithium
in its atmosphere guarantees substellar nature (Rebolo et
al. 1992). This is a wide approximately equal mass brown
dwarf binary resolved by HST but unresolved in our im-
ages. The light curve is plotted in Fig. 3. We have used
below the statistical notation adopted by Bailer-Jones &
Mundt 2001.

Relative magnitude of the target, md, respect to a ref-
erence magnitude is: md = ms −mr = 2.5 log(Fs/Fr) (Fs
is the flux of our target and Fr the averaged flux of the
reference stars). The probability that the deviations in the
light curve are consistent with the photometric errors is
calculated using a χ2 test:

χ2 =
K∑
k

(
md(k)
δmd(k)

)2
, (1)

1 IAU name: 2MASSW J0015447+351603
2 IAU name: 2MASSW J1146345+223053

2M1146+22

Figure 2. Same as Fig. 1, but for the L-dwarf M1146+22. Ap-
proximate size: 2.5’×3.5’.

being K the number of frames, and k an index from 1 to
K.

Table 2. Statistical values derived from the light curve of the L3-
dwarf 2M1146+22. md: average of the absolute relative magni-
tude; σm: rms (root-mean-square) of the relative magnitudes;
δmd: average photometric error in the light curve; p: probabil-
ity for non-variability. Frame combined image for a dithering
cycle of five detector positions.

md σm δmd p tmax No. of No. of
(h) frames ref. stars

0.084 0.018 0.017 0.03 3 22 2

Large χ2 values indicate greater deviation compared to
the errors. From tables, we determine the probability, p,
for the absence of variability. Bailer-Jones & Mundt claim
evidence when p < 0.01. In particular, for 2M1146+22,
they find p < 0.001 in their I-band light curve (σm =
15 mmag), and possible periodicities in the range 0.6-5
hours. While we cannot claim a detection of variability
in our J-band ligth curve (p = 0.03, σm = 18mmag), we
find hints for a signal modulation with a period close to 1
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hour, this is actually one of the likely periods claimed by
Bailer-Jones & Mundt.

5 6 7
-0.2

0

0.2

0.4

0.6

UT, 07 jan 2000 (h)

Figure 3. Light curve for 2M1146+22 in the J-band (lower
curve). Each triangle represents masurements at each dithering
position. Pentagons represent the mean of the values obtained
every five positions. Error bars give the error on these mean
values. For comparison, the upper light curve represents the
differential magnitude for two brighter reference stars.

5. Habitable zones planets around brown dwarfs

While very low mass stars become stable through hydro-
gen burning, brown dwarfs slowly cool down as time pro-
gresses. Old brown dwarfs have radii similar to Jupiter.
Fig. 4, in wich we represent the temporal evolution of
brown dwarf characteristics, has been made after models
of Chabrier et al. 2000 and Burrows et al. 1997.

Assuming global radiative balance, planetary atmo-
spheric albedo depending on effective temperature of the
central object (Caballero & Rebolo, in preparation) and
the evolutionary tracks plotted in Fig. 4, we have obtained
the curves plotted in Fig. 5, where we depict the spatial
and temporal region of habitability for a terrestrial planet
orbiting around 42, 63 and 73MJup brown dwarfs. Plan-
ets orbiting at 3–20RJup from brown dwarfs will live in
habitable zones (defined as regions capable of supporting
liquid water) for periods of several Gyr. The longest hab-
itable time intervals (about twice the Earth’s age) will
be found around the most massive brown dwarfs. The
Roche’s limit of tidal disruption gives a minimum distance
to the primary, about 5–6RJup for a Jupiter-like planet
around a typical 50–60MJup brown dwarf. A high-density
terrestrial planet would have a shorter disruption distance
(∼ 3RJup).
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Figure 4. Effective temperature and radius as functions of time
for brown dwarfs and very low mass stars. From top to bottom:
0.080, 0.070, 0.060 (dashed) and 0.040M� (solid).
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Figure 5. Habitable zones for an hypothetical Earth-like planet
around a 0.070 (darkest grey), 0.060, 0.050 or 0.040M� (light-
est grey) brown dwarfs. Regions within curves indicate where
and when liquid water can be found.

Earth-like planets orbiting at the short distances re-
quired for habitability could be detected by radial veloc-
ity monitoring programmes with accuracies of 10 m/s or
better using, for example, near IR high resolution spec-
troscopy. Photometric monitoring programmess as the one
presented here have a significant probability to detect tran-
sits of planets in habitable zones around brown dwarfs
(orbital-periods of 3–30 hours). The transit of a terres-
trial planet would cause a ∼10 mmag dip in the light curve
of a brown dwarf for a time interval in the 20–40 min-
utes range, depending on the the orbital semimajor axis.
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This drop is beyond the sensitivity of our current measure-
ments. However, we can detect eclipses caused by objects
larger than Uranus. A higher sensitivity monitoring pro-
gramme using larger telescopes could achieve detection of
transiting Earth-size planets.
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Abstract

SARG (Spettrografo Alta Risoluzione Galileo) is the
high resolution spectrograph of TNG (Telescopio Nazio-
nale Galileo), the Italian National Telescope in operation
at La Palma (Canary Island, Spain). The spectrograph
is equipped with an iodine cell in order to perform high
precision radial velocity measurements. It is used by the
SARG Extra Solar Planet Search: this quest (started from
September 2000) is devoted to find planets around indi-
vidual components of wide binary systems with a parallax
larger than 10.0 mas and declination greater than 20 de-
gree. In this contribute we describe the spectrograph, the
survey criterion and some preliminary results.

Key words: Stars: asteroseismology; Planets: exoplanets

1. Introduction

SARG (Spettrografo Alta Risoluzione Galileo) is the high
resolution optical spectrograph for the Italian Telescopio
Nazionale Galileo (TNG). Instrument characteristics in-
clude a high spectral resolution (maximum about 150 000),
high efficiency (peak at about 13%), rather large spectral
coverage in a single shot. SARG was designed as a multi-
purpose instrument, in order to satisfy the scientific needs
of a rather wide community. However, emphasis in the de-
sign was put to have a high resolution, stable instrument,
while not sacrificing efficiency; such an instrument is par-
ticularly suited for precise radial velocity programs, such
as planet search and asteroseismology. To this purpose,
SARG is equipped with an iodine cell (Marcy & Butler
1992). The choice of the iodine cell technique is ideal for
SARG, because it allows to achieve the best radial veloc-
ity precision maintaining at the same time the flexibility
required by the multi-purpose nature of the instrument.
For a more exaustive description of the spectrograph the
reader is invited to consult the SARG WEB site1.

The determination of differential radial velocities with
very high precision (errors ± 5 m/s) is one of the main
scientific aim of SARG. This goal is achieved by means

1 http://www.pd.astro.it/Sarg

of the iodine cell. The wavelength reference is directly su-
perimposed on the stellar spectrum, allowing to remove
the instrumental shifts. Fig. 1 shows some SARG spectra
used for the radial velocity study of 51 Peg, that hosts a
planet in close-in orbit (Mayor & Queloz 1995).

Figure 1. Spectra on 51 Peg obtained on 16 July 2000. Top
panel: Iodine Cell spectrum with FF lamp; Central panel: star
spectrum; Bottom panel: star + cell spectrum.

2. Results from SARG Commissioning

We are analyzing the iodine cell data using the code de-
veloped at ESO (Endl et al. 2000), that was already tested
for ESO-CES planet search and led to the discoveries of
the planets around the stars ι Hor (Kürster et al. 2000)
and ε Eri (Hatzes et al 2000). From a partial (only five
orders out 22 with iodine lines) and preliminary analy-
sis of the data acquired during the SARG commission-
ing time, we have already achieved a medium-term (a few
months baseline) radial velocity precision of 5 m/s on the
constant radial velocity star τ Ceti (Fig. 2) and we have
measured velocties for 51 Peg that fit very well the known
orbit (Fig. 3 and Fig. 4). The analysis of the full spectral

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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266 R. Gratton et al.

format and the fine tuning of the instrument profile mod-
eling parameters could yield further improvements. Thus
we think that SARG will match the best instruments in
this field (3 m/s at Keck, Butler et al. 2000).

Figure 2. Radial velocities measurement of the star τ Cet ob-
tained during SARG commissioning

Figure 3. Radial velocity curve of 51 Peg phased to the
known orbit (Marcy et al. 1997 with the updating from
http://www.exoplanets.org).

3. The SARG Planets Search

Binary systems are ideal laboratories to study the dynami-
cal effects on planetary systems due to the presence of the
stellar companion, providing basic data about the mini-
mum binary separation for planet formation and possible
perturbations of planetary orbits. Furthermore, the dis-
covery of planets in binary systems may allow to identify
possible chemical anomalies of the star with the planet,
by comparing the chemical composition of the component.
If the high metallicity of the parent stars of planets (see

Figure 4. Radial velocities of the planet-harbouring star 51 Peg
from SARG Commissioning observations (August-November
2000). The known orbit (Marcy et al. 1997 with the updating
from http://www.exoplanets.org) is overplotted.

Fig. 5) is the result of planets or planetesimal ingestion
(Gonzalez 1997) some systematic differences are expected
between members of a binary system with and without
planetary companions.

Figure 5. Histogram of metallicities of stars bearing planets
(solid line) compared to a volume limited sample of 77 G dwarfs
within 20 pc (dashed area). From Butler et al. (2000).

With these two aims in mind, we selected from Hip-
parcos Multiple Stars Catalog a sample of binary systems
with separations larger than 2 arcsec (to avoid contami-
nation of the spectra), magnitude difference less than 1.0
mag (a small magnitude difference is useful in compari-
son of chemical composition of the components, avoiding
systematic effects due to different temperatures and grav-
ities), colors in the range 0.45 < (B−V ) < 1.1, parallaxes
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larger than 10.0 mas (with errors smaller than 5 mas) and
declination δ > −20. Typical projected separations are in
the range 100–1000 AU. Dynamical stability for a planet
up to 20–30 AU from the star is possible in most cases,
according to the simulations of Holman & Wiegert (1999).
Among the planets already discovered, one orbits around a
star in a binary system with projected separation 150 AU
(HD 195019, Fischer et al. 1999).

The final sample of the survey is being selected us-
ing the SARG observations obtained during commission-
ing time and the first nights assigned to this project. We
are checking for undetected double line binaries, rotational
broadening and activity indicators. After the May 2001
run, we have already obtained first epoch spectra for 55
pairs (only one still missing). We identified 2 double lines
and 1 single line spectroscopic binaries and two stars with
velocity difference incompatible with the orbital motion of
the wide binary (e.g. see Fig. 6). These stars were excluded
from the sample. The final sample would be composed of
about 100 stars (50 pairs). A smaller sample will likely
lead to a number of detections insufficient to draw any
significant conclusion.

Figure 6. The two components of the visual pair HD 169816
have a velocity difference of 7 km/s. This is incompatible with
the orbital motion of the visual pair, so that we argue that one
the components should be itself a binary.

Moreover we are starting a photometric monitoring of
the sample at Teramo Observatory, aimed to determine
the rotational period of the stars, useful to disentangle
the origin of observed radial velocity variations (keplerian
motion, rotational modulations, activity), to constrain the
inclination of the system (when coupled with the measured
v sin i), and to check for possible transiting systems.

For more information consult the SARG exoplanet
search site2.

2 http://www.pd.astro.it/new sites/ESP

4. Preliminary Results

Together with the radial velocities measurements we are
performing a careful differential abundance analysis of in-
dividual components of several main sequence binaries of
our sample. This analysis is performed using the high res-
olution and S/N of the SARG stellar templates (i.e. the
star spectra taken without the iodine cell).

We limited our analysis to spectral lines with EW<
50 mÅ to avoid lines that are saturated and are then more
sensitive to velocity fields than to abundances; or have well
developed damping wings, not well fitted by our gaussian
fitting routine. We took full advantage of the wide spectral
range and high resolution offered by SARG, so that our
line lists include several hundreds of lines for each star,
ensuring very small statistical error bars.

Table 1. HD 30101 Basic Parameters

A B

MV 5.53 5.68
Mass 0.81 0.80
V−I 0.873 0.921
Teff 5080 4990
log g 4.30 4.26
[A/H] −0.17 −0.17

In Table 1 we report the basic parameters of HD 30101
(a binary system of the sample): the first row lists the ab-
solute magnitudes MV , obtained from the absolute mag-
nitudes listed in the Hipparcos Catalogue; in the second
row the masses are shown as they were calculated from
MV magnitudes and B − V colours using Gray (1992) ta-
bles. The V − I colours (third row) are from Cuypers &
Seggewiss (1999) corrected to Johnson bands as in Bessel
(1983). Last two rows show the effective temperatures and
the surface gravities used in our analysis. The former were
derived from the Fe ionization equilibrium, the latter were
derived from the definition of the effective temperature
and from the basic relation between masses, radii and
gravities. The last row gives the overall metal abundance
used in the abundance analysis.

In Table 2 different values of the individual compo-
nent temperature difference, as evaluated from different
indipendent methods, are listed.

Table 3 list the average Fe abundance obtained for HD
30101, along with the r.m.s. scatter around the mean (typ-
ically about 60 Fe i lines were used). We note that while
the scatter for individual lines in the abundance analysis of
each component are those typically encountered in abun-
dance analysis of solar-type stars with good S/N spectra
(∼ 0.1 dex), the r.m.s. scatter for the difference is gen-
erally lower. This is because we are performing a strictly
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Table 2. Temperature differences between components obtained
using various methods: First row: ionization equilibrium for Fe;
Second row: excitation equilibrium for Fe i; Third row: temper-
atures from V − I colours using the calibration by Alonso et al.
1996; Fourth row: from difference in magnitude between the
two components times the slope of the main sequence.

TA − TB

Ion. eq. 90 ± 13
Exc. eq. 117 ± 27
V − I 121
∆V 83

differential analysis, so that several sources of errors can-
cel out. The error given in the last row of Table 3 only
take into account the line to line scatter.

Table 3. Best Fe abundance difference for the components of
HD 30101 binary system.

[Fe/H] (r.m.s.)

A −0.172 ± 0.011 0.091
B −0.167 ± 0.011 0.095

A–B 0.005 ± 0.005 0.040

The real error bars should also consider the effects of
errors in the adopted atmospheric parameters due to er-
rors in the effective temperature. This was done by mul-
tiplying the expected errors in the temperature difference
between the two stars for the sensitivity of abundances
on temperatures, and summing quadratically this term to
that due to the line–to–line scatter. The result for HD
30101 is:

[Fe/H]A − [Fe/H]B = 0.005 ± 0.009

.
In Fig. 7 we report the differences in abundance be-

tween the two components of the HD 30101 binary sys-
tem. The open simbols are related to one line evaluation
while filled ones are based on two or more lines.
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Abstract

Analysis of photometric observations carried out thro-
ugh 1997, 1998 and 1999, of the δ Sct-type variable
HD 99002, is presented. A preliminary frequency analy-
sis was made on 2709 observed points in the Strömgren v
filter.

Key words: Stars: variables: δ Sct – stars: individual:
HD 99002 – techniques: photometric – methods: data anal-
ysis

1. Introduction

HD 99002 (CX UMa, V = 6.94, F0V) was discovered as a
variable star by Jerzykiewicz (1974) when it was used as a
comparison star in a program of observations of Ursae Ma-
joris type stars. It was observed during five nights in 1973
with a monochannel photometer in the y filter. When the
data were reduced HD 99002 showed variability with an
approximate amplitude of 0 .m028. No attempt was made
to determine its period of variation but its light curve, its
amplitude of pulsation and spectral type suggested that
it was a δ Scuti-type star.

As far as we know, no new observations of this star had
been carried out in order to analyze its frequency content,
considering that it is an interesting object. Three obser-
vation seasons were undertaken by us in 1997, 1998 and
1999. During the first of these seasons, an attempt was
made to observe it jointly at the Observatorio de Sierra
Nevada, Spain and the Observatorio Nacional at San Pe-
dro Mártir, Mexico (hereinafter OSN and SPM, respec-
tively) but the bad meteorological conditions in the latter
site allowed the utilization of just a few data.

2. Observations

The observations of 1997 at OSN were made with the
90 cm reflecting telescope and the Strömgren photometer,
designed to observe simultaneously the four photometric
bands uvby of the Strömgren Photometric System, and
alternatively in the Crawford Hβ system. On the other
hand, the observations in Mexico were made with the

150 cm reflecting telescope at SPM using a spectropho-
tometer identical to the one mentioned above, which guar-
antees the instrumental homogeneity of the data obtained
in both observatories. In the 1998 and 1999 observing sea-
sons, the telescope of 90 cm of the OSN and the Strömgren
photometer were again used. The 1997 season consisted of
13 nights of observations between February 28 and March
22 with data obtained at OSN and SPM, the 1998 season
consisted of 6 nights between March 25 and April 2 while
the 1999 season consisted of 6 nights between April 12 and
April 23 with data obtained at OSN.

The stars C1 = HD 98353 and C2 = HD 98423 were
chosen as comparison stars for the three observing seasons.
The data obtained are the differences in magnitude in the
standard system of the variable star and HD 98353, in-
terpolated to the time of observation of the problem star.
In Table 1, the characteristics of the observed stars are
shown. The frequency analysis was done on 2709 observed
points for the v filter gathered in the seasons.

Table 1. Characteristics of the observed stars.

Star R.A. (2000) Dec. (2000) V mag Spec.

HD 99002 11h21m11 .s50 +37o30 ′34 .′′5 6.94 F0V

HD 98353 11h16m24 .s72 +38o27 ′36 .′′4 4.80 A2

HD 98423 11h16m31 .s92 +38o22 ′31 .′′9 7.20 F2

3. Analysis

The photometric data obtained were analyzed with the
computing program AnaFre (described by Hobart, 2000).
The data analysis were undertaken in the v filter of the
Strömgren system, because experience indicates that the
most reliable results are those obtained from the v filter
since in this band, the δ Scuti stars show the greatest am-
plitudes of variation and the intensity is in general greater
too.

The gap of one year between the observing seasons
generated complications in the data analysis consisting
in aliases separated by 0.0024 c/d with nearly the same
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Figure 1. Light variations of HD 99002 during 1997, 1998 and 1999 seasons. The filled circles indicate the observational data
and the solid lines are the synthetic light curves based on the period analysis.
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power in the periodograms. Thus, it was difficult to es-
timate directly which is the adequate frequency, so that,
not only the frequency proposed by the computer pro-
gram was considered, but also the frequencies of the neigh-
boring peaks. The frequency that produced the minimal
residuals was validated and the following frequency was
searched for. The procedure was repeated with the sec-
ond frequency by examining the residuals once the first
was prewhitened. Nevertheless, when considered both si-
multaneously, the value of the first frequency was affected
by the second recently determined and the examination
of the different combinations of aliases for each frequency
was made. The existence of other frequencies was treated
in a similar fashion although the analysis became com-
plicated with the increasing number of them. The set of
values which produced the minimal residuals was taken as
the best.

For this star, a set of nine frequencies was obtained.
In Table 2, the frequencies found in the v filter with their
amplitudes and phases are presented. Although the peri-
odograms showed more frequencies, their amplitudes were
very close to the noise level and hence their determinations
were not reliable.

Table 2. Results of the Fourier analysis of the v data.

Frequency (c/d) Amplitude (mag) Phase (rad)

12.7495 0.0071 4.9263
14.8023 0.0049 3.1997
7.2318 0.0045 3.4084
4.9803 0.0039 1.3476
6.5644 0.0041 4.8234
9.7951 0.0030 4.4574
6.9390 0.0030 1.1334
14.9937 0.0026 3.0236
11.3892 0.0021 1.8652

T0 = 2450484.0

The observed light curves together with the corres-
ponding fitting are shown in Fig. 1.

Future multisite observations are needed to check the
nature of the pulsation of this star.
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Abstract

A project to survey the entire visible sky for the pres-
ence of transits by extrasolar planets is presented. The
experiment would consist of one or two fixed arrays of
wide-angle cameras, that would take images of the entire
sky more then 30 deg above horizon. A preliminary design
consists of 15 cameras in each array, with optics based on
SLR camera lenses, with f = 50 mm and aperture f/1.4.
With images being taken every few minutes, the brightness
limit for transit detections will be about 10th magnitude.
One such instrument located around 30 deg N should al-
low the surveying of about 150 000 stars, with a southern
declination limit of −18 deg. With the addition of a similar
instrument in the opposite hemisphere, a coverage of the
entire sky can be obtained (250 000 stars), and coverage
is relatively uniform over all celestial latitudes. The result
would be a complete catalog of about 120 transiting giant
planets around bright stars. The sample star’s brightness
would also make transits detected with this system the
best suited ones for follow-up studies from ground and
space mission.

Key words: Planets: exoplanets – transits – instrumenta-
tion

1. Introduction

The discovery of the first transiting planet, HD 209458
(Charbonneau et al. 2000, Henry et al. 2000) made a new
range of parameters accessible to observations, such as
precise planet size, density, and orbital inclination mea-
surements. It also spun a range of follow-up observations,
intended to detect planetary atmospheric features by spec-
troscopic transit observations (currently attempted by sev-
eral groups) or by multi-color transit observations (Jha et
al. 2000, Deeg et al. 2001). For the detection of spectral
features of the transiting planet during transit – or while
being occulted behind the star – the major limitation is
the achievable S/N in observed spectra. Current studies
are at the limit of capabilities the largest telescopes, with
more detailed studies having to be left for the next genera-
tion of extremely large telescopes. These possibilities make
it clear, that the detection of further transiting planets is

of high interest, and several projects are under way to de-
tect transits in small areas in the sky, but also, that dis-
coveries of transiting planets around around bright stars
are the most useful ones. Only these systems will allow
the deepest and widest range of follow-up observations.

Here, an experiment is outlined, that would perform
a survey of all bright stars (V ≤ 10) for transiting giant
planets. Hence, a complete catalog of transiting planets
that are most suited for follow up studies would be ob-
tained. The instrument would be in the form of an array
of wide angle CCD cameras, that will permanently survey
the entire visible sky from one location in each hemisphere.
The experiment should lead to the detection of about 120
hot giant planets, and – depending on the duration during
which it is being employed – to the detection of a consid-
erable number of longer-periodic giant planets.

The experiment would also detect of any other tem-
poral astronomical phenomena, therefore being of interest
to a wide range of fields:

– variable stars of any kind
– detection and follow-up of stellar variabilities with

low amplitudes (up to 0.1%, depending on stellar
brightness and frequency)

– flares
– detection of supernovae

– detection of meteorites (their frequency, brightness and
direction)

– detection of optical counterparts to gamma ray bursts
and “optical flashes” of unknown origin

– discovery and follow-up of asteroids and comets
– sky quality and meteorological statistics:

– recording of sky brightness in all directions
– percentage of clear sky, clouds
– detection and recording of direction of satellites

and airplanes (intrusions into protected sky area
over observatory)

2. The instrument

An array of wide angle CCD cameras, with commonly
available optics (f ≈ 50 mm) for photographic cameras
and CCD cameras available for advanced amateurs, that
would cover the entire visible sky. The cameras would be
placed on a common fixed mount, which has the advan-
tages of mechanical simplicity and avoids any guiding er-
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Figure 1. Schematic view of the PASS experiment, here drawn with 10 cameras. The box in the background is the removable
enclosure. An approximate size-scale is indicated.

rors, as stars will move over exactly the same pixels ev-
ery night, which allows a very precise calibration of pixel,
and inter-pixel response functions. Only the point spread
function of the stellar images would vary, but from obser-
vations of many nights the response of the CCD below the
stellar track can be characterized for all commonly appear-
ing psf-widths. The common mount should be adjustable
in a small range around the precession axis, to keep stars
moving over exactly the same pixels during the course of
the survey. The array should be within an enclosure that
is completely removable (Fig. 1).

A current design study is based on f = 50 mm/f1.4
lenses for common high quality 36 mm reflex cameras
(Canon or Nikon for example), with a Kodak KAF-1001E
CCD of 24.6 × 24.6 mm size and 10242 pixels (available
with cooling and electronics from several vendors) would
have a field of view (fov) of 28.5 deg, and give pixels with
a linear size of about 100 arcsec. Fig. 2 shows that 15 cam-
eras of that type give gap-less coverage of the sky above
≈ 30 deg altitude, except in the southernmost direction,
were no efficient coverage is possible (see next section).
The experiment would need to be mounted on a sturdy
platform, such as the roof of an existing building, and be
covered with a completely removable enclosure with a size
of about 2 × 1.5 × 1.5 m. The entire array needs to be
turnable around the precession axis with a fine adjust-
ment, and be able to cover an angle large enough for the
life-time of the experiment. With a precession rate of 50
arcsec per year, adjustments may have to be made every
2–3 months to avoid significant deviations of stellar paths.
Images with exposure times of about 50 seconds will be
co-added and saved to disk every 500 seconds. The ex-

Figure 2. Local all-sky view from a location at 28.5 deg N, show-
ing camera positions for a system of 15 units (each with a field
of view of 28 × 28 deg), in orthogonal projection. Coordinate
lines are declination and hour angle; also indicated is an alti-
tude of 30 deg (long dashes). In this configuration, the sky is
completely covered for altitudes ≥ 34deg, with an average limit
around 30 deg, except for declinations below −17.5 deg, where
no efficient coverage is possible (see Fig. 3). Other camera po-
sitionings have been evaluated, but for a viewing angle of 28
deg this appears to be the most efficient one.

periment will thus generate about 700–800 images every
night, each with a size of 2 Mbyte. The nightly total of
1.5–2 Gbyte of data can be saved on a single DVD disk.



PASS – a Permanent all sky survey for the detection of transits 275

− 90 − 75 − 60 − 45 − 30 − 15 0 15 30 45 60 75 90
0

250

500

750

1000

1250

1500

declination

ye
ar

ly
 c

o
ve

ra
g

e 
(h

rs
)

Figure 3. Temporal coverage in dependence of declination, as-
suming a yearly total of 1500 hours of clear observing condi-
tions (200 nights of 7.5 hours) for a site at 28.5 deg N. Cov-
erage varies much less with right ascension, due to variations
in nights’ lengths and weather conditions throughout a year.
The coverage shown here is the average for stars at any right
ascension. Solid (red) line: coverage from a uniform minimum
altitude of 30 deg above horizon. The North Pole, at an eleva-
tion of 28.5 deg, is not covered. Dashed (blue) line: coverage by
the 15 camera system shown in Fig. 2. A small region around
the celestial North Pole is now circumpolar by lowering the al-
titude limit to 27 deg at very high northern declinations. All
declinations up to the southern limit at −17.5 deg are covered
for at least 450 hr/yr.
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Figure 4. As Fig. 3, showing temporal coverage from a northern
(30 deg N – dashed blue line) and southern(35 deg S – dotted
brown line) site, both with 30 deg altitude limits. If night-hours
do not overlap among the sites, coverage near the celestial equa-
tor will be the sum from both sites (solid green line), and a
relatively uniform coverage is achieved over the entire sky, of
at least 600 hr/yr at any declination.

3. Sky Coverage

The sky above 30 deg altitude has a spatial angle of ω>30 =
1π rad2. Thus, anytime a quarter of the entire sky, i.e.
4π rad2 will be observed. The amount of time that a star
can be observed during the course of a year depends pri-
marily on its declination and on the observatory’s geo-
graphical latitude (Fig. 3). For an instrument located at
mid-northern latitudes (25–40 deg N), coverage at high

northern declinations depends critically on the altitude
limit; stars at the stellar equator are be visible about
a third of the yearly night-time, and coverage declines
rapidly towards southern declinations.

Coverage of southern declinations would be achieved
from a similar observatory located at 30–40 deg S, that
ideally should be located at a far-away longitude. This
would avoid any overlap of observations with the north-
ern instrument, and coverage for stars near the celestial
equator would then be doubled (Fig. 4).
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Figure 5. Probability that transiting planets will be detected by
observing at least 3 transits. The upper (solid) line shows this
probability for a configuration of two arrays, based on 650 hours
of coverage per year (compare to Fig. 4). The lower line is for
a single array, based on 400 hours per year. The left side, for
periods up to 7 days, is based on observations from a single
season, whereas for periods of 7–50 days, observations spanning
3 years were assumed.

4. Expected planet detections

Within the bright stars (V < 12), about half are Main Se-
quence stars. From a single northern location, about 65%
of the entire sky (with a declination limit of −17.5 deg)
would be observable with efficient coverage, of better then
400 hr/yr (Fig. 3). There would be about 150 000 stars to
magnitudes of V ≤ 10 that could be surveyed with suf-
ficient precision for the detection of giant planet transits
(photometry of better then 0.7%). Assuming that 1% of
all main-sequence stars have hot giant planets, and that
their probability for transits is 10%, about 70 such planets
should exist. When adding similar array in the southern
hemisphere, a true all-sky survey of about 250 000 stars is
obtained, and there should be about 120 detectable tran-
siting planets.
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The probability that these systems are going to be de-
tected is given in Fig. 5, in dependence on orbital period.
The detection probability is based on the probability, that
observations of a given length and duty-cycle ’catch’ at
least three transits from an arbitrary transiting system of
period P.

Observations lasting only one season give already bet-
ter then 90% detection probabilities on very short periodic
planets (P < 3 days for one array or P < 5 days for two
arrays), and close to 100% should be detected on obser-
vations spanning 3 years. A 3 year run would also achieve
90% detection probability on transiting systems with P <
10 days for one array or P < 15 days for the two-array
system. With the two-array system, a very complete sam-
ple of all transiting hot giant planets around bright stars
could therefore be achieved.

