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Abstract. GAIA is a preliminary concept for an astrometric
mission, recently recommended within the context of ESA’s
‘Horizon 2000 Plus’ long-term scientific programme. In its
present form, the experiment is estimated to lead to positions,
proper motions, and parallaxes of some 50 million objects,
down to about V = 15 mag, with an accuracy of better than
10 microarcsec, along with multi-colour multi-epoch photome-
try of each object. The scientific case for such a mission is dra-
matic: distances and kinematical motions for tens of millions
of objects, throughout our Galaxy, would be obtained—the
expected accuracy is such that direct (trigonometric) distance
estimates to the galactic centre would be accurate to 10%, with
transverse motions accurate to about 1 km s™' at 20 kpc. As
‘by-products’, the global measurements would yield unprece-
dented information on the space-time metric (v to a precision
of about 1 part in 10° or better, close to values which might
distinguish currently competing theories of gravity), angular
diameters of hundreds of stars, and a vast body of information
on double and multiple systems. Perhaps the most dramatic
of these subsidiary goals would be the possibility of screening
some 100 000 stars within 100 pc for periodic photocentric mo-
tions, which would provide the most powerful and systematic
method of detecting possible planetary companions proposed
to date.
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1. Introduction

The resurgence of interest in astrometry today is dramati-
cally illustrated by the fact that, in 1989, the European Space
Agency (ESA) developed and launched a satellite entirely ded-
icated to high-accuracy stellar positional measurements. This
elaborate mission has been an unprecedented success. The ap-
preciation of the continuing fundamental importance of as-
trometry, and its potential for the future, has inspired the pro-
posal of three astrometric missions within the former Soviet
Union, elaborate (wide-angle) ground-based astrometric facili-
ties and a variety of proposed space programmes in the United
States, the recent commencement of studies of an astrometric
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space mission in Japan, and the proposal for an astrometric
mission within the ESA ‘M3’ round.

The Hipparcos project represented the first step in the
acquisition of astrometric data from space. Positions, annual
proper motions, and parallaxes have been determined with ac-
curacies in the range 1-2 milliarcsec, and the concept of car-
rying out a global astrometric survey from space, resulting
in a rigid positional reference frame, and providing absolute
trigonometric parallaxes and proper motions, has been fully
demonstrated, with the final results expected to be available
during 1996 (Kovalevsky et al. 1995, Lindegren et al. 1995,
Perryman et al. 1995).

The European Space Agency’s ‘Horizon 2000 Plus’ scien-
tific programme is now being formulated. Covering the period
2005-16, it contains three ‘cornerstone’ missions: one of these
will be an interferometric observatory (Bonnet 1995). Assum-
ing that an appropriate target accuracy can be demonstrated,
the Survey Committee has recommended that such an inter-
ferometric mission be dedicated to astrometry (Battrick 1994),
building on the results of the Hipparcos mission.

A future astrometry mission could be enhanced, with re-
spect to Hipparcos, in terms of accuracy, number of objects,
and limiting magnitude. The GAIA concept (Lindegren & Per-
ryman 1994a,b, Lindegren et al. 1993, Lindegren, Perryman
& Loiseau 1993b) provides orders of magnitude improvement
in all of these parameters. In addition, consideration is being
given to the parallel determination of the sixth astrometric pa-
rameter, the radial velocity. This would greatly enhance kine-
matical studies, improve the identification and understanding
of multiple systems, and furthermore allow the effects of non-
linear (orbital) photocentric motion to be decoupled from the
effect of perspective acceleration (Favata & Perryman 1995).

The Hipparcos satellite’s photometric observations have
also demonstrated the power of an all sky-photometric sur-
vey from space. Optimisation of the GAIA photometric sys-
tem could lead to a further profound improvement in the
study of stellar variability, and also to spectral classification
through intermediate-band multi-colour observations at the in-
strument’s focal surface. Determination of spectral type, lumi-
nosity class, metallicity, and spectral peculiarities may be fea-
sible, and this would lead to GAIA performing the most dra-
matic census of the galactic stellar population contemplated to
date.

A comparative summary of the performances of GAIA and
Hipparcos is given in Table 1. The historical development of
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GAIA with those of Hipparcos. Note that about 1 million ob-
Jjects are included within the Tycho Catalogue derived from the
Hipparcos satellite. A parallax accuracy of 10 pas (targetted
at V = 15 mag) corresponds to a 10% distance accuracy at
10 kpc, while a proper motion accuracy of 10 upas/year corre-
sponds to about 1 km s~ at 20 kpc.

Hipparcos GAIA
Limiting magnitude (V) ~ 12 > 15— 16
Completeness (V) 7.3-9.0 > 15— 16
Number of objects 120 000 50 000 000
Accuracy (all five parameters)  1-2 mas 5-20 pas

Fig.1. The development of astrometric accuracies over the past
two thousand years, illustrating the advance made by the Hipparcos
mission, and the potential accuracies achievable by GAIA (courtesy

of E. Hpg).

astrometric accuracies, and the role played by this potential
future mission are summarised in Fig. 1.

2. General Scientific Objectives

Astrometric measurements provide model-independent esti-
mates of basic geometrical and kinematical properties of as-
tronomical sources. Traditionally the most important applica-
tions are the determination of stellar distances, motions and
masses. GAIA will provide an immense quantity of extremely
accurate astrometric and photometric data from which ulti-
mately all branches of astrophysics will benefit. In the areas of
the physics and evolution of individual stars and of the Galaxy
as a whole the impact will be immediate and profound. On a
much more modest scale this process will begin already with
the availability of the Hipparcos results. However, while Hip-
parcos can probe less than 0.1% of the volume of the Galaxy
by direct distance measurements, GAIA will encompass a very
large fraction of the Galaxy within its parallax horizon, in-
cluding much of the halo, and even touching on the nearest
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vides a schematic overview of some objects and phenomena
that can be studied by optical astrometry at various levels of
accuracy and sensitivity.

Another goal of astrometry is the establishment of an accu-
rate set of reference directions for dynamical interpretation of
the motions of the Earth and other solar system objects, and
of stars within our Galaxy as a whole, i.e., an optical reference
system. The importance of having access to a dense and accu-
rate inertial reference frame is easily overlooked in comparison
with the more direct benefits of, say, parallaxes. However, the
ability to establish small systematic deviations in the patterns
of motions, whether it concerns the search for transneptunian
planets or dark matter in our Galaxy, crucially depends on the
accuracy of the reference system. Through its global survey
nature, GAIA is ideally suited to provide an extremely dense
and accurate reference system. In contrast to the situation pre-
vailing with Hipparcos, where the inertial frame must be mate-
rialised indirectly (Lindegren & Kovalevsky 1995), the limiting
magnitude of GAIA is sufficiently faint to allow a direct link
with the extragalactic system by observation of quasars.

In this section, we provide a concise (and evidently non-
comprehensive) scientific survey, emphasising topics where the
estimated astrometric accuracies achievable with GAIA lead to
clearly identifiable applications. In addition to these, the multi-
colour, multi-epoch, sub-millimagnitude photoelectric photom-
etry will open up vast areas for study related to stellar stabil-
ity over the entire Hertzsprung-Russell diagram. Other pos-
sible topics have not yet been carefully assessed, but appear
promising—amongst these one may note the detection of MA-
CHOs (Alcock et al. 1993, Aubourg et al. 1993, Hgg 1995,
Hgg, Novikov & Polnarev 1995), and the possible determina-
tion of stellar angular diameters from the modulation depth
of the interferometric fringes—a preliminary assessment indi-
cates that the angular diameters of many hundreds of (nearby,
giant) stars may be measurable in this way.

A 5-year mission has been considered, not only because of
the resulting improvement in the achievable astrometric ac-
curacy compared to a shorter mission, but also in order to
establish an appropriate temporal baseline for the dynamical
studies of asteroids, for the determination of the parameters
(including orbital motion) of double and multiple stars, for the
detection of possible planetary and brown dwarf companions,
and for the photometric variability studies.

Throughout this paper, we shall assume that accuracies of
the order of 10-20 pas are achievable on both parallaxes and
annual proper motions, although significantly better accuracies
should be available for brighter objects, and the availability of
improved photon-counting detectors would lead to a further
increase in the astrometric performances and limiting magni-
tudes.

