GAIA

Composition, Formation and Evolution of the
Galaxy

Report on the Concept and Technology Study

compiled by the
GAIA Science Advisory Group

Abstract

The GAIA mission will provide unprecedented positional and radial
velocity measurements with the accuracies needed to produce a stereo-
scopic and kinematic census of about one billion stars in our Galaxy and
throughout the Local Group. This amounts to about 1 per cent of the
Galactic stellar population. Combined with astrophysical information for
each star, provided by on-board multi-colour photometry, these data will
have the precision necessary to quantify the early formation, and subse-
quent dynamical, chemical and star formation evolution of the Milky Way
Galaxy.

Additional scienti ¢ products include detection and orbital classi cation
of tens of thousands of extra-solar planetary systems, a comprehensive
survey of objects ranging from huge numbers of minor bodies in our Solar
System, through galaxies in the nearby Universe, to some 500 000 distant
quasars. It will also provide a number of stringent new tests of general
relativity and cosmology.

A complete satellite design is presented, including the proposed payload,
corresponding accuracy assesments, and results from a prototype data
reduction development. The satellite can be launched in 2009, within the
speci ed budget for the next generation ESA Cornerstone missions.

http://astro.estec.esa.nl/GAIA



Executive Summary

The GAIA mission has been under study by ESA over the past three years. It is a candidate for
the next cornerstone mission of the science programme, arising from the recommendations of the
Horizon 2000+ Survey Committee in 1994.

GAIA will rely on the proven principles of ESA’s Hipparcos mission to solve one of the most di cult
yet deeply fundamental challenges in modern astronomy: to create an extraordinarily precise three-
dimensional map of about one billion stars throughout our Galaxy and beyond. In the process, it
will map their motions, which encode the origin and subsequent evolution of the Galaxy. Through
comprehensive photometric classi cation, it will provide the detailed physical properties of each
star observed: characterizing their luminosity, temperature, gravity, and elemental compaosition.
This massive stellar census will provide the basic observational data to tackle an enormous range
of important problems related to the origin, structure, and evolutionary history of our Galaxy.

GAIA will achieve this by repeatedly measuring the positions of all objects down toV = 20 mag.
On-board object detection will ensure that variable stars, supernovae, burst sources, micro-lensed
events, and minor planets will all be detected and catalogued to this faint limit. Final accuracies
of 10 microarcsec at 15 mag, comparable to the diameter of a human hair at a distance of 1000 km,
will provide distances accurate to 10 per cent as far as the Galactic Centre, 30 000 light years away.
Stellar motions will be measured even in the Andromeda galaxy.

GAIA’s expected scienti ¢ harvest is of almost inconceivable extent and implication. Its main
goal is to clarify the origin and history of our Galaxy, by providing tests of the various formation
theories, and of star formation and evolution. This is possible since low mass stars live for much
longer than the present age of the Universe, and therefore retain in their atmospheres a fossil
record of their detailed origin. The GAIA results will precisely identify relics of tidally-disrupted
accretion debris, probe the distribution of dark matter, establish the luminosity function for pre-
main sequence stars, detect and categorize rapid evolutionary stellar phases, place unprecedented
constraints on the age, internal structure and evolution of all stellar types, establish a rigorous
distance scale framework throughout the Galaxy and beyond, and classify star formation and
kinematical and dynamical behaviour within the Local Group of galaxies.

GAIA will pinpoint exotic objects in colossal and almost unimaginable numbers: many thousands
of extra-solar planets will be discovered, and their detailed orbits and masses determined; tens of
thousands of brown dwarfs and white dwarfs will be identi ed; some 100000 extragalactic super-
novae will be discovered and details passed to ground-based observers for follow-up observations;
Solar System studies will receive a massive impetus through the detection of many tens of thousands
of new minor planets; inner Trojans and even new trans-Neptunian objects, including Plutinos,
may be discovered. GAIA will follow the bending of star light by the Sun and major planets, over
the entire celestial sphere, and therefore directly observe the structure of space-time|the accu-
racy of its measurement of General Relativistic light bending may reveal the long-sought scalar
correction to its tensor form. The PPN parameters and , and the solar quadrupole moment
Jo, will be determined with unprecedented precision. New constraints on the rate of change of the
gravitational constant, G, and on gravitational wave energy over a certain frequency range, will
be obtained.