For the two-array system, longer-periodic giant planets
would also be detectable with considerable probabilities –
in 3 years about a third of all transiting planets with 40
day periods should be found. Of course, this number can
be improved with longer observing time-spans – about 10
years would be needed to detect 40 day periodic planets
with 90% probability. Estimations on the abundances of
longer-periodic planets are very uncertain – assuming a
1% abundance, and with a transit probability of 3% for
a P = 30 day planet, tens of planets with few-week long
orbits may be found.
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Abstract

A ground based transit survey of M and K-dwarf stars
near the galactic plane should be able to determine the
abundance of the lower end of the planetary radius func-
tion, i.e., extrasolar planets smaller than Neptune. We
have shown (Doyle et al. 2000, ApJ 535, 338), that the
ground-based detection of planets as small as 2.5 Earth-
radii within the M-star circumstellar habitable zone (CHZ)
is possible by applying signal detection techniques to dif-
ferential stellar photometry. Telescopes of 4-meter size
with wide-field imaging cameras (greater than one-half de-
gree field of view) are capable of surveying about 35 000
stars in the galactic plane near Orion, with about 8000
stars being G, 12 500 being K, and another 8000 stars
being M-dwarf systems, at the magnitude range of 18
to 22. Observations of about 1000 hours, accumulated
over a 5-year program, would cover both the full orbital
phase of transit-aligned planetary orbits with periods less
than 30 days, as well as provide a sufficient number of
transit signals for reliable statistical detection confidence.
An extrapolation of the mass function of known extra-
solar planets predicts that a couple of hundred of these
sub-Neptune/large-terrestrial planets might be detected
in this way, some within the CHZs of the M2 to M5 stars.

Key words: Planets: exoplanets – detection, transits, ter-
restrial; stars - low mass, populations

1. Introduction

We are planning to observationally extend the lower-end of
the planetary ”radius” function towards terrestrial-sized
planets, a size region that has never been explored, with
one exception. This is the CM Draconis binary M4V/M4V
system where the entire circumstellar habitable zone
(CHZ) has been observationally covered down to planets
of size less than about 2.3 Earth radii (Re), that is, planets
with expected masses of about 1–3% that of Jupiter (Deeg
et al. 1998, 2000; Doyle et al. 2000a,b). To our knowledge
this represents the first search for potentially habitable
extrasolar planets.

While ground-based transit photometry cannot be ex-
pected to detect Earth-sized planetary transits across G
dwarf stars – this will be left to space based missions –

large-field (> 0.5◦) imaging with 4-meter telescopes should
allow the detection of terrestrial-sized planets (i.e. less
than 3 Earth radii) of K and M dwarf systems. The small
telescope size of the space based missions (about 1 m) will
not give good coverage of these systems. Taking the previ-
ous limits found for the CM Dra system with 1000 hours
of R-band observations, planets as small as 1.8 Earth radii
around single M-dwarfs can expect to be detected by their
recurring transits.
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Figure 1. Black body curves for M0 through M8 stars with spec-
tral locations of relevance for planet habitability. As there is
essentially no radiation to photodissociate H2O, a moist run-
away greenhouse effect is not possible, thereby setting the inner
habitable zone boundary closer to the stars by up to 70%. The
normal chlorophyll photosynthetic activity could probably still
take place with fluxes of 3–30% of the solar one (at constant to-
tal flux), but bacteria exist (Chlorobium, Rhodopseudomonas)
that use near IR light, without producing free oxygen. However,
since there is no significant stellar UV, an Ozone layer is not
required.

Low mass MS stars allow significantly smaller planets
to be detected then solar like stars because of their smaller
disk areas, since a given planet’s brightness change dur-
ing a transit is inversely proportional to the star’s surface
area. Additionally, the significantly lower luminosities of
M dwarf stars place planets with periods as short as 10
days within their CHZ, depending, of course on whether
one takes photodissociation energy, photosynthetic energy,
or total energy as an inner boundary of the CHZ (Heath

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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et al. 1999). Such short periods greatly improve the prob-
ability of detecting significant numbers of transits from
such a system.

It has long been known that planets within the CHZ
of M-dwarf stars will be tidally locked in their rotation.
Thus the CHZ for M-stars are based on 3-dimensional
atmospheric circulation models of synchronously rotating
planets which also include effects of the M-star spectral
range on surface heating and habitability (Haberle et al.
1996, Joshi et al.1998, Heath et al. 1999). These models
show that with reasonable amounts of carbon dioxide (0.1-
bar or so), liquid water may be maintained permanently
on such a planet. Thus, at the lowest end of our search size,
we should be able to detect planets with the potential, at
least, to be habitable (Fig. 1).

In order to reach the required photometric precision of
better then 0.5% for large numbers of M and K dwarf stars
we have determined that moderately crowded fields at low
angles from the galactic plane would be the best targets
(as opposed to, for example, the galactic bulge which is too
crowded at 22nd magnitude to allow isolation of M and K
dwarf systems given the limitations of atmospheric seeing;
Doyle et al. 2000c). At 20–22nd magnitude, M dwarfs will
be at distances within a few hundred parsecs. At these
distances, an observing beam at 5–10◦ galactic latitude
will remain within the scale-height of the galactic disk. On
the other hand, giant stars with these magnitudes will be
several kpc away, and then be outside of the galactic disk,
and their contribution will be significantly diminished.

Based on the Besancon Galactic Model (Robin et al.,
2000), a potential target field of about 0.35 arcmin2 in
the Orion spiral arm region allows a photometric survey
of approximately 35 000 stars within magnitude R = 22.
Over 95% of the systems in such a sample will be main-
sequence stars, with 8000 being G, 12500 being K, and
8000 being M-dwarf stars (Figs. 2&3). Models of this tar-
get region also show a mean metallicity of stars at 18-22nd
magnitude of about [Fe/H] = −0.4, significantly above
the metallicity of the globular cluster 47 Tuc, for exam-
ple, where an HST survey found no giant planet transits
(Gilliland et al. 2000). Giant inner planets may be ex-
pected to destroy any other inner terrestrial planets, as
they might migrate inwards after their formation. There
also appears be a trend toward giant inner planets being
present around high metallicity stars with the majority in
the range [Fe/H] = −0.1 to 0.3 (Gonzales 1997).

With the large abundance of hot giants around high-
metallicity stars possibly suppressing the formation of
Earth-like planets, Earth-like planets may predominantly
form in the metallicity range of −0.6 ≤ [Fe/H] ≤ −0.1
(Lineweaver 2001). Also, as our proposed survey would
comparatively easily pick up any giant inner planetary
transits, new metallicity constraints would be placed on
the giant planet formation process (Fig. 4).

In order to estimate the abundance of planets below
the detectability of radial velocity techniques (i.e., sub-

Figure 2. Stellar distribution (spectral type and luminosity
class) with apparent R magnitude in a potential target field
(in Orion, based on Besancon Galactic Model). The limit for
the detection of transits with 4 m telescopes is about R = 22,
whereas for 1 m telescopes it is R ≈ 19.

Figure 3. Cumulative number density of stars in the same tar-
get field. An 0.34 arcmin2 field will contain about 30 000 stars
within R = 18–22.

Neptune-sized), we have fit a power law to the mass dis-
tribution of the extrasolar planets discovered to date (Fig.
5). An extrapolation to our detection limit of about 2Re
(corresponding to 0.02MJup) indicates that perhaps as
many as 3/4 of main-sequence stars could have small plan-
ets. At an average 1% transit alignment probability with
the 20 000 M and K dwarf stars in our expected field of
view, this mass function predicts that a couple of hundred
planets may be found. These results will have important
consequences for existing theories of terrestrial planet for-
mation.

At present, only a very few M-star eclipsing binaries –
and therefore direct measurements of their stellar radii –
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Figure 4. Minimum sizes of detectable planets with 1000 hours of photometry on 4 m telescopes, for M5 V and K5 V stars, with
respect to stellar brightness, and planetary period. For M5 stars, full coverage of the habitable zone (vertical stripes, based on
Whitmire & Reynolds 1996) with p = 11–30 days is possible. For K5 stars, the CHZ goes from 85–160 days. M0 to M4 stars
would have parts of their CHZ covered.

Figure 5. Numbers of known planets per Jupiter mass inter-
val, fit with a power law. Beyond the limits of radial velocity
detections (0.2Mjup), large numbers of smaller planets are to
be expected.

are known: CM Dra, YY Gem, and BW3-V38, are some
of the few nearby examples. We should be able to provide
a robust measure of the binarity of the M and K stars.
(Fisher and Marcy, 1992, give a binarity for M-dwarfs of
about 42% in the solar neighborhood.) Also, precise timing
of the binary eclipses themselves may put constraints on
the presence of outer non-transiting jovian-mass planets
(Schneider and Doyle 1995, Deeg et al. 2000). One mea-
sures periodic variations in the eclipse times as the binary
is offset across the binary/giant-planet barycenter.

In addition, repeated timing of the transit of a planet
sufficiently far away from its star to have a stable moon
could reveal such a moon’s presence or absence by a quasi-
periodic delay in the transit ingress. The delay caused in

the Earth’s transit time across the Sun, if the Moon was
orbiting in the lead, would be about 158 seconds, for ex-
ample.

In conclusion, a survey of M and K dwarf stars for sub-
Neptune-sized extrasolar planets, especially within the
CHZ of these systems, could provide valuable information
on the lower-end of the planetary radius function thus
also providing a guide to the planning of future spacecraft
mission such as Eddington.
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Abstract

We present the ongoing project of Centro de Astrobio-
loǵıa for setting up a realistic numeric simulator of pho-
tometric planetary transits.

Key words: Instrumentation: detectors – Methods: data
analysis – Techniques: photometric – Planetary systems

1. Introduction

As a part of its research on photometry applied to extra-
solar planets, Centro de Astrobioloǵıa is setting up a sim-
ulator of planetary transits. The main ingredients of this
model are a realistic Galaxy model, different configurable
modules defining the quantity and characteristics of the
planetary systems and their central stars, a transit simu-
lator in arbitrary passbands (including multi-wavelength
limb-darkening effects), and a configurable module for the
simulation of the signature induced by the observational
device (time sampling and phtometric noise). When fin-
ished, the final output data will be the observational light-
curves predicted for the input astrophysical and observa-
tional parametres. This simulator will be useful as a tool
for checking the observational predictions given by differ-
ent theories, and to test the detection efficiency of differ-
ent automatic data-reduction algorithms or observational
strategies.

2. Stellar population generator

Given an observation direction (α, δ or l, b), a Galaxy
model is used to predict the stellar population compo-
sition. The model is based in that used for the simulation
of the GAIA space mission (Torra et al. 1999).

The model generates an unreddened catalogue of stars
with information on spectral type, luminosity class, abso-
lute magnitude and distance. Metallicity and angular mo-
mentum information may be added. An absorption model
(Arenou et al. 1992 or similar) is added to the unred-
dened catalogue to obtain the true observed population,
with predicted intensity values in different passbands.

3. Planetary population generator

Adding a realistic planetary population onto the stellar
catalogue constitutes the most critical point in this sys-
tem. While it is known that the masses and orbital sep-
aration of sub-stellar companions form a rich spectrum
of different physical parametres (Soker & Harpaz 2000),
the details are not known, and the precise number of de-
tectable planets with a given observational design depends
sensitively on the distribution of planets around the par-
ent stars (Gaudi 2000). Intense work is in progress in or-
der to define, as from theory as from observation, the dis-
tributions involved. Drake’s fp function is introduced as
a table giving the probability for a star having a plan-
etary system depending on its spectral type, luminosity
class and metallicity (other parametres may be added).
Metallicity effects is being a subject of discussion in re-
cent times (Lineweaver 2001). Other important points in-
clude: orbital plane distribution and the existence of plan-
ets around binaries (Jensen et al. 2000), number of plan-
ets and their physical and orbital propertis in each sys-
tem (masses, distances, eccentricities, etc) (Nottale et al.
2000, Stepinski & Black 2000a, Marcy et al. 2000, Stepin-
ski & Black 2000b, Marzari & Weidenschilling 1999). All
this information is introduced in form of configurable and
interchangeable tables, allowing for tests of different hy-
potheses and observational statistics.

4. Lightcurve generator

Given the reddened catalogue of stars, with planetary sys-
tems already assigned, this module will generate detailed
multiwavelength intrinsic lightcurves.

To this end, it is necessary to take into account multi-
wavelength limb-darkening effects (Claret 2000, Ding-Feng
& Heng-rong 2000) and not only the occultation effects,
but also wavelength-depending albedo and scattering plan-
etary properties (Sudarsky et al. 2000, Fortney et al. 2000).

5. Observing device characterization

The smooth, intrinsic light-curves will be degraded by in-
troducing the observational signature due to photon noise,
background noise, detector noise, and temporal sampling.
A configurable file will allow to perform different simula-
tions adapted to the characteristics of existing or projected
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Figure 1. Flux diagram showing the arbitrary inputs, the configurable modules and the relevant information content of the
planetary transit simulator.

observational devices and strategies, from the ground
(Gaudi 2000, Charbonneau et al. 2000) or from space
(Castellano et al. 2000, Robichon & Arenou 2000a, Ro-
bichon & Arenou 2000b, Schneider et al. 2000).

The result will be the noise-affected and sampled light
curves.

6. Detection and data analysis

The realistic observational light curves may be introduced
into different data analysis algorithms in order to test their
efficiency. The comparison with the input planetary and
stellar characteristics will allow to perform realistic tests of
analysis tools, observational equipment and observational
strategies. Comparison of the results with true searches
will contribute to contrast the model parametres intro-
duced into the stellar population and planetary popula-
tion simulators (Deeg et al. 2000).
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Abstract

Space telescopes represent an important tool of mod-
ern astrophysics with many valuable inputs for the various
fields of astronomy and astrophysics. There are scientific
applications however where the support by groud-based
experiments and/or data archives can substantially im-
prove the scientific value of satellite data. The ground-
based experiments can e.g. monitor various celestial ob-
jects for their activity states and then provide inputs for
following satellite observations during active states (ToO –
targets of opportunity) of the sources. The second major
application is represented by ground-based robotic tele-
scopes with immediate response to satellite observations.
The last field is represented by ground-based monitors and
sky patrols which are able to provide simulatenous optical
data as well as good sampling over long-time intervals. We
report on the ongoing projects at the Astronomical Insti-
tute in Ondrejov in this direction including small-aperture
robotic telescope BART.

Key words: Ground-based support – Optical telescopes –
Robotic telescopes – Sky patrol – Sky monitors

1. Introduction

The BART (Burst Alert Robotic Telescope) experiment is
in test operation at the Ondřejov Observatory. It is a re-
motely controlled small aperture telescope with attached
wide field camera, and at the same time it is a dedicated
optical telescope for gamma-ray bursts and high energy
astrophysics.

BART represents a low-cost device based on commer-
cially available parts, but with specially designed software.
Due to the low hardware cost, the system is suitable for
various test purposes, for networking, as well as for dupli-
cations.

2. Science

The primary scientific goal of the BART experiment are
the optical follow-up observations of gamma-ray bursts
(GRBs) (provided by the satellites HETE2, INTEGRAL,

etc.) with automated rapid response (≤ 30 sec depend-
ing on the position). The device is also designed to pro-
vide dense optical follow-up observations of GRBs, with
focus on the astrometry and photometry. The system can
easily provide simultaneous and quasisimultaneous optical
data for satellite observations and campaigns in general.
The secondary science focus on the photometry and op-
tical monitoring of selected triggers (X-ray stars, AGNs,
blazars, QSOs, SNe, CVs, targets of opportunity triggers,
etc.).

3. Technical solution

The optical tube of the device is represented by the Meade
LX200 Schmidt-Cassegrain telescope with an aperture of
25 cm. The LX200 Meade mount is used, moving at a
speed of 8 degrees/sec.There is an attached wide-field cam-
era based on the Meopta lens, FOV 5 degrees diameter
(identical with INTEGRAL OMC Test Device).

The SBIG ST9E and ST8 CCD cameras serve as focal
instruments. The resulting limiting magnitudes amounts
to 18.5 for the optical tube and 15.5 for the wide-field
camera. The optical tube is equipped with a filter wheel
with standard astronomical photometry filters.

The controler software is written in Python
(http://www.python.org), a high level scripting language
with objects features. The camera driver is written in C,
while both cameras can shoot and download the images
simultaneously. The control software runs on a Pentium
PC under Linux RedHat 6.2 operating system. The user
access is provided by simple web-based interface, obtained
images can be downloaded by FTP. The users can create
their own scripts to control the telescope and cameras be-
haviour during the observing session.

4. Recent status

Recently, the system is in test operation, with further
attempts to improve the optical, the guidance and the
tracking capabilities of the LX200 mount and telescope.
The wide field camera is in full operation since begin-
ning of March 2001, the narrow field system is now in
testing stage using the newly obtained SBIG ST-9E CCD
camera since beginning of July 2001. Problems currently
solved are firstly collimation of the narrow field system,
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then fine-tuning of the telescope movement. The observ-
ing software is now continuously improved as we are get-
ting experience with the scientific operation of the whole
system. The BART is in continuous operation (all clear
nights) since beginning of March 2001. For more details
see the BART web page, http://lascaux.asu.cas.cz.

Figure 1. The BART experiment with the two optical paths and
two CCD camera systems.

5. BART and BOOTES

There is also a related system BOOTES: Burst Observer
and Optical Transient System, which represents a modi-
fied and advanced BART system, located in better observ-
ing conditions. The BOOTES system is based on 30 cm
aperture Meade LX200 optical tube with SBIG ST8 CCD
camera and various WF cameras and is in routine opera-
tion in El Arenosilo, Spain, with the 2nd station analogous
station in preparation at the 200 km distance.

6. Monitors and sky patrols

The ground-based monitors and sky patrols (based either
on CCDs or on photographic emulsion) are able to provide
valuable simltaneous optical data as well as good sam-
pling over long time intervals. These monitors can also

Figure 2. The central part of the Orion constellation above the
local horizon taken with the BART Wide Field Camera (iden-
tical with the INTEGRAL OMC Test Device).

provide pre-burst optical data for eruptive and rapidly
evolving objects. Most of GRB related robotic systems
are also able to provide regular sky monitoring (ROTSE,
BOOTES, TAROT, BART). Further examples: The EN
Photographic Patrol based on 11 stations in the Czech
Republic (limiting magnitude 12, full sky coverage), Vari-
able Star Photographic Sky Patrol (Sonneberg, limiting
magnitude 14.5), CCD sky monitors (ROTSE, BOOTES,
Sonneberg Observatory All-Sky 7k×4k CCD camera).

7. Conclusion

There are new small aperture automated telescopes with
attached wide-field cameras for rapid response to GRB
satellite triggers with limiting magnitudes 15–19. The sys-
tems are also suitable to provide dense observations (pho-
tometry) of fading optical counterparts to GRBs, as well
as of secondary science triggers of various physical nature
such as X-ray stars, CVs, AGNs, QSOs, blazars, SNe, tar-
gets of opportunity, etc. as well as to provide simultane-
ous and quasisimultaneous optical observations for satel-
lite observations and campaigns.

The use of an easily accessible and inexpensive hard-
ware allows to consider networking of analogous systems
to create a wide network with the goal to achieve a better
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Figure 3. The image taken with the BART WF Camera = INTEGRAL OMC Test Device instrument centered at the North
America Nebula. The device provides numerous test images to test various INTEGRAL OMC software packages.

Figure 4. The BART at the Ondřejov Observatory, front view.

geographical coverage. This may be important for some
projects when an immediate response is required.
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Figure 6. The image taken with the BART WF Camera = INTEGRAL OMC Test Device instrument centered at the M100
Galaxy. The device provides numerous test images to test various INTEGRAL OMC software packages.

Figure 7. The BART robotic telescoepe, side view. Figure 8. The Meopta lens of the BART WF camera.
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Abstract

Some of the main areas of interest for the large area,
CCD array for space are radiation damage, power dissi-
pation, device readout and, and pixel to pixel efficiency
variations. This paper will consider these effects and dis-
cuss their relevance to EddiCam.

Key words: CCD: focal planes – Radiation Damage: CTI

1. Introduction

An increasing number of space missions are under study,
such as GAIA and Eddington, which require CCDs for
optical astronomy. At Leicester, the group activities over
the past decades are highly relevant to these future optical
missions. Through XMM, SWIFT and JET-X, Leicester
has established a reputation as a group with a complete
systems expertise in the use of CCDs as imaging and spec-
troscopic instuments in space. This capability includes de-
vice design and characterisation, packaging, system elec-
tronics design and development, space qualification and
test along with in-depth understanding of CCD operation
in orbit. As a result of long-term work, we have acquired
the capability of developing devices in collaboration with
Marconi Applied Technologies (MTech), a world-leading
industrial partner.

In this paper we will outline some of the important
areas of detector development that will be necessary for
the focal-plane devices on EddiCam. Construction of such
a large array of CCDs presents difficulties for device pack-
aging, especially minimising the dead-space and butting
losses whilst allowing for individual chip removability and
fine positioning. The simultaneous readout of 20 chips is
potentially very difficult. Power dissipation is also a prob-
lem with such a large area of silicon, especially if devices
are passively cooled to 170 K. Lastly, the effects of radi-
ation damage on astronomical CCDs are addressed along
with methods of alleviating such problems. We will also
discuss some other areas of interest for EddiCam

2. Radiation Damage

As with any space mission using CCDs, radiation damage
will be a critical parameter during the operational lifetime

of Eddington. The major type of radiation damage for a
CCD space mission placed above the radiation belts is
atomic displacement caused by solar protons.

CCDs are extremely sensitive to displacement dam-
age because charge packets are moved slowly through cen-
timetres of silicon, suffering Charge Transfer Inefficiency
(CTI). Low energy protons (less than 500 keV) are a par-
ticular problem because their penetration depth is corre-
lated with the buried channel position within the CCD,
and are therefore up to 1000 times more damaging than
penetrating particles (10 MeV). Fig. 1 shows a plot of the
energy deposited in the buried channel of the CCD, which
correlates with the damaging power of lower energy pro-
tons.

Figure 1. The energy deposited in the transport channel of the
CCD by low energy protons.

We have developed a model utilising both Analyti-
cal and MonteCarlo techniques to investigate the effect of
100–300 keV protons, Abbey (2001). Whilst it is known
that dark current increases with radiation damage, it is
not just a white noise source. Random Telegraph Signal
(RTS) like those shown in Fig. 2 are a problem for CCDs
when operating at elevated temperatures (above 190K).
Fig. 2 clearly shows the stochastic nature of dark current
within certain pixels of the CCD. This is an area we are
currently researching at the Space Research Centre, Smith
(2001).

At Leicester, we have developed a deep understanding
of CCD radiation susceptibility, and we’ve investigated
amelioration techniques in detail. This type of work will
be of great importance for Eddington (and GAIA) as un-

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
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Figure 2. Pixel current versus time from an MTech CCD 47-20,
operated at room temperature.

known defects in the bandgap of silicon can threaten the
whole mission potential. Interestingly, radiation damage in
space may be alleviated by the use of an injection struc-
ture to introduce sacrificial charge. Such a structure was
first proposed in 1995 and was included in the designs for
the EPIC MOS CCDs on XMM-Newton, Holland (1996).
At Leicester we plan to work with MTech to develop new
injection structure topologies as part of work for ESA’s
GAIA project. This will have a direct relevance to the
CCDs on Eddington as well.

Extensive modelling of charge transport in CCD struc-
tures has been carried out using the Semiconductor mod-
elling package, EVEREST, Greenough (1992). Using the
package, expertise in 3-D modelling has been developed
and will need to be extended and applied to the chal-
lenges of optical CCD arrays. This has led to such work
as detailed simulations of the interaction of charge clouds
within the depletion and field-free layers of the CCD, as
well as novel pixel designs.

At the same time new CCD structures have been de-
veloped which prototype the ideas developed by these
models. For example, the new MTech CCD66 possesses a
custom pixel design which improves charge transfer, and
hence radiation hardness. Fig. 3 shows a CCD66, with
charge transfer shown as white arrows, Keay (2001).

3. Power requirements

Experience shows that simultaneous readout of 20 chips
whilst maintaining a low noise environment with minimal
cross-talk is very difficult. This is particularly true when
different operating modes are involved. Fig. 4 shows the 7
CCD, focal plane of the EPIC on XMM-Newton. For the
EPIC, the readout scheme used 3 pairs of readout chains
(diagonals were paired, and the two horizontal chips were
paired), whilst the most important, central CCD had its
own dedicated supply and readout lines to maintain the
lowest noise possible, whilst allowing high-speed modes
and some redundancy.

The requirements on power dissipation in the Focal
Plane Camera (EddiCam) are no different from any other

Figure 3. The recently manufactured CCD66, a device with
novel electrode structures to improve radiation tolerance.

Figure 4. The focal plane layout of the EPIC MOS CCD cam-
eras on the XMM-Newton X-ray satellite.

focal plane. The most power intensive tasks are the output
stages and clock driver dissipation. The Output FET is
usually calculated to dissipate 5 mA at 5 V per node,
or 25 mW per output node, which, even with 2 output
nodes, works out at approximately 1 W for the whole focal
plane of EddiCam. The clock driver dissipation depends
on many things, including readout speed and the area of
silicon being driven. We have calculated that EddiCam,
when operated at the fastest expected readout rates (0.5
s), will dissipate approximately 0.3 W per CCD, or 6 W
for the whole array. This compares to 150 mW total power
dissipation (including radiative) experienced on EPIC.

The EPIC CCDs were read out relatively slowly (300
kpixels/s) with 4 electrons noise rms. Next generation
CCDs will operate at speeds of up to 5 MHz with 5 elec-
trons noise rms. New CDS processing and faster event
recognition algorithms will be needed in order to cope with
the higher throughput. Throughputs as high as 100 times
that of XMM can be achieved, but may need the use of
so-called, multi-tap CCDs. Most conventional CCDs pos-
sess 1 or 2 nodes (in the case of EPIC, 2 nodes being used
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for redundancy, rather than to go twice as fast!), multi-
tap CCDs have 4 or more. New CCDs, such as MTech’s
CCD50, have 16 output nodes. At Leicester we are actively
investigating this CCD, as well as developing high speed
CDS circuits. Our CDS designs are currently operating up
to 1MHz with as little as 5 electrons noise rms.

In parallel, we have been developing custom mixed
analogue/digital, application specific integrated circuits
(ASICs) to support detector developments. Furthermore,
it is now conceivable to integrate detector and readout
ASICs in a single array. An example of such an array is
the GERB (Geostationary Earth Radiation Budget) Focal
Plane Array shown in Fig. 5.

Figure 5. The focal plane of the GERB instrument, an example
of a modern intergrated detector/readout ASIC design.

GERB uses custom detectors and low power readout
ASICs in a single hybrid array. The SCE (Signal Con-
ditioning Electronics), FEE (Front End Electronics) and
detector were developed at Leicester, Nelms (1999).

4. Focal Plane Organisation

Construction of large CCD arrays presents difficulties for
device packaging. The list below highlights some of the
issues that will face large CCD arrays, like that of Ed-
diCam:

– Large areas of silicon and/or large CCDs
– Thermal expansion
– Power dissipation
– Electrical and radiative
– Cooling
– CTI
– Low loss butting
– Space qualification and device yield
– Modularity of detectors, for
– Low loss butting

5. Pixel to pixel efficiency variations

On EPIC it was found that for photons that penetrate
only a short distance into the active silicon, the charge

collection efficiency could vary from unity. This effect not
only varied at different energies and CCDs, but gave rise to
a pixel to pixel efficiency variation on each CCD. The typ-
ical variation in the number of collected electrons can be
seen in Fig. 6, which shows an image of the CCD when il-
luminated uniformly with carbon X-rays (76 electrons per
X-ray). The difference in brightness across the 600 by 600
array is indicative of varying charge collection efficiency –
giving rise to different pulse height spectra.

Figure 6. The variable response to non-penetrating photons of
the EPIC MOS detectors on XMM-Newton.

It was found through extensive testing that the charge
loss seen in the figure does not vary with frame transfer or
readout clock time, with integration time or with distance
from the readout node. The charge loss is more prevalent
at low temperatures and is a strong function of decreasing
pentration depth. Further investigation revealed that the
charge loss occurs on a very short time scale, i.e when the
photon is first absorbed. The strong temperature depen-
dence is indicative of loss to trapping or recombination
energy levels. One possible mechanism, Short (2001) is
that these losses are due to the charge-state of the surface
oxides in certain areas of the CCD. It was found that if
the oxide layers are sufficiently charged, it may cause local
potential minima near the surface. In this case, some of
the electrons liberated by photons absorbed close to the
surface will move to the minima rather than to the buried
channel. Oxide/semiconductor interfaces have a high den-
sity of trapping and recombination sites, so any electrons
moving there are essentially lost. For more detail on this
effect, see Short (2001).

For any CCD design in which there are significant areas
of etched and/or implanted regions close to the surface of
the CCD (i.e. open electrode or back-illuminated designs),
this will have a serious effect on the uniformity of response.
Since a key requirement for EddiCam will be to have as
good as possible uniformity in detector sensitivity, we will
need to be aware of effects such as this and be able to
calibrate them.
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6. Conclusions

EddiCam will require the use of a large number of CCDs,
operating and being read-out at the same time. Some of
the key issues that will face EddiCam have been high-
lighted in this paper. Other key parameters for the CCD
performance are: source smearing, vaiable integration
times, binning, light contamination, full-well capability
and hence pixel pitch, pixel-to-pixel and within pixel uni-
formity variations and radiation damage.
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Abstract

The oscillation spectra of solar-type stars may in the
not-too-distant future be used to constrain certain prop-
erties of the stars. The C-D diagram of large versus small
frequency separations is one of the powerful tools avail-
able to infer the properties – including perhaps masses
and ages – of stars which display a detectable spectrum
of oscillation. Also, the border of a convective region in a
solar-type star gives rise to a characteristic periodic signal
in the star’s low-degree p-mode frequencies. Such a signa-
ture contains information about the location and nature
of the transition between convective and non-convective
regions in the star. In this work we address some of the
uncertainties associated with the direct use of the C-D di-
agram to evaluate the mass and age of the star due to the
unknown contributions that make the stars different from
the evolutionary models used to construct our reference
grid. We also explore the possibility of combining an am-
plitude versus period diagram with the C-D diagram to
evaluate the properties of convective borders within solar-
type stars.