2.1. Physics and Evolution of Stars

Stellar luminosities: luminosity estimates are based exclusively
on determinations of stellar distances, themselves determined
directly only from measurements of trigonometric parallaxes.
With Hipparcos, direct distance measurements are limited to
100 pc with, say, 10% precision, a distance horizon insuffi-
cient to include rare but astrophysically important categories
of stars such as O stars, Cepheids, and RR Lyrae variables.
From ground-based observations, distance determinations and



Fig. 2. Schematic overview of some objects and phenomena that can
be studied by optical astrometry at various levels of accuracy and
sensitivity. The region probed by Hipparcos (limited by 10~3 arcsec
accuracy and magnitude 12.5) is indicated by the dashed curve at
the upper left corner. The parameter region of interest for GATA
is also sketched. It includes direct (trigonometric) distances to all
galactic supergiants and Cepheids visible from the sun, RR Lyrae
stars and bright halo stars within 10 kpc from the sun, as well as the
brightest stars in the Magellanic Clouds (LMC and SMC). Jupiter-
like planets can be detected from the photocentric motions of stars
out to a few hundred parsecs.

luminosity calibrations have been restricted to the main se-
quence, with indirect distance estimates, for example based on
statistical calibrations, used to estimate stellar distances and
luminosities for rarer spectral types. Parallaxes with a preci-
sion of 20 pas would reach to 5 kpc with 10% accuracy, or to
10 kpc with 20% accuracy. For the first time this would provide
an extensive network of distance measurements throughout a
significant fraction of our Galaxy, including the galactic centre,
spiral arms, the halo, and the bulge.

Massive stars: although only a small fraction of stars in
the Galaxy are more massive than 20M, such stars, which
spend most of their short lives as H-burning O-type stars, play
an important role in galactic structure and evolution. Thus,
accurate knowledge of the luminosity of these stars is impor-
tant for comparing masses derived from stellar evolutionary
models with those derived from stellar atmosphere models,
for determining initial mass functions, and for studying stel-
lar evolution in the high luminosity/high mass region of the
Hertzsprung-Russell diagram. The absolute magnitudes of O
stars are presently poorly determined (no O star is sufficiently
close to the sun to have a trigonometric parallax accurately
measured), the absolute visual magnitudes coming primarily
from O stars in clusters and OB associations whose distances
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Typical apparent magnitudes are V' = 4-6 mag.

Novae and nova-like variables: distance determinations to
novae are required to interpret the energetics of the outburst,
and to place these objects more securely within the context of
evolutionary models. Distance estimates can be made through
modelling of the shell expansion velocity, but such applica-
tions are restricted to particular periods after outburst, and
also suffer from modelling uncertainties. Most galactic novae
are brighter than V = 12 mag at maximum, although mea-
surements to V' = 16 mag or fainter would also allow the de-
termination of distances to galactic novae observed over the
last few decades. Related objects, such as dwarf novae, AM
Her stars, symbiotic stars, and cataclysmic binaries could be
studied, providing accurate luminosities needed to distinguish
among alternate possible energy generation mechanisms. Many
such nova-like variables would lie within the distance horizon
and the magnitude limit (say, brighter than V' = 16 mag) nec-
essary to provide distances to better than 5%.

Planetary nebulae: planetary nebulae appear to indicate a
very narrow mass range for the remnant star, and thus provide
the possibility of being good distance indicators. However, be-
cause of their rarity, and therefore their typical distances, no
satisfactory method yet exists for the their distance estima-
tion. Parallax measurements of the central stars would lead
to significant advance in the understanding of the formation
and evolution of the shells, the status of the central stars, and
the role of these objects as standard candles. Many tens of
planetary nebulae would be measurable down to V = 16 mag.

Cepheids and RR Lyrae stars: in addition to the impor-
tance of these stars to models of stellar structure and evolu-
tion, Cepheids and RR Lyrae form the cornerstone of the ex-
tragalactic distance scale. Some 55 Cepheids and 26 RR Lyrae
stars are known to lie within about 1000 pc, and are already
contained with the Hipparcos observing programme, but most
of these lie beyond about 300-400 pc so that individual dis-
tance estimates from Hipparcos will be of limited value. In
contrast, parallaxes at the 20 pas level would yield distance
estimates to better than 2% for these objects. In turn, the de-
tails of their period-luminosity-colour relationship would also
be significantly improved.

Stars in Open Clusters: only two open clusters (Hyades
and Coma Ber) lie within the 100 pc distance horizon yielding
distances from Hipparcos (from individual objects within the
clusters) to better than 10% accuracy. Cluster studies are im-
portant for numerous reasons, mostly related to the fact that
they represent a co-eval population of stars with well-defined
initial chemical compositions. They can thus be used to fol-
low the development of the formation of our Galaxy, and as a
testbed for theories of stellar evolution. For example, they are
amenable to studies of their dynamical behaviour, for the cali-
bration of stellar luminosities and distances via properties such
as the Wilson-Bappu effect and the mass-luminosity relation
for binary stars, and for the calibration of the main sequence
as a function of age and metallicity. Some 30 open clusters are
considered to lie within about 500 pc, sufficient to provide in-
dividual distances to 1% accuracy with parallaxes measured at
the 20 pas level.

Globular clusters: little or no information will be provided
by Hipparcos on the internal dynamics, and luminosity cali-
bration, of stars within globular clusters, due to the faint mag-
nitude and high central density of stars in these clusters. How-
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to which proper motions of cluster stars can be derived from
ground-based observations acquired over long periods of time.
Ages of globular clusters have indicated a possible discrepancy
with the age of the Universe derived from present estimates of
H, and €. Many observational effects and theoretical com-
plications make interpretation of globular clusters properties
far from straightforward; but cluster age determinations es-
sentially require absolute magnitude calibrations of the main-
sequence and, in particular, the turn-off point as a function of
chemical composition. For absolute ages to be accurate to a
billion years, essential for a resolution of the age conflict, the
distance of the cluster must be determined with an accuracy
of better than 3%. An observing programme reaching 15 mag
and 20 pas accuracy on the parallaxes would include 20 or
more globular clusters (such as 47 Tuc, w Cen, M3, M5, and
M15) lying between 5 and 10 kpc, and would yield individual
distances accurate to better than 10-20%. Some 10 or more of
the brightest stars per cluster would be observable, resulting
in mean cluster distances at least a factor of three better than
these individual accuracies.

Metal-poor stars and primordial nucleosynthesis: recent de-
terminations of beryllium and boron abundances in the metal-
poor star HD 140283 have raised important questions about
the origin of these elements: whether they originate from a
high cosmic ray flux at the birth of the Galaxy, or from pri-
mordial nucleosynthesis (Gilmore, Edvardsson & Nissen 1991).
If the former possibility is ruled out, it would seem to indicate
that the standard Big Bang model is wrong, and that newer
inhomogeneous models would be required. Cosmic ray spalla-
tion, in contrast, makes a specific prediction of the B/Be ratio,
although the Be abundances turn out to be very sensitive to
whether the star is a subgiant or a dwarf. A clear parallax de-
termination (ground-based parallaxes are generally quite inad-
equate) would clarify this question. While the specific instance
of HD 140283 should be resolved by the Hipparcos measure-
ments, this example illustrates the importance of individual
parallax determinations for astrophysical studies, for example
in allowing tests of both the inhomogeneity generated in the
early universe at the quark-hadron phase transition, and the
chemical and cosmic-ray evolution of the early Galaxy.

2.2. Dynamics of Stellar Systems

Visual and astrometric binaries: astrometric measurements at
the accuracy achievable with GAIA will be able to resolve bi-
naries with an apparent separation exceeding 2-5 mas and a
moderate magnitude difference. The astrometric and photo-
metric characteristics of the components can be measured. For
numerous systems with periods of a few years the absolute or-
bits can be determined and hence the individual component
masses. Closer binaries, and systems with a faint companion,
can in many cases still be detected, and their orbits deter-
mined, from the non-linear motion of the photocentre, as has
been demonstrated in the case of the Hipparcos data by Bern-
stein & Bastian (1995). At the sensitivity level of GAIA some
25% of all stars may turn out to be non-single. This vast ma-
terial on stellar duplicity will be essential for a correct inter-
pretation of the astrometric and photometric parameters, as
well as providing important constraints on theories of stellar
formation.
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problems related to interacting binary systems would become
accessible with parallaxes in the 10-20 pas range, and semi-
major axes of the orbital systems of the order of tens of mi-
croarcseconds. That such systems could be detected and, under
favourable circumstances, orbital elements solved, is again in-
ferred from the work reported by Bernstein & Bastian (1995).
The evolutionary history of interacting binary systems, and
the origin of Type I supernovae, millisecond pulsars, low mass
x-ray binaries, and globular cluster x-ray sources is intimately
bound up with the behaviour of compact binaries with mass
transfer and loss. Accurate knowledge of the stellar masses
and orbital separation can be derived from astrometric mea-
surements (yielding the orbital separation and the orbital in-
clination) combined with estimates of the mass function de-
termined by radial velocity measurements. Many specific ques-
tions about accretion rates, precursors, mass distributions, and
kinematic behaviour could be addressed with these data, in-
cluding studies of the black hole candidates. Galactic black
hole candidates have bright secondaries (9 mag in the case
of Cyg X-1, and 12 mag or fainter in the case of V404 Cyg)
and wide orbits (with orbital periods of about 6 days), which
should yield definitive black hole masses by determining orbital
separation and inclination. Evidently, further study is required
to assess the true capabilities of GAIA for these systems as a
function of magnitude and magnitude difference, separation,
orbital period, and source structure.

