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The Search for Extrasolar Planets at ESO
FINAL REPORT OF THE ESO WORKING GROUP ON THE DETECTION OF EXTRASOLAR PLANETS1

Prepared by F. PARESCE and A. RENZINI

1. Introduction

A dedicated Working Group on this
subject was created in 1996 and has
since met four times. It is composed of
the following members:

A. Hatzes (Texas),  M. Kurster (ESO),
A. Léger (Meudon), M. Mayor (Geneva),
J.-M. Mariotti (Meudon), R. Mundt
(MPIA), F. Paresce (ESO, chairman), A.
Penny (Rutherford Appleton), D. Queloz
(Geneva), A. Quirrenbach (MPE), A.
Renzini (ESO), P. Sackett (Groningen),
J. Schneider (Meudon), D. Tytler (San
Diego), G. Wiedemann (ESO), H. Zin-
necker (Potsdam).

The assignment of the WG was to
advise ESO management and ESO
committees on how to help designing a
competitive strategy in this field that is
predicted to expand dramatically in the
next years, and to become one of the
leading fields of astronomy in the next
century.

ESO has great potential in the search
for exoplanets. With the La Silla tele-
scopes, the VLT, the VLTI, the special
characteristics of the Paranal site, and
the variety of professional expertise
widely spread within the European as-
tronomical community, ESO should be
able to play a leading role in the search
for exoplanets. For this to happen, how-
ever, a serious effort has to be made
now to develop a global strategy and to
allocate adequate resources. The WG
recalls, in this context, that the substan-
tial NASA contribution to the Keck tele-
scopes and the Keck Interferometer is
driven by its interest in the search for
exoplanets. Some 40% of the time of
one of the Keck telescopes will be dedi-
cated to this scientific goal. Therefore, a
sporadic, uncoordinated effort by ESO
could hardly be competitive. Only by al-
locating a major fraction of time on some
of its telescopes and developing new
technology – and doing it now – will ESO
fully exploit its potential in this field and
be truly competitive.

In this report, the WG proposes a
plan to do just this. We have identified
where ESO can play a critical role and
that, therefore require particular atten-
tion: radial-velocity searches, narrow-
angle astrometry, microlensing, direct
detection, transits and timing of eclips-
es. In the following paragraphs, we will

present a high-level executive summary
of the unanimous conclusions reached
by the group and its recommendations
to ESO for the proper exploitation of the
opportunities in each one of these are-
as. The appendices (not included here)
contain the detailed and quantitative jus-
tifications for these conclusions and rec-
ommendations.

2. Conclusions and Summary
of Recommendations

2.1. Radial-Velocity Searches

The WG recommends that a major
fraction of a spectroscopic telescope
(successively the CAT and the 3.6-m or
some combination thereof) be devoted
to radial-velocity monitoring of p 1000
nearby bright stars over the next 5–10
years. The availability of a very stable
spectrograph (able to reach an accuracy
of p 1 m/s) would be particularly helpful,
but still competitive results can be ob-
tained even with the current instrumen-
tation, provided adequate telescope
time is allocated. A dedicated spec-
trograph could be developed either by
ESO, or by a consortium of ESO insti-
tutes, provided an adequate fraction of
telescope time will be reserved. The WG
notes that such a radial-velocity survey
is indispensable to prepare for VLTI as-
trometric observations. The search for
exoplanets is currently listed as one of
the primary scientific goals and drivers
of the VLTI. Therefore, adequate target
lists should be ready by the time the
VLTI will start its operations in the year
2002. Such targets will have to include
objects with confirmed radial-velocity
variations, so that the VLTI narrow-an-
gle-astrometry capability will allow to
complete the determination of orbital pa-
rameters and planetary mass. The de-
tection of Jupiter-like planets with either
radial velocity or astrometric techniques
requires several years of consecutive
monitoring. Therefore, it is crucial to
start an extensive observational cam-
paign as soon as possible.