The Concept and Technology Study demonstrates that these goals are feasible by means of an ESA-
only mission, technically achievable on the time-scale of a 2009 launch, and within a budget pro le
consistent with the current cornerstone envelope. GAIA will carry the demonstrated Hipparcos
principles into orders of magnitude improvement in terms of accuracy, number of objects, and
limiting magnitude, by combining them with available technology. This will yield a huge scienti ¢
output at an a ordable cost for the ESA member state community.

GAIA will be a continuously scanning spacecraft, accurately measuring one-dimensional coor-
dinates along great circles, and in two simultaneous elds of view, separated by a well-de ned
and well-known angle (these one-dimensional coordinates are then converted into the astromet-
ric parameters in a global data analysis, in which distances and proper motions ‘fall out’ of the



processing, as does information on double and multiple systems, photometry, variability, metric,
planetary systems, etc.). The payload is based on a large but feasible CCD focal plane assembly,
with passive thermal control, and a natural short-term (3 hour) instrument stability due to the
sunshield, the selected orbit, and a robust payload design.

The telescopes are of moderate size, with no speci ¢ design or manufacturing complexity. The
system ts within a dual-launch Ariane 5 con guration, without deployment of any payload ele-
ments. The study identi es a ‘Lissajous’ orbit at L2 as the preferred operational orbit, from where
about 1 Mbit of data per second is returned to the single ground station throughout the 5-year
mission. The 10 microarcsec accuracy is evaluated through a comprehensive accuracy assessment
programme; this remarkable accuracy is possible partly by virtue of the (unusual) instrumental
self-calibration achieved through the data analysis on-ground. This ensures that nal accuracies es-
sentially re ect the photon noise limit for localisation accuracy, exactly as achieved with Hipparcos.

In addition to assisting in the direction and monitoring of the industrial Concept and Technology
Study, the Science Advisory Group has studied the main elements of an ‘end-to-end’ programme.
The report demonstrates that star selection can be e ectively undertaken autonomously on-board,
which has the far-ranging scienti ¢ implications noted earlier, and which also eliminates the need
for a complex and costly pre-launch programme of observation de nition: the Science Operations
Centre activities associated with the mission will also be correspondingly greatly simpli ed.

The studies include an assessment of the resulting satellite data stream and its analysis, and have
supplied con dence in its feasibility. Simulation results are presented which demonstrate that
the massive GAIA data volume, representing some 20 Tbytes of raw data, can be handled with
appropriate early planning, and that the data set can be reduced using realistic projections of
recent developments in storage devices and state-of-the-art concepts of object-oriented data bases.

The present report proposes that GAIA is undertaken as a purely ESA mission, which will maintain
Europe’s lead in fundamental positional astronomy, and place an enormous astrophysical advance
in the hands of a very large number of European scientists.

It is recommended that the spacecraft and payload are procured together by the industrial prime
contractor. This approach is considered appropriate for GAIA due to the very advanced technology
(including metrology) aspects of the payload, the integrated nature of the entire system, and the
complexities and scale of the projected data analysis tasks. Options for contributions by member
states are identi ed, should this organisational approach be preferred.

All scienti ¢ elements can be undertaken by the ESA scientic community. It is proposed that
the mission is established as an ‘observatory’ facility: community scientists will be able to request
results of observations on any of the objects observed by GAIA, at rather short notice.

While challenging, the entire GAIA design is within the projected state-of-the-art, and the satellite
can be developed in time for launch in 2009. With such a schedule, a complete stereoscopic map
of our Galaxy will be available within 15 years. The successful completion of this programme will
characterise the structure and evolution of stars and our Galaxy in a manner completely impossible
using any other methods, and to an extent inconceivable even a decade ago.