Be star X-ray binaries: these are believed to consist of a
recently formed neutron star and a Be star companion. The or-
bit has not yet circularized, and the eccentric motion produces
periodic eruptions at periastron as the compact star passes
through the mass outflow from the Be star. Measurement of the
orbital parameters would yield information on the anisotropy
of the supernova mass ejection. It is important to relate this
to the kinematics of isolated pulsars, and to the physics of the
explosion.

Dynamics of globular clusters: accurate proper motions of
stars within globular clusters are required to yield information
on the cluster’s internal velocity dispersion, and thus constrain
dynamical models of their formation and evolution. Within
47 Tuc, for example, proper motions of 20 pas/yr correspond to
transverse velocities of 0.4 km/sec. In addition, spectroscopic
binaries have been detected in globular clusters with ampli-
tudes of tens of km/sec and periods of years, corresponding to
separations of order 1 mas. Parallaxes and annual proper mo-
tions at the level of 50 pas or better would provide distances
and orbital data necessary to clarify the formation and evolu-
tion of these binary systems, and their role in the formation of
the millisecond pulsars now known to exist in the cores of glob-
ular clusters. Source crowding will severely limit the relevance
of GAIA to these problems in the case of the ‘baseline detec-
tion mode’, while such applications will benefit considerably
from the possible implementation of ‘direct fringe detection’
(see Section 3.5, and Section 5).

Galactic dynamics: the huge number, impressive accuracy,
and faint limiting magnitude of the GAIA mission would to-
tally revolutionise the dynamical studies of our Galaxy, which
are now understood to be capable of providing considerable
advances in our understanding of the structure and motions
within the spiral arms, the disc and the outer halo. It is still
unclear, for example, whether spiral arms are density wave en-
hancements in the background stellar distribution, or whether
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hancement exists, it will affect the stellar motions in a charac-
teristic way, and this could be tested on the relatively nearby
Perseus arm (about 2 kpc distant). Stellar motions would be
determined for stars near the arm, both foreground and back-
ground (distinguished by their parallaxes), with proper mo-
tion accuracy requirements of some 100 gas/yr, corresponding
to about 1 km/sec in space velocity. Similarly, the dynamical
relationship between the disk and halo is still uncertain.

Dark matter within the disk: two recent programs have
attempted to determine the surface density of the Galactic
disk in the solar neighbourhood. One (Bahcall, Flynn & Gould
1992) finds evidence for dark matter in the disk, while the
other (Kuijken & Gilmore 1989a,b) finds none. The issue is
important because of the implications on the nature of dark
matter—whether, if it exists, it admits matter in a baryonic or
non-baryonic form. One source of uncertainty in the Bahcall
et al. result, based on the distribution of K giants perpen-
dicular to the galactic disk, is the error in the distances to
individual stars. These are relatively bright objects (apparent
magnitudes 10 and brighter); their distance scale could be re-
calibrated and substantially improved by direct parallax mea-
surements of K giants with a range of metallicities. Parallaxes
at the level of 50 pas would be required.

The mass of our Galaxy: the form of the rotation curve
beyond the Sun is very sensitive to the existence and amount
of dark matter near to it. No very reliable determination of
the rotation curve has yet been derived. In an extension of
the programmes being undertaken with the Hipparcos data,
measurements of the distances and motions of disk stars are
required at a range of galactic longitudes, resulting in the ro-
tation curve at distances out to 15 kpc determined from stars
with V' < 12 mag. Parallaxes at the level of 20 pas for an accu-
racy of 20% in individual distances, and annual proper motions
of about 200 pas/yr (or 10 km/sec), would be required.

Proper motions of the Magellanic Clouds, and active galac-
tic nuclei: different explanations for the dynamical behaviour of
the LMC/SMC, in particular whether these systems are gravi-
tationally bound to our own Galaxy, implies systematic proper
motions of below about 1 mas/yr, very much at the limit of
the Hipparcos capabilities. Large numbers of stars measured in
the LMC/SMC at the level of 50 pas or better, would clarify
their dynamical relationship with our own Galaxy. Further out,
the nuclei of active galaxies may be sufficiently point-like that
their absolute proper motions may be measurable. At a red-
shift of 0.03, a transverse velocity of 1000 km/sec corresponds
to a proper motion of 3 gas/yr. Thus, transverse velocities of
nearby galactic nuclei due, e.g., to galaxy cluster potentials,
might be detectable. Further investigations will be required to
determine whether the flux in truly unresolved points within
such galactic or active galactic nuclei is suffient—and suffi-
ciently stable with time—for such investigations to be feasible
with GATA.

The role of quasars: future astrometric missions, at levels
of accuracy very much better than 1 pas, could determine the
transverse motions of external galaxies and quasars routinely,
and determine their kinematic properties independently of a
dynamical model of the Universe. In the meantime, an astro-
metric programme reaching 15-16 mag would include a num-
ber of quasars (see, for example, Schilbach & Scholz 1995), and
this in turn would allow a direct tie between the resulting refer-
ence system and an inertial reference frame, something which
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considerable importance of this possibility is that the result-
ing proper motions of all the stars within the global observing
programme would not be subject to arbitrary offsets in their
proper motions, a fact critical for any dynamical interpretation
of their motions.

2.3. Detection of Planetary Systems and Brown Dwarfs

The search for possible planetary systems beyond our own so-
lar system has received considerable attention in recent years,
with ground-based searches based on accurate radial velocity
measurements being undertaken (e.g., Kiirster et al. 1994), and
a variety of other ground- and space-based possibilities based
on imaging in the optical or in the infra-red, or dedicated as-
trometric techniques being considered.

The Hipparcos mission, due to its limited astrometric ac-
curacy and mission duration, is unlikely to make any serious
contribution to the possible detection of sub-solar mass plane-
tary companions around nearby stars, although the principles
of the method have been convincingly demonstrated (Bernstein
& Bastian 1995). The essential idea, that of detection of non-
linear photocentric motions in the paths of nearby stars due
to such ‘planetary’ companions, has been extensively studied
and simulated, for example as part of NASA’s TOPS (Towards
Other Planetary Systems) and later as part of the POINTS
programme. Preliminary studies in the context of GAIA have
been reported by Casertano, Lattanzi, & Perryman (1995) and
Casertano et al. (1995).

The probable size of the effect can be judged by considering
the path of the Sun as seen from a distance of (say) 10 pc. The
perturbation caused by Jupiter has an amplitude of 500 pas
and a period of 5 years, while the effect of the Earth is a one-
year period with 0.3 pas amplitude. With a mission length of
5 years and a target mission accuracy of 20 pas, GAIA should
be able to provide annual normal points with an accuracy of
50 pas. This is sufficient to detect Jupiter-mass planets (at
the 30 level) out to 30 pc. This volume includes several thou-
sand potential target stars, all of which can be monitored for
possible companions. If the accuracy is instead 2 pas, which
may be feasible for bright stars (V' < 10 mag), then the detec-
tion horizon for Jupiter-mass planets is pushed beyond 100 pc
and includes some 10° candidate stars. Screening all 50 million
stars down to the survey limit of V' = 15-16 mag for possible
signatures of planetary and brown dwarf companions will pro-
vide a complete census of such bodies to well-defined detection
limits.