Key words: asteroseismology; solar-type stars; stellar evo-
lution; convection

1. Introduction

Seismology of solar-type stars besides the Sun is expected
in the not-too-distant future to provide information of
great relevance for understanding stellar evolution, and
here we address the topic of using the frequencies of os-
cillation of a few models of solar-type stars in order to
constrain their structure.

The asteroseismic H-R diagram (also called the “C-D
diagram”) is one of the powerful tools available to infer the
properties of stars which display a detectable spectrum of
oscillation. The C-D diagram utilises the so-called large
and small frequency separations (defined in Section 2),
which are relatively easily identifiable characteristics of
solar-type stars. Together they may provide information
on a star’s mass and age (Christensen-Dalsgaard 1993b).
However, as noted by Gough (1987), such inferences are af-
fected by other unknown aspects of the stellar properties;

also, the errors in the observed frequencies must evidently
be taken into account.

Another aspect of a solar-type star’s frequency spec-
trum is that the border of a convective region (or indeed
any other sharp variation) gives rise to a characteristic
periodic signal in the low-degree p-mode frequencies.

In this work we use a grid of reference models both to
construct a C-D diagram and to calibrate the behaviour
of the oscillatory signal from the base of the convective
envelope (the amplitude versus period diagram) for stars
of different masses and ages. Further, we address some of
the uncertainties associated with the direct use of the C-D
diagram by considering grids of stellar models with differ-
ent input physics. To illustrate the combined application
of these tools, and to test the reliability of our inferences,
in this paper we perform a blind test on frequency data
from three stellar models, supplied by one author to an-
other.

2. Properties of the frequencies

The easiest information to measure from the frequencies of
oscillation of other stars is the large frequency separation.
This quantity is the regular spacing between modes of
same degree and consecutive order,

∆νn,l ≡ νn+1,l − νn,l , (1)

where νn,l is the frequency of the mode of order n and
degree l. The large separation is mainly a measurement of
the sound travel time between the surface of the star and
the centre:

2
∫ R

0

dr
c

; (2)

however ∆νn,l is a function of frequency. Other aspects
also contribute to its value, besides the different sensitivity
of the modes to the global structure of the star.

The small frequency separation is defined according to

δνn,l = νn,l − νn−1,l+2 . (3)

The small separations are sensitive to evolutionary changes
in the structure of the core. That makes this quantity sen-
sitive to the age of the star as determined by the central
hydrogen abundance Xc.

Sharp variations of the structure produce in the modes
of oscillation a characteristic perturbation that is propor-
tional to the amplitude of the mode at that location. This
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Figure 1. Large frequency separations for one model. The con-
tinuous line is a fit to the points, while the dashed line is the
component of that fit that corresponds to powers of (1/ν). The
difference is the contribution ∆νb to the frequency differences
due to the presence of the second helium ionization zone near
the surface of the star. The value at ν=2500µHz has been de-
fined as the representative value of the separation and is indi-
cated as an open circle.

Figure 2. Small frequency separations δνn,0 for three models.
The dashed line corresponds to a fit of the points with an ex-
pansion in powers of 1/ν. In order to find the value of δν̄ we
use the value of the fit at ν=2500µHz.

corresponds to a signal superimposed in the frequencies
which is periodic and with the amplitude measuring the
sharpness of the transition. Of particular note for solar-
type stars are the signal from the base of the convective
envelope and that from the second helium ionization zone.
Such a signal has been used with success for studying
the base of the convection zone in the Sun (Basu et al.
1994, Monteiro et al. 1994, Roxburgh & Vorontsov 1994;
Christensen-Dalsgaard et al. 1995) and it can also be used
for solar-type stars (Monteiro et al. 2000). The expression

Figure 3. Signal in the frequencies due to the border of the con-
vective envelope in two models of different ages for a star of a
solar mass.

of the signal from one such transition layer for very low
degree modes can be written as (see Monteiro et al. 2000)
A(ω) cos [2(ωτ̄d + φ0)] , (4)
where ω is the frequency of the mode (ω=2πν), A(ω) the
amplitude of the signal, τ̄d an acoustic depth and φ0 a
phase. The quantities A(ω) and τ̄d are determined by the
sharpness of the transition and its acoustic location, re-
spectively.

When determining the large separation, care should be
taken to take account of additional contributions which
are not included in the asymptotic analysis. Therefore we
have removed the major contribution which dominates at
the lower range of frequencies (low mode order) due to
the presence of the second helium ionization (e.g. Mon-
teiro & Thompson 1998, Pérez Hernández & Christensen-
Dalsgaard 1998). We have done so by fitting to ∆ν the
sum of a smooth component ∆νa(ν) and a component of
the form

∆νb ∝ sin2(βω)
ω

cos [2(τ̄dω + φ0)] , (5)

which is a special case of an oscillatory signal as described
by Eq. (4). Here the quantities β and τ̄d characterise the
second helium ionization zone (width and acoustic depth
respectively – see Monteiro & Thompson 1998).

Fig. 1 illustrates our method: the smooth component
(∆νa) is shown as a dashed line, and results from a fit
of the form ∆ν≡∆νa+∆νb. In order to calibrate the de-
pendence of the large separation on the global properties
of the star we consider its value at ν=2500µHz. We keep
only the smooth component to calculate
∆ν̄ ≡ ∆νa(ν=2500µHz) . (6)

Fig. 2 shows the small frequency separations for l=0
and the fit we consider in order to define the value at
2500µHz as:
δν̄ ≡ δν(ν=2500µHz) . (7)
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Figure 4. (a) The C-D diagram for evolutionary sequences of 0.9, 1.0, 1.1 and 1.2 solar mass stars – all the models have Z=0.02,
X0=0.693 and α=1.833 (see Section 3.1). The test stars (see Table 1) are also indicated in all panels with 3σ error bars. (b)
C-D diagram for models with Z=0.01 (continuous line). The “standard” diagram from panel (a), with Z=0.02 (dotted lines)
is shown as a reference. (c) C-D diagram for models with X0=0.75 (continuous line). The “standard” diagram with X0=0.693
(dotted lines) is also shown. (d) C-D diagram for models with α=1.5 (continuous line). Our “standard” diagram with α=1.833
(dotted lines) is also shown.

Fig. 3 illustrates the oscillatory signal from the base
of the convection zone in two stellar models. The signal
is extracted from the frequencies in the manner described
by Monteiro et al. (1994) and Monteiro et al. (2000). For
comparing the properties of convective borders of stars of
different age and mass we use the value of the signal ampli-
tude at frequency ω̃/2π=2500µHz, by defining Ad≡A(ω̃).
The measured quantities Ad and τ̄d provide direct con-
straints on the stratification and location of the base of
the convective envelope of the star.

3. Dependence on stellar mass and age

Evolutionary sequences of different-mass stars have been
calculated as described by Christensen-Dalsgaard (1993a).
In particular, the EFF equation of state (Eggleton et al.
1973) was used, as well as OPAL92 opacities (Rogers &
Iglesias 1992).

3.1. The C-D diagram

From a set of evolutionary sequences of stellar models we
compute the stars’ eigenfrequencies and hence position
each star on a (∆ν̄, δν̄) diagram – the so-called C-D dia-
gram. As a reference case, we use a “standard” set of pa-
rameters (Z=0.02, initial hydrogen abundance X=0.693,
mixing-length parameter α=0.183); the resulting diagram
is shown in Fig. 4(a). A star’s position in the diagram
depends on its mass and its age.

Any unknown star whose large and small separations
have been calculated in the same way can now be located
within this diagram and hence its mass and age can be es-
timated. This can be done independently of any other ob-
servational information about the star. But any property
which is known for the models in the calibration set may
be estimated similarly, e.g. luminosity or effective temper-
ature. Of course all such calibration may be inaccurate if
the other physics of the star is unlike that used in the



294 M. J. P. F. G. Monteiro et al.

models used to construct the diagram. Therefore we con-
sider the effect on the C-D diagram of modifying aspects
of the physics of the stellar models, specifically the metal
abundance Z, the hydrogen abundance X, and the mixing
length parameter α.

Fig. 4(b) shows the C-D diagram obtained using mod-
els with a heavy element abundance Z=0.01, the other
parameters having the “standard values”. Fig. 4(c) shows
the C-D diagram obtained using models with an initial
hydrogen abundance X0=0.75, the other parameters have
their standard values. Finally, Fig. 4(d) illustrates the ef-
fect of using a mixing-length parameter α=1.5 with other
parameter values as standard.

Calibrating with each such C-D diagram will in general
give a different estimate of the mass and age of the star.
However, if other quantities are also known independently
of seismology for the unknown star, such calibration pro-
vides a consistency check and may reveal inconsistencies
between the unknown star and the physics assumed for
the calibration models.

3.2. Convective borders

The amplitude and acoustic-depth parameters deduced for
a convective border also depend on the mass and age of
the star. In order to illustrate the dependence on mass
and age we consider again the same sequence of models
of different masses evolved from the ZAMS to the end of
the main sequence (see above). Here we assume that the
central helium abundanceXc is a measure of the age of the
star in the main sequence. No type of overshoot has been
included in this set of evolutionary sequences. In Fig. 5 the
behaviours of both parameters are shown for all models.

Figure 5. Diagram of the amplitude of the signal versus the
acoustic depth locating the base of the convection zone for our
‘reference’ set of models. The dotted lines indicate models of
the same mass while continuous lines are models with the same
central hydrogen abundance Xc, as indicated.

A large part of the variation of the large separation,
the amplitude and the acoustic depth arise from the vari-
ation of the mass M and radius R of the stars whereby
quantities with dimensions of frequency vary as

√
M/R3.

(The variation of the small separation is affected more by
nonhomologous variations in structure.) To illustrate that,
in Fig. 6 we rescale the amplitude and acoustic depth

Ad×
[
M/M�

(R/R�)3

]−1/2
and τ̄d×

[
M/M�

(R/R�)3

]1/2
(8)

to reveal other variations due to the changing size of the
envelope, which affects not only the location but also the
sharpness of the boundary.

Figure 6. Diagram of Ad×
√
R3/M versus τ̄d×

√
M/R3, where

R and M are surface radius and total mass of the stars, in
solar units. The dotted lines show the original values, without
the homology scaling factor. The plot illustrates how much of
the variation of these two parameters is not homologous. Note
that the amplitude decreases with increasing age.

4. Test stars – observational data

By way of illustration we consider three test stars which
were provided from one co-author to another as a blind
test. Table 1 lists all the information and errors bars that
were assumed as known for the test stars.

4.1. The C-D diagram fits

We can use the procedure described in Section 3 to analyse
these data in terms of our C-D diagrams; the positions of
the stars have been shown in Fig. 4. The inferred values of
the stellar parameters are given in Table 2. The errors bars
have been estimated by determining the uncertainties due
only to the observational uncertainties for the frequencies.
As well as M and Xc, the effective temperature and lumi-
nosity of the star can be calibrated from the evolutionary
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Table 1. Data provided for the seismic analysis of the stars. The values of the mode degree l and order n for all frequencies
considered are listed, to show what frequency data we have considered. In order to simulate a real observation we also consider
as known the luminosity L of the star, its effective temperature Teff and its metallicity Zs/Xs.

Star l n σ(ν) (µHz) L/L� Teff(K) Zs/Xs

S1 0 14-32 0.1 1.186±0.036 5810.6±50.0 0.0274±0.0014
1 13-29
2 16-28

S2 0 14-32 0.1 1.355±0.041 5725.0±50.0 0.0229±0.0011
1 13-29
2 15-30
3 16-28

S3 0 14-32 0.1 1.259±0.038 5947.9±50.0 0.0282±0.0014
1 13-29
2 15-30
3 16-28

Table 2. Mass and central hydrogen abundance for the test stars as found from the C-D diagrams shown in Fig. 4 (a), (b),
(c) and (d) respectively. Also given are the values of the luminosity and effective temperature inferred from the same sets of
calibration models.

Star ∆ν̄ (µHz) δν̄ (µHz) Physics M/M� Xc L/L�(cal) Teff(cal)

S1 128.3 9.92 Standard 1.035±0.009 0.330±0.018 1.166 5859
Z=0.01 0.949±0.009 0.283±0.017 1.279 6085
X=0.75 1.104±0.010 0.403±0.019 1.108 5729
α=1.5 0.992±0.009 0.347±0.015 0.948 5606

S2 108.5 4.82 Standard 1.014±0.012 0.016±0.007 1.444 5836
Z=0.01 0.910±0.012 0.011±0.007 1.517 6014
X=0.75 1.099±0.012 0.067±0.014 1.436 5759
α=1.5 0.975±0.011 0.045±0.009 1.202 5600

S3 127.7 12.12 Standard 1.098±0.010 0.504±0.023 1.328 5996
Z=0.01 1.015±0.010 0.457±0.023 1.460 6231
X=0.75 1.177±0.010 0.585±0.020 1.286 5865
α=1.5 1.060±0.010 0.526±0.020 1.104 5746

tracks corresponding to the C-D diagram. These values
are also shown in Table 2.

4.2. Fits for the convective borders

By isolating the signal in the frequencies, with a fit of
the expression (4) we determine a value for the amplitude
Ad and the acoustic location τ̄d. The results are given in
Table 3. The error bars have been estimated in accordance
with Monteiro et al. (2000) from the error of 0.1µHz in
the individual frequencies.

5. Combined inferences

With the values found above we can now attempt to esti-
mate what type of stars we have as blind tests.

Table 3. Parameters of the signal as found from fitting the ex-
pression of the signal to the frequencies of the stars.

Star τ̄d (sec) Ad/2π (µHz)

S1 2201±45 0.103±0.014
S2 2404±42 0.045±0.008
S3 2272±73 0.164±0.012

5.1. Masses and ages

The first point to note is that the masses and central hy-
drogen abundances inferred for our test stars, given in Ta-
ble 2, are discrepant. This shows the sensitivity of the cal-
ibration based on the frequency separations to the physics
assumed when the C-D diagram is constructed. From the
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large and small separations alone there is no way to dis-
criminate between these different inferences.

However, for our test stars, and we expect for future
asteroseismic target stars also, we have additional obser-
vational constraints. In the present case we have indepen-
dent estimates of the luminosities and temperatures of the
stars. These quantities can also be estimated for the cal-
ibration sets and hence internal inconsistencies may be
revealed. Specifically, we show in Fig. 7 the specified lo-
cations of the test stars (cf. Table 1) with the associated
error boxes; in addition, the figure shows those values of
Teff and L that would be obtained from the values of M
and Xc inferred from the four C-D diagrams in Fig. 4
(see Table 2). This allows us to test the consistency of our
inferences.

Figure 7. Luminosity (in solar units) and effective temperature
for the test stars. The large symbols with error boxes show the
‘observed’ values provided in Table 1. The remaining points
have been determined from the inferred (M,Xc) for each of
the four sets of reference models, using the appropriate evo-
lutionary tracks. The standard calibration case has Z=0.02,
X0=0.693 and α=0.183. The lines indicate models of constant
radius, as determined from the observations of the luminosity
and effective temperature for each test star.

As given in Table 1 we also have the values of Zs/Xs for
each star. This quantity complements Fig. 7 by providing
an extra consistency test.

Using our standard C-D diagram (Fig. 4) gives con-
sistent values for S1 (compare values of L and Teff in
Tables 1 and 2). We conclude that star S1 has a mass
M/M�=1.035±0.009, and a central hydrogen abundance

of Xc=0.330±0.018. The star appears to be consistent
with our calibration models, which have a heavy element
abundance of 0.02 and an initial abundance of hydrogen
of 0.6928. We note that the specified value of Zs/Xs is
consistent with this conclusion.

For case S2, the luminosity obtained by calibration to
our standard C-D diagram (Table 2) is larger than the
star’s observed luminosity (Table 1). Likewise the effective
temperature is discrepant. We conclude that the physics
and/or abundances of S2 are not the same as those used
in the calibration models. If instead we use Z=0.01, the
calibrated values of L and Teff are even more discrepant.
In order to reconcile the values we can either increase the
value of Z or increase the value of X0. Taking into con-
sideration the measured metalicity Zs/Xs the best option
would be to increase X0. We can also decrease slightly the
value of α, corresponding to saying that this star has a
higher value of X0 and a lower value of α. We clearly need
to increase the radius (and hence, by homology, also in-
crease the mass) of the star that comes out of the standard
C-D diagram (Fig. 4). Taking these factors in considera-
tion we would say the global properties for S2 are that
M/M�=1.05±0.01 and Xc<0.1. For this star we should
build first a more adequate C-D diagram before calculat-
ing its global properties.

For case S3 the value of the luminosity obtained by our
standard calibration (Table 2) is again higher than actu-
ally observed, though the calibrated and observed temper-
atures are marginally consistent within the observational
error bars. This star seems to indicate that it has a high
Zs/Xs. It probably also has a higher value of X0 which is
associated with a lower value of α. That is, we would say
this star has Z=0.021 andX0�0.72. If that is the case then
we may propose that this star has M/M�=1.1±0.02 and
Xc�0.55±0.02. Again, we should iterate on the physics in
order to get a better C-D diagram for this star.

5.2. Convective borders

Assuming that we have been successful with the determi-
nation of the stellar mass and central helium abundance,
we now try to determined the main characteristics of these
stars at the base of their convective envelopes. Fig. 8 shows
the measured quantities Ad and τ̄d for the test stars, and
the values expected for our reference set of models. For
comparison we also show what values we would expect
in the reference models with no overshoot, for stars with
masses and ages as determined for S1, S2 and S3 from
the C-D diagram analysis. Note that, rather than using
our reference-case models, it would be more consistent to
calibrate against model sequences computed according to
our best-fit parameters determined in Section 5.1.

Both models S1 and S3 show a higher amplitude than
expected and thus appear to differ from the correspond-
ing references models in terms of the stratification at the
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Figure 8. Diagram of the amplitude of the signal versus the
acoustic depth locating the base of the convection zone for our
test stars (S1, S2 and S3). The values we would expect to mea-
sure in models with no overshoot, considering the mass and
age we have previously determined for these stars, are also in-
dicated (O1, O2 and O3).

base of the convective envelope. An adiabatically strati-
fied overshoot layer of 0.2Hp for S3 and 0.1Hp for the less
massive star S1 could account for this. These limits were
calculated using the dependence of the amplitude on over-
shoot, for different ages, as given by Monteiro et al. (2000).
For S1 the measured value of τ̄d is smaller than expected,
which is not what we should see with the presence of an
overshoot layer. That may indicate that the sharpness we
measure in the amplitude could be associated with diffu-
sion at the base of the envelope, and not overshoot as said
above. In the blind test, the investigator did not provide
error bars on the above-quoted overshoot values. In fact
we note a posteriori that the remarked-upon deviation of
S1 from the corresponding reference model is only at the
1 σ level.

Regarding S2 there is no difference in amplitude in-
dicating that the smoothness of the transition in S2 is
similar to that in the reference models. However, there is
an indication of a smaller acoustic depth (at the 2 σ level),
which we could attribute to the atmospheric contribution
to τ̄d (a different reflecting layer at the top of the star will
introduce a shift in τ̄d of up to about 100 sec). Overshoot
that is not adiabatically stratified can also introduce a sig-
nal which differs from the expected values mainly in the
acoustic depth, and not in amplitude. But such a fuzzy
extension by overshooting would tend to increase τ̄d rel-
ative to our reference models, and so does not appear to
be relevant here.

6. The truth

After the completion by one of the authors of the preced-
ing analysis of the test data, the true properties of the un-

derlying models, presented in Table 4, were revealed. The
following additional comments about the models may be
made:

S1 This was constructed using the same physics and pa-
rameters as our ‘standard’ reference set. As concluded,
the inference of M and Xc was quite secure.

S2 This model used the OPAL equation of state (Rogers,
Swenson & Iglesias 1996) and OPAL95 opacities (Igle-
sias & Rogers 1996), and included diffusion and set-
tling of helium and heavy elements.

S3 This used the same physics and parameters as our
‘standard’ reference set, except for including overshoot
from the convective envelope, over 0.2 pressure scale
heights.

7. Discussion

Our process of inference proceeds in two steps: firstly, esti-
mating the stars’ masses and ages with the C-D diagram,
and then investigating the sharpness and location of the
convective borders.

7.1. The C-D diagram

We have demonstrated that the physics adopted for the
models used to construct the C-D diagram has an effect on
the mass and central hydrogen abundance inferred from
the large and small separations. We have quantified this
effect for three possible changes: the heavy-element abun-
dance, the initial hydrogen abundance; and the mixing-
length parameter. We have also quantified the uncertain-
ties in the seismic determinations due to observational er-
rors in the frequencies.

We have shown how additional observational data
(specifically a star’s luminosity and effective temperature)
complement the seismic data and thus enable the mass and
central hydrogen abundance to be better determined. Such
additional constraints may also permit inconsistencies in
the physics to be revealed. Thus introducing information
from additional observables (luminosity, effective temper-
ature, chemical abundances, surface gravity, ...) can raise
the degeneracy that otherwise exists when attempting to
calibrate stars using just two seismic measurements, the
large and small separations (e.g. Brown et al. 1994).

Of course it should also be borne in mind that the
frequency separations actually depend on frequency (e.g.
Figs. 1 and 2) and are not simply two numbers: this varia-
tion also contains valuable information about the objects
of study which we have not as yet exploited in this study.

7.2. The convective borders

We have had fair success in the first step. That is very
important in order to be able to perform the comparison
of the amplitude and the acoustic depth of the signal with
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Table 4. True masses and central hydrogen abundances for the test stars for which inferences were attempted. Also indicated are
the size of the overshoot layer (+ov) in units of the local pressure scale-height (Hp), which has been modelled as being adiabatic,
and whether or not the star has settling/diffusion (Dif.) and uses different opacity tables and equation of state (Phys.) from our
reference models.

Star ∆ν̄ (µHz) δν̄ (µHz) M/M� Xc +ov/Hp Dif. Phys.

S1 128.3 9.92 1.033 0.333 0.0 no no
S2 108.5 4.82 1.000 0.017 0.0 yes yes
S3 127.7 12.12 1.100 0.521 0.2 no no

a set of models of solar-type stars of different ages, as we
have done here.

We anticipate that difficulties of interpretation in the
second step may arise from the opposing contributions of
different aspects of the physics relevant for the base of
the envelope. The frequencies only provide us a measure
of the sharpness of that transition. This aspect is depen-
dent on every aspect of the physics at play at that loca-
tion, including convection and overshoot, the equation of
state, opacities, diffusion and settling, as well as aspects
not included in our present models but undoubtedly at
play in real stars (magnetic fields, rotation, etc.). There-
fore to translate some of the values we find here for the
amplitude we must make sure that we have reproduced as
closely as possible in our models the physics of the star.
That also includes the C-D diagram analysis where such
an iteration must be done. For a star with a large adi-
abatically stratified overshoot layer we had no problems
identifying its presence (S3). This information could and
should be fed back into the C-D diagram analysis in or-
der to improve the estimates provided for the mass and
central helium abundance.

The inferences for the star S2 with modified physics
were also reasonably successful. The initial guess was that
the apparently slightly anomalous value of τ̄d was due to
the surface contribution. In fact, settling, a different equa-
tion of state and different opacity tables in this model have
changed the expected value of τ̄d, but we do have difficul-
ties in determining that without going back to the C-D
diagram where an iteration on the physics could lead us
to adapt the physics in order to satisfy all observational
constraints.

Finally, the case of S1 was on the face of it a little
disappointing. The step of estimating the mass and age
was very successful, and indeed the star had input physics
matching that of the grid of reference models. But the
inferences about the base of its convective envelope were
wide of the mark. The lesson, which is brought home most
forcefully in a blind test, is that one can overinterpret
noisy data. As we saw with hindsight, the inferred values
of the amplitude and acoustic depth for this star are only
just over one standard deviation from the values expected
from the reference models.
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ADVANTAGES OF MULTICHANNEL PHOTOMETERS IN OBSERVATIONS OF RAPID
STELLAR OSCILLATIONS AND PLANETARY TRANSITS

V.P. Kozhevnikov

Astronomical Observatory – Ural State University, 620083, Lenin Av. 51 Ekaterinburg, Russia

Abstract

We have constructed a multichannel photometer that
allows observations of a variable star, a nearby compar-
ison star and the sky background to be made simulta-
neously (Kozhevnikov & Zakharova 2000). A CCD sys-
tem for automatic guiding is recently incorporated into
the photometer. This system allows good centering of two
stars in the photometer diaphragms during the whole ob-
servational night. Using several examples of observations
from our operational experience, we demonstrate advan-
tages of multichannel photometry in observations of rapid
stellar oscillations and planetary transits. Observations of
the intermediate polar V405 Aur with the multichannel
photometer show the ability to suppress high-frequency
noise in poor seeing. Observations of the intermediate po-
lar V709 Cas show feasibility of detection of weak peri-
odic signals from rather faint stars (14 mag) with semi-
amplitudes up to 2 mmag, using relatively small telescopes
(70 cm). The rms noise of the lightcurve of the planetary
transit of HD 209458 is mainly limited by scintillation
noise and equals 1.2 mmag.

Key words: Techniques: photometric – Stars: oscillations
– Planets: exoplanets

1. Introduction

In most cases stellar photometry is performed through the
Earth’s atmosphere which is a source for measurement er-
rors. The most simple way to remove atmospheric effects
is differential photometry when a comparison star is in the
same conditions as a program star. Two-star photoelectric
photometers offer such a possibility because the compari-
son star is observed simultaneously with the program star
at short angular separation. Long since first observations
with two-star photometers showed their ability to obtain
high quality data even in non-photometric sky conditions
(Wood 1967, Geyer & Hoffman 1975).

In two-star photometers it is only possible to observe
the program star and the comparison star simultaneously
but not the sky. At least three channels are necessary
in order to make fully simultaneous observations. Three-
channel photometers make it possible to obtain precise

data while the sky brightness is high and changes occa-
sionally due to thin clouds or haze (Barvig et al. 1987,
Vauclair et al. 1989, Belmonte et al. 1991, Kleinman et al.
1996).

At present time CCD cameras are widely used for pho-
tometry. CCD systems also allow observations of a vari-
able star and a comparison star to be made simultane-
ously. Besides, CCD systems have relatively high quan-
tum efficiency in comparison with photomultipliers. How-
ever, reduction noise, nonlinearity, low time resolution and
other disadvantages of CCD systems make it impossible to
obtain more precise data in comparison with multichannel
photometers in some cases.

2. Suppression of high-frequency noise

Multichannel photometers decrease the noise caused by
thin clouds or haze because of continuous monitoring of at-
mospheric transparency. As mentioned above, this makes
it possible to conduct observations under non-photometric
sky conditions. Our observations also show such an ability
(Kozhevnikov & Zakharova 2000). Now we demonstrate
another ability of the multichannel photometer, namely
suppression of high-frequency noise in poor seeing. In the
case of one-channel photometry, motion of the stellar im-
age in the photometer diaphragm causes nonuniformity of
the image centering. Large diaphragms (30′′– 40′′) are re-
quired in order to diminish the noise caused by extended
wings of stellar images. However, in observations of faint
stars with such diaphragms, photon noise from the sky can
appreciably increase the noise of the differential lightcurve.
However, the image motions due to changes in the re-
fractive index of the atmosphere are largely correlated at
angular separations which are typical of two-star photom-
etry. This makes it possible to utilize smaller diaphragms
since the centering errors can be suppressed to some ex-
tent due to this correlation. The following example of an
observation clearly shows such an ability of the multichan-
nel photometer.

Intermediate polars form a subgroup of cataclysmic
variables having a magnetized white dwarf that accretes
the matter from its late type companion. The rotation of
the white dwarf is not phase-locked to the binary period
of the system. An offset between the rotation axis and the
magnetic dipole axis of the white dwarf causes oscillations
in the X-ray and optical wavelength bands.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Amplitude spectra of V405 Aur and the comparison star. The five peaks corresponding to the fundamental oscillation
and its first, second, third and fifth harmonics are clearly visible in the amplitude spectrum of the brightness ratios due to the
ability of the multichannel photometer to suppress atmospheric noise.

The intermediate polar V405 Aur shows several har-
monics of the fundamental oscillation at a period of 545 s
(1.83 mHz) (see, for example, Skillman 1996). Different
amplitudes of these harmonics may be used in order to in-
vestigate detection sensitivity of periodic signals. We car-
ried out high-speed photometry of this intermediate polar,
using the 70 cm telescope at Kourovka observatory. One of
our observational nights (on 1997, November 21) showed
poor seeing. The large amplitudes of the image motions
and the extended wings of the stellar images increased the
noise caused by motion of the stellar images (diaphragms
of 16′′ were used). Corresponding to this observation, the
amplitude spectra are shown in Fig. 1.

The peak corresponding to the 4 minute period caused
by imperfections of telescope tracking is visible in the am-
plitude spectrum of the comparison star. This amplitude
spectrum also shows the 1/f noise in which we can dis-
cern a certain atmospheric periodicity. Only the first and
third harmonics of the fundamental oscillation at a pe-
riod of 545 s are revealed in the amplitude spectrum of
V405 Aur. The amplitude spectrum of the brightness ra-

tios of V405 Aur and the comparison star clearly displays
the five peaks corresponding to the fundamental oscilla-
tion and its first, second, third and fifth harmonics. The
peak corresponding to the 4 minute period only slightly
exceeds ’noise’ peaks. The 1/f noise in this spectrum is
mainly caused by the aperiodic flickering of V405 Aur but
its amplitude is reduced due to the removal of the 1/f
noise from the atomosphere. This enables us to discern
the peak corresponding to the fundamental oscillation at
a frequency of 1.83 mHz.

The most useful outcome from Fig. 1 is detection of
the fifth harmonic. This definitely shows the decrease of
the high-frequency noise in the amplitude spectrum of the
brightness ratios and proves that the image motions due
to changes in the refractive index of the atmosphere are
correlated at angular separations which are typical of two-
star photometry (in present case 7′). Obviously, such an
ability of the multichannel photometer is especially useful
in searching for rapid stellar oscillations.