Summary of the GAIA Science Capabilities

Objectives: Galaxy origin and formation; physics of stars and their evolution; Galactic dynamics
and distance scale; solar system census; large-scale detection of all classes of astrophysical objects
including brown dwarfs, white dwarfs, and planetary systems; fundamental physics

Measurement Capabilities:

catalogue: 1 billion stars; 0:34 10° to V =10 mag; 26 10° to V =15 mag; 250 10°
to V =18 mag; 1000 10° to V =20 mag; completeness to about 20 mag

sky density: mean density 25000 stars deg?; maximum density 3 10° stars deg 2
accuracies: median parallax errors: 4 as at 10 mag; 11 as at 15 mag; 160 as at 20 mag

distance accuracies: from Galaxy models: 21 million better than 1 per cent; 46 million
better than 2 per cent; 116 million better than 5 per cent; 220 million better than 10 per cent

tangential velocity accuracies: from Galaxy models: 44 million better than 0.5 km s 1;
85 million better than 1 km s *; 210 million better than 3 km s *; 300 million better than
5 km s 1; 440 million better than 10 km s ®

radial velocity accuracies: 1{10kms *toV =16 17 mag, depending on spectral type
photometry: to V =20 mag in 4 broad and 11 medium bands

Scienti ¢ Goals:

the Galaxy: origin and history of our Galaxy | tests of hierarchical structure formation
theories | star formation history | chemical evolution | inner bulge/bar dynamics |
disk/halo interactions | dynamical evolution | nature of the warp | star cluster disruption

| dynamics of spiral structure | distribution of dust | distribution of invisible mass |
detection of tidally disrupted debris | Galaxy rotation curve | disk mass pro le

star formation and evolution: in situ luminosity function | dynamics of star forming
regions | luminosity function for pre-main sequence stars | detection and categorization of
rapid evolutionary phases | complete and detailed local census down to single brown dwarfs
| identi cation/dating of oldest halo white dwarfs | age census | census of binaries and
multiple stars

distance scale and reference frame : parallax calibration of all distance scale indicators
| absolute luminosities of Cepheids | distance to the Magellanic Clouds | de nition of
the local, kinematically non-rotating metric

Local group and beyond: rotational parallaxes for Local Group galaxies | kinematical
separation of stellar populations | galaxy orbits and cosmological history | zero proper

motion quasar survey | cosmological acceleration of Solar System | photometry of galaxies
| detection of supernovae

Solar system: deep and uniform detection of minor planets | taxonomy and evolution |
inner Trojans | Kuiper Belt Objects | disruption of Oort Cloud

extra-solar planetary systems: complete census of large planets to 200{500 pc | orbital
characteristics of several thousand systems

fundamental physics: to 5 107, to3 10 “4 3 10 ®; solarJ,t010 7 10 & G=G
to 10 2 10 3 yr I; constraints on gravitational wave energy for 10 2 <f < 4 10 ° Hz;
constraints on  and from quasar microlensing

speci c objects:  10° 10’ resolved galaxies; 19 extragalactic supernovae; 500 000 quasars;
10° 10° (new) solar system objects;> 50000 brown dwarfs; 30000 extra-solar planets;
200000 disk white dwarfs; 200 microlensed events; 1@esolved binaries within 250 pc



1 Science Goals

1.1 Overview

Understanding the Galaxy in which we live is one of the great intellectual challenges facing mod-
ern science. The Milky Way contains a complex mix of stars, planets, interstellar gas and dust,
radiation, and the ubiquitous dark matter. These components are widely distributed in age (re-
ecting their birth rate), in space (re ecting their birth places and subsequent motions), on orbits
(determined by the gravitational force generated by their own mass), and with chemical element
abundances (determined by the past history of star formation and gas accretion). Astrophysics
has now developed the tools to measure these distributions in space, kinematics, and chemical
abundance, and to interpret the distribution functions to map, and to understand, the forma-
tion, structure, evolution, and future of our entire Galaxy. This potential understanding is also of
profound signi cance for quantitative studies of the high-redshift Universe: a well-studied nearby
template underpins analysis of unresolved galaxies with other facilities, and at other wavelengths.