2.4. General Relativity

The reduction of the Hipparcos data has necessitated the inclu-
sion of stellar aberration up to terms in (v/c)?, and the general
relativistic treatment of light bending due to the gravitational
field of the Sun (and Earth). Light bending by the Sun amounts
to 4 mas even at 90° (i.e., for light arriving perpendicular
to the ecliptic). The astrometric residuals may be tested for
any discrepancies with the prescriptions of general relativity;
in principle this provides a constraint on the post-Newtonian
light-bending term, v, equal to unity in general relativity. Pre-
vious determinations of v include the original observations of
Dyson, Eddington & Davidson (1920), and other optical de-
terminations made at times of total solar eclipse, including the
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the 1973 Mauritanian eclipse. All such previous determinations
have been based on observations within a few R of the solar
limb. Other determinations based on VLBI observations and
the Viking spacecraft (Shapiro) time-delay, also restricted to
measurements made close to the solar limb, are also illustrated
(see Soffel 1989). The best available measurements to date are
those from the Viking observations (Reasenberg et al. 1979),
and provide a precision of about 1072 in 4.

The GAIA measurements would provide a precision of
about 1 part in 10° or better in the determination of v due to
the Sun. Interestingly, this is close to the values predicted by
those present theories which predict that the Universe started
with a strong scalar component, and which is relaxing to the
general relativistic value with time (e.g., Damour & Nordtvedt
1993). The importance of such theories is that they provide a
possible route to the quantisation of gravity. For this reason,
space experiments dedicated to the measurement of v with a
precision of about 1 part in 10° have been proposed, and are
being considered for the ESA M4 round. We stress that GATA
would provide this precision as a by-product of its astrometric
and photometric campaign.

Light deflection has also been observed, with various de-
grees of precision, on distance scales of 10° — 10*' m, and on
mass scales from 1 — 10'* M, the upper ranges determined
from the gravitational lensing of quasars (Dar 1992). Light-
bending by the Earth is at the level of ~ 40uas, and GAIA
could therefore extend the domain of observations by two or-
ders of magnitude in length-scale, and six orders of magnitude
in mass. (The Pound-Rebka experiment verified the general
relativistic prediction of a gravitational redshift for photons,
an effect probing the time-time component of the metric ten-
sor, while light deflection depends on both the time-space and
space-space components). Light bending at the Jovian limb is
predicted to amount to 17 mas.

At the level of accuracy expected from GAIA, even more
subtle effects will start to become apparent, such as the
quadrupole components of the gravitational fields of the Sun
and the planets, and the ‘frame-dragging’ effects of their mo-
tions and rotations (see, e.g., Soffel 1989). Light modulation
effects due to gravitational lensing by MACHOs (Alcock et al.
1993, Aubourg et al. 1993) might also be detectable (Hgg 1995,
Hgg, Novikov & Polnarev 1995), and all of these possibilities
will need to be studied in more detail.

The possible detection of gravity waves, as a result of the
angular displacement of the apparent positions of stars has
been considered by Fakir (1994). The speculative possibility
that GATA might achieve the first ever such detection, through
the apparent motions of stars situated behind relatively nearby
binary (giant) systems, has been briefly considered by Fakir
(1995).

3. Technical Considerations
3.1. Significance of Global Measurements

A future space astrometry mission aiming at the widest range
of astrophysical problems must be able to perform global mea-
surements. This means that positions, and changes in posi-
tions caused by proper motion and parallax, are determined in
a reference system consistently defined over the whole sky. In
practice this requires direct and accurate measurement of large
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etry in order to construct a distortion-free reference system
around the sky is fairly self-evident and need not be elabo-
rated here. But wide-angle measurements are also crucial for
the determination of absolute parallazes, which may require
some explanation.

The trigonometric parallax is the most important and di-
rect way for determination of stellar distances. The traditional
(ground-based) method to determine the parallax is to mea-
sure the annual oscillations of the star’s apparent motion, as
caused by the Earth’s revolution around the Sun, against the
background of distant stars. These measurements are confined
to the field of view of a long-focus telescope, usually within
10-20 arcmin. The measurable quantity is then the relative
parallax, i.e., the difference between the parallax of the target
star and the mean parallax of the background stars. To obtain
the true or absolute parallax of the target star one must add
a correction corresponding to the mean parallax of the back-
ground stars; this is often estimated simply from their mean
magnitude and galactic coordinates. The size of the correc-
tion is typically 1-2 mas, with a (model dependent) uncer-
tainty of a substantial fraction of a milliarcsec (van Altena et
al. 1988). This procedure is clearly inadequate when it comes
to microarcsec astrometry.

The inestimability of absolute parallaxes in a small field
depends on the circumstance that the parallax factor f, being
proportional to the sine of the angle from the sun to the star,
is nearly constant in the small field. The relative displacement
of two stars with parallax p; and p; is consequently given by
f - (pr — p2). From a series of measurements made at different
times of the year (with different f) it is possible to determine
p1 — D2, but not the individual parallax values.

The situation is radically different if wide-angle measure-
ments can be made with the same accuracy as in a small field.
The relative displacement must now be written fipi — fop2,
where in general fi # f2 for stars separated by a large angle
(~ 1 rad). Measuring this displacement at different times of
the year clearly allows to determine p; and ps individually, in
other words, to obtain the absolute parallaxes.

This principle of absolute parallax determination by wide-
angle measurements was implemented for the first time in the
Hipparcos mission, and has been demonstrated to be a com-
plete success: several independent tests on preliminary Hip-
parcos parallaxes have shown that their zero-point errors are
much less than 1 mas, and possibly smaller than 0.1 mas. The
same principle will apply to the GAIA mission, which therefore
should be able to produce parallaxes that are absolute at the
sub-pas level.

3.2. Outline of a Mission Concept

From a technical viewpoint, the general principles of the GATA
concept can be summarized in the following points:

(a) it is a continuously scanning instrument, capable of
measuring simultaneously the angular separations of several
hundred star images as they pass across a field of view of
about 1° diameter. Simultaneous multi-colour photometry of
all astrometric targets is a necessary and integral part of the
concept;

(b) high angular resolution in the scanning direction is pro-
vided by optical interferometry on a baseline of ~ 3 m, the large
field of view implying the use of Fizeau type interferometers,
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the requirement for a non-deployable payload compatible with
the Ariane 5 launcher envelope;

(c) the wide-angle measuring capability is realized by means
of two or more interferometers mechanically set at large an-
gles to each other and scanning the same great circle on the
sky. The precise ‘basic angles’ between the interferometer base-
lines are determined from the 360° closure condition on each
great-circle scan, while short-term (< 3 hours) variations are
passively controlled and monitored by internal metrology;

(d) the whole sky is systematically scanned according to a
pattern which permits, after only a few years of scanning, a
complete separation of the astrometric parameters describing
the motions and distances of single stars. A longer temporal
baseline permits the determination of additional parameters
relevant for instance to the detection of planetary companions.

Within this general outline a multitude of options exist
which remain to be explored, optimized and weighed against
each other. These include, for instance, the number and op-
tical design of the Fizeau interferometers, choice of wave-
length bands, detection systems, basic angles, metrology sys-
tem, satellite layout, and orbit. A technically reasonable con-
figuration which achieves the mission goals summarized in Ta-
ble 1 is described in Lindegren & Perryman (1994a). Its main
characteristics are as follows: three identical Fizeau interfer-
ometers (A, B, C) stacked on top of each other in a cylindri-
cal body intended to fit into a dual-launch Ariane 5 envelope,
pointed at angles of (for example) 54° (A-B), 78.5° (B—C), and
132.5° (A—C); each interferometer consisting of two 50 cm (or
larger) aperture mirrors, with a baseline length of 2.5 m, and
equipped with CCD detectors in the focal plane assembly. Fur-
ther increase in the baseline length would result in a greatly
increased complexity, since the payload structure would then
have to be deployable.

While two interferometers are in principle sufficient to per-
form wide-angle astrometry, the addition of a third one pro-
vides full redundancy in the sense that any two of them can be
used and still achieve the mission goals. Mindful of the criti-
cality of alignment of an operational interferometer, the design
concept involves a further level of redundancy: the outer part
of the field of view is used in a non-interferometric mode (inco-
herent imaging, Section 3.6) which, even in the case of a total
failure of the interferometric capability, would still provide an
impressive overall astrometric accuracy (Table 3).

Parts of the proposed concept are derived directly from the
Hipparcos mission and applied to the much more ambitious
GATA mission. We should underline here the three most im-
portant reasons why such a dramatic improvement in accuracy,
compared with Hipparcos, can be considered achievable: (a)
increased optical baseline, from 0.3 m to 2.5 m; (b) increased
detector efficiency (going from a photon-counting image dis-
sector tube to a CCD); (c) multiplexed rather than sequential
observations, resulting in increased observing time for target
stars, and the possibility to observe all stars down to the in-
strument’s sensitivity limits.