Advantages of multichannel photometers in observations of rapid stellar oscillations and planetary transits 301

160 158 156

Period (seconds)

0

1

2

3

4

S
e

m
ia

m
p

lit
u

d
e

(m
m

a
g

)

158.97 s

156.38 s

b

160 158 156
0

5

10

15

20

25

30

T
e

s
t
S

ta
ti
s
ti
c

158.97 s

156.38 s

a

Figure 2. Periodograms of V709 Cas. Trial periods cover the
intervals of the first harmonics of the frequency of the X-ray
pulsation and the orbital sideband. The AOV (analysis of vari-
ance) periodogram is shown in the frame a). This periodogram
is useful in order to estimate the statistical significance of
detection. The dotted line shows the 0.1% significance level.
The frame b) shows the periodogram derived from the folded
lightcurves by a fit of a sinusoid. The semiamplitude of the first
harmonic of the oscillation corresponding to the X-ray pulsa-
tion (156.38 s) is only 2 mmag.

3. Detection of oscillations of V709 Cas

The source RX J0028.8+5917 was recognized as an inter-
mediate polar by Haberl & Motch (1995), following its de-
tection in the ROSAT All Sky Survey. A follow up pointed
observation revealed a pulse period of 312.8 s. Motch et al.
(1996) identified the X-ray source with a 14th magnitude
blue star, V709 Cas. However, the CCD photometric ob-
servations made by Motch et al. (1996) did not reveal
optical oscillations of this star at the X-ray period.

We conducted high-speed photometric observations of
V709 Cas during six consecutive nights in October 1999,
using the 70 cm telescope at Kourovka observatory. The
total duration of the observations is 42 hours. We have de-
tected optical oscillations with a semiamplitude of 5 mmag
at a period of 312.77 s, oscillations with the same semi-
amplitude at a period 317.94 s and their first harmonics
for the first time (Kozhevnikov 2001). These periods cor-
responds to the X-ray period and the orbital sideband.
In present paper we illustrate these findings, showing the
periodograms of V709 Cas in Fig. 2. The frame a) shows
the AOV (analysis of variance) periodogram for the first
harmonics of the frequency of the X-ray pulsation and the
orbital sideband. The periodogram definitely detects the
weak periodic signal at a period of 156.38 s. The frame
b) shows that the semiamplitude of this signal is only 2
mmag. Despite the fact that the observations were made
with a relatively small (70 cm) telescope, this oscillation
has the great significance of detection.

Examining Table 1 given by Patterson (1994) in an re-
view devoted to intermediate polars, one can see that the
semiamplitude of the oscillation of V709 Cas (5 mmag
for the fundamental and 2 mmag for the first harmonic)
is one of the most low oscillation semiamplitudes among
the known intermediate polars. Only AE Aqr and V533
Her show similar semiamplitudes (5 mmag and 7 mmag).
However, the periods of the oscillations are considerably
shorter (33 s and 64 s), and these oscillations may easily
be detected. Obviously, high detection sensitivity of peri-
odic signals in our observations of V 709 Cas was achieved
due to long observations (42 hours). In order to calculate
the periodograms, we used 4 700 measurements of differ-
ential magnitudes binned into 32 s time bins. With CCD
systems, such a large number of measurements is diffi-
cult to obtain. It is not a simple problem to reduce the
large amount of CCD images (see, for example, Kjeldsen
& Frandsen 1992). Multichannel photometers seem prefer-
able for such purposes.

4. Observation of a planetary transit

During 1996–1997 the multichannel photometer was used
in observations of the eclipsing binary CM Dra as part of
the TEP (Transits of Extrasolar Planets) network (Deeg
et al. 1998, Doyle et al. 2000). Despite the fact that the
observations were obtained with a rather small (70 cm)
telescope mostly under unfavorable sky conditions, the
precision for this photometer (5 mmag) turned out to be
only slightly lower than the precision for the CCD sys-
tems (3–4 mmag) employed by other collaborators of the
TEP network. However, CM Dra is a rather faint star of
11 mag, and the significant part of the noise is caused by
photon noise.

In August 2000 we performed the observation of a
planetary transit of HD 209458 which is a very bright star
of 7.6 mag. Unfortunately, clouds at the beginning of the
night impeded in doing the whole transit lightcurve. Fig. 3
shows the egress out of the transit. The differential mag-
nitudes are binned into 128 s time bins. Despite the short
duration, this observation is sufficient in order to estimate
the rms noise of the differential lightcurve. The first 30
minutes of the observation enable us to estimate the rms
noise directly since we can consider the brightness of the
star approximately invariable within the transit. This rms
noise equals 1.2 mmag. Besides, we can estimate the con-
tribution of different noise sources and compare the result
with the direct estimate of the rms noise.

Considering that photon noise is the Poisson noise of
the total counts, we can estimate the photon noise of the
differential lightcurve. The photon noise in magnitudes for
each photometer channel is σp = 1.08

√
Ntot/(Ntot−Nsky),

where Ntot is the mean total count, and Nsky is the mean
count of the sky background. The square of the photon
noise of the differential lightcurve can be calculated as the
sum of the squares of the photon noises for the two pho-
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Figure 3. Differential lightcurve of the egress out of the plane-
tary transit of HD 209458. The data are obtained with a time
resolution of 128 s through V filter. The rms noise of the differ-
ential lightcurve is mainly caused by atmospheric scintillations
and equals 1.2 mmag. This rms noise seems lower than the
rms noise of most of the lightcurves of planetary transits of
HD 209458 which are obtained using CCD systems.

tometer channels. The counts for HD 209458 and the com-
parison star are 9 440 000 and 4 640 000, accordingly (128 s
integration times). The sky background is very small, and
its contribution to the noise can be considered negligible.
In accordance with the observed counts, the photon noise
of the differential lightcurve equals 0.6 mmag.

We can estimate the scintillation noise according to
Young (1967) and Kjeldsen & Frandsen (1992). The scin-
tillation noise in magnitudes for each photometer channel
is

σs = 1.08
Irms
Idc

= 0.1D−2/3M3/2exp(
−h

8000
)∆t−1/2 (1)

where D is the telescope diameter in centimeters,M is the
air-mass for the object under the observed conditions, h is
the telescope elevation in meters and ∆t is the integration
time in seconds. The calculations yield σs = 0.72 mmag
for our observations (D = 70 cm, M = 1.27, h = 320 m,
∆t = 128 s). The scintillation noise of the differential
lightcurve is σscin =

√
2σs = 1.0 mmag.The noise caused

by motion of the stellar images in the diaphragms can be
considered negligible because we used large diaphragms
(23′′) and automatic guiding that ensured high quality
of centering of the stars in the diaphragms. Besides, as
mentioned above, this noise is suppressed due to the cor-
relation of the image motions. Then the total rms noise of
the differential lightcurve can be calculated as the square
root of the sum of the squares of the photon and scintilla-
tion noises. It equals 1.17 mmag. This estimate gives the
same result as the direct estimate of the rms noise.

We can estimate the noise of the differential lightcurve
if the data are binned into 4 minute time bins. This rms
noise equals 0.8 mmag and agrees with the rms noise of the
HD 209458 planetary transit lightcurve obtained with the
University of Hawaii 0.6 m telescope in combination with
a three-channel photometer (those data were binned into 4
minute time bins) (Jha et al. 2000). Obviously, due to the
ability to suppress atmospheric noise under unfavorable
sky conditions, multichannel photometers can achieve the
same precision as at excellent sites. However, the rms noise

of most of the HD 209458 planetary transit lightcurves
obtained with CCD systems turns out to be appreciably
larger if the data are binned into the same time bins (see,
for example, Brown & Charbonneau 2000, Street et al.
2000).

5. Conclusions

1. In poor seeing the significant part of the noise caused
by motion of the stellar images can be suppressed due
to the correlation of the image motions of the program
and comparison stars.

2. In observations of faint stars (14 mag) with relatively
small telescopes, multichannel photometers make it
possible to detect weak periodic signals with semi-
amplitudes up to 2 mmag.

3. If the stars are sufficiently bright, the absence of any
reduction noise for multichannel photometers makes it
possible to achieve the precision which is practically
limited only by atmospheric scintillations.
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TWO NEW γ DORADUS VARIABLES IN THE OPEN CLUSTER NGC 6633
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Abstract

Photometric observations of A-F stars in the uvbyβ
system have been performed in order to detect γ Doradus
variables in open clusters with different ages. In the case
of the cluster NGC 6633, several stars show some type of
variability, but only two of them, K15 and K275, can be
classified as γ Doradus-type pulsators.

Key words: Stars: variables: other – stars: oscillations –
stars: fundamental parameters – techniques: photometric

1. Observations

NGC 6633 (∼ log(age) = 8.66) is one of the open clusters
observed by our group during the last few years in order to
study the incidence of γ Doradus pulsating stars in open
clusters with different ages.

In this case, the observations were performed using the
0.90 m telescope at Sierra Nevada Observatory, Spain,
by means of a Strömgren six-channel simultaneous pho-
tometer. The measurements were collected on 23 stars
during 26 nights in the years 1996 and 1998 using the
four uvby filters and one night in the Hβ bands. The
stars checked out were selected between a set of A-F stars
(2.m650<β<2.m800) with V <12.m00. Both restrictions
guarantee a good position in the H-R diagram, where a
number of γ Dor variables have been discovered, and a
good signal to noise ratio. Because of no Hβ photome-
try was available for most of the objects in this cluster,
the selection was performed on the basis of their Johnson
color indices, taking into account an average interstellar
absorption E(B − V ) = 0.m16 (Loktin & Matkin 1994).

For these observations, C1=K92 (the K identification
corresponds to Kopff (1947)) was used as main comparison
star and C2=K125 and C3=K15 as check objects. Due to
the faintness of the cluster stars (V >10m in many cases),
a field star C3=K15 was chosen as our third comparison
star.

2. H-R diagram

Fig. 1 shows different H-R diagrams for the cluster
NGC 6633. In Fig. 1a are shown two isochrones of ages
log(age) = 8.66 (Loktin & Matkin 1994) and log(age) =

Figure 1. (a) Fit of the log(age) 8.66 and 8.80 isochrones on the
(B−V,MV ) diagram for the open cluster NGC 6633, whose dis-
tance modulus and reddening are 8.m30 and 0.m04 respectively.
(b) Isochrones in the Strömgren system for the observed stars
with the dereddening indices calculated in this work. (c) The
position of these stars in the H-R diagram: The - symbols are
the candidates to be γ Dor variables (K15 and K275) while
filled � represent suspected variable stars.

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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8.80 (Lyng̊a1987). The fit of isochrones has been per-
formed using the code described in Claret (1995), for stars
with (X, Y , Z)=(0.70, 0.28, 0.02) including an overshoot-
ing from the convective core αov=0.20 and mixing length
parameter α=l/Hp=1.52. The best fit to the V and B−V
values (BDA data base, Mermilliod 1995) corresponds to
the isochrone log(age) = 8.66 with E(B − V ) = 0.m17
(Lyng̊a1987) and (V − MV ) = 8.m30 ((V − MV )0 =
7.m77). These results are in very good agreement with
the colour excess 0.m124 and with the real distance mod-
ulus 7.m71 obtained by Schmidt (1976). Both isochrones
in the uvby system are plotted in Fig. 1b for the observed
stars. In the lower panel (Fig. 1c), the observed stars are
shown in the H-R diagram, where the ZAMS line comes
from Philip & Egret (1980) and the observational edges of
the instability strip in the δ Sct region are from Rodŕıguez
et al. (1994).

3. Variables

Frequency analyses were carried out on the observed stars
of this cluster. The method used is described in Rodŕıguez
et al. (1998). Significant periodicities were found for only
the stars K15 and K275. Three frequencies ν1=1.3459 d−1,
ν2=1.2585 d−1 and ν3=1.1751 d−1 were detected in K15
whereas only one, ν1= 1.9706 d−1, was detected in K275.
The power spectra, corresponding to the v band, are shown
in Figs. 2 and 3 before and after prewhitening each of the
frequencies. The results were consistent in all four filters,
with amplitude-ratios between different bands typical of
pulsating stars in this region.

However, the results are not definitive: additional peri-
ods might be present in any of the two stars. In particular,
only one frequency does not explain the total variability
of K275. However, in spite of our limited dataset, from
the variations in the colour indices and locations in the
H-R diagram we can consider to K15 and K275 as two
new γ Doradus-type variables. Nevertheless, new data are
needed in order to get a definite conclusion.
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Abstract

Within the framework of a large campaign of observa-
tions of hot subdwarfs, we report the discovery of small-
amplitude, rapid light variations in the object HD 128220.
The variations could be due either to pulsations of the sdO
star, placed in a binary system, either to the G subgiant
companion. Owing to the small amplitude of the oscil-
lations, the possibility of performing conclusive observa-
tions by terrestrial telescopes is very low; our opinion is
that this system could be a good candidate for Eddington
observations. The variability of this object, if referred to
the B component, would suggest the possible existence of
a new class of pulsators lying between the EC 14026 and
the hotter GW Vir stars.

Key words: Stars:oscillations-Stars:binary systems

1. Introduction

Hot subdwarfs represent a class of very important objects
from the point of view of the stellar evolution theory. The
Kilkenny et al. (1988) catalog reports 1200 of such objects.
According to the spectroscopic and photometric classifi-
cation, hot subdwarfs can be divided in three subclasses,
namely: i) sdB: He-poor stars with spectra dominated by
H-lines; ii) sdOB: weak (or absent) He-lines at medium
resolution (3 Å), although their colour is typical of O stars;
iii) sdO: hot He-rich stars, showing strong HeI and/or HeII
lines. The formation of sdOs is an open problem. They
appear to be a mix of luminous post-AGB objects and
of AGB manqué stars with thin low mass envelope. Ac-
cording to Groth et al.(1985) the sdOs are EHB objects
evolving in a similar fashion as Central Stars of Plane-
tary Nebulae, so they should be located in different evolu-
tionary tracks with respect to the sdBs that are evolving
at constant gravity towards higher effective temperatures
(Castellani 1985). Unglaub & Bues (1998) on the basis
of improved diffusion and mass loss calculations, suggest
that the evolutionary path of sdBs bring to the sdOs, as
expected from the evolutionary tracks. Iben (1990) and
Jeffery & Saio (2001) show that hot subdwarfs can come
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Figure 1. The acquisition system of the two head photometer:
counters/clock (left) and SRAM memory cache (right).

Figure 2. One of the two identical photometric heads.

out as final product of the evolution of a valuable fraction
of main sequence binary systems. Theoretical studies by
Charpinet et al. (1997), Stobie et al. (1997) and Ulla et
al. (1999) show that both p and g modes of pulsations
are plausible. However, a disagreement is found regard-
ing the metallicity (Z) of the sdB models employed: while
Charpinet et al. (1997) propose an enhanced Z to trig-
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306 A. Piccioni et al.

02/09/98 

02/07/98 

05/05/98 

05/08/98 

05/18/98 

Figure 3. Light curves of HD 128220 obtained with B filter in
five nights of February and May 1998.

ger the ε-mechanism, the other authors are able to repro-
duce the (so far) observed period range with the Z = 0.0
models. It is therefore very important to collect more ob-
servational evidence in this recently opened field in order
to establish: i) the oscillations range; ii) the correlation
between the observed period and the stellar physical con-
ditions; iii) if all pulsating sdBs belong to binary systems
and iv) if also the sdOs show pulsation properties. On this
basis we started a long monitoring of a hundred subdwarfs
(sdBs and sdOs) by fast photometry in order to find even-
tual variations and/or periodicities (Piccioni et al. 1999b).
In this paper we will present the results obtained from the
observations of the system HD 128220.

2. The system HD 128220

This system is a binary having the longest period known
till today among the stars of this class (871.7d, Howarth
1987). Cowley (1958) discovered that the components are
an sdO star (HD 128220B) and a G subgiant(HD
128220A). Its coordinates are: α1950 = 14h 32m 56.64s;
δ1950 = 19◦ 28′ 58.0”. Its magnitudes and colours are:
V = 8.51, B − V = 0.23, U −B = −0.78 mag (Dworetsky
et al. 1982), J = 7.38, H = 7.08,K = 7.00 mag (The-
jll et al. 1995). The main orbital parameters of the sys-
tem can be found in Howarth and Heber(1990), Rauch
(1993), Heber (1998) and reference therein. The spectro-
scopic analysis of HD 128220B is difficult because the
rapidly rotating G star dominates its optical spectrum.
The first attempt in analyzing the optical spectrum was
done by Tomley (1970). With the advent of the IUE satel-
lite, it was possible to analyze the UV spectrum of HD
128220B using NLTE models (Gruschinske et al. 1983).
Rauch (1993), by using low-noise co-added IUE spectra
to perform an NLTE analysis of unprecedented precision,
derived Teff = 40 600 ± 400K, log g = 4.5 ± 0.1, nHe/nH

03/17/98

03/19/98

03/21/98

03/25/98 

03/26/98

03/27/98 

05/02/98

Figure 4. Light curves of HD 128220 obtained without filters in
seven nights of March and May 1998

= 0.30 ± 0.05, nC/nH = 0.0005 ± 0.0002, and nN/nH =
0.0015±0.0003. Rufener & Bartholdi (1982), through sta-
tistical methods, claimed the microvariability of this star.

3. Observations

Our observational fast photometry program on subdwarfs
(Piccioni et al. 2000) started on November 8, 1997 at the
Loiano Observatory with the Cassini 1.52 m telescope. In
its Cassegrain focus a new version of the two-heads fast
photoelectric photometer (Piccioni et al. 1999a) has been
used. This photometer, already used for two WET (Nather
et al. 1990) campaigns, allows simultaneous measurements
of the target and of the comparison star with the pho-
ton counting technique in one of the three available UBV
colours or without filters. The acquisition sistem (Fig. 1)
has been developed with a double dual port SRAM buffer
to allow a full synchronous operation with an external high
precision clock indipendent from the clock timing of the
host computer, used only as slave machine to store the
data. A special software driver has been written as load-
able kernel module for the Linux OS (Francisconi 2001).
With this configuration it is possible to observe up to a
maximum sampling frequency of 10 KHz with the only
limitation of the host computer disk capacity. One of the
two identical heads (Fig. 2), placed in the center of the
focal plane was used to observe the target star; the other,
supported by a strong cross slide, was used to observe a
comparison star. The allowed distance range between the
comparison and the target star in the explored field was
13 ÷ 21 arcminutes in right ascension and −6.5 ÷ 6.5 ar-
cminutes in declination. No bright comparison stars have
been found in the field explored by the second photometric
head, so the difference of magnitude has been calculated
only in the best nights to avoid the propagation of the
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Figure 5. Power spectra of HD128220 obtained observing with
B filter; MP is the level of the mean power line.

poor statistics of the comparison star to the signal of the
target star. HD 128220 has been observed with sampling
time of 0.1 s during 12 nights of the year 1998, spread from
February 7 to May 18. Five of these observation runs were
performed in B light; Fig. 3 shows the light curves of HD
128220 obtained with B filter and Fig. 4 shows the light
curves observed without filters. At first look, these figures
show considerable amplitude variation of the oscillations,
in a few cases decreasing very near to the detection thresh-
old or increasing up to a maximum amplitude of 6 mmag
peak to peak in a time span of a single run.

4. Data reduction and analysis

A first analysis of the whole set of data has shown no sig-
nificant peaks for frequencies higher than 50 mHz. There-
fore, we have rebinned our data to 10 s. The sky back-
ground has been removed after a linear interpolation be-
tween the mean values obtained at the beginning and at
the end of each observational run, performed near the
meridian. Data have been pre-whitened by subtraction of
a parabola fitted to the full observation runs. We have
calculated the magnitudes of the target and comparison
stars taking into account the effects of differential extinc-
tion. Times have been corrected to solar system barycenter
with Stumpff’s algorithm (1980). At the end of the reduc-
tion program we obtained a file with the Julian day, the
magnitude of the target and of the comparison star, the
difference of magnitude between the two stars and their
errors. Fourier spectral analysis was performed by using
Deeming (1975) method, modified by Kurtz (1985); the
results were checked performing a second analysis with Pe-
riod98 (Sperl 1998). The analyzed frequency range spans
from 0 to 50 mHz. The noise mean power was computed in
the range 1–15 mHz by using Kepler (1993) formula. This
produces an overestimation of the noise mean power (MP)
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Figure 6. Power spectra of HD 128220 obtained without filters;
“dm 20 sec” indicates the magnitude difference obtained from
rebinned data (time bin 20 s); “MP” is the level of the line
reporting the mean power, expressed as σ units.

as in this range there are the most prominent features of
the power spectrum. Fig. 5 shows the magnitude power
spectra of the star for different runs with B filter and Fig.
6 shows the power spectra of the other runs performed
without filter. Table 2 reports only the peaks detected at
level ≥ 5σ; the quantities are self-evident.

5. Discussion and conclusions

The oscillations we have found are spanning in the range
150–1800 s, with amplitudes ranging from ∼ 0.5 to ∼ 3
millimag, at confidence level ≥ 5σ in the power spectrum.
The observed amplitude of the oscillations is variable in
time and peak to peak (Figs. 5 and 6); however, at the
moment our data do not allow to gain an insight on the
nature of these fluctuations. If they are indicative of pul-
sations of HD 128220B, this would be the first time that
such pulsations have been detected in an sdO star in such
a frequency range. But they are also consistent with fluc-
tuations in atmospheric transparency and there is not the
possibility to exclude them because of the lack of an ade-
quate comparison star in our working field. Moreover, the
small amplitude of the detected fluctuations makes a deci-
sive observation from terrestrial telescopes very difficult.
Therefore the case for observations of HD 128220 from the
space is relevant, and in our opinion this system could be a
good target for Eddington satellite. Indeed, if HD 128220B
is actually a pulsating star, the theoretical consequences
are significant. No star have been predicted to pulsate in
the region of the HR diagram typical of sdOs. However if
sdO HD 128220B is a pulsating star, its location in the
log g–log Teff plane would make it as a ”link-object” be-
tween the EC 14026 and the GW Vir pulsating stars. This
fact might confirm the common evolutionary path between
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Day, Filter Freq. Ampl. Period Conf.
(mHz) (mmag) (s) level

98/02/9 B 0.83±0.17 1.3 1200 12.0
1.16±0.17 1.6 864 18.7
2.43±0.17 1.2 411 10.2
3.68±0.17 0.87 272 5.8

98/05/5 B 0.88±0.06 1.3 1136 19.3
1.16±0.06 1.2 864 17.7
3.57±0.06 0.9 280 10.2

98/05/8 B 0.83±0.05 0.7 1200 15.7
1.23±0.05 0.7 815 14.0
2.73±0.05 0.5 366 7.00
3.89±0.05 0.5 257 8.2

98/05/18 B 0.93±0.08 1.1 1080 10.8
1.39±0.08 1.3 720 15.4
2.18±0.08 1.0 460 9.5
3.75±0.08 0.9 267 6.6

98/03/17 N 0.56±0.23 1.6 1802 10.7
1.55±0.23 1.6 645 11.3

98/03/19 N 0.83±0.12 0.8 1200 10.6
1.60±0.12 1.0 626 17.0
3.26±0.12 0.7 306 8.2

98/03/21 N 3.82±0.17 1.2 262 10.4
5.74±0.17 0.9 175 5.1

98/03/25 N 3.15±0.08 1.9 318 5.0
3.33±0.08 3.0 300 12.2
4.12±0.08 2.0 243 5.3

98/03/26 N 1.00±0.06 2.5 1005 12.2
DM 1.32±0.06 2.4 758 11.7

20 sec 2.17±0.06 2.1 460 9.1
2.29±0.06 2.0 436 7.6
3.47±0.06 1.8 288 6.1
3.66±0.06 1.6 273 5.2
4.77±0.06 1.8 210 6.2
6.50±0.06 1.6 154 5.1

98/03/27 N 0.76±0.09 0.6 1309 14.8
1.25±0.09 0.4 800 8.1
1.83±0.09 0.5 547 12.3
2.36±0.09 0.5 424 11.0
4.61±0.09 0.4 217 8.4

98/05/02 N 1.04±0.16 2.1 960 9.9
1.94±0.16 1.9 514 7.5

Table 1. Observations during the period of November 97- May
98; “B” and “N” indicate respectively measures with B filter
and without.

DO White Dwarfs (WDs) and sdB/sdO stars as suggested
by Unglaub & Bues (1998). The GW Vir pulsators present
a large number of periodicities in the same range found in
HD 128220. Could the sdOs be precursors of GW Vir-like
stars? Further observations in a larger sample of SdOs
could probably solve this problem.
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Abstract

In order to interpret the ground-based observations of
solar-like stellar oscillations and prepare the scientific ex-
ploitation of future spatial asteroseismic observations, we
have studied the theoretical properties of the frequencies
of possible models for a given stellar target, taking into
account its observational constraints in the Herzprung-
Russell diagram. We have computed a set of “calibrated”
stellar models satisfying these constraints for a star of so-
lar metallicity. We present some results on the sensitiv-
ity of the oscillation frequencies to the description of the
convective transport and to physical processes entering in
the stellar modeling, like core overshoot. We compare the
seismic properties of our models with the observations of
Procyon by Martić et al. (2001).

1. Models

We have computed models and oscillations in range of lu-
minosity and effective temperature in H-R diagram, cor-
responding to Procyon:

0.83 ≤ logL/L� ≤ 0.89,

Teff = (6530 ± 90)K (3.809 ≤ log Teff ≤ 3.821).

This work has been motivated by recent observations
of solar-like oscillations in Procyon (Barban et al. 1999,
Martić et al. 1999, Martić et al. 2001). Procyon is also one
of the solar-like targets for the MONS telescope (MONS
2000).

About 20 models satisfying the above prescriptions
have been computed with the CESAM code (Morel 1997),
with a given physics: nuclear data from Caughlan &
Fowler, EFF equation of state, Eddington law for the at-
mosphere description. The convection is described either
with classical mixing-length theory (the Böhm-Vitense
prescription – BV) or with the Canuto-Mazzitelli one
(CM), with mixing-length parameter respectively
λ = 1.7Hp (BV) and λ = 1.0Hp (CM).The microscopic
diffusion is neglected. The metallicity is close to the solar
one, as it is for Procyon (van’t Veer & Mégessier 1996).

Previous models have been computed by Barban et
al. (1999) and Chaboyer et al. (1999). Here, in order to
study the effect of possible overshoot of the core into the

radiative zone on a distance d = min(ζHp, rcore), we have
computed models with overshoot parameters ζ ranging
from 0 to 0.3.

The range of mass M we obtained is from 1.47 to 1.53
M�, well in agreement with the recent redetermination of
the Procyon mass by Girard et al. (2000). The positions
of the models in the H-R diagram are plotted in Fig. 1.
All our models are in the central hydrogen burning phase.

2. Oscillations

2.1. Frequency separations

Several combinations of frequency of low degree p modes
inform us on different parts of the stellar structure. The
large separation ∆νn,� between the frequency of modes of
given degree F and consecutive radial orders:

∆νn,� = νn,� − νn−1,�, (1)

depends on the external layers and is mainly related to
the stellar radius R or to the dynamical frequency Ωg =√

GM/R3. It is roughly approximated by its mean value
∆ν�=0 (see below Eq. 5).

The small separations between frequencies of modes
with degree F, F+ 2 or F, F+ 1, which penetrate differently
in the central layers, are mainly sensitive to the stellar
core:

δν�,�+2 = νn+1,� − νn,�+2 for F = 0, 1; (2)

δν�,�+1 = 2νn,� − (νn,�+1 − νn−1,�+1) for F = 0. (3)

The second order differences:

δ2νn,� = νn,� − 2νn+1,� + νn+2,� (4)

depend on the external layers, specially the He ioniza-
tion zone and the base of the convection zone (e.g. Gough
1991). All these frequency differences are given as function
of the frequency in Fig. 5 for a model with M = 1.5M�
and ζ = 0.1.

In the high frequency range (i.e. low degree modes
with n � 10), the p-mode spectrum can be character-
ized by the mean of large and small frequency separa-
tions, usually estimated by analytical fits of the frequen-
cies and of the small frequency separations. The numerical
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frequencies are fitted by the following polynomial expres-
sion (Berthomieu et al. 1993):

νn,� = ν0� + ∆ν�(n+
F

2
− n0) + a�(n+

F

2
− n0)2, (5)

around a radial order n0 = 21. The quantities δν�,�+2 and
δν�,�+1 vary almost linearly with the frequency or the ra-
dial order. Mean small spacings δν�,�+i are estimated by
using the following linear fit:

δν�,�+i ∼ δν�,�+i + S�,�+i(n− n0) (i = 1, 2) (6).

The mean large spacing ∆ν�=0 and the mean small spac-
ings δν0,1, δν0,2 and δν1,3 have been estimated for all the
models. Note that the mean large spacing ∆ν� does not
depend much on the degree.

The results are given in Figs. 2 and 3. As expected, we
find that the mean large frequency spacing ∆ν0 is a linear
function of Ωg. Thus it gives a measure of the mean stellar
density. The radius of the convective core rcore, including
the overshoot region, is a function of the central hydro-
gen content Xc. At the considered evolutionary stage, the
radius of the convective core rcore decreases with the age.
Fig. 2 shows that these two linear functions do not depend
on the amount of overshoot.

Upper line plots in Fig. 3 show that, for a given over-
shoot parameter ζ, there is a well defined relation between
the radius of the convective core rcore and the mean small
spacings δν0,1, δν0,2 and δν1,3. The quantities δν0,2 and
δν1,3 are increasing functions of rcore. In the range of con-
sidered stellar parameters these mean small spacings vary
respectively within 1µHz and 1.5µHz. The mean small
spacing δν0,1 is a decreasing function of rcore. It is much
less dependent on the overshoot parameter and it varies
within 2µHz. Thus it seems to be a better indicator of
the size of the convective core. Lower line plots represent
some relations between the different mean frequency spac-
ings which are “observable ” quantities. The plots of δν1,3
and δν0,1 as a function of δν0,2 show that for a given
overshoot parameter the points corresponding to our dif-
ferent models, which have a given chemical composition,
are rather well aligned independently on the mass, age and
mixing-length parameter.