Understanding the structure and evolution of the Galaxy requires three complementary obser-
vational approaches: (i) a census of the contents of a large, representative, part of the Galaxy;
(i) quanti cation of the present spatial structure, from distances; (iii) knowledge of the three-
dimensional space motions, to determine the gravitational eld and the stellar orbits. That is, one
requires complementary astrometry, photometry, and radial velocities. Astrometric measurements
uniquely provide model independent distances and transverse kinematics, and form the base of the
cosmic distance scale. Photometry, with appropriate astrometric and astrophysical calibration,
gives a knowledge of extinction, and hence, combined with astrometry, provides intrinsic luminosi-
ties, spatial distribution functions, and stellar chemical abundance and age information. Radial
velocities complete the kinematic triad, allowing determination of gravitational forces, and the
distribution of invisible mass. The GAIA mission will provide all this information.

GAIA will provide an immense quantity of extremely accurate astrometric and photometric data
from which all branches of astrophysics will bene t directly. Current understanding of the physics
and the early and late evolution of individual stars will be revolutionized: very accurate absolute
information covering the whole Hertzsprung{Russell diagram, from pre-main sequence to stellar
death, will be available for even short-lived stellar evolutionary phases, not only for single stars,
but also for large numbers of binaries and multiple systems. The spatial distribution of dark matter
will be determined. A census of the minor bodies in the Solar System, together with measurement
of the numbers of planets around stars as a function of spectral type, will quantify planetary
system formation modeling, and optimize searches for life elsewhere. A large, well-de ned all-sky
catalogue of galaxies and quasars will quantify studies of the structure of the local Universe, and of
much larger-scale structures at high redshift. The stars, galaxies, active galactic nuclei and quasars
mapped by GAIA are the natural complement to surveys at other wavelengths, from ground-based
radio data to high-energy photons observed by XMM and INTEGRAL. Fundamental physics will
bene t from local metric mapping, which will test General Relativity to unprecedented accuracy.
Any large survey of new domains in discovery space also brings the new and unpredicted.

GAIA is timely as it builds on recent intellectual and technological breakthroughs. Current un-
derstanding and exploration of the early Universe, through microwave background studies (e.g.,
Planck) and direct observations of high-redshift galaxies (HST, NGST, VLT) have been comple-
mented by theoretical advances in understanding the growth of structure from the early Universe
up to galaxy formation. Serious further advances require a detailed understanding of a ‘typical’
galaxy, to test the physics and assumptions in the models. The Milky Way and the nearest Local
Group galaxies uniquely provide such a template.

Through its global survey nature, GAIA is ideally suited to provide an extremely dense and accurate
optical reference system. The limiting magnitude is su ciently faint to allow a direct link to the
extragalactic system by observation of quasars. This is critical for multi-wavelength astrophysics
(VLBI, ALMA, FIRST, HST, XMM, DeNIS), as is maintaining the system into the future.



1.2 Structure and Dynamics of the Galaxy

The primary objective of the GAIA mission is the Galaxy: to observe the physical characteristics,
kinematics and distribution of stars over a large fraction of its volume, with the goal of achieving
a full understanding of the Galaxy's dynamics and structure, and consequently its formation and
history. GAIA will make this goal possible by providing, for the rst time, a catalogue which

will sample a large and well-de ned fraction of the stellar distribution in phase space from which
signi cant conclusions can be drawn for the entire Galaxy. Hipparcos did this for one location in
the Galaxy, the Solar neighbourhood; GAIA will accomplish this for a large fraction of the Galaxy.