Specifically, the WG makes the fol-
lowing recommendations in this area

(a) The large survey to explore the do-
main of brown dwarfs and giant planets
with an accuracy of 5–10 m/s at La Silla
with CORALIE at the Swiss 1.20-m
should be complemented and extended
with FEROS at the 1.52-m telescope.
The first should proceed as planned and

with all due support from ESO and the
second should be executed as soon as
possible (see The Messenger No. 89,
p.1). Together, these two instruments are
in a position to make, in a rather optimum
way, a southern survey of more than
1000 stars.

(b) A large survey to explore the do-
main of “normal” giant planets and, may-
be, the domain of short period “Uranus”-
type planets with an accuracy of 1 to 2
m/s should be started at La Silla as soon
as possible. This will require the follow-
ing substantial commitments:

– a significant fraction (L 25%) of
3.6-m time over the long term (5–10
years)

– the construction of a dedicated, op-
timised instrument linked to the 3.6-m
telescope that could be either the CES +
VLC + cross-disperser together with a
suitably large CCD (preferably 8K × 8K),
if feasible, or a totally new spectrometer
optimised to get the highest possible ac-
curacy and fiber fed by the 3.6-m tele-
scope. This instrument will be the most
efficient one among all the possibilities
offered by ESO.

(c) For this programme to be imple-
mented quickly, therefore, in turn, also
requires:

– an immediate study of the practical
feasibility of a cross-disperser on the
CES/VLC,

– a study and implementation of opti-
cal image slicers/scramblers and large
CCD on the 3.6-m to CES link.

(d) The CAT should be kept operating
at least until the time a major fraction of
3.6-m time (L 25%) can be devoted to a
high-precision RV survey. It should be
completely dedicated to the goal of
reaching the required RV precisions at
ESO as quickly as possible. This implies
equipping it with the upgraded CES +
VLC + image slicers/scramblers and, for
reasons of improved efficiency and sta-
bility, with its own fibre link from its prime
focus to the CES + VLC. This will pro-
vide indispensable ancillary data in the
form of line profile studies at R =
220,000 and precision RV work on a
smaller sample of brighter stars. The
CAT will then also serve as a most useful
device for experimental tests of tech-
niques to achieve the goal of 1–2 m/s
precision (cross-disperser, SW, HW,
etc.).

(e) Calibrate the Iodine cell of UVES
and develop the specific software to al-
low extreme accuracy with UVES.

1A number of Appendices are attached to the
complete Final Report. They are not published here.
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(f) Develop CRIRES to provide com-
plementary spectral diagnostics needed
to confirm the planetary rather than stel-
lar origin of the apparent RV variations
and to augment the search for planets
around IR-bright K and M stars. A plane-
tary monitoring programme conducted
with CRIRES could make extended use
of twilight and early-morning time, since
the typical target brightness will far ex-
ceed the sky background. The use of
these times should be foreseen by VLT
operations and scheduling.

Supporting documentation with
greater detail on the above issues can
be found in Appendices A and B.

Summarising, a schedule such as the
following, then, would allow ESO to be-
come competitive in this area with the
rest of the world in the required time
frame:

end 1997: start of a short-term pro-
gramme with CAT+CES+
VLC+image slicers/scram-
blers

end 1997: CORALIE survey begins;
precision expected: 5 m/s

mid-1998: CES + VLC +3.6-m + large
CCD (without cross-dis-
perser)

end 1998: FEROS survey begins; pre-
cision expected: 5 m/s

early 1999: start of the long-term survey
with the CES + VLC + cross-
disperser + large CCD +
3.6-m (if feasible)

late 1999: start of the long-term survey
with the 3.6-m + dedicated
new spectrograph (if CES
cross-disperser not feasible)

mid-1999: UVES + VLT is available to
start radial velocity search-
es of exoplanets

mid-2000: CRIRES + VLT should be
available to start comple-
mentary IR studies  of exo-
planet candidates.

2.2. Narrow Angle Astrometry with
the VLTI

The VLT Interferometer has the po-
tential to perform extremely precise
narrow-angle astrometry (NAA). The at-
mospheric limit for determining the dis-
tance vector between two stars separat-
ed by 10″ in a half-hour integration is
about 10 microarcsec. The technical re-
alisation of this potential requires moni-
toring of the baseline vector with p 50
micron precision, and measurement of
the differential delay between the two
stars with p 5 nm precision over a
100-m baseline.