3.3. Scanning law and mission length

In contrast to point-and-stare missions as exemplified by the
Hubble Space Telescope and the OSI and POINTS astrome-
try projects, the observation mode adopted for GAIA is based
on continuous sky scanning. The rationale for this particular
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and scientific aspects of the mission, may be summarized as
follows: (a) it follows a proven concept, namely that of the Hip-
parcos mission; (b) it is well suited for a global, survey-type
mission with very many targets; (c) astrophysical research pri-
marily oriented towards the physics of stars and of the Galaxy
as a whole is best served by a survey-type mission encompass-
ing large and well-defined samples of a wide variety of objects;
(d) from a technical viewpoint, a continuously scanning satel-
lite appears to be particularly efficient, and perhaps optimal,
in terms of instrument stability and calibration, and observing
time utilization.

The continuous scanning approach results in a variety of
very important attributes, in particular resulting in the facts
that the satellite provides a constant geometry with respect
to the sun for the proposed scanning pattern; that critical in-
strument parameters such as the basic angle, scale value and
geometrical field distortion are obtained from the closure con-
ditions on each complete rotation of a few hours; that these
calibrations are part of the normal observations and therefore
do not require any overhead time; that no overhead is required
for re-pointing the telescope; and that many objects are ob-
served strictly simultaneously.

The interferometers are considered to scan the whole sky
according to a pre-defined pattern similar to the ‘revolving
scanning law’ used with Hipparcos. Thus, the axis of rota-
tion (perpendicular to the viewing directions and interferome-
ter baselines) is kept at a nominally fixed angle £ from the sun,
and describing a precessional motion about the solar direction
at constant speed with respect to the stars. For Hipparcos the
solar angle was £ = 43°, but a slightly larger value (e.g., 55°)
should be adopted for GAIA for improved uniformity of sky
coverage. The spin period is about 3 hours, corresponding to a
speed of 120 arcsec/s for the motion of star images across the
field. The spin axis must be controlled to follow the nominal
scanning law to within a few arcminutes in order to guarantee
sufficient overlap between successive great-circle scans.

A baseline mission length of 5 years is proposed. Although
the many advantages of the space environment permit very sig-
nificant measurements to be made in a relatively short time,
some of the more complex motions cannot be properly explored
on a time scale of 2—-3 years. This concerns, in particular, many
binaries with periods up to several years, and the detection of
possible planetary and brown dwarf companions. As previously
noted, the survey instrument is ideal for planetary detection,
through its screening of a very large number of stars for their
photocentric motions (Lindegren & Perryman 1994a, Caser-
tano, Lattanzi & Perryman 1995, Casertano et al. 1995), but
measurements extending over a significant fraction of the or-
bital period are mandatory.

3.4. Size of Interferometers, Integration Time and Field of
View Requirements

The ultimate accuracy with which we can determine the di-
rection to a point source of light is set by the dual nature of
electromagnetic radiation, namely as waves (causing diffrac-
tion) and particles (causing a finite signal-to-noise ratio in
the detection process). For an interferometer consisting of two
(small) apertures separated by the baseline B, the fundamental
limit for the directional accuracy perpendicular to the fringes
is given by:
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where A is the wavelength and N the number of detected pho-
tons (Lindegren 1978). Given that N o D?, where D is the
diameter of each aperture, it follows that o oc (BD)™", and
that the product BD should in general be maximized subject
to the various constraints on size, mass and complexity. While
a detailed trade-off must await further technical studies we
have adopted B = 2.45 m and D = 0.55 m as representing a
plausible interferometer compatible with the Ariane 5 launcher
capabilities.

Equation (1) gives the limiting accuracy of a single angular
measurement in the instrument frame. The positions, proper
motions and trigonometric parallaxes of all the objects are
eventually determined (in principle) by a least-squares com-
bination of all such measurements collected over the whole
mission. The accuracy of, say, the parallax of an individual
star depends on the total weight of the measurements of the
star, and a certain numerical factor determined by the geom-
etry and temporal distribution of the measurements. For the
parallax accuracy we may write, by a slight generalisation of

Eq. (1):

Aeff'
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where F is a geometrical factor and R the total signal-to-noise
ratio. Monte Carlo simulation of a revolving scanning law with
¢ = 55° gives F ~ 2. Writing R instead of +/N allows the
inclusion of certain other noise sources such as sky background.

A simple calculation based on Eq. (2) shows that, in the
continuous scanning mode, where the total integration time per
scan is limited, the required astrometric accuracy can only be
reached with a sufficiently large field of view. For B = 2.45 m
and Aey = 500 nm we have Fl.r/(27B) = 13 mas. How-
ever, we wish to reach, at the end of the mission, a parallax
error which is a thousand times smaller. This requires an ac-
cumulated signal-to-noise ratio of 10® per star, or at least 10°
detected photons from the star. At 15 mag this translates into
a total integration time of 7 ~ 1000 s, assuming a throughput
of 10 m’nm [the throughput is defined as ATQAN, where 4
is the collecting (aperture) area, T the optical transmittance,
Q the quantum efficiency, and A the wavelength bandwidth].
Now, for a continuously scanning instrument the total time
spent inside the field of view by an average object is given by:

()= oL (3)

where € is the solid angle of the field of view and L the (ef-
fective) mission length. For {7} ~ 1000 s and L ~ 5 years this
gives Q ~ 0.3 deg? as a minimum field size.

Such a large field can only be realized in a Fizeau type
interferometer. The use of Michelson interferometers appears
to be ruled out by the adopted continuous scanning mode.

3.5. Spatial Resolution of Detector

Full utilization of the astrometric information of the diffraction
images in principle requires that the spatial coordinates and,
for a scanning instrument, the time, are recorded to adequate
accuracy for each detected photon. Let us briefly consider the
option to place such an (ideal) detector directly in the focal

plallc. 111C pciiod ol tilc 10ully s LHiges pioauccd Dy tuic 1il=
terferometer is Aer/B ~ 40 mas at 500 nm wavelength. The
fringes must be recorded with a sufficiently high spatial res-
olution to retain most of the positional (phase) information.
The sampling theorem requires only two samples per period,
but considering also the modulation damping produced by the
finite spatial and temporal sample width, we find that about
four samples per fringe period is actually required. This cor-
responds to a pixel size of 10 mas. For a one-degree field this
implies some 360 000 resolution elements (or pixels) across the
detector. (In the perpendicular direction a much lower resolu-
tion can be used, because of the smaller aperture extent normal
to the baseline.) This is clearly beyond what can realistically
be achieved with current technology such as CCDs.

We do not exclude that detectors of sufficient resolution
and geometrical linearity will become available in the com-
ing years as a result of ongoing or potential development pro-
grammes. Such a possibility might be offered by new devel-
opments in superconducting detectors, which provide better
efficiency, broader wavelength response (into the UV and in-
frared), lower noise, and energy resolution (Perryman, Foden
& Peacock 1993, Lindegren & Perryman 1994b). However, the
present goals can be achieved by means of conventional detec-
tors, if a modulating grid is used to encode the phase informa-
tion of the fringes. The proposed modulation/detection scheme
is outlined in Sect. 4.3.1.

3.6. Coherent and Incoherent Imaging Mode

Operating the telescope as a Fizeau interferometer requires
that the Airy disks formed by the two 0.55 m openings add
coherently to form interference fringes. The condition is that
the Airy disks fall at the same position in the focal plane (to
within a fraction of the Airy radius), and that the optical path-
lengths in the two interferometer arms are equal (to within a
fraction of the coherence length A%/A}). For the nominal in-
strument these conditions can certainly be met in the central
part of the field. Further away from the optical axis the fringe
contrast may be seriously reduced, but the image still con-
tains substantial astrometric information. This suggests that
the outer part of the field can profitably be used in an incoher-
ent imaging mode for additional astrometric and photometric
measurements. The term ‘incoherent’ here simply means that
the information is derived from the Airy envelope of the stellar
images instead of the interference fringes. The theoretical loss
of astrometric precision is 2B/D ~ 9, but in practice the loss
is smaller because of other design factors.

For the incoherent imaging, CCD detectors can be used
directly in the focal plane and operated in the Time Delayed
Integration (TDI) mode. That is, the charge images are shifted
along with the optical images and read out as they arrive at one
side of the array. The principle of operation in this mode corre-
sponds exactly to that of a proposed non-interferometric astro-
metric mission, Roemer (Lindegren et al. 1993a) or Roemer—+
(Hpg 1994), and the predicted performance is even slightly bet-
ter than for Roemer+.