2.2. Stellar structure rapid variations

Rapid variations in stellar structure located at any radius
denoted by rrap induce oscillatory behavior of the frequen-
cies of p modes, with a “period” equal to the inverse of
twice the travel time of the sound from the surface to the
location of rapid variation (e.g. Gough 1991):

νrap
−1 = 2

∫ R

rrap

dr

c
.

Such rapid variations can occur at the limit of the con-
vective core, at the base of the convection zone and in the

HeII ionization zone. This oscillatory behavior can be seen
in some frequency separations. δ2νn,� has a sinusoidal be-
havior with two different “periods” of order 150µHz and
360µHz, as illustrated in Fig. 5 (right panel). The lower
period is due to a discontinuity in the derivative of the
sound velocity at the base of the convection zone. The
larger period has the largest amplitude and is due to the
variation of the adiabatic index Γ1 in the HeII ionization
zone. This large period is also visible in the variation of
∆νn,� with the frequency. The measure of these periods
in the observations would provide an estimation of the
position of the HeII ionization zone and of the convection
zone (Fig. 4). The rapid variation of the sound speed at the
frontier of the convective core gives rise to a much longer
period (e.g. Audard & Provost 1994), i.e. from 2500 to
3300µHz for the set of considered models. Thus it cannot
be observed from frequency differences of a given model
directly.

3. Preliminary comparisons with observations

Solar-like oscillations have been detected in Procyon by
Martić et al. (1999). Using the CLEAN algorithm and the
Comb response, they give a most probable spacing be-
tween the peaks in the p mode spectrum of order 55 µHz.
Using longer runs, Martić et al 2000 estimated this spac-
ing around 54 µHz. Here we compare observations and
theory, using echelle diagrams. Fig. 6 present an echelle
diagram from 1999 observing runs, constructed from the
CLEANed spectra by adding the values over the threshold
for the frequency modulo ∆ν0 = 54µHz (from Martić et
al 2001 in preparation). The frequencies from a standard
model (Chaboyer et al 1999) taking into account the mi-
croscopic diffusion are indicated (see figure caption). Fig.
7 presents the theoretical echelle diagram for our model
with M=1.5M� and ζ=0.1. Note the different behavior
at low frequency of the models with and without diffu-
sion, probably due to different helium content in the HeII
ionization zone. In order to better constrain the stellar
physics from Procyon’s oscillations, more precise observa-
tions and models are needed.
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Figure 2. Global characteristics of the model and of the stellar acoustic frequency spectrum, for all our Procyon models. The
symbols indicate the values of overshoot parameters (ζ = 0.3 open circle; ζ =0.2 full triangle; ζ =0.10 open square; ζ =0.05 open
star; ζ = 0 full circle). Left panel: mean large frequency spacing ∆ν0 as a function of Ωg. Right panel: radius of the convective
core rcore as a function of the central hydrogen content Xc.

Figure 3. Plots of global quantities characteristics of the model and of the stellar acoustic frequency spectrum, for Procyon models.
Same symbols as in Fig. 2 for the values of overshoot parameter ζ.Upper line plots: mean small spacings δν0,1, δν0,2 and δν1,3as
a function of the radius of the convective core rcore. Lower line plots: left (respectively right) panels mean small frequency spacing
δν0,1 (respectively δν1,3) as a function of δν0,2; middle panel mean small frequency spacing δν0,2 as a function of the mean large
frequency spacing ∆ν0.

Figure 4. Plots of global characteristics quantities for all the stellar models of Fig. 1. νZC and νHeII are the frequencies of the
oscillatory components of the frequency due to rapid variations of the stellar structure, respectively located at the base of the
convection zone rZC and at the HeII ionization zone rHeII.



312

Figure 5. Frequency separations for a model with M=1.5 M� and ζ = 0.1. Left panel: large separations ∆νn,� = νn,� − νn−� for
+ = 0 (full symbol) and 1 (open symbol); middle panel: small separations δν0,2 (full circle), 3/5 δν1,3 (open circle), and 3/4
δν0,1 (full triangle); right panel: second differences δ

2νn,� for += 0, 1. 2, 3.

Figure 1. Position of the models in H-R diagram. Evolutionary
tracks for stellar models of M=1.47M� (dashed line), 1.50M�
(full line) and 1.53M� (dot-dashed line), for different core
overshoot parameters ζ from 0 to 0.3 (ζ = 0.3 open circle;
ζ =0.2 full triangle; ζ =0.10 open square; ζ =0.05 open star;
ζ = 0 full circle). The error box is the one of Procyon. The
dotted lines represent lines of constant radius. For a star of
given mass, they are also lines of constant dynamical frequency
Ωg.From one line to the next towards the right, the variation
of the radius induces a decrease of Ωg by about 2%.

Martić M., Schmit, J., Lebrun J.-C., Barban C., Connes
P., Bouchy F., Michel E., Baglin A., Appourchaux Th.,
Bertaux J.-L., 1999, A&A 351, 993
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Figure 6. Echelle diagram of Procyon oscillations from 1999
observing runs, for the frequency modulo ∆ν0 = 54µHz (from
Martić et al. 2001 in preparation). The frequencies from a
standard model taking into account the microscopic diffu-
sion (Chaboyer et al. 1999) are indicated by asterisk, plus
sign,square and triangle respectively for l = 0, 1, 2, 3. Dashed
lines are at l = 0, 1±11.6µHz corresponding to the day aliases.

Figure 7. Echelle diagram for the model presented in Fig. 5,
with same symbols for the degrees as in Fig. 6.
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Abstract

A realistic simulation of the stellar system α Cen A+B
as it would be seen by MONS satellite has been gener-
ated in the “MONS Time-series simulation and analysis
Team”. The simulation apparently includes all properties
known of the stars, instrumental noise sources and sen-
sitivity properties expected. We have been working with
this data series without any previous knowledge of the
information included in it or on how it has been gener-
ated, with the exception of its length, one month, and its
sampling time, 80 seconds. It has been tried to extract as
many information as possible about: frequencies, damping
time, amplitudes, rotation, background noise level, mode
identification, etc.

Key words: Methods: data analysis – Solar-like stars: os-
cillations

1. Introduction

α Centauri is a visual binary. α Cen A is a G2V star and
α Cen B is a K1V, slightly hotter and cooler respectively
than the Sun. As the Sun’s nearest star, its astrometric pa-
rameters are better known than for any other star; this, to-
gether with the detection of the stellar oscillations, would
provide a unique possibility to study detailed the stellar
internal structure in conditions slightly different from the
solar ones. As the two components of the system are “solar
like” stars, both are primary target for the MONS spatial
mission, (Christensen-Dalsgaard 1988). For this reason, a
realistic simulation of this stellar system as it would be
seen by MONS satellite has been generated in the “MONS
Time-series simulation and analysis Team”.

We have been working with this data series without
any previous knowledge of the information included in it
or on how it has been generated, with the exception of its
length, one month, and its sampling time, 80 seconds.

Following are the results that have been extracted from
this simulated data series.

2. Data and analysis

The simulated data series, with a length of one month
and a sampling time of 80 seconds, shows periodic gaps of

1.5 hours every 10.44 hours. Its power spectrum (spectral
resolution of 0.387 µHz) has been calculated using a Fast
Fourier Transform (FFT) and is shown in Fig. 1, where
the window function is also shown in the inset.

From Fig. 1 it is clearly visible that the p-modes spec-
trum of α Cen A covers roughly from 1500 µHz to 2800
µHz and is centered in 2200 µHz with a maximun power
around 10 ppm2, whereas the p-modes spectrum of α Cen
B covers roughly from 3250 µHz to 4960 µHz and is cen-
tered in 4000 µHz with a maximun power around 1.0
ppm2. The different range for the p-mode frequencies as
well as the different amplitude are the expected ones as
compared to the Sun, see Kjelden & Bedding (1995) and
they are related to the different temperature of both stars.

From the power spectrum, the “mean large separation”
∆ν between the frequencies of a given degree and consecu-
tive radial order (which depends on the stellar radius and
mass) as well as the “mean small separation” δν between
the frequencies of modes with degree F = 0 and F = 2 and
consecutive radial order (which is related with the struc-
ture of the stellar core) have been obtained for both stars:
α Cen A and B, and they are shown in Table 1.

The obtained results are close to the expected ones
for ∆ν but not for δν. As ∆ν is related with the aver-
age density of the star and it decreases with the tempera-
ture, stars which are hotter than the Sun will have a ∆ν
smaller than the Sun (∆ν�=134.94 µHz) and the oppo-
site for cooler stars, as it is found. However it is expected
that for the same age, δν will decrease when the mass of
the star increases (Christensen-Dalsgaard 1984) contrary
to what it has been found.

The calculated power spectrum has been split in two
spectra to analyse independently each star.

Table 1. α Centauri A and B.

α Cen A ∆ ν = 105.2 µHz δ ν = 10.56 µHz
α Cen B ∆ ν = 161.6 µHz δ ν = 8 µHz

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I. W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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Figure 1. Power spectrum for the simulated α Cen A+B time
series as seen by MONS. The window function of the series is
plotted in the inset.

2.1. α Cen A

The power spectrum for α Cen A shows a very clean sig-
nature with S/N ≈ 50 and very clean profiles for the in-
dividuals peaks.

For a better definition of the shape of each peak, in
order to fit a Lorentzian profile to each of them, the series
has been over-sampled till a spectral resolution of 0.0645
µHz (which correspond to ≈ 6 months of data). Although
the p-mode profiles are well defined, the noise statistics of
the spectrum is a χ22 distribution (though with frequency
bins not independent), for this reason a maximum likeli-
hood fit procedure has been used to obtain the p-mode
parameters.

The resonant frequencies obtained are shown in Table
2. Fig. 2 shows an “echelle” diagram (modulo 105 µHz),
while the measured linewidths are plotted in Fig. 3. The
p-mode frequencies have been identified using the assymp-
totic relation:

νn,l = (n+
l

2
+ ε)∆ν , with ε = 1.039 (1)

The first attempt is done with ε = 0 and then ε is
re-calculated with the obtained n value.

According our frequency identification, rotational split-
ting is observed in some of the peaks. For 4 F =1 p-modes,
a double peak is found with a mean separation of 0.64
µHz and for 5 F =2, doublets are found too with a mean
separation of 0.77 µHz. However, according to Morel et al.
(2000) the expected rotational splitting for α Cen A is 0.5
µHz which is almost twice as much as we seem to measure.

Another non expected result is the amplitude relation
among the p-modes, being the p-modes identified as F =
0 almost always lower than the F = 2 p-modes, contrary
to what is expected due to the geometric spatial filtering

Figure 2. Echelle diagram (modulo 105 µHz) for α Cen A fre-
quencies. Diamonds are for + = 2 p-modes, asterisk for + = 0
and triangles for + = 1.

Table 2. α Centauri A p-mode frequencies.

n l=0 (µHz) l=1 (µHz) l=2 (µHz)

13 1537.48 ± 0.03
15 1746.65 ± 0.06 1792.44 ± 0.11
16 1851.02 ± 0.08 1895.96 ± 0.05
17 1907.23 ± 0.07 1954.15 ± 0.03 1998.56 ± 0.04
18 2009.63 ± 0.04 2057.10 ± 0.05 2101.95 ± 0.07
19 2112.14 ± 0.05 2160.75 ± 0.05 2206.21 ± 0.03
20 2216.97 ± 0.03 2266.06 ± 0.08 2311.95 ± 0.05
21 2322.36 ± 0.05 2371.55 ± 0.04 2418.13 ± 0.07
22 2427.98 ± 0.07 2477.15 ± 0.06 2522.77 ± 0.06
23 2533.10 ± 0.07 2582.15 ± 0.04 2627.41 ± 0.26
24 2686.06 ± 0.09 2733.05 ± 0.04
25 2791.49 ± 0.07

Figure 3. Measured linewidths for α Cen A p-modes.

of observing integrated light. We thought these non ex-
pected results could be related with the inclination of the
rotational plane of the stars, but the plane of the orbit of
α Cen A and B is inclined 79◦ (Boesgaard & Hagen 1974)
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to the line of sight and it is reasonable to assume that the
rotational plane will be the same. So it is not expected a
significant difference from the solar case.

As for the linewidth of the p-modes, fitting a straight
line to them, a mean increase in the linewidth of 0.3 µHz is
found in the analysed spectral range, being the linewidth
at 1500 µHz close to the spectral frequency resolution.
The linewidth found at the end of the p-modes spectral
range implies a lifetime of ≈ 18 days for this p-modes.

2.2. α Cen B

For α Cen B the signal has been also oversampled as in
the α Cen A spectrum. Now, the spectrum shows only
a S/N ≈ 9 and the p-mode profiles are not so clear and
clean as in the α Cen A case. For this reason, the power
spectrum has been filtered using a non-orthogonal wavelet
transform based on quadratic spline functions (Fligge &
Solanki 1997) to reduce the noise. After this filtering, the
noise statistics of the spectrum changes from a χ22 to nearly
a Gaussian distribution (Régulo & Roca Cortés 2001) so a
least square fit procedure has been used to fit Lorentzian
profiles to each p-mode.

The resonant frequencies obtained are shown in Table
3. Fig. 4 shows an “echelle” diagram (modulo 160 µHz),
while the measured linewidths are plotted in Fig. 5. The p-
modes have been identified using the assymptotic relation:

νn,l = (n+
l

2
+ ε)∆ν , with ε = 1.286 (2)

The first attempt is done with ε = 0 and then ε is
re-calculated with the obtained n value.

No rotational splitting is found in this case.
As in the α Cen A spectrum, the amplitude relation

among the p-modes is not the expected one, being the p-
modes identified as F = 0 almost always lower than the F
= 2 p-modes.

In this star, the mean increase in the linewidth of the
p-modes is 0.9 µHz in the analysed spectral range. The
linewidth at 3200 µHz is close to the spectral frequency
resolution and at 4700 µHz is slightly larger than 1 µHz
which means a lifetime of ≈ 10 days for these p-modes.
However it is necessary to have in mind the fact that the
spectrum for α Cen B has been filtered and this process
may produce linewidths of the modes slightly bigger.

2.3. The background spectrum

The “background spectrum” has been analysed following
Harvey (1985) to estimate the intensity and the charac-
teristic time of possible convection motions in the stars’
atmospheres that could contribute to it.

Fig. 6 shows in a log scale the power spectrum found
compared to the spectrum of the window observing func-
tion (made simulating data with 1 and gaps with 0), up
to 1.5 mHz. Notice the main peak corresponding to the
orbital period and its harmonics.

Figure 4. Echelle diagram (modulo 160 µHz) for α Cen B fre-
quencies. Diamonds are for + = 2 p-modes, asterisk for + = 0
and triangles for + = 1.

Table 3. α Centauri B p-mode frequencies.

n l=0 (µHz) l=1 (µHz) l=2 (µHz)

18 3259.92 ± 0.01
19 3268.88 ± 0.03 3348.62 ± 0.02 3420.75 ± 0.02
20 3428.53 ± 0.02 3509.17 ± 0.01 3581.31 ± 0.04
21 3590.51 ± 0.13 3669.84 ± 0.01 3742.49 ± 0.02
22 3751.06 ± 0.04 3831.14 ± 0.05 3903.56 ± 0.01
23 3911.55 ± 0.01 3992.29 ± 0.01 4065.32 ± 0.01
24 4072.78 ± 0.01 4153.29 ± 0.01 4227.66 ± 0.12
25 4233.83 ± 0.02 4314.77 ± 0.01 4389.48 ± 0.01
26 4396.14 ± 0.01 4477.54 ± 0.01 4551.60 ± 0.01
27 4558.46 ± 0.05 4638.50 ± 0.04 4713.60 ± 0.02
28 4719.45 ± 0.02 4800.28 ± 0.06 4873.97 ± 0.08
29 4963.16 ± 0.01

Figure 5. Measured linewidths for α Cen B p-modes.

The model to fit is:

P =
3∑
i=1

4σ2i τi
1 + (2πντi)2

+ C (3)
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where i stands for a given convective process, σ is the
intensity in ppm, τ is the lifetime in seconds and C the
photon noise of the instrument in ppm2/Hz.

In Fig. 7 the full spectrum is shown with the best fit
of the P function. Notice that the peaks in the spectrum
which correspond to p-modes have been approximately
supressed and the spectrum has been smoothed to improve
the fit.

Although tentatively only three convective processes
(2 for α Cen A and 1 for α Cen B) have been tried in the
fit, only two seem to be significant, see Table 4. Those with
characteristic times of 286 seconds and at 3.68 hours that
could be tentatively identified as granulation and meso-
granulation in α Cen A by comparison to the Sun.

Table 4. Parameters from the background model fit to the ob-
served spectrum.

σ1 = 25 τ1 = 286
σ2 = 20.5 τ2 =13258
σ3 = 13.5 τ2 =47
C = 17369

Figure 6. In black is plotted the spectrum for the simulated α
Cen A+B time series as seen by MONS in a log scale and up
to 1.5 mHz. In red is the spectrum of the window observing
function made simulating data with 1 and gaps with 0.
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Abstract

We have compiled a new extensive and updated list
for δ Sct variables including field SX Phe stars. More
than 500 papers, published during the last few years, have
been revised and a lot of new variables have been added
to our last list (Rodŕıguez et al. 1994). The present cat-
alogue is intended to be a comprehensive review on the
observational characteristics of all the δ Sct stars known
until now, covering information published until the year
2000. The variables and their most relevant parameters
are listed together with references to studies of individual
stars and notes for a number of variables. Additionally
to new variables, new catalogues on different parameters
have been recently published. This information has been
used to update each variable in our list, using the most
recent catalogues available in the bibliography on photom-
etry (Strömgren and Johnson systems), spectral types, ro-
tational and radial velocities, multiplicity and parallaxes.

Key words: Stars: variables: δ Scu – stars: oscillations –
stars: fundamental parameters

1. Content

We have compiled a new extensive and updated list for
δ Sct variables, including field SX Phe stars. More than
500 papers, published during the last few years, have been
revised and a lot of new variables have been added to our
last list (Rodŕıguez et al. 1994, hereafter R94). This cat-
alogue covers information published until January 2000.
The variables and their most relevant parameters are listed
together with references to studies of individual stars and
notes for a number of variables. In summary, 636 variables,
1149 references and 182 individual notes are presented in
this new list.

Additionally to new variables, new catalogues on dif-
ferent parameters have been recently published. This in-
formation has been used to update each variable in our
list, using the most recent catalogues available in the bib-
liography on photometry (Strömgren and Johnson sys-
tems), spectral types, rotational and radial velocities, mul-
tiplicity and parallaxes.

In this new catalogue, more than 50% of the vari-
ables are new in relation to the R94 list. The list of R94

contained 298 variables, three of them have been elimi-
nated (UW CVn, V879 Aql and UX Mon) because their
δ Sct-type variations have not been confirmed (Kopacki
& Pigulski 1995, 1998; Olson & Etzel 1995). Hence, 295
variables were already listed and 341 are new. Nearly all
of these new variables (337) have been discovered through
the years 1994 to 2000. The main contributions come from
the Hipparcos mission (88 new variables; ESA 1997,
Kazarovets et al. 1999) and the OGLE (54; Udalski et
al. 1994, 1995a, 1995b, 1996, 1997) and MACHO (84; Al-
cock et al. 2000) projects. Thus, even avoiding the con-
tributions from these three main projects, a large number
(111) of new variables have been discovered since 1994.
This means the 17% of the total sample.

2. Distributions

Table 1 lists the corresponding distributions into the cata-
logue for several parameters relative to: a) the full sample,
b) stars with V≤12.m0 and c) stars with V≤8.m0. In par-
ticular, concerning the availability on uvbyβ photometry,
329 stars have homogeneous photometric data in this sys-
tem (this means 52% of the total sample), 30 more in uvby,
4 in β and 6 in (b–y), m1 and β. This means an increase
of more than 50% in relation to the R94 catalogue. In ad-
dition, 79% of the variables with V≤12.m0 and 88% with
V≤8.m0 have uvbyβ photometry. Moreover, ignoring the
variables discovered by the OGLE and MACHO projects
(for any of these stars there are no measurements in uvbyβ
photometry), there is uvbyβ information for 2/3 of the re-
maining δ Sct stars. We can see in Table 1 that there are
data on spectral type for nearly all the δ Sct stars with
visual magnitude V≤12.m0. This is also true for the par-
allaxes and V≤8.m0.

Concerning the present distribution of the variables as
function of the rotational velocity v sin i, as compared with
the same distribution in the R94 catalogue, the peak cor-
responding to the interval 60−80 Km/s has disappeared.
Now, the distribution is more smoothed and the stars seem
to be uniformly distributed in all the range for rotational
velocities lesser than 180 Km/s. Only a peak remains for
very low values of v sin i. This peak is due to the variables
with high amplitudes of luminosity variation. This is con-
firmed when the visual amplitudes versus rotational veloc-
ities are plotted. Similarly to R94, these two distributions
point out that stars with large rotational velocities do not
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Table 1. Samples in the catalogue for different parameters.

uvbyβ UBV ST v sin i RV parallax

N 329 229 402 191 224 335
% 52 36 63 30 35 53

% (V ≤ 12.m0) 79 53 97 46 54 82
% (V ≤ 8.m0) 88 59 99 58 70 96

exhibit large amplitudes, that is, the variables displaying
large amplitudes are very slow rotators. In fact, the mean
value of v sin i for δ Sct variables with ∆V≤0.m03 is found
to be of 109(±58) Km/s whereas this is much smaller for
the large amplitude pulsators (〈v sin i〉 = 22(±10) Km/s
for the variables with ∆V ≥ 0.1 and a very similar value is
found for the variables with ∆V ≥ 0.3). This agrees well
when considering the parametric resonance as a mecha-
nism to limit the amplitude of the pulsations, as men-
tioned in R94.

Concerning the present distribution of the variables as
function of the visual amplitude (∆V ), the distribution is
similar to that found from the R94 sample. These stars
show visual amplitudes from a few thousandths of a mag-
nitude to several tenths. The majority of them present
small amplitudes (a few hundredths) with a typical value
of about 0.m02. Moreover, the number of low amplitude
variables increases nearly exponentially as decreasing the
amplitude. In particular, nearly 30% of them show ampli-
tudes smaller than 0.m02. It suggests we cannot exclude
the possibility that many of the apparently nonvarying
stars in the δ Sct region vary but with undetectable am-
plitudes. On the other hand, similarly to the earlier cata-
logue, the majority of δ Sct variables show short periods
(about 80% of them have periods shorter than 0.d15) and
the number of variables decreases as the period is increas-
ing. It can be due to stars with longer periods are more
evolved, hence the probability of finding one star in this
region of the H-R diagram is smaller. Other reasons can
be the selection effects mentioned in the R94 catalogue.

Additionally to the correlation found between the vi-
sual amplitudes and rotational velocities, another interest-
ing result is found when the mean periods are displayed
versus the spectral type: the periods of the variables tend
to increase when the spectral types are later. It can be
explained as an evolutionary effect due to the hotter δ Sct
stars tend to be near the main sequence while the vari-
ables presenting the latest spectral types are more evolved
(spectral class III and II). However, no correlations are
found for v sin i versus spectral type or v sin i versus pe-
riod. From an observational point of view, it seems to
be that stars in main sequence rotate faster than evolved
stars, however no correlation is found between v sin i and
spectral types for the δ Sct-type variables. It might be due
to a selection effect because there are few δ Sct stars with
long periods and available v sin i values. It might also be
that other parameters have to be taken into account.
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Abstract

Our present knowledge on δ Sct variables being mem-
bers of open clusters is discussed. After an exhaustive
analysis of the bibliography we conclude that at present
we know about 67 of such variables distributed in 19 open
clusters. We must add to this list the two double-mode
pre-main sequence δ Sct pulsators recently discovered in
the young open cluster NGC 6823; 3 in NGC 2506 and 12
new variables in NGC 7062. Some observational proper-
ties presented by these stars are discussed. A list of several
open clusters where surveys were unsuccessful is also given
and some rules for making surveys are also commented.

Key words: Stars: variables: δ Scu – stars: oscillations –
stars: fundamental parameters

1. Introduction

δ Scuti-type pulsating stars in open clusters provide to
the astronomer an important tool to test stellar structure
and evolution theory because the same distance, age, ini-
tial chemical abundance and interstellar reddening can be
assumed for all the stars in the same cluster. This pro-
vides strong constraints on the evolutionary status and
the mode identification of the observed frequencies. The
classical studies of stars inside bright, nearby clusters us-
ing photomultiplier detectors have recently been extended
to more clusters by utilizing CCD detectors. Especially for
stellar clusters, CCD cameras have important advantages
because of the large number of cluster stars which can
be monitored simultaneously on the same frame, higher
quantum efficiency and the ability to work under non-
photometric weather conditions. Some examples of such
successful surveys are the open clusters NGC 7789 (Jahn
et al. 1995), NGC 3496 (Balona & Laney 1995), NGC
6134 (Frandsen et al. 1996), NGC 7062, NGC 7245 and
NGC 7654 (Viskum et al. 1997), NGC 1817 (Frandsen &
Arentoft 1998a) or Melotte 71 (Kim et al. 1999).

2. The list

A difficulty with statistics of stars in clusters concerns
their membership. For the R00 catalogue on δ Scuti-type

variables (Rodŕıguez et al. 2000), the main source of infor-
mation has been the open clusters catalogue of Mermilliod
(1995), although other sources have also been consulted
to determine whether or not a particular δ Scuti star is a
cluster member. In Table 1, the clusters are listed together
with their relevant parameters such as log(age), [M/H] and
EB−V . In addition, the number (N) of δ Scuti variables
found to be members of each cluster together with the
mean values of the visual magnitude, period, visual am-
plitude and v sin i are also listed. Altogether, Table 1 lists
67 δ Scuti stars distributed in 19 open clusters.

In addition to the variables listed in Table 1, we must
add some new more recently discovered: two double-mode
pre-main sequence δ Scuti pulsators discovered in the
young open clustes NGC 6823 (Pigulski et al. 2000); 3
in NGC 2506 (Kim et al. 2000) and 12 new variables in
NGC 7062 (Freyhammer et al. 2001).

3. Observational properties

The great majority of the variables in Table 1 lie on the
main sequence together with the other cluster stars. Some
variables have already evolved off the main sequence, i. e.,
the variables KW 204, KW 284 and KW 348 in Praesepe
(Hernández 1998) and IFA 161 in NGC 6134 (Frandsen et
al. 1996, Bruntt et al. 1999). The variables EX Cnc and
EW Cnc in NGC 2682 (Gilliland & Brown 1992) and V10
in NGC 7789 (Jahn et al. 1995, Mochejska & Kaluzny
1999) are blue stragglers; the variables W 2 and W 20
in NGC 2264 probably are in a pre-main sequence sta-
tus (Breger & Pamyatnykh 1998). For V16 in NGC 1817
(Frandsen & Arentoft 1998a) the location in the H-R di-
agram is uncertain, but the star may be a nonmember.

As it can be seen from Table 1, the δ Scuti variables
in open clusters tend to show short periods and very low
amplitudes. One exception from the low amplitudes ex-
ists: the variable V32 in NGC 5999 (Pietrzynski et al.
1998) shows ∆V=0.m24, but its membership is not fully
confirmed. If the membership is confirmed, then the star
promises to be a very interesting object of study. A few
clusters contain δ Scuti variables with periods longer than
0.d1 (NGC 2264, NGC 5999, NGC 3496, NGC 7654). Spe-
cial attention is drawn from the variable V10 in NGC 7654
(Viskum et al. 1997, Choi et al. 1999). This variable seems
to be a member of the cluster on the main sequence, but
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Table 1. δ Scuti-type variables in open clusters. N is the number of δ Scuti variables found in each cluster. Sources for log(age),
[M/H] and EB−V : 1) Loktin & Matkin 1994, 2) Twarog et al. 1997, 3) Viskum et al. 1997, 4) Bruntt et al. 1999, 5) Kim et al.
1999, 7) Jahn et al. 1995, 8) Mermilliod 1995, 9) Cayrel de Strobel 1990.

Cluster log(age) [M/H] EB−V N 〈V 〉 〈P 〉 〈∆V 〉 〈v sin i〉 Source
(mag) (mag) (d) (mag) (km s−1)

α Persei 7.90 0.06 0.09 3 8.98 0.048 0.013 92 1,9
Pleiades 7.92 0.03 0.04 5 8.12 0.036 0.013 69 1,9
Hyades 8.80 0.18 0.01 8 4.81 0.084 0.016 114 1,2
NGC 1817 8.87 -0.27 0.30 7 13.72 0.049 0.009 - 1,2
NGC 2264 6.99 -0.15 0.06 2 10.03 0.150 0.040 - 1,8
Melotte 71 9.0 -0.29 0.20 4 13.61 0.098 0.028 - 5,8
NGC 2516 7.79 -0.07 0.10 1 10.70 0.060 0.020 - 1
Praesepe 8.84 0.14 0.02 14 7.83 0.070 0.018 139 1,2
NGC 2682 9.72 0.00 0.07 2 11.60 0.056 0.025 73 1,2
NGC 3496 8.6 - 0.52 3 13.81 0.178 0.023 - 6
Coma Ber 8.69 -0.03 0.01 2 6.92 0.048 0.013 115 1,8
NGC 5999 8.60 - 0.45 1 17.71 0.150 0.240 - 8
NGC 6134 8.84 0.28 0.36 7 12.93 0.096 0.014 - 4
NGC 6882 9.16 -0.02 0.08 2 10.36 0.055 0.030 - 8
Melotte 227 8.57 - 0.04 1 8.01 0.055 0.010 - 8
NGC 7062 8.7 - 0.47 1 14.01 0.040 0.010 - 3
NGC 7245 8.5 - 0.40 2 14.80 0.098 0.015 - 3
NGC 7654 8.2 - 0.58 1 14.42 0.278 0.020 - 3
NGC 7789 9.3 -0.26 0.24 1 14.06 0.087 0.030 - 7

shows a very long period (0.d278), typical of an evolved
star. If it is a pulsating star, then g-modes are present.