1.2.1 Galactic Structure

The most conspicuous component of the Milky Way is its at disk which contains nearly 10 stars

of all types and ages orbiting the Galactic Centre. The Sun is located at 8.5 kpc from the Galactic
Centre. The disk displays spiral structure, and also contains interstellar material, predominantly
atomic and molecular hydrogen, and a signi cant amount of dust. The inner kpc of the disk also
contains the bulge, which is less attened, may contain a bar, and consists mostly of fairly old
stars. At its centre lies a supermassive black hole of 2:9 1(°PM . The disk and bulge are
surrounded by a halo of about 18 old and metal-poor stars, as well as 140 globular clusters and

a small number of satellite dwarf galaxies. The entire system is embedded in a massive halo of
dark material of unknown composition and poorly known spatial distribution.

The distributions of stars in the Galaxy over position and velocities are linked through gravita-
tional forces, and through the star formation rate as a function of position and time. The initial
distributions are modi ed, perhaps substantially, by small and large scale dynamical processes:
these include instabilities which transport angular momentum (bars and warps), and mergers.

It is still unclear, for example, whether spiral arms are density wave enhancements in the background stellar
distribution, or whether they are predominantly gas-dynamical, being regions of enhanced star formation. If a
density enhancement exists, it will a ect the stellar motions in a characteristic 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 background (distinguished by their parallaxes), with proper motion accuracy requirements of

some 100 as yr 1, corresponding to about 1 km's ! in space velocity.

Understanding our Galaxy requires measurement of distances and space motions for large and
unbiased samples of stars of di erent mass, age, metallicity, and evolutionary stage. GAIA’s
global survey of the entire sky toV 20 is the ideal approach to de ne and measure such samples.
The huge number of stars, impressive accuracy, and faint limiting magnitude of GAIA will quantify
our understanding of the structure and motions within the bulge, the spiral arms, the disk and the
outer halo, and will revolutionize dynamical studies of our Galaxy.

Sections 1.2.2{1.2.8 describe GAIA’s contributions to the many open issues regarding the structure
of the Galaxy in detail. A schematic overview of the main Galaxy components and sub-populations,
covering all Galactic distances, is given in Table 1.1, together with the requirements on astrometric
accuracy and limiting magnitude. For each sub-population, one or more representative kinematic
tracers are indicated. These can be identi ed reliably in the GAIA data, and their absolute
magnitude can be determined from the GAIA astrometry and photometry. Columns 1{5 present
the typical absolute magnitude and location in the Galaxy, Columns 6{8 give relevant photometric
quali ers, and Columns 9{12 list the relevant astrometric parameters. Column 11 demonstrates
that the proper motions for single stars of all listed sub-populations in the Galaxy can be measured
by GAIA with a signi cant, and often a superb, precision (for details, see H g et al. 1999a).

It is appropriate to emphasize how important it is to refer the proper motions in the Galaxy to a non-rotating
reference frame (see Section 1.8.11). If this were not done and if the GAIA reference system would simply be that of
Hipparcos, it would have a residual uncertainty of 250 asyr 1. This would mean a systematic errorof 6 kms 1 at

5 kpc and 12 km s 1 at 10 kpc. The Galactic rotation speed at these distances is of the order of 220 km's 1. Itis
possible, with data from tens of thousands stars, to determine the galactic rotation curve with an internal precision
of1kms ! (afew asyr 1). The addition of an error rotation vector in a random direction of several km s 1 would

introduce biases not only in the rotation speed which is an indicator of the dynamical properties of the Galaxy, but
also in the position of the plane of rotation, equivalent to producing a ctitious warp (see also Section 1.8.10).



Table 1.1: Summary of selected Galactic kinematic tracers, and the limiting magnitudes and as-
trometric information necessary to study them (adapted from Hg et al. 1999a). Columns 7{8
demonstrate that the faint magnitude limit of GAIA is essential for probing these di erent Galaxy
populations, while columns 10{11 demonstrate that GAIA will provide data of adequate precision
to meet the scienti ¢ goals.