Astrometry with 10 microarcsec pre-
cision is capable of detecting the reflex
motion of solar-type stars due to Jupi-
ters at distances up to 1 kpc; gas giant
cores, i.e. planetesimals with 10 Earth
masses, could be detected around near-
by stars. In contrast to radial-velocity

measurements, astrometry allows a full
determination of the planetary orbit, and,
therefore, yields the planet mass directly
(without any uncertainty due to the incli-
nation of the orbit). Moreover, astrome-
try can be performed for any type of star
independent of its spectrum. Therefore,
two types of astrometric programmes
can be envisaged: first, stars with plan-
ets known from radial-velocity surveys
should be observed to determine the or-
bital inclination; second, an astrometric
survey should be performed to look for
planets around stars in those regions of
the HR diagram that are not accessible
to radial-velocity searches. The latter
programme would include, for example,
pre-main-sequence objects in nearby
regions of low-mass star formation and
in Orion.

It is also possible to perform astro-
metric measurements with sub-milliarc-
second precision using a single 8-m tel-
escope (UT). An astrometric instrument
based for example on the Ronchiruler
technique would have widespread appli-
cations for determining parallaxes and
proper motions of extremely faint ob-
jects; it could also be used to search for
Jupiter-like planets around nearby stars.
It might also be possible to use a “sim-
ple” CCD camera such as the VLT test
camera for astrometric measurements
with a precision sufficient to detect plan-
ets.

Specifically, the WG makes the fol-
lowing recommendations in this area:

(a) the VLTI should be designed from
the beginning to have a NAA capability
with the goal of reaching 10 microarcsec
precision by p 2005.

(b) the main astrometric programme
of the VLTI should use the 1.8-m auxilia-
ry telescopes (AT) only; it should start as
soon as these telescopes become avail-
able and no later than p 2002.

(c) a substantial fraction of the AT
time should be made available for NAA
for 10–15 years. In this way, a few hun-
dred stars can be included in a long-term
astrometric survey.

(d) the detailed design of the metrolo-
gy system and focal plane instrumenta-
tion required for astrometric measure-
ments with the VLTI should be started
now and completed before the main ele-
ments of VLTI are procured.

(e) ESO should look favourably at
suggestions to implement astrometric
programmes on the UT’s but priority
should be given to the astrometric mode
of the VLTI.

 2.3 Microlensing

A planet orbiting a microlens will cre-
ate a distortion in the source’s light
curve. If the planet is located in the lens-
ing zone of its parent star, perturbed re-
gions of high amplification will be gener-
ated. A background source passing (in
projection) behind these regions will ex-
hibit a short-lived deviation or anomaly

in its microlensing light curve. The inter-
est of microlensing as a technique for
planet detection is the information con-
tained in the light curve about the mass
ratio and the projected orbital separation
in units of the primary Einstein ring radi-
us. Roughly speaking, because of the
uncertainty on the Einstein ring radius of
the primary which serves as a scaling
factor, the mass of the planet and its or-
bital separation can be determined with-
in a factor of three.

Provided finite source effects are not
important, the probability of detection is
a rather weak function of planetary mass
(p Mp

–1/2) which makes the technique
sensitive, in principle, to earth-mass
planets. The reflex-motion methods dis-
cussed in Appendices B1 and B2 of this
report can detect and characterise Jupi-
ter- or Uranus-mass exoplanets but mic-
rolensing is the only one that is sensitive
to earth masses and that can quickly de-
tect Jupiters at larger orbital radii where
they are actually found in our own Solar
System. Due to the very low probability
that a chance alignment occurs between
the source and the lensing zone of a star
((3–4) × 10–6 toward the bulge of the
Milky Way), many stars have to be si-
multaneously monitored to expect the
detection of a few lensing events.

In practice, the source stars are in the
bulge. To be observable, they must be
bright and are, therefore, either red gi-
ants with R* = 13 RSUN, or turn-off stars
with R* = 3 RSUN, the former being typi-
cally 3 magnitudes brighter than the lat-
ter. The lenses are random stars in the
bulge or the disk. As microlensing is only
weakly sensitive to the lens mass, the
lens stars are most likely to be the most
abundant ones, namely M stars of medi-
an mass of 0.2–0.3 MA.