Values of the projected rotational velocities, v sin i,
are available for the δ Scuti variables in only 6 clusters
(in which all the δ Scuti pulsators have available v sin i
values). These rotational velocities are not unusual: in-
side the same cluster, the δ Scuti variables present a very
wide range of v sin i values, e. g., in Pleiades, v sin i =
10 km s−1 for TR 390 and 175 for TR 410; in Hyades, the
range of values is also very wide, from 30 to 205 km s−1 for
60 Tau and 69 Tau, respectively; in α Persei, the v sin i
values are between 50 km s−1 for H 606 to 150 km s−1

for H 906; in Praesepe, the majority of the δ Scuti stars
present values higher than 100 km s−1 (the greatest is
200 km s−1 for KW 207), but a very low value of v sin i
= 30 km s−1 corresponds to KW 284.

4. Inputs for future surveys

As it can also be seen from Table 1, the open clusters in
which a larger number of δ Scuti variables have been found
are Praesepe (14), Hyades (8), NGC 1817 (7) and NGC
6134 (7). The two first clusters are bright and were in-
vestigated during the decade of the seventies using single-
channel photometers while the two latter clusters are much
fainter and the corresponding surveys have been carried
out recently (Frandsen et al. 1996, Frandsen & Arentoft
1998a) using CCD cameras. All the four clusters have
similar ages, about log(age)∼8.8−8.9. There does exist
a detection bias in favor of a certain age range slightly
below 1 Gyr: this corresponds to open clusters in which

the isochrone turns upwards near the hot border of the
instability strip and almost follows the instability strip.
Younger clusters only contain main-sequence stars inside
the instability strip, which leads to a lower detection prob-
ability because of the very small amplitudes of the un-
evolved stars. Considerably older clusters, on the other
hand, no longer contain stars inside the classical instabil-
ity strip (except possibly for blue stragglers or post-main-
sequence objects). Frandsen & Arentoft (1998b) give a list
of open clusters suitable for CCD-camera variability sur-
veys of δ Scuti variables. The two fundamental parameters
are the age and distance. The clusters must to be distant
enough to assure that the angular size of the cluster on
the sky fits into the field of view of the telescope/CCD
system. Thus, a lot of stars can be simultaneously moni-
tored. This, typically corresponds to a distance of about
1–2 Kpc. However, the clusters should not be too distant,
because the stars then will be too faint and high quality
measurements will only be possible with large telescopes.

5. Open clusters with unsuccessful surveys

Table 2 lists some open clusters in which variability sur-
veys for δ Scuti variables have not been successful in dis-
covering these variables. N refers to the number of cluster
stars located inside the instability strip which have been
monitored for variability. Column 3 indicates the type of
photometry carried out: CCD or simultaneous uvby pho-
tometry with photomultiplier detectors. In fact, in NGC
7226, 68 potential δ Scuti pulsators have been monitored
(Viskum et al. 1997; log(age)=8.7), but none of them has
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Table 2. Open clusters where surveys for δ Scuti variables have
been unsuccessful. N is the number of stars observed in each
cluster. Sources: 1) Pietrzynski 1996a, 2) Pietrzynski 1996b,
3) Balona & Laney 1995, 4) Mart́ın et al. 2001, 5) Viskum et
al. 1997, 6) Loktin & Matkin 1994.

Cluster N Survey Source log(age) Source
(1) (2)

NGC 654 - CCD 1 7.08 6
NGC 663 - CCD 2 7.13 6
Melotte 105 ∼20 CCD 3 8.4 3
IC 4665 ∼6 uvby 4 7.58 6
IC 4756 ∼11 uvby 4 8.78 6
NGC 6633 ∼14 uvby 4 8.66 6
NGC 7092 ∼10 uvby 4 8.61 6
NGC 7226 ∼68 CCD 5 8.7 5

been found to be variable. While the interpretation can
be argued to be uncertain for individual stars (e. g., con-
tamination of the sample by less reddened field stars out-
side the instability strip), the large number of nonvariable
stars indicates that a presently unknown physical param-
eter causes the lack of pulsation in these stars. Follow-up
studies of this interesting cluster seem warranted.
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Abstract

The membership of δ Sct variables to double or mul-
tiple systems is analysed with special attention to those
which are components of eclipsing binary systems. Only
9 of these cases seem to be well established and they are
analysed. In the majority of the cases, they are Algol-type
systems where the δ Sct variable is the primary compo-
nent. Moreover, the δ Sct pulsators which are known (or
suggested) to belong to multiple systems on the basis of
a classical O−C analysis are also revised. The difficulties
in detecting such kinds of systems are commented.

Key words: Stars: binaries: general – stars: binaries: eclips-
ing – stars: variables: δ Scu – stars: oscillations – stars:
fundamental parameters

1. Introduction

Fig. 1 shows the distribution in apparent magnitude of
the δ Scuti variables known to be part of binary or mul-
tiple stellar systems on the basis of the R00 catalogue
(Rodŕıguez et al. 2000). This catalogue lists 86 such vari-
ables (62 with CCDM identification; Dommanget & Nys
1994). This represents only 14% of the total sample of
known δ Scuti stars. Only five variables are fainter than
V=10.m0: three eclipsing binaries AB Cas (V = 10.m17,
Porb = 1.d37, Rodŕıguez et al. 1998), Y Cam (V = 10.m54,
Porb = 3.d31, Broglia & Conconi 1984) and V577 Oph
(V = 11.m01, Porb = 6.d08, Diethelm 1993) and the two
recently discovered spectroscopic binaries PL 43 (V =
13.m51, Porb = 317 d) and 29499−057 (V = 13.m8, Porb ∼
2750 d; this case is not completely confirmed yet) (Pre-
ston & Landolt 1999). Hence, multiplicity is catalogued
for 22% of all the δ Scuti known up to 10.m0. This per-
centage is very low because more than 50% of the stars
are expected to be members of multiple systems. It would
probably be incorrect to intepret the statistics to imply
that multiplicity inhibits pulsation since the observational
bias against detecting multiplicity is very high. One rea-
son for this bias immediately comes to mind: both pul-
sation and multiplicity lead to radial-velocity variability.
Long and accurate observations are required to separate
the two effects. These are generally not available.

Figure 1. Distribution of δ Scuti stars in double or multiple
systems as a function of the visual magnitude (V). The contri-
bution from eclipsing binary systems is also shown.

2. δ Scuti variables in eclipsing binary systems

Pulsating stars in eclipsing binaries are important for ac-
curate determinations of fundamental stellar parameters
and the study of tidal effects on the pulsations. However,
so far very few such systems with a δ Scuti variable as
one of its components have been discovered. Only 9 cases
seem to be well established and they are listed in Table 1
and shown in Fig. 1. Two of these variables have been very
recently discovered: AS Eri by Gamarova et al. (2000) and
R CMa by Mkrtichian & Gamarova (2000). In all the cases
listed in the table, the pulsation amplitude is small. This,
in combination with the large variations produced by the
binarity, makes it very difficult to detect δ Scuti-like vari-
ations in such systems. The case of AB Cas (Rodŕıguez et
al. 1998) is shown in Fig. 2. This is a good example where
the light curves show simultaneously, and clearly, both
types of variability: binarity and pulsation. One another
excellent example is the bright Algol-type eclipsing binary
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Figure 2. Observed y light curve and (b-y) and (u-b) colour
curves of AB Cas together with the corresponding synthetic y
light curve and residuals.

system RZ Cas. This star was discovered to be variable by
Muller in 1906. Later, Dugan (1916) obtained a complete
light curve using a visual polarizing photometer and de-
rived the orbital elements for the system. During the last
two decades, unusual changes in the light curves have been
detected, leading to a number of different interpretations,
but the δ Scuti-type variability of the primary compo-
nent of this system has only recently been discovered by
Ohshima et al. (1998). This demonstrates how difficult it is
to detect low amplitude δ Scuti-like variations in this type
of binary systems: only measurements of very high quality
lead to successful results. Besides the 9 stars listed in Ta-
ble 1, two other δ Scuti variables (UX Mon and DL Uma)
had been pointed out to belong to eclipsing binary sys-
tems being listed in the R94 catalogue (Rodŕıguez et al.
1994). However, these two cases seems to be wrong. Olson
& Etzel (1995) do not confirm the δ Scuti-like variations
claimed by earlier authors for the primary component of
the Algol-type system UX Mon. In the case of DL UMa,
new photometry carried out by Rodŕıguez et al. (2001b)
does not confirm the existence of eclipsing binarity with an
orbital period of 0.d42 as given in Kholopov et al. (1987).

Table 1 lists, for each system, the spectral types of
both components (ST1, ST2), visual magnitude V, period
and amplitude of the pulsation (Ppul, ∆Vpul), orbital pe-
riod and depths of the primary and secondary minima
(Porb, ∆Vprim, ∆Vsec) and type of binarity. In addition,
the δ Scuti component and the number (N) of pulsation
frequencies found are also listed. In all the cases, these

9 systems are Algol-type binaries from an observational
point of view as described in the GCVS (Kholopov et al.
1985). However, from an evolutionary point of view, only
the six first cases listed in Table 1 are Algol-type systems
where the hotter component is an A-F type star, whereas
the secondary component is much cooler and much less
luminous. In these cases the δ Scuti variable is the pri-
mary component. On the other hand, AI Hya and RS Cha
are early F-type and A-type double-lined eclipsing bina-
ries, respectively, where the secondary components dis-
play δ Scuti-type variations. Finally, V577 Oph is proba-
bly an A-type double-lined eclipsing system. In this case,
the δ Scuti component would be the primary. In all the
cases only one or two reliable frequencies of pulsation
have been determined, while more frequencies of pulsa-
tion can probably still be found. In two cases (RZ Cas
and Y Cam), multiperiodicity and nonradial pulsation are
confirmed (Ohshima et al. 1998, Broglia & Conconi 1984).
On the other hand, monoperiodicity and radial pulsation
have been found in AB Cas (Rodŕıguez et al. 1998).

3. δ Scuti variables in multiple systems

Pulsation provides an additional method to detect multi-
plicity through a study of the light-time effects in a binary
system. This method generally favors high-amplitude vari-
ables with only one or two pulsation periods (which tend
to be radial). Several decades of measurements are usually
required to study these (O − C) residuals in the times of
maxima.

A good example of such a system is the star SZ Lyn.
Moffett et al. (1988) found that the ephemeris of this star
can be well described with two terms: 1) a secular increase
of the period at a rate of 9x10−9 d/y and 2) an orbital pe-
riod, as component of a binary system, of Porb=1118 d
with a semiamplitude of 0.d006. Furthermore, five other
high-amplitude δ Scuti stars have been suggested as mem-
bers of binary systems. They are listed in Table 2 together
with their probable orbital periods.

For a number of other variables, the interpretation of
the (O−C) residuals in terms of binarity is more contro-
versial e. g. for CY Aqr. The (O − C) variations are very
complex with interpretations in terms of period jumps
(Rodŕıguez et al. 1995, Breger & Pamyatnykh 1998). How-
ever, Zhou & Fu (1998) propose that the period changes
of this star are a consequence of a continuously increasing
period combined with the light-time effect in a binary sys-
tem with an orbital period of Porb=62 years. Another con-
troversial example VZ Cnc, where Arellano et al. (1994)
indicate binarity as one possibility to explain the remain-
ing residuals in their O − C analysis, while Fu & Jiang
(1999b) point out that multiperiodicity with more than
two frequencies might be the correct interpretation.
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Table 1. δ Scuti-type variables in eclipsing binary systems. N is the number of frequencies detected. Sources other than the R00
catalogue: 1) Rodŕıguez et al. 1998, 2) Rodŕıguez et al. 2001a, 3) Sarma & Abhyankar 1979, 4) Popper 1973, 5) Sarma et al.
1996, 6) Broglia & Marin 1974, 7) Broglia & Conconi 1984, 8) Jørgensen & Grønbech 1978, 9) Clausen & Nordström 1980,
10) Volkov 1990, 11) Diethelm 1993.

Star ST1 ST2 V Ppul ∆Vpul Porb ∆Vprim ∆Vsec Type δ Scuti N Source
(mag) (d) (mag) (d) (mag) (mag) component

AB Cas A3V K1V 10.17 0.0583 0.05 1.3669 1.63 0.10 Algol 1 1 1
RZ Cas A3V K0IV 6.26 0.0156 0.02 1.1953 1.50 0.07 Algol 1 2 2
WX Eri A5 K0V 9.39 0.1645 0.04 0.8233 0.55 0.15 Algol 1 2 3
AS Eri A3V K0IV 8.30 0.017 0.01 2.6641 0.70 0.10 Algol 1 1 4
R CMa F0V K1IV 5.70 0.047 0.01 1.1359 0.58 0.08 Algol 1 1 5
Y Cam A9IV K1IV 10.54 0.0665 0.04 3.3055 1.70 0.10 Algol 1 2 6,7
AI Hya F0 F2 9.90 0.1380 0.02 8.2897 0.56 0.50 F-type 2 1 8
RS Cha A8IV A8IV 6.05 :0.08 0.01 1.6699 0.62 0.45 A-type 2 1 9
V577 Oph A? A? 11.01 0.0695 0.05 6.0791 0.65 0.55 A-type? 1 1 10,11

Table 2. δ Scuti stars in double or multiple systems from O−C
analysis. Sources for Porb are: 1) Fu & Jiang 1996, 2) Mof-
fett et al. 1988, 3) Kiss & Szatmary 1995, 4) Liu et al. 1991,
5) Pocs & Szeidl 2000, 6) Fu & Jiang 1999a.

Star V Ppul ∆V Porb Source
(mag) (d) (mag) (years)

AD CMi 9.39 0.1230 0.30 30.0 1
SZ Lyn 9.44 0.1205 0.51 3.1 2
BE Lyn 8.82 0.0959 0.39 6.4 3
KZ Hya 9.96 0.0595 0.80 9.3 4
DY Her 10.46 0.1486 0.51 43.0 5
BS Aqr 9.40 0.1978 0.44 31.7 6
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Abstract

Complete uvby light curves together with a few Craw-
ford Hβ data are presented here for the recently discovered
eclipsing binary system V2154 Cyg. New times of primary
and secondary minima were observed and an improved or-
bital period has been determined. This eclipsing binary is
probably one of the components of a much wider dou-
ble star, forming altogether a triple system. A detailed
photometric analysis is made using the EBOP code. The
results show that the eclipsing pair is a detached system
with two late-type stars very different in size. Masses of
about M1 = 1.4 M� and M2 = 0.8 M� are inferred for
the components using stellar evolution models. The total
mass of the probable triple system is estimated to be of
about 3.5 M�, leading to a minimum orbital period of
about 140 yr for the visual pair.

Key words: Stars: binaries: eclipsing – stars: individual:
V2154 Cyg – stars: fundamental parameters – techniques:
photometric

1. Introduction

V2154 Cyg (HD 203839, Hip 105584) was discovered as an
eclipsing binary system by the Hipparcos satellite (ESA
1997) with a period of P=2.d63060 and eclipses depths in
the primary and secondary minima of about ∆V∼0.m3
and 0.m05, respectively. Although this remarkable pri-
mary depth and being moderate bright (V=7.m8), it had
never been reported as photometric variable. Hipparcos
catalogue reports V2154 Cyg as also a double visual star
(components A and B). Fabricius & Makarov (2000) give
a separation of 0.′′47 between these two components and
magnitude differences of 2.m18 and 2.m15 in the Tycho
BT and VT passbands.

The eclipsing nature of V2154 Cyg was also discovered,
in an independent way and using uvby photometry, in the
year 1996 by Mart́ın et al. (2001) during the course of a
survey for γ Dor variables carried out on the open cluster
M 39. V2154 Cyg is not a member of this cluster, but it
was used as a check star during these observations. New
observations were collected during 1998 in order to com-
plete the light curves using Strömgren uvby photometry.
Based on these new observations, together with the old

Table 1. Data for V2154 Cyg (photometry at phase 0.25) and
the comparison stars.

Variable Comp. 1 Comp. 2

HD no. 203839 204626 204977
SAO no. 50783 50910 50959

α2000 21h23m 8s 21h28m24s 21h30m 46s

δ2000 48◦ 31’ 8” 48◦26’ 4” 47◦51’44”
l 91◦ 92◦ 92◦

b −1◦ −2◦ −3◦

Sp. type F0 A0III B9V
V 7.m773 7.m568 8.m510

±3 ±4 ±5
b-y 0.m274 0.m035 0.m010

±4 ±4 ±4
m1 0.m143 0.m128 0.m136

±4 ±4 ±4
c1 0.m488 1.m113 0.m991

±8 ±10 ±11
β 2.m660 2.m828 2.m845

±6 ±5 ±9

ones obtained in 1996, a photometric study is presented
in here using the EBOP code.

2. Observations

The observations were carried out during 1998, July to
November, using the 90 cm telescope at the Sierra Nevada
Observatory, Spain. Twenty-eight nights were devoted to
measuring V2154 Cyg using the four uvby filters. In ad-
dition, a few measures were collected in Hβ around the
phase 0.25 of the orbital period. For these observations,
HD 204626 was used as the main comparison star with
HD 204977 as check star. Nearly all phases have been
covered at least twice. Derived standard uvbyβ indices
for V2154 Cyg and the two comparison stars are given
in Table 1 together with relevant catalogue information
on these stars.

3. Period

Three times of light minima were obtained for the primary
minimum and other two for the secondary one during
the observations collected in 1998. By means of frequency
analysis, a period of P1=2.d6306312 was found as the best
solution for our data together with those available from
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the Hipparcos catalogue (ESA 1997) with a total baseline
of 8.9 years. Using this period and an origin in time as
T0=2451048.d6170 (our first time of primary minimum),
the data were phased. The light curves of V2154 Cyg do
not show notable distortions outside the eclipses and the
bottom of the secondary minimum appears flat, being this
eclipse relatively shallow although clearly defined at phase
0.5. This appearance indicates that the eclipses are com-
plete, primary being annular and secondary being total,
and seems to be originated by two well-detached compo-
nents with very different surface brightnesses.

4. Analysis of the light curves

The photometric analysis of the uvby light curves has been
carried out using the EBOP code (Etzel 1981) which is
based in the Nelson-Davis-Etzel (NDE) model (Popper &
Etzel 1981). This model has proved to yield reliable pho-
tometric elements for detached binaries, like V2154 Cyg,
where the proximity effects are not very important. The
last version, named EBOPC, which permits the treatment
for systems showing apsidal motion (Giménez & Quintana
1992, Giménez & Dı́az-Cordovés 1993) was used through-
out and the results for each passband are listed in Ta-
ble 2. Good interagreement is found for the solution in
all colours. The size of the secondary component is about
half of the primary, while the luminosity ratio indicates
very dissimilar components. The fractional radii are small,
meaning in practice that both stars have little oblateness
(0.0025 for the primary and 0.00095 for the secondary)
and that this binary can be considered as a detached sys-
tem.

The amount of third light L3 is not negligible because
the visual component B is at 0.′′47 and therefore is unre-
solved in our photometric measurements. From the mag-
nitude differences between the visual components derived
from the Hipparcos data (Fabricius & Makarov 2000), we
obtained a L3 contribution of ∼ 11% in terms of the total
light of the system (0.119 in y and 0.116 in b). L3 was
included as a free parameter in some of the computations
and in the analysis of the v and u curves. In absence of a
spectroscopic mass ratio, q, we made several attempts to
derive a wise value for this parameter. We have finally cho-
sen q=0.55, obtained as the ratio of the individual masses
of the components calculated from the mass-effective tem-
perature empirical relation for main sequence stars given
by Habets & Heitnze (1981).

Fig. 1 shows the observed and calculated y light curve
together with the corresponding (O−C) residuals plotted
against the orbital phase. The (b − y) and (u − b) colour
index variations are also shown. No systematic trends are
appreciable in the (O − C) plots and the residuals corre-
spond to the expected values from the observational scat-
ter typical of each colour. Individual photometric uvby in-
dices for each component, listed in Table 3, are derived by
using the joint indices out of eclipses and the luminosity

Table 2. EBOP solutions for the uvby light curves of
V2154 Cyg.

parameter u v b y

J2/J1 0.122 0.129 0.194 0.249
4 3 3 4

r1 0.1448 0.1443 0.1437 0.1433
10 8 8 12

k(=r2/r1) 0.499 0.499 0.499 0.499
i(◦) 88.65 88.83 88.70 88.50

18 15 10 10
u1 0.70 0.73 0.67 0.59
u2 0.95 0.90 0.85 0.76
y1 0.49 0.42 0.37 0.32
y2 0.66 0.56 0.49 0.42
Phase shift −41 −59 −59 −58
(10−5)
mag. quad. 0.330 0.699 0.444 0.205
L1 0.974 0.971 0.957 0.946
L2 0.026 0.029 0.043 0.054
L3 0.101 0.100 0.116 0.119
σ(mag) 0.0080 0.0034 0.0032 0.0038

Table 3. Colour indices for the components of V2154 Cyg.

System (A+B) Comp. 1 Comp. 2 Star B

V 7.m773 7.m971 11.m070 10.m084
b-y 0.m274 0.m256 0.m553 0.m302
m1 0.m143 0.m126 0.m285 0.m276
c1 0.m488 0.m522 0.m157 0.m316
β 2.m660 2.m678 - -

ratios at each bandpass. We must point out that these in-
dices, particularly m1 and c1, may have some systematic
effects due to the adopted third light and its correlation
with the other photometric elements. The indices listed
for the component 1 are compatible with those obtained
directly from observations at phase 0.5, during the total
secondary eclipse, where the combined light of L3 and the
primary eclipsing component is measured.

A β value of 2.m678 can be determined for the pri-
mary component of the eclipsing pair assuming that the
corresponding variation in (b-y) and β are identical. This
assumption is not valid for the secondary. By using the
Smalley & Kupka (1997) calibration, an effective temper-
ature value of T1=6700 K is found for the hotter compo-
nent. Assuming a null reddening (which is valid for the
primary), a value of about T2=5000 K is derived for the
secondary component making use of the Kurucz (1993)
and Bell & Gustafsson (1989) calibrations. This is consis-
tent with a temperature difference of about 1800 K derived
from the surface flux ratios J2/J1 and the flux scale given
by Popper (1980).

Since the radial velocity curves of V2154 Cyg are not
available yet, its absolute dimensions cannot be derived
and the system cannot be used as a reliable test to the
evolution theory. However, it is interesting to investigate
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Figure 1. y light curve and (b-y) and (u-b) colour index varia-
tions of V2154 Cyg-C1=HD 204626 together with the synthetic
y light curve and residuals.

the capability of prediction of stellar models when only
a few observational constraints are available. In this way,
we have used the stellar evolution code by Claret (1995)
assuming the solar chemical composition and a mixing-
length parameter of 1.52. The computations were carried
out without mass loss. By using as indicators the derived
effective temperature of the primary, mass ratio q and ra-
tio of radii k we have computed a series of couple of mod-
els. The results indicate that both components are not too
much evolved with masses of about 1.4 and 0.8M� for the
primary and secondary, respectively. The inferred surface
gravities are consistent, within the present uncertainties,
with the derived values of q and k.

5. Triple system

As for the visual companion V2154 Cyg B, the small sep-
aration (0.′′47) and the common proper motions reported
(Dommanget & Nys 2000) may indicate that is gravita-
tionally bound to the A star, forming a wide binary sys-
tem. Then V2154 Cyg could be a triple system. This is
not an unusual configuration and several cases of eclips-
ing binaries being members of triple or multiple systems
have been described in the literature (e.g., Andersen et al.
1990, Van Leeuwen & Van Genderen 1997).

This association is however not fully confirmed because
the distance modulus derived from the B−V index of the
B component, assuming null reddening, is not compatible

with the distance to the system of ∼88 pc measured by
the Hipparcos satellite (ESA 1997). Information about its
radial velocity will help to better solve this contradiction.
Although the luminosity ratio of the components of the
eclipsing pair is rather low, it might be detected also as
a double-lined spectroscopic binary by using high resolu-
tion and S/N ratio instrumentation. In fact, the system
may show three sets of lines due to the unavoidable inclu-
sion of the (also faint) B component within the slit of the
spectrograph.

If we consider that A and B constitute a wide pair at a
distance of 88 pc, the separation of 0.′′47 is equivalent to
a minimum separation of 41 AU. Assuming a total mass
of about 3.5M� for the triple system and a circular orbit,
we can obtain a minimum orbital period of ∼140 yr for
the possible wide pair. With such a period, no third light-
time effect is noticeable within the span of our photomet-
ric observations, but a long term monitoring of minima
might allow to measure it. Less straightforward, also long
term optical interferometric observations should provide
the basic parameters of this wide orbit.
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Abstract

During the last few years, a number of long period vari-
ables are being discovered on or beyond the cool border
of the instability strip intersects with the main sequence.
They are called γ Dor variables and their periods are too
long as compared with the corresponding ones for δ Sct
variables. The present status of this group of variables
is up-dated and revised. Some rules for surveys on γ Dor
variables in open clusters or in the field seem to be promis-
ing.

Key words: Stars: variables: δ Scu – stars: oscillations

1. Introduction

During the last few years, a number of long period vari-
ables are being discovered on or beyond the cool border
of the instability strip intersects with the main sequence.
They are called γ Dor variables and their periods are too
long as compared with the corresponding ones for δ Scuti
variables. These stars are typically early F-type stars of
luminosity class V or IV, displaying low visual amplitudes
of a few hundredths of a magnitude and periods rang-
ing from 0.d3 to 2d. If one considers the mean densities
of these stars, the corresponding pulsation modes must
be nonradial gravity modes of high order. Moreover, the
radial velocity curves are nearly in phase with the corre-
sponding light curves, quite different to that occurring in
δ Scuti variables (Garrido 2000). Some γ Dor stars coexist
with the δ Scuti variables inside the instability strip, but
the majority are located outside the cool border.

2. Present status

Since Krisciunas (1993) proposed these variables as a new
group of pulsating variables, a great effort has been made
to confirm the pulsational nature of these variables and to
add new members to the sample. The pulsational nature
seems to be well established from observed multiperiod-
icity and interactions between frequencies in some well
studied objects. However, the precise mechanism produc-
ing the pulsations is still subject of study.

The relatively long periods and very low amplitudes
make the observational detection very difficult. The ma-
jority of the γ Dor stars have been discovered by acci-
dent. Some were used as comparison stars for differential
photometry of previously known δ Scuti variables, e. g.,
HD 108100 (Breger et al. 1997). The connection between
γ Dor and δ Scuti variables has been the subject of sev-
eral investigations, e. g., Breger & Beichbuchner (1996).
Multisite coordinated campaigns of observation have also
been carried out for some of these objects, e. g. γ Dor
(Balona et al. 1994, 1996), 9 Aur (Zerbi et al. 1997a),
HD 108100 (Breger et al. 1997), HR 2740 (Poretti et al.
1997), HD 164615 (Zerbi et al. 1997b), HR 8799 (Zerbi et
al. 1999), HD 62454 and HD 68192 (Kaye et al. 1999b).
Systematic observations in open clusters have also been
recently carried out, e. g., NGC 2516 (Zerbi et al. 1998),
Hyades (Krisciunas et al. 1995, Mart́ın et al. 2001), M34
(Krisciunas & Crowe 1997, Krisciunas & Patten 1999),
Pleiades (Mart́ın & Rodŕıguez 2000), NGC 2301 (Kim et
al. 2001).

Lists of bona fide members and candidates are avail-
able in the literature (Krisciunas & Handler 1995, Handler
& Krisciunas 1997). We caution that some of the variables
are still uncertain. The last revised list of γ Dor-type vari-
ables (Kaye et al. 1999a) contains only 13 objects, and one
of them (HD 152569) was later reclassified as a δ Scuti
variable (Kaye et al. 2000). This star was, therefore, in-
cluded into the R00 catalogue (Rodŕıguez et al. 2000) on
δ Scuti variables.

One very interesting object is HR 8799 which seems
to link three astrophysically interesting classes of stars:
γ Dor, λ Boo and Vega-like stars (Gray & Kaye 1999).
Six new γ Dor variables, discovered from systematic ob-
servations in open clusters, have been added to the list
(Mart́ın et al. 2001). Five of them are members of open
clusters. Altogether, more than 100 candidates have been
proposed as likely γ Dor variables. Most of these were
studied through the Hipparcos mission (Aerts et al. 1998,
Handler 1999). Further studies of these interesting candi-
dates are necessary in order to confirm their γ Dor-type
nature.