The addition of the incoherent imaging mode brings about
some very significant advantages and a considerable strength-
ening of the overall mission performance:

(a) compared with the use of a modulating grid, the CCD
directly in the focal plane gives better light economy and much
more eflicient suppression of background radiation and nearby
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albeit at a reduced accuracy;

(b) the optimum wavelength bandwidth to be used in the
coherent (interferometric) mode is largely determined by the
pupil geometry. In contrast, the passbands for the incoherent
mode can be chosen quite freely to serve a number of different
purposes, including intermediate and narrow bands selected for
astrophysical reasons (such as Stromgren and HS photometry
to V ~ 16 mag) or especially designed for transformability to
other photometric systems (Young 1994);

(c) the incoherent imaging mode provides attitude informa-
tion needed both in real time, for the operation of the detectors,
and a posteriori, as required for proper interpretation of the
coherent measurements in the data reductions;

(d) positions determined by the incoherent imaging can be
used as starting points for a solution based on the interfer-
ometric data. This brings the latter solution into the linear
regime (phase errors < 1 rad), allowing considerable simplifi-
cation of the processing and eliminating possible ambiguities
and spurious solutions;

(e) the CCD detectors surrounding the interferometric field
can be used for coarse focussing and control of mirror align-
ments, since the star images from the two pupils must overlap
completely and in all parts of the field when the mirrors are
correctly adjusted. Since this function does not depend on the
formation of fringes, it should be particularly useful for the
first phase of fringe acquisition;

(f) finally, the incoherent imaging mode provides a reliable
and useful ‘backup’ facility in a scenario where one or more of
the interferometers, for some technical reason, fails to produce
fringes. In such a case the interferometric detectors do not
produce any astrometrically useful data at all, whereas the
incoherent mode still provides photometry at nearly the full
accuracy and astrometry certainly at the sub-milliarcsec level.

4. The Payload

4.1. Fizeau Interferometers

As indicated in Sect. 3.4, a field of view size of the order of
1° is needed in order to accumulate sufficient integration time
on each object. This implies that the interferometer is of the
Fizeau type, i.e., optically equivalent to a single large telescope
with two openings in the entrance pupil. The non-illuminated
parts of the mirrors are removed, and we are basically left with
two off-axis telescopes with a common focus.

In a first approximation we have considered the optical
characteristics of the single ‘underlying’ 3 m telescope. An ef-
fective focal length of 10-15 m is desirable for a convenient lin-
ear size of the field (a few tens of cm). Diffraction-limited imag-
ing over a large field implies good correction for spherical aber-
ration, coma and astigmatism, which suggests a three-mirror
system. Very preliminary optimization of such a system led to
a design whose main parameters are given elsewhere (Linde-
gren & Perryman 1994a, Loiseau & Shaklan 1995). The mirror
diameters are calculated for an unvignetted field of +0.8°. The
resulting Fizeau system is shown in Fig. 3.

The nominal performance of the three-mirror telescope is
diffraction limited within a field radius of about 0.45°. The
outer part of the field, between ~ 0.5° and 0.8° radius, is still
unvignetted and the geometrical images are still much smaller

Fig. 3. Optical outline of one of the Fizeau interferometers. It is op-
tically equivalent to a three-mirror telescope (M1, M2, M3) preceded
by a double aperture. FPA = focal plane assembly. F1, F2, F3 indi-
cate three fiducial points for controlling the mirrors and focal plane
assembly (see text). This configuration results from a ray-tracing
solution using the Code V package (Loiseau & Shaklan 1995).

than the Airy disk of the 0.55 m openings; consequently this
part of the field can be used for the incoherent imaging.

The Fizeau interferometer fits into a circular envelope of
4.4 m diameter, with the focal plane assembly conveniently lo-
cated near the envelope for passive cooling of the detectors.
The layout permits internal baffling so that, for instance, the
tertiary mirror is invisible from the outside. Three identical
interferometers are stacked on top of each other in a cylindri-
cal envelope, with baselines set at different angles (Sect. 3.2).
These should be carefully chosen so that any two interferom-
eters, or all three of them, can be used to perform wide-angle
measurements (Makarov et al. 1995).

4.2. Alignment and Stability Requirements

For diffraction-limited performance the relative positions of all
mirror elements need to be controlled, passively or actively, to
within a fraction of a wavelength. In particular the superposi-
tioning of the Airy disks from the two circular openings must
be achieved over the whole one-degree field, which puts very
stringent demands on the symmetry of the system. However,
not all degrees of freedom need to be controlled to the same
accuracy, and passive means should be used whenever possi-
ble. Active control must be based on error signals that can be
derived from laser gauges, but also from the focal plane de-
tectors. The metrology requirements for the optical alignment
are modest (some nm) and may be achieved with commercial
gauge technique.
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requirements, and in particular variations of the angles be-
tween the interferometer baselines (the basic angles). While
variations on time scales longer than a few hours (equal to the
rotation period of the spinning satellite), as well as the abso-
lute values of the basic angles, can be deduced from the closure
conditions on each complete great-circle scan, all significant
short-term variations must either be eliminated or monitored
by the metrology system. On a 3-m baseline, 5 pas corresponds
to a linear shift of one end by 70 pm. Thus, monitoring at the
10-50 pm precision level is likely to be required, but only for
variations occurring on time scales up to a few hours. The ba-
sic feasibility of differential laser gauging at the pm level has
already been demonstrated in the POINTS and OSI projects
(Noecker et al. 1993, Shao 1993).

The interferometer baseline orientation is defined by an ar-
bitrary fixed point on the focal grid in combination with all the
mirror elements. It can therefore be monitored with respect to
three fiducial points, e.g., as indicated in Fig. 3 (F1, F2, F3),
by measuring distances from these points to different parts of
the mirrors and focal assembly. The basic angle can then in
turn be monitored from the distances of the fiducial points of
one interferometer with respect to the other.

4.3. Focal Plane Assembly
4.3.1. Coherent Imaging Mode (Interferometer)

In the baseline concept the inner part of the focal surface,
dedicated to the interferometric measurements, is covered by
grids consisting of many narrow bands parallel to the interfer-
ence fringes of the stellar images. The spatial frequency of the
bands match the fringe frequency, thus producing a sinusoidal
modulation of the light intensity behind the grid as the images
(and fringes) move across the field, perpendicular to the bands.
The grid may be designed to modulate either the amplitude of
the image (by means of alternatingly opaque and transparent
bands, or slits, as was used for Hipparcos), or the phase (by
means of a phase hologram). In both cases the light modula-
tion at the detector can be understood as interference of the
two pupil images superposed in different spectral orders, as
diffracted by the grid (Lindegren et al. 1994). The phase grid
is the preferred design in view of its higher efficiency (Fig. 4).

Fig. 5 shows a possible layout of the focal field. The in-
ner part of the field is covered by a mosaic of 32 CCD de-
tectors with corresponding grids, working at several different
effective wavelengths. Each grid is divided into ‘subfields’ of
27 x 13.5 arcsec? to limit the background light and confusion
from other stars.

An integrated ‘light curve’ of the modulation can be
recorded by a CCD in which the electric charges generated
by the photons are shifted back and forth at the (known) fre-
quency of modulation. In principle 2n — 1 pixels are sufficient
to store n phases of the light curve, where n may be in the
range 4 to 8. At intervals of 1/n of the modulation period the
charge image is shifted one pixel forward, and after n — 1 such
shifts it is quickly shifted back to its original position, imme-
diately starting the integration of the next modulation cycle.
The shift frequency must be accurately matched to the actual
modulation frequency (depending on the grid period, the satel-
lite rotation rate, and the image scale) to allow the light curve
to be built up over many hundred modulation cycles before the
whole CCD is quickly read out and the relevant samples saved.

Fig. 4. Principle of light modulation by an amplitude grid (a) and
a phase grid (b). The phase grid transmits more light than the am-
plitude grid and gives deeper modulation, both factors improving
the accuracy of the phase determination. However, for the phase
grid the two images of the interferometric pupils are modulated in
anti-phase, requiring separate detection of the two images.

A field lens (Fig. 4) ensures that the illumination on the CCD
is stationary during this process, by imaging the two circular
openings of the interferometer at fixed points on the CCD.

The multiple shifting back and forth of the charges requires
a high charge transfer efficiency, but should be quite feasible
with current performance figures. A similar use of multiple
hidden, fast image buffers on a CCD chip is proposed for the
second generation of the Zurich Imaging Stokes Polarimeter
(ZIMPOL II, Stenflo, Keller & Povel 1992). Alternative de-
tectors such as photon-counting avalanche photodiodes (APD)
should also be considered in conjunction with a modulating
grid. Although not yet available in arrays, commercially avail-
able discrete APD detectors have characteristics that are very
well suited for the present application (size of sensitive area,
high quantum efficiency over a very wide spectral range, low
dark counts with moderate cooling, and high time resolution).
The possible advantages of the more speculative superconduct-
ing tunnel junction detectors have already been noted.