While the detection of Jupiter-mass
exoplanets can be done against giants
or turn-off stars, to avoid finite-source ef-
fects that dilute the signal, detection of
earth-mass planets is more likely
against turn-off sources. The former re-
quires p 5% accuracy photometry of gi-
ants with around-the-clock sampling at a
rate of one point per p 2 hours to get a
correct characterisation of the event.
This requires a set of longitudinally
spread telescopes. The latter requires
0.5–1% accuracy photometry at a high
sampling rate (e.g. one point each 20
minutes) but it can be done from a single
observing site as the duration of the
event is of the order of 5 hours. The
unicity of the observation site decreases
the probability of finding a planetary
event by 1/3 but does not otherwise pre-
vent a proper characterisation. How-
ever, an excellent-quality site is needed
to obtain the accurate photometry rou-
tinely in the crowded bulge fields.

With the availability of one telescope
at one site, the detection of terrestrial
planets is possible, provided a 2.5-m-
diameter-class telescope could be dedi-
cated to the search for the duration of
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the bulge season (p 120 nights). If
equipped with a state-of-the-art, ultra-
large-field-of-view, high-resolution im-
aging detector, it could conduct a micro-
lensing search for turn-off source
events and simultaneously monitor
them. A 16K × 16K detector with a 1-
square-degree field of view should yield
4 × 106 suitably uncrowded turn-off
stars. With a good detector (50% total
efficiency), quantum noise would give σ
= 0.23% for a V = 20, R = 19 star, in 4-
minute integrations. Current state-of-
the-art image-subtraction techniques in-
dicate that realistic photometry can be
achieved at levels three times that set
by the photon noise.

Thus, if systematics can be control-
led, one might expect a 2.5-m telescope
at Paranal to perform 1% photometry of
V = 20 lensing turn-off sources in 5 min-
utes per field (4 minutes integration plus
1 minute overhead). Since sampling
every 20 minutes is required, four fields
could be continuously monitored. Fields
of one degree on a side are large
enough that the search for microlensing
events could be performed simultane-
ously with monitoring, with no additional
observing time. About 250 stellar micro-
lensing events (with maximum magnifi-
cation above 1.13) could be expected in
such a scheme over a 120-day bulge
season. In principle, real-time alerting
capability would not actually be re-
quired, but the auxiliary rewards of
real-time detection (such as to allow
follow-up spectroscopy with a very large
aperture) are great. With this many
events being monitored this precisely
and frequently, the resulting 1.5% sensi-
tivity to earth-mass detection could lead
to about 4 earth-mass planets per sea-
son, if every lens has a terrestrial planet
in its lensing zone.

Supporting documentation with
greater detail on the above issues can
be found in Appendix C of the complete
Final Report.

Specifically, the WG makes the fol-
lowing recommendations in this area:

(a) Since experiments specifically de-
signed for Jovian-mass planets are al-
ready underway and since other tech-
niques can detect and characterise such
planets, we do not recommend that ESO
make a major effort with this aim using
the microlensing technique. The possi-
bility for a large single step forward lies
in the detection of terrestrial-mass plan-
ets, an area in which an aggressive
ESO-based campaign could result in a
breakthrough.

(b) The best way to implement such a
campaign is to dedicate 120 nights dur-
ing the bulge season of a 2.5-m-class
telescope on Paranal to a search for ter-
restrial planets. Since image quality is
crucial in crowded southern fields, ESO
will be in a unique position by having the
best site in the world to study the bulge.

(c) Develop a 16K × 16K camera to
allow both alerts and follow-up.

(d) With a few HST images of bulge
fields, make extensive simulations of (i)
planetary lensings and (ii) photometric
measurements in crowded fields in typi-
cal Paranal observing conditions.

(e) Develop new data-processing
techniques to control the photometric
systematics resulting from crowding and
seeing.

(f) Develop a data-processing system
able to extract stellar lensings in a day
and planetary ones in real time (l 15
minutes) in the monitored stellar events.
This would allow the VLT to be used to
obtain simultaneous spectra throughout
the event.