3. Inputs for future surveys

Studies of these variables in open clusters can give us some
insight about the constraints of the incidence of γ Dor pul-
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sation. Age was proposed by Krisciunas et al. (1995) as
an important parameter in the sense that pulsation would
only be excited in young open clusters. Handler (1999)
found the γ Dor stars to be slightly deficient in metal
abundances. From his sample, we can find a correlation
between the Strömgren δm1 colour index and tempera-
ture, in the sense that δm1 tends to be positive (that
is, deficient in metallicity) for the hotter stars and δm1

is decreasing as the temperature decreases too. For the
coolest stars this leads to δm1 equal to zero ([M/H]=0.12,
Nissen 1988). Hence, the metal abundance, rather than
age, seems to be a good parameter to characterize these
stars. This also explains why the surveys have been un-
successful in the Hyades cluster ([M/H]=0.18, Table 5).
This conclusion is also in good agreement with the re-
sults obtained by Mart́ın et al. (2001) from systematic
surveys in several open clusters. Thus, the clue to find
new γ Dor variables seems to be to observe open clusters
with [Me/H]≤0.10 and a lot of main-sequence stars in the
region of interest. If we are dealing with field stars, a good
rule would be to observe in this region AF stars (that is,
2.m70≤β≤2.m76 and δc1≤0.m1) being slightly deficient in
metal abundances (that is, 0.m00≤δm1≤0.m04).
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Zerbi F. M., Rodŕıguez E., Garrido R. et al. 1997b, MNRAS
292, 43

Zerbi F. M., Mantegazza L., Campana S., Antonello E. 1998,
PASP 110, 804
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Abstract

Analysis of uvby photometric observations of the δ Sct-
type pulsator 29 Cyg is presented. The observations were
carried out at the OSN (Spain) and SPM (Mexico) ob-
servatories during a coordinated observing season in 1996
together with an additional observing season at OSN in
1998. The measurements collected from both seasons were
2588 in each of the four uvby bands. Analysis of the data
using Fourier Transform showed at least fourteen signifi-
cant frequencies.

Key words: Stars: variables: δ Sct – stars: individual: 29
Cyg – techniques: photometric – methods: data analysis

1. Introduction

29 Cygni (HR 7736, V=4 .m95, A2V) was discovered as
a variable star by Gies and Percy (1977) and has been
classified as a λ Bootis-type star. It was the first of this
kind situated between the limits of the instability strip for
the δ Scuti stars. With three nights of observations, the
authors estimated its period of variation to be 45 min.
From the data, they found that its amplitude of variation
in the V filter was around 0.02 mag. Later, Handler and
Pauzen (1995) confirmed the variability of this star and
concluded that it is multiperiodic with a dominant period
of 39 min. Kusakin and Mkrtichian (1996) found seven
coexisting frequencies while Pauzen and Handler (1996)
concluded that their result was consistent with that by
Gies and Percy (1977).

Since the behavior of this star is very interesting, a
coordinated observing season was undertaken in 1996 at
the observatories of Sierra Nevada of the Instituto de As-
trof́ısica de Andalućıa, Spain, and of San Pedro Mártir,
Mexico, (OSN and SPM respectively). Although the me-
teorological conditions at Mexico were not good, it was
possible to gather a total of 12 useful nights of observa-
tions. An additional observing season took place at OSN
in 1998 with the aim of increasing the window of obser-
vations of this multiperiodic star in order to improve the
accuracy of the frequency determinations.

2. Observations

The observations of 1996 at OSN were made with the
90 cm reflecting telescope and the Strömgren spectropho-
tometer (the Danish photometer) designed to observe si-
multaneously the four photometrical bands uvby of the
Strömgren Photometric System, and alternatively in the
narrow and wide bands of the Crawford Hβ system. The
observations in Mexico were made with the 150 cm reflect-
ing telescope at SPM using a spectrophotometer identical
to the one mentioned above. This guaranteed the instru-
mental homogeneity of the data obtained in both observa-
tories. In the 1998 observing season, the telescope of 90 cm
of the OSN was used together with the Danish photometer
as data acquisition equipment.

The observations in 1996 were gathered during 12
nights in the uvby bands. The problem star and the two
comparison stars were observed with integrations of 30 s
each one which give internal errors better than 0 .m003 in
the noisiest of the filters of the Strömgren system. Dur-
ing the observations reported presently, neither C1 nor C2
showed signs of variability. During each night, the stan-
dard deviations of the differences C2−C1 were better than
0 .m003, 0 .m003, 0 .m004 and 0 .m006 for V , b− y, m1 and c1
respectively. The data obtained are the differences in mag-
nitude of the problem star and HD 193369 in the standard
system interpolated to the time of observation of the prob-
lem star.

Table 1. Characteristics of the observed stars.

Star R.A. (2000) Dec. (2000) V S.T.

29 Cygni 20h14m32 .s0 +36o48 ′23 .′′ 4.95 A2V

HD 193369 20h18m28 .s6 +36o59 ′59 .′′ 5.58 A2V

HD 192538 20h14m04 .s9 +36o36 ′17 .′′ 6.45 A0V

The procedure of observation followed in the 1998 ob-
serving season at OSN was identical to the one followed in
the 1996 season. The total of points obtained from both
seasons was 2588 for each of the four uvby bands. Because
of the short periods of the variable, the sequences of ob-
servations were C1, C2, V, C1, V, C1, C2, and so forth.
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In Table 1 the characteristics of the observed stars is pre-
sented.

3. Analysis

The photometrical data obtained were analyzed making
use of the computer program AnaFre described by Hobart
(2000).

The problem in analyzing this star and others of this
type, arises from the complications that the intervals be-
tween the observations produce, which in the present case
are separated by two years between the two observing sea-
sons. This separation produces peaks in the periodograms
which are very close and with nearly equal power. In the
case of 29 Cygni, these aliases are separated in frequency
by 0.0013 c/d. It is difficult to estimate, in a direct way,
which frequency is the adequate, so not only the main fre-
quency proposed by the computer program has been con-
sidered, but also several of the nearby aliases. When a fre-
quency is validated because it produces the minimal resid-
uals, the following frequency is looked for. The procedure
is repeated with the second frequency by examining the
residuals after the first has been prewhitened. Nonethe-
less, when both are considered simultaneously, the value
of the first frequency is affected by the second recently
determined and the examination of the distinct combina-
tions of aliases for each frequency has been made. The
existence of other frequencies is treated in a similar fash-
ion although the analysis is complicated with increasing
number of them. The set of values which produces the
minimal residuals is taken as the best.

In the present case, a set of fourteen frequencies has
been found, as it is shown in Table 2, but only eight
of them can be identified beyond any doubt in the pe-
riodograms of the four filters. The other six frequencies
have similar amplitudes in the range from 1.7 mmag and
1.1 mmag, very close to the noise level, and do not ap-
pear in the periodograms of the u filter. In the analysis
of the color index b− y, only the first two frequencies ap-
pear unambiguously and the third frequency appears but
not very clearly. It is advisable to plan new observing sea-
sons involving several observatories in order to obtain data
that would ease the search of frequencies eliminating the
problems of aliasing.

The results in the v band are shown graphically in
Fig. 1.
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Table 2. Results of the Fourier analysis of 29 Cyg.

u v b V b− y

Freq. (c/d) A (mag) φ (rad) A (mag) φ (rad) A (mag) φ (rad) A (mag) φ (rad) A (mag) φ (rad)

ν1=37.425900 0.0113 2.6738 0.0127 2.5255 0.0115 2.5419 0.0097 2.5526 0.0018 2.4916
4 2 163 1 97 1 97 1 105 1 319

ν2=34.710366 0.0049 5.0299 0.0056 4.8929 0.0051 4.9129 0.0041 4.9364 0.0010 4.8050
9 2 386 1 221 1 222 1 250 1 592

ν3=29.776009 0.0036 3.3606 0.0039 3.1786 0.0035 3.2047 0.0029 3.1942 0.0008 3.3041
14 2 518 1 319 1 324 1 360 1 1060

ν4=25.191305 0.0025 2.3451 0.0035 2.2428 0.0031 2.2566 0.0027 2.2963
16 2 747 2 353 1 362 1 389

ν5=27.506671 0.0026 4.3796 0.0032 4.2648 0.0029 4.2881 0.0023 4.3168
17 2 747 1 395 1 397 1 442

ν6=25.463093 0.0018 0.8280 0.0021 0.6176 0.0019 0.6437 0.0015 0.6433
29 2 1067 1 605 1 604 1 688

ν7=31.651404 0.0017 4.3845 0.0021 4.2134 0.0019 4.2126 0.0016 4.2419
27 2 1142 1 651 1 640 1 706

ν8=33.245076 0.0019 2.0076 0.0020 2.0890 0.0018 2.0938 0.0014 2.1073
28 2 1079 1 644 1 637 1 797

ν9=32.911186 0.0017 4.3094 0.0015 4.2974 0.0013 4.3474
30 1 722 1 734 1 804

ν10=27.145705 0.0014 2.5150 0.0013 2.5285 0.0011 2.6693
37 1 870 1 874 1 922

ν11=20.343148 0.0014 4.7451 0.0012 4.7570 0.0011 4.7649
35 1 882 1 880 1 933

ν12=31.584140 0.0013 2.9872 0.0012 3.0451 0.0010 3.0880
41 1 980 1 1001 1 1096

ν13=27.832632 0.0012 5.2276 0.0011 5.2566 0.0010 5.2779
43 1 1022 1 1012 1 1038

ν14=35.847698 0.0011 3.1214 0.0010 3.1230 0.0008 3.2294
44 1 1110 1 1092 1 1237

Residuals (mag) 0.0055 0.0036 0.0033 0.0030 0.0017

Notes: T0 = HJD 2450484.0; the numbers in the second lines in the cells correspond to the estimated errors.
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Figure 1. Light variations of 29 Cyg during 1996 and 1998 seasons in the v filter. The filled circles indicate the observational
data and the solid lines are the synthetic light curves based on the period analysis.
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Abstract

We describe the results of an artificial asteroseismic
inversion for an old 0.8M� star using a limited set of low-
degree p-mode frequencies. Two separate inversions were
performed with artificial p-mode data in the degree range
F = 0–3, frequency range ν = 1–5 mHz, and F = 0–2, ν =
2–4 mHz. The p-mode eigenfrequencies have been added
with 0.3 µHz Gaussian noise. The stellar mass and radius
were not supposed to be known. A recent solar model was
used as an initial reference model in the iterative nonlinear
inversion.

Key words: waves – methods: numerical – stars: oscilla-
tions

1. The inversion

The input data of our inversion is low-degree eigenfrequen-
cies of an old (15 Gyr, central hydrogen abundance 0.1),
0.8M� star. This “target” model is the same as in the ear-
lier investigation of Roxburgh et al. (1998). The frequen-
cies were added with 0.3 µHz Gaussian noise. As an ini-
tial guess of the inversion, we choose a recent solar model
(GONG reference model S of Christensen-Dalsgaard et al.
1996).

The inversion algorithm implements the “differential
response technique” of Vorontsov (1998) and the adap-
tive regularization technique of Strakhov and Vorontsov
(2001). The algorithm is described in detail in our other
contribution to this meeting (Roxburgh and Vorontsov
2002). The inversion is non-linear. The initial guess is
improved iteratively after a certain number of iterative
descents with conjugate gradients: the number of these
“internal” iterations plays the role of regularization pa-
rameter.

Before the inversion, the initial model was rescaled.
The coefficient of the homology rescaling was not assumed
to be available from accurate measurements of stellar mass
and radius, but was estimated by the inversion itself from
the requirement of fastest convergence of the first itera-
tions. In the results which follow, the radius was evaluated
as 630 Mm (assuming 0.8M� mass), 5 percent larger than
the actual raduis of the target model.
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Figure 1. Inversion with data in the range + = 0–3, ν = 1–5
mHz: The results are shown separately for the sound speed (a),
density (b), the Brunt-Vaisala frequency is given in Fig. 2.

In our first inversion, we use all the p-mode frequencies
between 1 and 5 mHz in the degree range F = 0–3. The re-
sults are shown in Fig. 1, for the sound speed and density
and in Fig. 2 for the Brunt-Vaisala frequency. Starting
from 0.4 R and above, the stability of the inversion de-
grades, since low-degree modes loose their resolving capa-
bility. The hydrostatic model was described by 500 cubic
B-splines for m(r)/r3 (we did not allow variation of the
adiabatic exponent), the variation of the amplitudes of B-
splines was controlled by polynomial of degree 30, with 20
inner iterations.
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Figure 2. Same as Fig. 1 but for the Brunt-Vaisala frequency.

In Fig. 3, the initial and the final approximation resid-
uals are plotted versus frequency. In terms of the phase
propagation time (PPT), 1 second corresponds approxi-
mately to 1 µHz in frequency. In the inversion, the ap-
proximant for the phase-propagation time was taken to
be a polynomial of sufficiently high degree (degree 20),
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Figure 3. Approximation residuals of the inversion with p-
modes of degree + =0, 1, 2, 3 in the frequency range 1–5 Hz.
(a) initial residuals; (b) final residuals; (c) final residuals, but
with phase propagation time approximated with polynomial of
lower degree (10 instead of 20).

to absorb signal coming from the He ii ionization region.
Fig. 3c shows the residuals obtained with polynomial of
degree 10, after the inversion has been completed. The
clear quasi-periodic signature in the residuals can be used
for calibrating the He abundance (and specific entropy) in
the convective envelope, by adjusting the parameters of
the initial model to suppress this signature (since we are
using a differential technique), in the same manner as in
solar seismology (e.g. Baturin and Vorontsov 2001), but
now with using low-degree data only.
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Figure 4. Inversion with data in the range + = 0–2, ν = 2–
4 mHz. (a) the sound speed, (b) density. The Brunt-Vaisala
frequency is in Fig. 5

In the second inversion, we restrict the input data to
the frequency range 2–4 mHz, and to the degree range
F = 0–2 (39 modes only). The results are shown in Figs.
4 and 5. The inversion looses stability earlier in radius
(from about 0.25 R), presumably due to the absence of
F = 3 data. Very near the center, the results degrade sub-
stantially due to the lack of high-frequency data. The en-
hancement of the central density over the reference model,
however, can still be evaluated with reasonable accuracy.
With this limited amount of data, we had to impose much
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Figure 5. Same as Fig.4, but for the Brunt-Vaisal frequency.

tougher constrains in the inversion, to ensure the stability
of the results: the degree of the polynomial which governs
the radial profile of the solution was reduced from 30 to
20, and the number of the internal iterations – from 20
to 5. A polynomial of degree 10 for the phase propagation
time was adequate for inverting this data set limited by
the twice smaller frequency range.
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Abstract

We describe the results of an inversion for the internal
structure of a star of 1.45M� using the internal phase
shifts. We derive the internal phase shifts from frequencies
of p-modes with F = 0, 1, 2, 3 in the range 500–2000 µHz,
with random errors of the order of 0.3µHz. To deduce the
interior structure of the star we model the star by a set
of values Di = Γ1d log ρ/d logP at fractional mass points
qi and search for the values of Di that give the best fit
to the internal phase shifts. The internal density profile
and the mass of the the convective core are satisfactorily
reproduced.

Key words: Stars: oscillations, structure, inversion

1. Phase shifts and eigenfrequency equation

In the outer layers of a star the sound speed c is small so
for moderate values of F and ω the combination

F(F+ 1)c2

ω2r2
� 1

and the equation governing the oscillations are approxi-
mately independent of F. These equations then reduce to
2nd order and can be be rewritten in Schrödinger form
with an acoustic depth ts and “acoustic potential” V (ts)
(see e.g. Roxburgh 2002)

d2ψ

dt2s
+ (ω2 − V )ψ = 0, where ψ = r(ρc)1/2ξ

V (ts) = A
d2

dt2

(
1
A

)
− 4g
r
, ts =

∫ R

r

dr

c
, A2 =

r2

ρc

The acoustic potentials V (ts) is shown in Fig. 1 for a
model of a star of 1.45M�. Below the very surface layers
V/ω2 � 1 so the solution for ψ can be represented by a
harmonic function

ψ ≈ A(ω) sin[ωt+ α(ω)]

where α(ω) is the “surface phase shift” and is a function
only of frequency and not of F. α(ω) contains all the uncer-
tainties of the detailed structure of the surface layers and
the non-adiabatic properties of the oscillations in these
layers.

Figure 1. Acoustic potential V (t) vs acoustic depth ts (in secs)
for a model of the star of 1.45M� The horizontal line corre-
sponds to a frequency of 1000µHz. Except in the very surface
layers and the deep interior V  ω2. The sharp discontinuity
at ts ≈ 2200 sec is the base of the convective envelope.

In the deeper interior of the star φ′ is not necessarily
small and the factor F(F+ 1)c2/(ω2r2) is no longer small;
the full solution for the variable ψ depends on F and the
detailed structure of the core. However in the outer regions
the inner solution must be of the same asymptotic form
as the solution in outer layers and can be expressed as
(Roxburgh and Vorontsov 2000 a,b, 2001, 2002a)

ψ → B(ω) sin[ωt− π
2
F+ δ�(ω, t)]

where δ�(ω) is a slowly varying “internal phase shift” de-
termined by the interior structure, and t =

∫ r
0
dr/c is the

acoustic radius. Since the inner and outer solutions must
be continuous when ω is an eigenfrequency, they must have
the same phase, which gives the eigenfrequency equation

ωT = π
(
n+

F

2

)
+ α(ω) − δ�(ω, T ) integer n

2. The internal phase shift differences

For F = 0 the internal phase shift δ0(ω) cannot be sepa-
rated from the surface phase shift so we write the eigen-
frequency equation in the form

F (ω) +G�(ω) = π(n+
F

2
)
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F (ω) = ωT + δ0(ω) − α(ω), G�(ω) = δ�(ω) − δ0(ω)

F (ω) contains the surface phase shift α(ω) and therefore
signatures of surface non-adiabatic regions, and of regions
of sharp change in the acoustic variables and their deriva-
tives, such as the He ii ionisation zone and the base of
an outer convective envelope. G�(ω) only contains slowly
varying terms from the internal phase shifts δ0(ω), δ�(ω)
and can therefore be used to constrain the interior struc-
ture. This is the basis of the inversion technique used here.
The G�(ω) are related to the “small separations” which
can be expressed in terms of the internal phase shifts δ�
(Roxburgh and Vorontsov 1994, 1996).

3. The “data”

We take as data the set of frequencies computed for a
model of a star of 1.45M� whose central hydrogen abun-
dance is X = 0.35 and which has core overshooting of
0.2Hp where Hp is the local pressure scale height. The fre-
quency set was modes with F = 0, 1, 2, 3 and frequencies in
the range 500–2000µHz. To these we added random errors
with standard deviation of 0.3µHz. Since for the given set
the combination π(n+ F/2) is known, the functions F (ω)
and G�(ω) were be determined as polynomials in a set of
basis functions (here taken as Chebyschev polynomials)
by weighted least squares fitting, using the realisation of
the input frequencies and errors. The resulting fit for the
G�(ν) are shown in Fig. 2 where the polynomials were of
order 5.

4. The inversion

To use the information in the G�(ω) determined from the
“observed” frequency set we parameterise a model star by

Figure 2. Values of the internal phase shift differences G�(ν)
determined from the input data – frequencies in the range 500–
2000µHz for modes with + = 0, 1, 2, 3 computed from a model
star of 1.45M�. Random errors of order 0.3µHz were added
to the frequencies.

a set of values of some acoustic variable, here taken as
the combination Di = Γ1d log ρ/d logP at a set of mass
points qi = Mi/M ; we took Γ1 = 5/3. To build a model
we also need an interpolation algorithm for the values of
D at other values of q; we here took linear interpolation

Using the stellar model constructed with this param-
eterisation we calculate the model values of Gm� (ω) and
then search for the set of Di(qi) that minimises

χ2 =
∑
�

∫
ω

[G�(ω) −Gm� (ω)]2 dω

For stars with a convective core there is a discontinuity in
D at the core boundary so that we also take the location
of the core boundary qc as a parameter to be determined
by the minimisation. We took the values of Di at 7 values
of qi together with the value of qc as the independent
parameters and used the Simplex method of Nelder and
Mead (1965) to search for the minimum.

Figure 3. Inversion for the central structure of a star of 1.45M�
using the internal phase shift. The top panel shows the Brunt-
Vaisala frequncy in the actual model and the inversion, the
bottom panel compares the density.

The results are shown in Figs. 3 and 4. We reproduce
the inner structure and the mass of the convective core
with good accuracy.

Whilst this inversion worked, it was not without diffi-
culty. We need a more robust algorithm to search for the
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Figure 4. Inversion for the central structure of a star of 1.45M�
using the internal phase shift. The top panel shows the sound
speed in the model and the inversion in the neighbourhood of the
boundary of the convective core whilst the bottom panel shows
the fractional difference in sound speed between the inverision
and the mode.

solution. One promising line is to modify the differential
response technique used in inversions of smaller mass stars
(Vorontsov 1998, 2001; Roxburgh and Vorontsov, 2002b,
c) to include some adjustable mesh points (e.g. the loca-
tion of the core boundary) within the parameters to be
determined.
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Abstract

We present a brief overview of our first studies in devel-
oping classical and semiclassical approximations for low-
degree stellar p modes, as an alternative to the formal
high-frequency asymptotic expansions used earlier. The
complete account of this work can be found in Roxburgh
and Vorontsov (2000a, Paper 1), (2000b, Paper 2), and
(2001a, Paper 3).

Key words: waves – methods: numerical – stars: oscilla-
tions

1. Introduction

The initial motivation under this study was an attempt
to understand the nature of a prominent behaviour of the
small frequency separations of low-degree solar p modes.
When represented by the so-called Dn�-values,

Dn� =
ωn,� − ωn−1,�+2

2π(2F+ 3)
, (1)

these separations, taken at different degree F, tend to
fall on a single slowly-varying function of frequency in a
wide frequency range. At first sight, such a degeneracy in F
appears to be provided by the second-order high-frequency
asymptotic analysis (Tassoul 1980). The predicted magni-
tude of the separations, however, is known to be in a wild
error – by a factor two in the frequency range of solar p
modes. The predicted frequency dependence of the small
separations (variation with frequency as 1/ω) also appears
to be irrelevant when compared with exact separations.

Developing the formal high-frequency expansions to
higher order (Roxburgh and Vorontsov 1994) lifts the de-
generacy. The numerical accuracy of the predicted sepa-
rations improves at high frequencies (from about 4 mHz),
as expected, but at lower frequencies the situation only
becomes much worse. We are led to admit that the high-
frequency asymptotic analysis is hardly relevant at all for
working with low-degree solar p modes in the frequency
range where they are accurately measured.

There must be another natural property of solar p
modes, not their high-frequency asymptotic behaviour,
which is behind the apparent degeneracy of theDn�-values.
This degeneracy is also observed in the theoretical p-mode

frequencies of stars with very different mass and age; when
properly understood, this property can be used produc-
tively for diagnostic purposes in stellar seismology.

We argue that it is the short-wave, or classical be-
haviour of the internal acoustic waves, modified by buoy-
ancy and gravity, which is behind the scene. The degen-
eracy of Dn�-values emerges as an inherent property of
classical wave propagation in stellar interior. For solar p
modes, a simple classical eigenfrequency equation
exhibits numerical accuracy far superior to that of the
high-frequency asymptotic expansions; the eigenfrequency
equation has new functional form, better suited for diag-
nostic purposes. If the basic assumptions of classical wave
propagation are violated by partial wave reflection at lo-
calized boundaries (e.g. convective core), the relevant ef-
fects can be treated by means of semiclassical analysis.

2. Classical approximation

When developing the classical eigenfrequency equation,
we reformulate our eigenvalue problem as two separate
problems in a continuous spectrum (with either central
or surface boundary conditions satisfied), which brings it
closer to classical problems of quantum scattering theory,
from which we also borrow some terminology. We assume
for simplicity (this assumption can be relaxed), that some-
where in the envelope, not far from the surface (where the
waves which comprise the low-degree p modes are nearly
vertical), there is a domain in which they behave as purely
sound waves. The solution of the wave equations regular
at the centre is a partial wave; in the domain of free wave
propagation, which we will refer to as the “envelope” for
shortness, this solution is

ψ�(r) = sin
(
ωt− π

2
F+ δ�

)
, (2)

with ψ = (ρ0c)
−1/2

rp′, where p′ is Eulerian pressure per-
turbation and t =

∫ r
0
dr/c is acoustic radius. The phase

shift δ� is governed by the wave behaviour (not necessarily
classical in general) in all the domain which is below the
envelope.

The collective behaviour of the p-mode frequencies (the
large- and small frequency separations) is governed by the
collective behaviour of the phase shifts δ�. To establish
this behaviour, a natural approach is to consider a sin-
gle global wave field, as simple as possible (without any
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caustics), which incorporates different partial waves. We
then expand this field into partial waves to establish the
collective properties of the phase shifts.

For this global wave field, we choose a field generated
by a monochromatic point source located somewhere in
the envelope. Assuming classical wave propagation (waves
behave like particles everywhere in and below the enve-
lope, without any reflection or scattering), the expansion
of this field into partial waves (Paper 1) gives, at low de-
gree F,

δ� = δ0 + F(F+ 1)Dδ, (3)

δ0 =
1
2
S − ωts, (4)

Dδ =
1
4

(
∂S

∂ cos θ

)−1
, (5)

where S is classical forward action (phase integral between
the source located at t = ts and the diametrically oppo-
site point), and θ is deflection angle. The dependence of
the phase shifts on the degree F is governed by Dδ, which
appears to be inversely proportional to the forward am-
plitude.

For the large (∆ν) and small frequency separations,
when the source is not far from the surface (t = T ), we
arrive immediately to

∆ν =
(
∂S

∂ω

)−1
� 1

2T
, (6)

Dn�

∆ν
=

2
π
Dδ. (7)

The large- and small frequency separations thus get
a natural physical interpretation as a measure of the for-
ward action and of the forward amplitude, respectively.
Equation (7) predicts the degeneracy of Dn�-values with
F, since Dδ depends only on frequency, but not on the
degree.

The eigenfrequency equation for low-degree p modes
comes from matching the partial waves with outer solu-
tions (which satisfy the surface boundary conditions). The
result is

ωT+δ0(ω)+F(F+1)Dδ(ω) = π
[
n+

F

2
+

1
4

+ αout(ω)
]
,(8)

where αout(ω) is frequency-dependent surface phase shift,
governed by the structure of the outer reflecting layers.
The eigenfrequency equation (8) has a functional form
very different from that predicted by the formal high-
frequency asymptotic expansions: on the left, we have a
(truncated) expansion in powers of F(F+ 1), instead of an
expansion in powers of 1/ω2.

Equation (8) predicts the frequencies of low-degree so-
lar p modes with accuracy an order of magnitude better
than the high-frequency expansions (Paper 1). Classical
ray tracing (Paper 2) provides a more adequate descrip-
tion of the small frequency separations. Matching the so-
lar oscillation frequencies with equation (8) allows one to

measure accurately the specific quasi-periodic signatures
in αout(ω) induced by the HeII ionization region and by
the base of the convection zone, even when the input data
are limited by modes of F = 0 and F = 1 only (Paper 3).

3. Semiclassical analysis

If the assumptions of classical wave propagation are vio-
lated locally somewhere in stellar interior, the effects in
the p-mode frequencies can be accounted for by means of
semiclassical analysis.

We have considered the effects of partial wave reflec-
tion on sharp boundaries, e.g. a convective core boundary
or the base of the outer convective envelope (Paper 3). The
analysis is rather straightforward, being based essentially
on considering the partial trapping of the acoustic vaves
between the reflecting boundaries (a sort of an acoustic
interferometer), or on a more general linear perturbation
analysis.

4. Numerical example

Figs. 1–3 illustrate the accuracy of the simple classical and
semiclassical approximations, when applied to low-degree
p modes of a 3M� star (Paper 3).

Figure 1. Small frequency separations for a zero-age model of
a 3 M� main-sequence star. Solid line shows the result pre-
dicted by the classical ray tracing, dashed line—the result of
the second-order high-frequency asymptotic analysis (Tassoul
1980); the exact separations are shown by circules.

An oscillatory behaviour of small frequency separa-
tions of the evolved star (Fig. 3) are caused by the partial
trapping of the acoustic waves in the convective core. This
signal can be used for measuring the size of the core, and
the magnitude of the rapid variation at its boundary.
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Figure 2. Same as Fig. 1, but for an evolved model of a 3 M�
main-sequence star.

Figure 3. Same as Fig. 2, but with the wave resonance in the
convective core treated in the semiclassical approximation.

Al lower frequencies, the exact separations deviate sig-
nificantly from the simple interferometric description, be-
cause the acoustic wavelength is no longer small com-
pared with the core size. But in this situation, the phase
shifts δ�(ω) become slowly-varying, smooth functions of
frequency. This property can be used as itself for inferring
the phase shifts from the oscillation frequencies (actually
only their differences, when the structure of the surface
layers, and hense αout(ω), is unknown); we employ this
property in some other work on stellar diagnostics, pre-
sented at this meeting (Roxburgh and Vorontsov 2001b,
2001c).

5. Further studies

Possible further applications of semiclassical analysis in
stellar seismology appear to be rather wide: the short-
wave approximation is equally applicable to both p and g
modes. One important application could be to oscillations
of δ-Scuti stars, where there are problems even with mode
identification. We expect that the experience already ac-
quired in the field of semiclassical scattering theory will
find wide and productive applications in the seismology of
distant stars.
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Abstract

We address the question of what could be learned about
the solar core structure if the seismic data were limited to
low-degree modes only. The results of three different ex-
periments are described. The first is the linearized struc-
tural inversion of the p-mode frequencies of a solar model
modified slightly in the energy-generating core, using the
original (unmodified) model as an initial guess. In the sec-
ond experiment, we invert the solar p-mode frequencies
measured in the 32-month subset of BiSON data (Chap-
lin et al. 1998), degraded with additional 0.1 µHz random
errors, using a model of 2.6 Gyr age from the solar evo-
lutionary sequence as an initial approximation. This sec-
ond inversion is non-linear. In the third experiment, we
compare the same set of BiSON frequencies with current
reference solar model.

Key words: waves – methods: numerical – stars: oscilla-
tions

1. The inversion technique

The inverse problem is formulated in the framework of
the “differential response technique”, described in more
detail in Vorontsov (1998). The reference model is trun-
cated somewhere below the upper turning points, with lay-
ers external to the truncation boundary taken out of the
consideration. With the observational frequency of each
mode, the initial-value problem for the adiabatic oscilla-
tion equations with central boundary conditions is solved
numerically. From the spatial phase of the solution mea-
sured at the truncation boundary, the “phase propaga-
tion time” is determined, which is essentially the acoustic
depth of the boundary measured from the upper turn-
ing point. When the model fits the input frequencies, the
phase propagation times of all the modes fall on a sin-
gle slowly-varying function of frequency only. Deviations
from a global slowly-varying approximant (we use a poly-
nomial) represent the measure of the mismatch between
the model and the observations. The inverse problem con-
sists in adjusting the model to minimize the mismatch.