Some additional design considerations are outlined in the
following paragraphs.



Fig. 5. Schematic layout of grids and detectors in the focal plane.
The inner part of the field, used in the interferometric (coherent)
mode, is covered by a mosaic of phase grids, using different passband
filters (A, B, ..., F) and a separate CCD behind each grid. The grids
are divided in subfields with field lenses as shown in Fig. 5. The outer
part of the field is used for incoherent imaging, using CCD detectors
placed directly in the focal plane and operated in Time Delayed
Integration mode. The detectors labelled w, u, v, b, y, I, Bw and
Bn are preceded by colour filters for intermediate and narrow band
photometry. Each CCD has two regions that are read out separately
to increase the dynamic range. The pixels are long and narrow.

(a) Fringe/grid matching: for a narrow wavelength pass-
band with effective wavelength A.s the diffraction image of the
nominal interferometer will consist of a set of Young’s fringes
having an angular period of Acx/B radians, and with an outer
envelope in the shape of an Airy disk corresponding to one of
the pupils (radius to first minimum = 1.22A.¢ /D). The grid
period must equal the fringe spacing in order to produce light
modulation at the detector. Thus, the grid period is necessarily
linked to the effective wavelength.

(b) Optical bandwidth: the finite bandwidth (AA) reduces
the fringe contrast as one moves away from the centre of the
image. To get good modulation by the grid it is necessary that
fringes are seen across the whole central Airy disk. This condi-
tion requires that AA/Aer S D/B. The optimum bandwidth is
a compromise between the number of photons and the degree
of modulation obtained. Provisional calculations indicate that
the standard error on the phase measurement is minimized for
AX/Aegr ~ 1.1D/B ~ 0.25 for the present pupil configuration.

(c) Size of subfields: the light of any (unresolved) source
falling on the grid will contribute to the detector output by

SUpCIposiily a SIUS0LUd4dl COILIIPOIICIIL Of tilc Sigllal. AlLLIIOUgIL 1L
is possible to disentangle many such components in the data
analysis (see below), it is of course desirable to obtain ‘clean’
signals for most observations, and only resort to the more com-
plex analysis when necessary, e.g., for double stars and crowded
fields. The instantaneous field of view covered by a single de-
tector channel should therefore be small enough that, most of
the time, there is no disturbing star within that area. At the
limiting magnitude of about V' = 15.5 mag we may consider
any star brighter than V = 16.5 mag as a potentially serious
disturber. The mean density of such stars (Allen 1973) is about
3000 deg™2. For the probability of disturbance to be less than
10%, say, the area must then be smaller than about 400 arcsec®.
The average sky background within this area is equivalent to
one star of magnitude 16: this contributes an acceptable level
of photon noise but no modulation. In the design of Fig. 5 the
subfield area is 365 arcsec”.

(d) Image synthesis: in contrast with the standard aperture
synthesis problem, the ‘image’ to be analyzed by GAIA is usu-
ally not a continuous brightness distribution, but consists of
a relatively small number of point sources. Each point source
must however be modelled by several photometric and geo-
metric parameters corresponding to its spectrum, proper mo-
tion and parallax. The resulting multi-dimensional synthesis
problem requires a reasonable observational coverage not only
in the uv plane, but also in the time domain. The ‘revolving
scanning law’ (Section 3.3) provides sufficient temporal distri-
bution and diversity of scanning directions. The uv coverage is
further improved by covering the whole useful spectral range
by overlapping passbands of AA/Acs ~ 0.25, each band corre-
sponding to a different spatial frequency in the given scanning
direction.

4.3.2. Incoherent Imaging Mode

The outer part of the unvignetted 1.6° field includes a number
of CCD detectors (20 as sketched in Fig. 5) placed directly in
the focal plane and operated in the Time Delayed Integration
(TDI) mode. The pixel width, 6 pm = 108 mas, is matched to
the size of the Airy disk of the 0.55 m pupils (1.22A/D = 160
to 360 mas) but completely damps out any interference fringes
(period A/B = 30 to 65 mas). Some of the CCDs are equipped
with intermediate and narrow-band colour filters, e.g., corre-
sponding to a modified uvbyB+I system. These provide ac-
curate and astrophysically important photometric information
on all stars observed by the interferometer and for selected
fainter stars. The remaining CCDs have no filters, and are used
for complementary astrometric measurements and for attitude
determination and coarse mirror control.

5. Accuracy Estimates

For the interferometric (coherent) mode, the light modulation
recorded by the detectors can be evaluated by integrating the
intensity over the relevant detector area, and with respect to
A weighted by the stellar photon flux, instrument and filter
transmittances, and detector quantum efficiency. Such calcu-
lations have been carried out using realistic assumptions on
all instrumental characteristics. The accuracy of the phase de-
termination, and hence on the angular coordinate of the star
in the scanning direction, is then computed for a maximum
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ric (coherent imaging) mode, using a modulating grid (base-
line) and with a hypothetical high-resolution detector (direct
fringe detection). Stars of spectral type GO have been assumed,
and a mission length of 5 years. A dash means that the star is
too faint to be measured against the background within the
27 x 13.5 arcsec’? subfield assumed for the baseline option.
Units: mas = milliarcsec for parallaxes (p), mas/yr for proper
motions (p.m.).

Baseline option Direct fringe detection

14 P p.m. p.m.
[mag] [mas] [mas/y1] [mas] [mas/y]
10 0.002 0.001 <0.001 <0.001
12 0.003 0.002 0.001 <0.001
14 0.006 0.004 0.002 0.001
15 0.011 0.006 0.003 0.002
16 0.020 0.012 0.005 0.003
18 - - 0.012 0.007
20 - - 0.030 0.018

likelihood estimator. The resulting errors are finally trans-
formed into global astrometric errors by assumptions similar to
those used for the Hipparcos accuracy assessment. Results of
a preliminary accuracy assessment are given in the first three
columns of Table 2 (‘baseline option’).

Table 3 gives the photon statistical limits on the astro-
metric and photometric precisions achievable in the incoherent
imaging mode. The actual accuracy will be lower depending
on how well the geometric and photometric properties of the
CCDs can be calibrated, and how stable they are on time scales
up to several weeks (the time period needed to achieve a com-
plete mapping of irregularities). However, photometric accu-
racies better than 0.01 mag should be obtained for all survey
stars (V < 15.5 mag), as well as sub-mas astrometric accuracy
for many more fainter stars.

The columns in Table 2 headed ‘direct fringe detection’ re-
fer to a hypothetical detector with sufficient spatial resolution
to replace the modulating grid, as discussed in Sect. 3.5. In
this option we assume a detector with similar characteristics
as a CCD, except that the pixel width in the scanning direc-
tion is much smaller than the fringe period, say < 0.5 pm. As
indicated by the table, this would dramatically enhance the
performance both in terms of accuracy and limiting magni-
tude, while at the same time allowing observations in crowded
regions, such as in clusters or at low galactic latitudes.

While the use of a modulating grid is considered feasible
with existing technology, and therefore retained as the base-
line option, we wish to emphasize that it does not fully utilize
the potential of the interferometric method. Serious considera-
tion should therefore be given to alternative detection methods
which may become feasible in the near future. The inclusion of
the ‘direct fringe detection’ option in Table 2 may serve as an
illustration of the improvement that could result from using a
nearly optimal detector.

6. Other Mission Characteristics

The principal spacecraft characteristics needed to accommo-
date the identified goals are sumrmarised as follows:

WVIDLL. LIIC satcliliitc coula be opciqatcea 1l gc0statlollaty oOi=
bit, or at the Earth-Moon triangulation libration point L5; the
advantages of the latter (Companys et al. 1993) include a re-
duced particle radiation background, and absence of eclipses;
but operation at L5 would demand at least two ground sta-
tions, and X-band for telemetry transmission.

Data Rate: a telemetry data rate of several hundred
kbits/sec is foreseen.

Mass: first estimates indicate a payload mass of below
600 kg, a bus mass of 700-800 kg, a bi-propellant fuel mass
of between 600 kg (L5) and 1100 kg (geostationary orbit); giv-
ing a total launch mass of between 2100-2700 kg.

Power: the payload and total spacecraft power requirements
are estimated at around 400 W and 1100 W respectively.