@ @ O @ ® O ®) 9 (10) (11) (12
Tracer MV ¢ b d AV V1 Vz T 1 Dl 01
mag deg deg kpc mag mag mag km/s aslyr { {

Bulge

gM {1 0 < 20 8 2{10 15 20 100 10 0.01 0.10

HB +0.5 0 < 20 8 2{10 17 20 100 20 0.01 0.20

MS turno +4.5 1 4 8 0{2 19 21 100 60 0.02 0.6
Spiral arms:

Cepheids {4 all < 10 10 3{7 14 18 7 5 0.03 0.06

B{M Supergiants {5 all < 10 10 3{7 13 17 7 4 0.03 0.05

Perseus arm (B) {2 140 < 10 2 206 12 16 10 3 0.01 0.01
Thin disk:

gk I 0 <15 8 15 14 18 40 6 0.01 0.06

gK {1 180 < 15 10 1{5 15 19 10 8 0.04 0.10
Disk warp (gM) {1 all < 20 10 1{5 15 19 10 8 0.04 0.10
Disk asymmetry (gM) {1 all < 20 20 1{5 16 20 10 15 0.14 04
Thick disk:

Miras, gK {1 0 < 30 8 2 15 19 50 10 0.01 0.10

HB +0.5 0 < 30 8 2 15 19 50 20 0.02 0.20

Miras, gK {1 180 < 30 20 2 15 21 30 25 0.08 0.65

HB +0.5 180 < 30 20 2 15 19 30 60 020 15
Halo

gG {1 all < 20 8 2{3 13 21 100 10 0.01 0.10

HB +0.5 all > 20 30 0 13 21 100 35 0.05 1.4
Gravity, Kz :

dK +7{8 all all 2 0 12 20 20 60 0.01 0.16

dF8-dG2 +5{6 all all 2 0 12 20 20 20 0.01 0.05
Globular clusters (gK) +1 all all 50 0 12 21 100 10 0.01 0.10

internal kinematics (gK) +1 all all 8 0 13 17 15 10 0.02 0.10
Satellite orbits (gM) {1 all all 100 0 13 20 100 60 0.3 8

Key: (1) tracer of a speci ¢ sub-population. HB: signi es blue horizontal branch, RR Lyrae, red horizontal branch,
or clump giants, as appropriate; for globular clusters, the cluster itself is used as tracer, with its proper motion the
mean of many cluster star motions; globular cluster kinematics refers to the internal kinematics of globular clusters
of our own Galaxy; (2) absolute visual magnitude of a typical tracer star; (3{4) appropriate Galactic coordinates;
(5) optimal distance, or upper distance limit; (6) typical visual extinction along the line of sight; for low latitudes the
extinction in a Galactic window is given; (7{8) typical range of apparent visual magnitudes; (9) expected velocity
dispersion for tracer stars of the sub-population, in the proper motion direction; (10) expected GAIA proper motion
standard error, ., for a single star at representative magnitude; (11) relative proper motion error; (12) expected
relative error on GAIA astrometric distances at representative magnitudes.

1.2.2 The Bulge

Bulge stars are predominantly moderately old, unlike the present-day disk; they encompass a
wide abundance range, peaking near the Solar value, as does the disk; and they have very low
speci ¢ angular momentum, similar to stars in the halo. Thus the bulge is, in some fundamental
parameters, unlike both disk and halo. What is its history? Is it a remnant of a disk instability?

Is it a successor or a precursor to the stellar halo? Is it a merger remnant? It is not clear whether
the formation of the bulge preceded that of the disk, as predicted by the Larson (1990) ‘inside-
out’ scenario; or whether it happened simultaneously with the formation of the disk, by accretion
of dwarf galaxies; or whether it followed the formation of the disk, as a result of the dynamical
evolution of a bar (see review by Wyse et al. 1997). Large-scale surveys of proper motions and
photometric data inside the bulge can cast light on the orbital distribution function. Knowing the
distance, the true space velocities and orbits can be derived, thus providing constraints on current
dynamical theories of formation (Wyse 1997).