The hydrostatic model is represented by a single func-
tion m(r)/r3 (here we do not perturb the radial profile

of the adiabatic exponent) with cubic B-splines. The vari-
ation of the amplitude of each B-spline is related to the
variation of the phase propagation time of each mode us-
ing a variational principle. In this way, the problem is
reduced to solving a linear system of algebraic equations.

The linear system is solved by the adaptive regular-
ization technique described in (Strakhov and Vorontsov
2001). The variation of the amplitudes of the consequitive
B-splines is controlled by polynomials of sufficiently high
order. The regularization technique is based essentially on
the iterative descents with conjugate gradients; the num-
ber of iterations plays the role of a regularization param-
eter.

The inversion algorithm is similar to that used in the
solar structural inversion with data of a wide degree range
(Vorontsov 2001), except of the four major modifications:

– Working with low-degree modes, we discard the degree
dependence of the wave solutions at the truncation
boundary, and describe the phase propagation times
by one function of frequency, instead of two.

– Since intermediate-degree modes, which allow measur-
ing accurately the approximant for the phase propa-
gation time versus frequency, are not available, we use
a “floating” approximant, which means that when the
linearizes response of the r.m.s. mismatch to the vari-
ation of the unknowns is evaluated, the approximating
polynomial is also allowed to vary.

– When the initial model needs to be corrected in all
the approximation domain (second and third experi-
ments), we use an additional regularization by restrict-
ing the degree of the polynomial which is used for con-
trolling the amplitudes of B-splines.

– When the linearized inversion is unable to satisfy the
data, we recalculate the hydrostatic model and itera-
tively repeat the inversion (second experiment). Since
at each step, the linearized problem is also solved it-
eratively, we distinguish between the “inner” and the
“outer” iterations.

2. Linearized inversion

The reference solar model S (Christensen-Dalsgaard et al.
1996) has been modified slightly below r0 = 0.15R� such
that the new model was just convectively unstable at the
centre. This was done by making a smooth change in the
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profile of N2(r) such that all variables and their deriva-
tives were continuous at r0. Above r0 = 0.15R� the model
is identical to model S. Its eigenfrequencies in the degree
range F = 0–3 between 1 and 5 mHz, added with Gaus-
sian noise of 0.1 µHz amplitude, were used as input data.
Model S itself was taken as an initial guess.
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Figure 1. Linearized inversion with artificial frequencies of so-
lar model modified below 0.15R�.

The results are illustrated by Fig. 1. The apparent suc-
cess of the inversion (which we performed as a “blind”
experiment) is due, in large extent, to the fact that the
initial and the target model differ only in the central core,
where low-degree modes have relatively high resolving ca-
pability. A small systematic inaccuracy is due partly to
the finite number of B-splines (the breakpoint closest to
the centre is at about 0.05R�). Quite satisfactory results
were also obtained with data limited by F = 0 and 1 only;
it is the availability of the high-frequency data which is
more important in this inversion. 500 B-splines spaced
uniformly in r2 were used for approximating the model
between r = 0 and r = 0.9R�; their amplitudes were
controlled by polynomial of degree 200; the results were
obtained in the regularized inversion with 15 iterations.
The results were found to be perfectly stable to the vari-
ation of all the input parameters of the inversion.

3. Nonlinear inversion

In the second experiment, the solar oscillation frequencies
measured from 32 months of BiSON observations (Chaplin
et al. 1998) were used as input data. An additional 0.1µHz
noise was imposed on the frequencies. To make the inver-
sion harder still, this uniform noise was ignored when at-
tributing proper weights to individual frequency measure-
ments (as if the observers were not aware of these extra
errors). As an initial guess, a model of a much younger

Sun of 2.6 Gyr age was taken from the evolutionary solar
sequence.

Since the initial guess is quite far from the target, it
was found necessary to repeat the iterative inversion im-
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Figure 2. Results of non-linear inversion with BiSON solar data
and model of a young Sun as initial guess: the sound speed (a),
density (b) and the Brunt-Vaisala frequency (c).
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proving the “initial guess” consecutively at each “outer”
iteration. Since the initial model calls for an improvement
everywhere in the interior, an additional regularization
was applied by restricting the degree of the polynomial
which controls the amplitudes of B-splines. This degree
was reduced until unstable spurious oscillations in the so-
lution were eliminated. The number of inner iterations
(regularization parameter) was taken such as to ensure
monotonic convergence of the outer iterations. The radius
of the target model was not supposed to be known ac-
curately, and was measured by homology rescaling of the
input frequencies to ensure the fastest convergence of the
first iterations.

The results are shown in Fig. 2. The inversion required
a rescaling of the model from initial radius of 653 Mm to
695 Mm (indeed close to the recent solar radius). The 500
B-splines were controlled by polynomial of degree 20, with
10 inner iterations. The overall convergence was ensured
in 5–6 outer iterations. We made no attempts to optimize
the trajectory of the nonlinear descent, which could well
improve further the accuracy and stability of the results;
this optimization needs a separate study.

4. “Helioseismic inversion” with BiSON data only

In this last experiment, we compare the same BiSON data
set with reference solar model S, taken as initial guess in
the linearized inversion. The intention is to check whether
the model calls for any improvement in the core, when
compared with low-degree solar data only.
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Figure 3. Linear helioseismic inversion with BiSON data.

The results are shown in Fig. 3. Above 0.2–0.3R�,
the stability is rather poor: low-degree frequencies of lim-
ited accuracy are in trouble with resolving these layers. At
0.2R� and below the results, however, are rather stable
and qualitatively similar to those obtained with solar data
of a wide degree range (e.g. Vorontsov 2001), indicating,

presumably, some sort of mixing in the energy-generating
solar core.
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Abstract

A prototype of the COROT ground-based archive and
access system is presented here. The system has been de-
veloped at LAEFF and it is based on the experience gained
at Laboratorio de Astrof́ısica Espacial y F́ısica Fundamen-
tal (LAEFF) with the INES (IUE Newly Extracted Sys-
tem) Archive.

Key words: Astronomical data bases: Catalogues – Stars:
fundamental parameters

1. Introduction

The intrinsic nature of the COROT mission (a small num-
ber of very long observations) makes the target selection a
critical issue. For an optimal definition of the final target
list it is essential to gather as much a priori information
as possible. In particular, a precise and reliable knowl-
edge of the physical parameters (i.e. effective tempera-
tures, surface gravities, rotational velocities and chemical
abundances) is of fundamental importance. Nevertheless
the accuracy of these parameters for many of the poten-
tial targets is not enough to ensure a reliable selection: for
some objects they are poorly known or even have not been
calculated. This was the reason why an ambitious ground-
based observing programme aiming to obtain Strömgren
photometry and high resolution spectroscopy for more
than 800 objects was launched within the framework of
the COROT mission.

An user-friendly access system to these data was con-
sidered primordial by all the scientific groups involved in
the project. To this end, a prototype for the COROT
ground-based archive and access system has been devel-
oped at LAEFF. As agreed with the COROT project, LA-
EFF will be responsible for the development and mainte-
nance of the system until, at least, the end of the satellite
operations. The system is based on the experience gained
with INES. INES (IUE Newly Extracted System) is the
processing and distribution system for the archive of more
than 110 000 spectra of some 9 600 objects observed over
the lifetime of IUE. The INES system was developed by
the ESA-IUE Observatory at VILSPA in order to make
IUE data available in a simple and efficient way. The

main characteristics of the INES system are described in
Wamsteker et al. (2000).

2. The data

The assumption of long and continuous observations on
the same field implies to place the satellite in a polar orbit
with the line of sight almost perpendicular to the orbital
plane to avoid eclipses from the Earth. As the line of sight
has to be in opposition with the Sun, every six months
the satellite will be turned upside down. In April 2001,
the COROT scientific council made the final decision for
the orbital plane of the satellite defining a line of sight cen-
tred at α=6h50m and 18h50m and δ=0. According to this
requirement, the input catalogue for the COROT spectro-
scopic and photometric database was built. The catalogue
contains all stars at a distance less than 10 degrees from
the centre of the line of sight with an visual apparent mag-
nitude brighter than V = 8. Whenever possible, giants
were excluded on the basis of their Hipparcos parallaxes.
A total of 811 stars were identified for which spectrosco-
scopic and photometric observations are being presently
collected. The spectroscopic observations are being con-
ducted at 2m-class telescopes equipped with high resolu-
tion echelle spectrographs (R=30 000–40 000) from three
different sites (OHP, SAAO, ESO) whereas the uvbyβ
photometry is being made from the 90 cm. telescope at
Sierra Nevada Observatory (Spain). In addition to the re-
duced spectra, the mean photospheric profiles of the stars,
computed following the method described in Donati et al.
(1997), will be also available. This is a powerful tool to
calculate accurate rotational velocities as well as to detect
multiple systems (Fig. 3).

3. Functionalities

3.1. Archive Search

The query to the access catalogue is made by mean of
an HTML fill-in form which permits the Archive to be
queried by object name, coordinates, spectral type and
object list (see Fig. 1). The output fields (in HTML, ASCII
or tab- or comma-separated values) may be ordered by
coordinates, object, spectral type and programme. The
search is presently limited to targets from the Central and
Exploratory programmes although catalogues from other
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354

programmes of the mission can be easily ingested in the
database.

3.2. Result from search

The output field contains information on coordinates,
physical parameters and remarkable characteristics of the
selected objects (Fig. 2). In addition to this, the follow-
ing utilities are provided if the HTML output format is
selected.

– Links to SIMBAD: By clicking the object name,
the information contained in the SIMBAD database is
displayed.

– Data previews: A browse plot of a spectrum includ-
ing flux errors can be generated by clicking on the cor-
responding link. Zoom plots of 50 Å can be generated
by entering the desired central wavelength or radial ve-
locity displacement in the shaded panel. A new view-
port is created allowing an overview of the entire set
of data and a simultaneous detailed view of the se-
lected region. This viewport is automatically refreshed
for subsequent zooms. A copy of the browse plot can
be saved as a GIF file (Fig. 3).

– Spectra retrieval: Spectra may be retrieved individ-
ually or in groups. For multiple retrieval, it is pos-
sible to include/exclude individual spectra. Multiple
spectrum retrieval generates a packed file either tar
or compressed format that can be compressed for net-
work efficiency (Fig. 2). Single spectra are retrieved
uncompressed.

– On-line Help: Help on a specific keyword can be ob-
tained by simply clicking on it.

– On-line access to Project Documentation: An
overview of the COROT mission and the ground-based
archive can be found in the welcome page of the sys-
tem. In addition to this, links to the official COROT
and LAEFF Web pages are also available.

– Access Statistics: The system also includes tools to
generate statistics on data usage and to monitor the
status of the network by using “ping” and “traceroute”
in an interactive form.

4. Future improvements

It must be stressed that the final decision on the system
configuration has not been made yet and it may substan-
tially change in future versions. In particular, the following
items have been agreed to be implemented in subsequent
releases:

– Pre-defined output field: In addition to the spec-
troscopic field shown in Fig. 2, a photometric field in-
cluding information on magnitudes and colors and a
parameters field with the values of the physical param-
eters derived both from photometry and spectroscopy
will be implemented.

– FITS Header Display: Links to display the FITS
header of each requested observation will be provided.

– Retrieval of selected wavelength/velocity range:
Of particular interest when downloading large data
sets.

– Name Resolver: To query the Archive using any of
the object names provided by SIMBAD. At present,
the search is restricted to the Henry Draper Catalogue.

– New criteria to access data: Besides the already
available criteria, searches will be also driven by phys-
ical (Teff , log g, metallicity, rotational velocity, etc.) or
instrumental (site, telescope, date, exp. time, S/N at
a given wavelength, etc.) parameters.

– HelpDesk: LAEFF, as responsible of the maintenance
and development of the ground-based archive, will im-
plement a HelpDesk facility to provide continuous sup-
port to the users of the Archive.
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Figure 1. Search capabilities of the COROT system (see Section 3 for details).

Figure 2. Result of the search displayed in Fig. 1. The different sources of data are indicated by Full (high resolution spectra)
and Average (mean photospheric profiles).
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Figure 3. Data previewing capabilities supplied within the COROT ground-based access system. Top panel: High resolution spec-
trum (left). The active box (right) allows a detailed view of part of the data (Hα region). Bottom panel: Same as above but for
a mean photospheric profile.
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Abstract

About 97% of the stars in the galaxy will end their
evolution as white dwarfs. Two channels are presently
known to lead to this ultimate stage: one goes through
the planetary nebula phase (PN) and the other through
the subdwarf phase. Fortunately, along these two evo-
lutionary paths, the stars cross a number of instability
strips which allow us to scrutinize their internal consti-
tution and even follow their evolution from asteroseis-
mology. Among the white dwarf progenitors, the variable
planetary nebulae nuclei (PNNV) and pre-white dwarfs of
PG1159 type (GW Vir stars) and the variable hot B sub-
dwarfs (sdBV or EC14026 stars), offer the opportunity
to understand the difference in their respective structure
which make stars evolve from the horizontal branch to the
white dwarf either through the asymptotic giant branch
and the PN phase, or directly through the subdwarf stage.
Then, once on the white dwarf cooling sequence the vari-
able DB (DBV) and DA (DAV) white dwarfs offer two
additional windows to study their structure and evolu-
tion. The white dwarf cooling sequence is an important
tool to determine the age of stellar populations in vari-
ous environments: solar neighbourhood, open and globu-
lar clusters, galactic halo. The knowledge on the struc-
ture of these stars (the total star mass, the mass of the
H and He outer layers, the rotation period, the strength
of the magnetic field) and how it changes as the stars
evolve along the cooling sequence are the major outputs
of white dwarf asteroseismology. Great progresses in our
understanding of white dwarf and subdwarf structure have
been accomplished owing to ground-based asteroseismol-
ogy during the last decade, mainly through the use of large
telescopes and multi-site campaigns. However, these vari-
able stars are multiperiodic pulsators of low amplitude.
The power of asteroseismology in deciphering stellar struc-
ture strongly depends on the number of pulsation modes
observed and identified. Those stars, whose pulsation pe-
riods are between ≈ 80 s for the “fastest” pulsating sdB
and 1500 s for the “slowest” pulsating white dwarf, have
amplitudes between a few millimagnitudes and a few tens
of millimagnitudes. Many modes remain probably unde-
tected being below the noise level. In addition, most of the
observed pulsation modes are amplitude variable on time
scales which have not yet been investigated from ground.
Going to space to observe these pulsators during long peri-

ods should immensely enlarge the number of detected low
amplitude modes, owing to the reduced noise, and give
clues on the amplitude variation time scales.

Key words: Hot B subdwarfs: EC14026 - -variable Plan-
etary Nebula Nuclei: PG1159, GW Vir – white dwarfs –
DBVs – DAVs

1. White dwarfs and their progenitors

One evaluates to ≈ 97% the fraction of the whole galactic
stellar population which will end its evolution as white
dwarfs (WD). Two channels are presently identified as
leading to this end: the first channel goes from the Hori-
zontal Branch to the WD though the AGB, the Planetary
Nebula phase and the PG1159 type stars, and the second
channel goes from the Extended Horizontal Branch to the
WD through the AGB “manqué” and the hot subdwarf
stars phase. Along these late phases, stars evolve rapidly
and a number of physical mechanisms are not well under-
stood: mass loss, angular momentum evolution, mixing
processes etc. Knowing the internal structure of the white
dwarf stars and of their progenitors brings important con-
straints on the poorly understood phases of the previous
evolution. Nature provides three “windows” enabling us to
study the stucture of those stars evolving towards the WD;
they are the variable hot B subdwarfs stars (or EC14026
stars) the variable Planetary Nebula Nuclei (PNNVs) and
the variable PG1159 type stars (DOVs or GW Vir stars)
whose structure can be inferred from asteroseismology. Af-
ter the stars have converged on the white dwarf cooling
sequence, two additional “windows” are provided with the
occurence of the two instability strips for the white dwarfs
with a He-rich envelope (the DBVs) and for the white
dwarfs with a H-rich envelope (the DAVs).

2. Asteroseismology in late stages

The pulsations observed in the PNNVs, the GW Vir, the
DBVs and the DAVs are non-radial g-modes, with most
of their periods in the range 100 s–1500 s.

In the variable sdBs, the observed pulsations are ra-
dial and non-radial p-modes with periods in the range
80–600 s. From a comparison of the observed pulsation
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frequency spectra with those computed from stellar mod-
els, a number of fundamental parameters can be derived:
the total mass of the star, the mass of the outer layers,
either the H-rich envelope in the sdBs and in the DAVs or
the He-rich envelope in the PNNVs, the GW Vir and the
DBVs, the rotation period, the distance and the luminos-
ity, the strength of the magnetic field; measurements of
the rate of change of the pulsation periods (Ṗ ), whenever
possible, constrain the chemical composition of the stellar
core and the evolutionary time scale.

Knowing these fundamental parameters helps to con-
strain the efficiency of various physical mechanisms at
work during previous phases of evolution or along the
white dwarf cooling sequence: the mass loss along the AGB
or the AGB “manqué”, the angular momentum evolution,
the mixing processes (convection, rotationally driven tur-
bulent mixing), the diffusion processes which lead to chem-
ical stratification in subdwarfs and in white dwarfs and
are directly related to the instability mechanism in the
EC14026 and in the GW Vir stars, the magnetic field evo-
lution, the neutrino cooling in the hot white dwarfs, the
crystallization in the core of cool white dwarfs.

It also helps building more realistic stellar models. We
still have to understand what are the fundamental pa-
rameters which make a star to evolve to the white dwarf
stage either through the AGB-Planetary Nebulae chan-
nel or through the subdwarf-AGB ”manqué” channel. In
the case of the sdBs, such refined models are necessary,
for instance, to better evaluate their contribution in pro-
ducing the excess UV flux observed in elliptical galaxies.
In the case of the white dwarfs, we must keep in mind
that the present main uncertainty in the age determina-
tion of white dwarfs comes from a combination of i) the
poor knowledge of the mass of the H-rich outer layer in the
DAs and ii) the uncertain description of the role of crystal-
lization in slowing down the evolutionary time scale. Bet-
ter models derived from asteroseismology should lift these
remaining uncertainties and lead to white dwarf cooling
sequence which could be used to derive theoretical lumi-
nosity function and to determine the ages of various stellar
environments as: the local galactic disk, the galactic halo
( where, in addition, very old and cool white dwarfs are
considered as potential candidates for providing part of
the dark matter), the open and globular clusters.

3. The impact of Eddington

The asterosismological studies of the late stages of stellar
evolution have been using:

– large telescopes to improve the S/N ratio and detect
more small amplitude modes,

– networks of telescopes distributed around the Earth
(WET style) to minimize the parasite frequencies in-
duced by gaps in the data and improve the frequency
resolution.

3.1. The S/N ratio

The currently best S/N ratio achievable from the ground
are of the order:

– S/N ≈ 5×10−4 for a typical mV =15.3 DAV
– S/N ≈ 10−3 for a mV = 16.7 GW Vir in ≈ 15 000 s

runs at the CFHT
– or S/N ≈ 5×10−4 for a mV = 13.4 sdB in ≈ 25 000 s

on a 1.6 m telescope

and

– S/N = 3 × 10−4 for a mV = 13.6 DBV in a ≈ 15 days
WET campaign

A number of modes whose amplitude are below these
detection limits are clearly missing in the ground-based
data.

3.2. The frequency resolution

The longest multisite campaigns cannot exceed ≈15 days.
The stars are fainter than mV = 12 (most of the vari-
able WD are fainter than mV = 15) and need to be
observed preferably without moonlight. Longer observ-
ing runs cannot be attributed on large enough telescopes.
As a consequence, the frequency resolution is limited to
δf ≥ 0.8µHz. This is a serious limitation for:

– detecting rotationally split modes and reconstructing
the differential rotation law,

– detecting possible asymmetries in rotationally split
multiplets to derive magnetic field strength,

– deriving precise enough constraints on the models.

The limited lengths of the observing runs and their
random distribution with time also precludes any rigor-
ous study of the mode amplitude variation time scales.
Such amplitude variations are a quasi general properties
of these pulsators. They could result from finite life-time
of the modes, from non-linear effects, etc. This is a prob-
lem which has not been attacked because of the lack of
relevant data.

4. Conclusions

With Eddington, we expect a spectacular increase in sen-
sitivity and a better and longer time coverage. At the
V = 16.7, one of the faintest GW Vir star observed from
the ground, the noise level should not exceed 40 ppm in a
one month observation with Eddington. This is 25 times
more sensitive than from the ground. One should detect
a lot more low amplitude pulsation modes. The increased
frequency resolution will also allow a more precise identifi-
cation of their rotationally split components. Much strin-
gent constraints will be put on the stellar models from
fitting with immensely richer pulsation spectra.

A new generation of models constrained by precise as-
teroseismology will become available and will be useful in
a vast list of astrophysical problems as listed above.
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Abstract

With its ∼3 degree field-of-view, Eddington is going
to perform a deep photometric analysis of selected areas
that will include a variety of objects of great astrophysi-
cal interest. We discuss the profound inpact that Edding-
ton will have on the study of the physical properties of
young stars with special attention onto the following as-
pects: (i) Statistical study of non-periodic variability in
pre- and post-main sequence stars associated with stellar
instability and with partial occultation by protoplanetary
circumstellar dust clouds. (ii) Search of periodic variation
associated with stellar rotation and binarity. (iii) A hier-
achical study of circumstellar and interstellar matter of
low surface brightness, down to protoplanetary disk sizes.

Key words: interstellar matter – protoplanetary disks –
stars: binaries – stars: early-type – stars: pre-main se-
quence – stars: rotation

1. Introduction

Accurate photometric measurements are required to solve
basic problems of stellar structure and stellar evolution. In
particular, all stars are variable, and the study of stellar
variability is a basic diagnostic tool. Variability is associ-
ated to a variety of phenomena all of topical astrophys-
ical interest: propagation of waves in the stellar interior,
stellar rotation, binarity, stellar surface activity, accretion
processes, circumstellar gas and dust clouds, diffuse and
compact orbiting objects. Besides high photometric ac-
curacy, also long-term continued (e.g. day-light uninter-
rupted) homogeneous observations of individual targets
are crucial. For this reason, a network of telescopes dis-
tributed at different longitudes has been since long set
up to study the stellar oscillations (e.g. Bruvold & Sol-
heim 1993, Winget et al. 1994). A similar system would
be desirable for the accurate measure of short-period bi-
nary systems such as the W UMa stars, and of phenom-
ena associated with rapid stellar rotation (hot or black
spot transits on the stellar surface). However, until the
advent of the Hipparcos satellite, the large majority of
the relatively brightest stars remained untested for pho-
tometric variability. The Hipparcos and Tycho missions
have provided very extensive catalogues of photometric

data of stars down to ∼11.m5 (The Hipparcos and Tycho
Catalogues, 1997). For instance Sanner & Geffert (2001)
used the Tycho-2 Catalogue to study the dynamical and
photometric properties of many open star clusters.

The analysis of Tycho data is also providing a wealth
of new discoveries of periodic and irregular variables (e.g.
Koen & Schumann 1999). However, it did not perform
a continuous monitoring of the individual targets, which,
on the other hand, is crucial in the study of stellar oscil-
lations, as well as of secular changes of short periods.

Conversely, the Eddington observing technique, com-
bining a wide field of view with a very extensive photon
accumulation time, will make a deep photometric investi-
gation of a number of selected sky areas. This will provide
us with a statistically very large sample of objects of many
different astronomical categories.

As remarked by Favata et al. (2000), Eddington’s long
integration time with stable imaging conditions will also
allow to accumulate photons from diffuse sources down to
very low surface brightnesses. This is an important fea-
ture of the project since it will enable the mapping of the
diffuse matter in star forming regions and in young star
clusters, which will provide a hierarchical study down to
sizes comparable to those of protoplanetary clouds.

Here we shall concern ourselves with the problem of
the impact of the photometric and imaging capabilities
of Eddington on the study of the physical properties of
young stars.

2. Photometric study of young stars

Although no decision has been taken up to the time of
the Córdoba Workshop about the sky areas that will be
pointed by Eddington, most probably many of the selected
areas will overlap regions rich of young stars, including
open clusters and, hopefully, star forming regions. In ad-
dition, and most interestingly, the planet finding mode
will allow to cover a very long time interval, yet with a
poorer time resolution. Although Eddington is expected
to provide only a broad band photometry, the derived
magnitudes (averaged over the small scale oscillations am-
ply discussed elsewhere in this Workshop) are so accurate
to enable to put in evidence very small luminosity differ-
ences between stars otherwise thought to be similar. For
instance, we will be able to measure with great precision
the stars’ distance from the ZAMS, especially when data
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will be implemented with high quality colours and spec-
tra obtained from ground-based telescopes. Obviously, an
even larger scientific benefit will be derived if Eddington
itself will perform images in two-colours.

Stars moving towards the MS, or just moving from it,
are known to be photometric and spectroscopic irregular
variables, generally on rather long time scales. Short and
very short time variations have been frequently observed,
but only by chance. Classical examples are the Be, B[e]
and B-shell stars, Herbig AeBe and T Tau variables. How-
ever, no systematic and statistically significant study has
been so far made of these irregular variations. The rea-
sons are the difficulty to have telescope time for long term
monitoring, the limited telescope FOV, the required high
photometric accuracy and stability, and, for a number of
important astrophysical cases, the night-time constraint.
In pre-MS objects the short time variability could be as-
sociated with residual accretion processes, while more in
general, in young stars the photometric variations should
be related to surface instabilities and stellar activity, as
well as to the transit on the surface of a rotating star of
bright and dark spots. Recently, Rebull (2001) identified
281 periodic variables in Orion, and studied the distribu-
tion of rotational periods. In some cases light modulation
is due to the presence of circumstellar matter, in form
of disks or clouds, that may occasionally produce partial
eclipses, as it is the case of the Herbig Ae star HD 144668
(e.g. Tjin A Djie & The, 1978; this star is also subject
to δ Scuti oscillations, e.g. Kurtz & Catala, 2001). Lumi-
nosity variations might also be produced by the partial
occultation of the star by the transit of protoplanetary
clouds. Well probably, planetary bodies commonly form
near young stars, but only a high sensitivity, long term
monitoring of a large set of stars will be able to distinguish
among the many different variability sources. Among these
we should also include binarity. Indeed, we expect many
stars of the categories of our interest to be binary systems,
with a low brightness companion.

Certainly, Eddington will unveil a deal of unexpected
events, each of which will require subsequent detailed
ground based observations. A speedy noticing of these
events is important in order to have, still during Edding-
ton’s lifetime, a follow-up of simultaneous ground and Ed-
dington’s space observations.

3. Extended nebulosities

Young stars are expected to be surrounded by protoplane-
tary disks extending to at least some 100 AU. These disks
should dissipate or condense onto planets on time scales of
∼107 years. Eddington’s deep imaging will allow to accu-
rately trace the stellar PSF up to large angular distances
from the central star, hence to carefully subtract it from
the stellar neighbouring emission. This will allow a de-
tailed map of the diffuse circumstellar matter, and detect
any fair sized protoplanetary disk. Of particular interest

would be the measure of the elongation of the nebulae and
of any surface dishomogeneities.

On a larger distance scale, we expect - like in the
Pleiades – to see with Eddington the stars immersed in
diffuse faint nebulae, illuminated by the radiation of the
nearby stars. In these environments, gas and dust are not
uniformly distributed, because of their intrinsic dynamics,
as well as the result of the star forming processes and of the
interaction with the stellar radiation and winds. To put
in evidence these tenuous spatial fluctuations one needs
a high quality instrumentation combined with an excel-
lent observing site, which, for ground-based observations
is represented by the Antarctic Plateau in wintertime (cf.
Viotti et al. 1996), where Eddington’s results in selected
regions will be extended to a much larger sky area.

Stars evolving towards the Main Sequence might un-
dergo violent mass ejection, resulting in irregular circum-
stellar nebulae showing (if observed) a variety of shapes,
such as jets, shells, cloudlets, which are gradually dissi-
pating as the time is elapsing. With Eddington it will be
possible to observe these features also in stars that have
since long ended this phase, thus allowing us to trace back
their past history.

More in general, Eddington will provide a photometri-
cally very accurate mapping of the whole telescope FOV.
This means that for the first time we will be able to make
a hierargical study of the diffuse matter on angular scales
from a few arcsec to a degree.

4. Conclusions

There is a number of fundamental issues in modern astro-
physics which would give a better insight into the stellar
structure and evolution. The basic requirements are (i)
high statistics and (ii) high data quality. Both would re-
ceive great benefit by high photometric quality wide-field,
very extensive time observations, as those prospected by
Eddington.

Indeed, Eddington’s systematic and extensive photom-
etry of a large set of stars should allow, among others, (i)
to perform a statistically significant study of the irregular
variations, and well probably to set up different variability
categories, (ii) to discover faint stellar companions, (iii) to
study of the angular momentum changes as the stars move
towards the MS. Comparison of results from clusters with
different metallicity will provide a basic ground for stellar
models.

The still poorly known processes of interaction be-
tween stars and diffuse matter, is another fundamental
astrophysical issue of Eddington. Details of very low sur-
face brightness will be put in evidence, while the large
field of view will provide enough data to perform a hier-
agical study in a so far never attained very ample range
of angular scales.

More in general, Eddington will be unique in providing
us serendipitously with precious information on the physi-
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cal structure and evolution of young stars, and, possibly to
trace back their past history. In this regard there are no al-
ternatives to Eddington except putting a dedicated, mid-
sized wide-field telescope on the Antarctic Plateau, where,
as discussed among others by us (Viotti 1995, Viotti et al.
1996), are present observing conditions similar, but not
equal to a space experiment.
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