Deployable elements: these would include only a second an-
tenna to ensure omnidirectional RF coverage, and (possibly)
the solar panels (arranged so as to minimise the dynamical
perturbations due to solar radiation pressure).

Thermal control: each interferometer would be contained
within an actively-controlled thermal environment to ensure
geometric stability. The CCDs at the focal surface are specifi-
cally arranged to lie close to the outer surface of the spacecraft
(Fig. 3) to allow passive cooling to deep space.

7. Comparison With Other Missions

The success of Hipparcos, and the resulting resurgence of in-
terest in the astrophysical capabilities of astrometry, has led
to a variety of recent proposals for space missions dedicated
to astrometry. These missions are divided into two categories:
those that aim for Hipparcos-type accuracy on a comparable
number of stars (i.e., some one hundred thousand objects); and
those that aim for a significantly higher astrometric accuracy.
In the former category are three proposed missions from sci-
entists within the former Soviet Union (Lomonosov, Regatta-
Astron, and AIST). These have been under consideration for
several years, are still in the study phase, and all face uncertain
financial support. The objectives of all three missions was to
achieve Hipparcos-type (milliarcsec) accuracy on up to a few
hundred thousand stars, taking the Hipparcos goals as roughly
indicative of the state of the art. Their scientific importance
was based on maintaining the reference frame established by
the Hipparcos mission throughout the coming decades—the
optical reference frame defined by Hipparcos will degrade with
time as a result of the uncertainties on the individual proper
motions, such that a mission in 10-20 years from now, with in-
dividual accuracies in the range 1-2 mas will still have a useful
and important, if not fundamentally new, scientific value.
Very recently, a Japanese Astrometric Satellite has been
mentioned (Yoshizawa, private communication). This is at an
early study phase only, no details have been made available,
but it is considered to lie within the same type of mission
concept as those described in the previous paragraph.
Significantly higher astrometric accuracy is the goal of the
JPL’s OSI and SONATA concepts (Shao 1993, Buscher et al.
1995), and the proposed POINTS mission (Reasenberg et al.
1994a). These programmes aim to reach accuracies at the level
of a few pas or better, per observation, with some or all of
these pointed (rather than scanning) instruments being able
to benefit, in a similar way to GAIA, from repeated measure-
ments throughout the mission. Thus the limiting magnitude
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of the field of view). Only photon and readout noise has been taken into account. Stars of spectral type GO have been assumed,
and a mission length of 5 years. Filter and CCD characteristics are given at the bottom. The wide-band channel ‘W’ is primarily
intended for astrometric observation of the faintest stars and is not equipped with a filter. For faint stars, a dash means a
signal-to-noise ratio < 2.0 on a single CCD crossing. Units: mas = milliarcsec for parallaxes (p), mas/yr for proper motions
(p.m.), and milli-magnitudes for the photometry (calculations kindly provided by E. Hgg).

Astrometry Photometry [milli-mag]
14 P p.m. W w u v b Bn Bw y I
mog]  [mas] [mas/yr]

8 0.002 0.002 0.1 0.5 0.3 0.1 0.1 0.3 0.1 0.1 0.1
10 0.003 0.002 0.1 1.2 0.7 0.3 0.2 0.7 0.2 0.2 0.1
12 0.008 0.005 0.1 3.0 1.8 0.8 0.6 1.7 0.6 0.6 0.3
14 0.020 0.011 0.1 7.8 4.5 2.0 1.4 4.2 1.4 1.4 0.6
16 0.05 0.03 0.3 22.5 12.1 5.0 3.7 11.1 3.7 3.7 1.6
18 0.14 0.08 0.7 - 44.1 14.0 10.1 39.6 10.1 10.1 4.3
20 0.5 0.3 2.2 - - - 38.5 - 38.5 38.8 14.2
Central wavelength [nm)] - 320 350 411 467 486 486 547 800
Filter FWHM [nm] - 20 30 25 25 3 25 25 140
Peak transmission - 0.30 0.40 0.60 0.70 0.70 0.70 0.70 0.96
QE of CCD - 0.64 0.68 0.74 0.78 0.78 0.78 0.76 0.62

of POINTS is between 14-18 mag depending on adopted mis-
sion concept, OSI’s accuracy target is 5 microarcsec on 20 mag
stars, while SONATA is targetting 0.5 microarcsec for 14 mag
objects after 4 hours. A recently-proposed low-cost alternative
to POINTS is NEWCOMB (Reasenberg et al. 1994b), which
currently aims to reach an accuracy of about 100 microarcsec
in a single measurement of about 4 min.

However, being pointed rather than scanning instruments,
these proposed missions are able to contain only a relatively
small target observing list, of say several hundred, or several
thousand, pre-selected programme stars. Their high intended
accuracy makes these programmes highly interesting for spe-
cific scientific goals (such as the detection of sub-solar mass
planetary companions around selected nearby stars); however,
the relatively few objects which can be observed, and their
(generally) relatively bright limiting magnitude, means that
these missions do not significantly overlap with, and therefore
do not duplicate, the majority of the scientific goals attainable
by GAIA.

For completeness, we note that there is a continuing effort
to develop ground-based optical interferometers, especially in
the USA, building on the success of the Mk III optical inter-
ferometer (see, e.g., Hummel et al. 1994). These instruments
should ultimately provide very high relative astrometric accu-
racy over small fields (for example, on bright double or multi-
ple systems) at the 10 microarcsec level (Shao & Colavita 1992,
Colavita & Shao 1993, Shao 1995); they are not seriously be-
ing considered as tools for large-angle (positional) astrometry,
which is now considered to be mandatory for the large-scale
determination of parallaxes and proper motions.

8. Conclusion

Building on the Hipparcos experiences, a mission with dra-
matically enhanced scientific goals has been proposed, and has
been recommended for inclusion in ESA’s long-term scientific
programme Horizon 2000+. Many tens of millions of objects,

including solar system and extragalactic objects, would be ob-
served. Astrometric accuracies of the order of 10 pas (better for
brighter stars) are achievable. This would yield distances and
luminosities to objects within 10 kpc, and motions individu-
ally significant throughout our Galaxy. Information on double
and multiple systems (including stellar masses), an immense
data base of multi-colour, multi-epoch photometry, valuable
information on the space-time metric, and angular diameters
of hundreds of stars, would become available.

Initial system studies indicate that such a mission could be
comfortably accommodated within the (dual-launch) Ariane 5
envelope, and within the financial envelope of the ESA corner-
stone missions. The satellite is proposed for 5 years of opera-
tions, and could be positioned in either a geostationary, or L5
(Earth-Moon Lagrangian point) location. It would be a first in
space interferometry, would continue recent progress in an im-
portant scientific discipline, and seems to involve an acceptable
balance between overall feasibility and required technological
development.

In a sense, the accuracies and scientific goals identified here
may be considered as a ‘minimum’ objective. If considered ap-
propriate, technological developments could permit enhanced
scientific performance: in particular we may identify the follow-
ing as areas in which improvements might occur: (i) improved
(more efficient, energy sensitive) detectors, including detectors
sensitive in the near infra-red; (ii) enlarged optical elements (if,
for example, light-weighting technology can be combined with
further optimisation of the optical layout and associated baf-
fling requirements); (iii) larger interferometric baselines (if, for
example, a large stable deployable structure could be foreseen).

Note added in proof: the Proceedings of the RGO-ESA Sympo-
sium on ‘Future Possibilities for Astrometry in Space, ESA SP-
379, which took place after submission of this manuscript, in-
cludes many further scientific and technical details of the topics
considered in this paper.
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ideas leading to the Roemer and GAIA missions. Specific as-
sistance with the optical design for the GAIA concept was pro-
vided by Drs S. Loiseau and S. Shaklan at JPL, and M. Lat-
tanzi and S. Casertano at the STScl; Prof. E. Hgg provided
accuracy estimates for the incoherent operational mode. The
general scientific goals include objectives identified by Ko-
valevsky & Turon (1991), by the ESA Interferometry Review
Panel under the chairmanship of Prof. C. Dainty, and from
the NASA report on the capabilities of an Astrometric In-
terferometry Mission, prepared by the Space Interferometry
Science Working Group under the chairmanship of Dr S. Ridg-
way. On other aspects of the scientific and instrumental capa-
bilities we are pleased to acknowledge useful discussions with
Drs R.D. Reasenberg, J. Phillips and C. Noecker (CfA, Har-
vard), and Dr M. Shao (JPL). This paper has benefitted from
improvements suggested by the referee, Dr S. Ridgway.
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