(g) Automate the observing pro-
gramme and reduction process so that
eventually on-site personnel costs can
be kept to a minimum.

(h) The European survey group,
EROS II, operating from La Silla, is ex-
pected to provide the largest number of
giant alerts. Supporting their effort ap-
pears highly desirable, the more so as it
will increase the European expertise in
the domain – a needed capability to pre-
pare for the future.

(i) If the expected real-time alert ca-
pability of the follow-up teams, like
PLANET and GMAN, is fully realised,
flexible ESO scheduling and target-of-
opportunity status on the 3.6-m would
be highly desirable. This would allow
spectra of the event to be taken through-
out the short-lived anomaly; comparison
baseline spectra could then follow at a
later time. Such spectroscopy would
provide detections or limits on the mass
of the primary lens (i.e. the parent star of
the planet) by looking for evidence of a
second stellar spectrum, at a different
radial velocity, superimposed on that of
the source star.

2.4. Direct Detection

Direct detection of photons originat-
ing from extrasolar planets gives crucial
information on these bodies that cannot
be obtained with indirect methods. With
direct spectroscopic and photometric
observations it is, in principle, possible
to determine size, temperature, chemi-
cal composition, atmospheric stratifica-
tion, rotation rate, and the presence of
surface features. Because of the faint-
ness of extrasolar planets, and because
of the large contrast between planet and
parent star, such observations are ex-
tremely challenging. For example, it
might be possible, from the ground, to
observe objects like 51PegB in the
near-IR, and perhaps “warm Jupiters”
(i.e. planets the size of Jupiter, but with
T L 300 K) in the mid-IR.

Several methods have been pro-
posed to carry out such studies, either
with the VLT Unit Telescopes instrumen-
tation, or with the VLTI:

(1) In the visible and the near-IR, the
VLT UT’s are able to angularly resolve a
star from its planetary system up to dis-

tances of several tens of parsecs. The
problem lies in the tremendous contrast
between the images of the planets and
their parent star. In theory, it can be
overcome, but this requires a high-order
AO system associated with a high effi-
ciency coronograph and post-process-
ing with the dark speckle method. Al-
though future large space telescopes
will be at an advantage for this kind of
direct imaging, this method does not re-
quire heavy instrumental development
and should be tried with the VLT, espe-
cially if photon-counting detectors be-
come available in the near IR.

(2) Planetary spectral features pre-
dicted by recent atmospheric models
should be detectable with high-resolu-
tion infrared spectroscopy using CR-
IRES. The planetary signal will be
uniquely distinguished from the super-
imposed stellar spectrum because of the
large Doppler shift due to the orbital mo-
tion of the planet. The infrared between
1 and 5 microns offers a vastly reduced
contrast of planetary signal to stellar
(noise) flux. A spectroscopic detection,
in particular, of features known not to
exist in stellar spectra, would be direct
and unambiguous.

The spectroscopy can be supple-
mented by low-resolution spectro-pho-
tometry targeting the apparent infrared
brightness variation (phases) of a tidally
locked, isolated close planet. The instru-
mental requirements have been studied
and incorporated in the CRIRES con-
ceptual design. The spectro-photometry
mode is available simultaneously in the
low-resolution predisperser. The early
realisation of this high-resolution echelle
spectrograph, and its extended opera-
tion during twilight and early morning
time are highly desirable. More details
on this method can be found in Appendix
D of the complete Final Report.

(3) If the VLT Interferometer is
equipped with spatial wavefront filters
such as single-mode optical fibres, the
fringe amplitude can be measured with
great precision. This can be used to
make measurements of “double stars”
with large magnitude difference, such as
star-planet systems.

(4) Gaseous planets have strong mo-
lecular absorption bands. Within the
bands, the planet is dark, and the photo-
centre of the star-planet system is cen-
tred on the star itself. Outside the bands,
the photocentre is shifted slightly to-
wards the planet. This shift of the photo-
centre might be detectable as a wave-
length-dependent phase shift with the
VLTI.