To date, studies of the bulge are hampered by the superposition of much foreground structure, by extreme reddening,
by the presence of the central parts of the disk and the halo, by what may well be an unrelated dense central stellar
cluster (Section 1.10), and by the presence of continuing star formation, whose population provenance remains
unclear. Given this complexity, it is evident that very considerable data sets, mapping as much of phase space as
is possible, are required. One must determine distribution functions over age, metallicity, element ratios, location,
angular momentum, and orbital characteristics. In fact, ideally, what is demanded is a large astrometric survey
(including radial velocities), complemented by detailed chemical abundance studies of a suitable representative sub-
sample. Addressing this important problem requires data obtained in elds which are both crowded and highly
reddened, imposing severe constraints on the observational techniques adopted.

The highly accurate parallaxes, proper motions and magnitudes acquired by GAIA for more than
10° stars per square degree, will allow the vast majority of red and asymptotic giant branch stars,
and a signi cant fraction of the clump stars in Baade’s Window to be measured with a precision
higher than 10{15 per cent. With V = 20 as the limiting magnitude, red and asymptotic giant
branch stars can be detected over a range of 5 mag.

The numbers quoted here are based on analysis of HST images, and on simulations of the stellar populations in the
bulge by means of the so-called HRD-Galactic Software Telescope (Ng et al. 1995; Bertelli et al. 1995; Schmidtobreick
et al. 1998), which provides detailed predictions about the colour-magnitude diagram and luminosity function that
one would observe along any line of sight. The synthetic H-R diagrams are calculated by means of the Padova
library of stellar tracks (Girardi et al. 1996 for Z = 0.0001; Bertelli et al. 1990 for Z = 0.001; Bressan et al. 1993
for Z = 0.020; Fagotto et al. 1994 for Z = 0.0004, 0.004, 0.008, 0.05, and 0.10). Three di erent stellar populations
are used to simulate the stellar content of the bulge. Either an old population, 11{12 Gyr, with metal content

Z = 0.001{0.05, or an old, 11{12 Gyr, but more metal-rich population with Z = 0.005{0.05, or a younger but
metal-rich component with ages from 7{10 Gyr and Z = 0.008{0.05. Various mass distributions are considered.
The simulations take into account the contamination by disk and halo stars. The Sun galacto-centric distance is
assumed to be 8 kpc, and the reddening law is taken from Ng et al. (1996).

Shape There is substantial evidence that the bulge is not axisymmetric, but instead has a tri-
axial shape seen nearly end-on. Indications for this come from the asymmetric near-infrared light
distribution, star counts, the atomic and molecular gas morphology and kinematics, and the large
optical depth to micro-lensing (Gerhard 1996; Kuijken 1996; Unavane et al. 1998; Zhao & de Zeeuw
1998; Freudenreich 1998; Vauterin & Dejonghe 1998; Dehnen 1998). The shape, orientation, and
scale-length of the bulge, and the possible presence of an additional bar-like structure in the disk
plane, remain a matter of debate. The GAIA proper motions to faint magnitudes, in particular in

a number of low-extinction windows, will allow unambiguous determination of the shape, orienta-
tion, tumbling rate and mass pro le of the bulge. The large-scale kinematics of the Galaxy also
contains imprints of the non-axisymmetric central potential (see Section 1.2.3).

Several models for the mass density distribution in the bulge have been proposed, including: (i) a simple power law
with index n =3 (Ng et al. 1997), in which the possible attening of the spheroid perpendicular to the Galactic plane
is a free parameter; (ii) the COBE-DIRBE oblate spheroidal GO-model of Dwek et al. (1995), which is a Gaussian-
type function, with axial ratios 1:1:0.56, similar to the values derived from the infrared maps by Kent et al. (1991)
and Weiland et al. (1994); (iii) the COBE-DIRBE constrained triaxial model of Kent et al. (1991), as modi ed
according to model G2 by Dwek et al. (1995), which is a boxy Gaussian model with axial ratios 1:0.22:0.16; (iv)
the triaxial model B1, introduced by Binney et al. (1997b) to t COBE-DIRBE data with the best- t parameters

by Bissantz et al. (1997), and axial ratios 1:0.6:0.4; (v) the exponential triaxial function according to model E2 by
Dwek et al. (1995), based on IRAS data for Mira variables (Whitelock et al. 1991), with axial ratios 1:0.18:0.39,
considered by Dwek et al. (1995) to give the best t to the COBE-DIRBE observations.