The working group therefore recom-
mends that the instrumental require-
ments for direct planet detection be
studied, and that appropriate instru-
ments be included in the instrumentation
plans for the VLT and VLTI. Specifically,
the early realisation of a high spectral
resolution IR spectrograph like CRIRES
would be highly desirable.
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2.5 Transits and Timing of Eclipses

Transits of extrasolar planets can be
detected from the ground down to Ura-
nus sizes. This method has, in addition,
the very unique capability of detecting
Saturn-like rings and, by timing of tran-
sits, habitable earth-mass moons of gi-
ant planets. The detection of transits
constitutes also a first step toward the
subsequent spectroscopic investigation
of giant planets’ atmospheres during
transits. The timing of eclipses of close
eclipsing binaries is a simple method for
the detection of giant planets around bi-
nary stars. Possible practical implemen-
tation strategies are described in detail
in Appendix E.

Specifically, the WG makes the fol-
lowing recommendations in this area:

(a) For the profile and timing of giant
planet transits, two options are available:
dedicate a 1-m telescope equipped with
a CCD camera full time to the search or
partially dedicate a 100 deg2 Schmidt tel-
escope equipped with a CCD  array.

(b) For the timing of eclipsing bina-
ries, partially dedicate a 0.8–1-m tele-
scope coupled to a GPS clock.

3. Human and Capital Resources

The availability of adequate resour-
ces is indispensable for the successful
completion of a vast and diversified ef-
fort as the one envisaged in this docu-
ment. These necessarily include human
as well as capital resources.

As far as human resources are con-
cerned, it has to be realised that all the
projects listed in the previous section will
take many years to be completed (typi-
cally more than five years). Strong com-
mitment by dedicated teams is therefore
a prime necessary condition for any of
such programmes to get started, con-
ducted and completed. To some extent,
ESO can facilitate the formation of
teams with such strong commitment, but
the initiative has to come directly from
the community.

The search for exoplanets is a novel
branch of astronomy, yet, if one looks in
detail to what this search will consist of,
one sees that the observational tech-
niques will basically reduce to just a few
ones. Specifically, to stellar high-resolu-
tion spectroscopy, stellar photometry in
crowded fields, stellar high-accuracy
photometry, and stellar narrow-angle as-
trometry. Expertise in these fields is
widely spread within the ESO communi-
ty. Therefore, recruiting the necessary
human resources should not be a prob-
lem. Instead, the blooming of this new
branch of astronomy clearly offers a
unique opportunity to many ESO astron-
omers, and especially to the younger
ones, to relocate themselves towards a
new scientific frontier while taking full
advantage of their own experience and
technical know-how.

As far as capital resources are con-
cerned, these come in two categories:
telescopes and instruments. With the
exception of the microlensing experi-

ment, the other projects do not need
new telescopes, but major fractions of
the time of existing telescopes. In the
case of the CAT, however, the dedication
of this telescope to the radial velocity
project requires to maintain the tele-
scope in operation for many years, while
current plans foresee its decommission-
ing by the end of 1998. New instru-
ments, such as the high-resolution spec-
trograph capable of reaching 1 m/s ac-
curacy and the one square degree CCD
camera, are not in the current ESO plan-
ning. It is difficult to see how ESO could
find the necessary resources out of its
present budget, at a time when ESO is
already so deeply engaged in complet-
ing the VLT/VLTI. Therefore, the alloca-
tion of fresh capital resources is likely to
be critical for ESO to play the leading
role in the search for exoplanets that is
made possible by its vast complement of
telescopes and by the scientific compo-
sition of its community.

The most promising way of proceed-
ing appears to be one in which the scien-
tific teams themselves provide at least
part of the capital investments, or pro-
vide for the operation of a telescope.
This will also make easier to the OPC to
allocate them the extended periods of
observing time that are necessary for
each of the projects. Indeed, such an in-
vestment would represent a concrete
embodiment of the long-term commit-
ment that will have to be demonstrated
before such long-term projects could be
approved.

Latest News: The First VLT 8.2-m Zerodur Mirror Has Arrived at Paranal

On Tuesday, December 9, 1997, the first of the VLT M1 mirrors arrived on Paranal after a 3-day journey from Antofagasta.