The angle between the Sun-centre line and the major axis of the bar varies from 25 (Bissantz et al. 1997) to 20 as
in the G2 model of Dwek et al. (1995), or even to 33  as for model E2 by the same authors. The reason why it is so
di cult to derive the shape of the Galactic bar is that three-dimensional distributions cannot be uniquely recovered

from projected surface brightness distributions such as the COBE/DIRBE maps. In addition, bars with the same
density distribution could have di erent pattern speeds. No unique solution can be found using only one-velocity
component diagrams, unless the gravitational potential is known, since the velocity dispersion in the star motions
smears out the e ects of the bar on the distribution function (Vauterin & Dejonghe 1998). Groundbased proper
motion studies in Baade’s Window (Spaenhauer et al. 1992) to V 16 are contaminated by foreground stars, but
suggest a velocity structure consistent with a tumbling triaxial bar (e.g., Zhao et al. 1994; Zhao et al. 1996; Zhao
1996). Signi cant constraints on the bulge shape will require proper motions for many thousands of stars.

Metal Content Rapid formation of the bulge would imply that the bulk of its stellar content
ought to display -enhanced abundances as expected when only Type |l supernovae contribute to
the enrichment process. In contrast, slow formation would imply that the vast majority of stars



Table 1.2: Expected turno magnitude of the bulge population (age = 7{10 Gyr, 0.008 Z 0.05).

Mass Model | Axial ratios  Major Axis  Bar Position Turn-o
(kpc) Angle ( ) Magnitude
Power law 1:1:0.8 2.4 0 19.45
Oblate GO 1:1:0.56 0.70 0 19.45
Triaxial G2 1:0.22:0.16 2.0 20 19.45
Triaxial E2 1:0.18:0.39 0.75 33 20.05
Triaxial B1 1:0.6:0.4 1.8 25 19.35

have [ -elements/Fe] = 0.0 as expected when both Type | and Type Il supernovae are at work
(e.g., Matteucci 1998). GAIA will provide estimates of the metallicity for 10* 10° stars per
square degree inside Baade’s Window. These provide signi cant constraints, which can be further
improved by follow-up high-resolution ground-based spectroscopy.

To date, the abundances of -elements in bulge stars are known for a few dozen stars (McWilliam & Rich 1994;
Barbuy et al. 1999). The mean [Fe/H] is about {0.25, with a large spread, ranging from [Fe/H] = {1 to 0.45. For

an old population, an uncertainty as large as [Fe =H] = 0:1 results in a dierence of about =0 :07 mag for
the turn-o luminosity. If no information about the metal content is available, this magnitude di erence can be
misinterpreted as being due to age, giving an age error of about 1 Gyr.

Age There is no general agreement on the age and age spread for the stars in the bulge (e.g.,
Rich 1992; Wyse et al. 1997). GAIA will substantially reduce these uncertainties.

While all determinations of ages agree that the bulge ought to be older than 5{8 Gyr, they diverge on whether the
presence of a component substantially younger than 15 Gyr is required (Renzini 1993; Rich 1988; Terndrup 1988;
Holtzman et al. 1993; Ortolani et al. 1995; Bertelli et al. 1995). Several causes make it di cult to derive rm ages
for the stars in the Galactic bulge by means of colour-magnitude diagrams and luminosity function in the interval

15 VvV 17. These include the age-metallicity degeneracy, the photometric errors on magnitudes, the presence of
binary stars blurring the turn-o, contamination by disk stars, and the uncertainties on reddening along the line

of sight. An additional complication is the spatial distribution of the bulge stars along the line of sight due to the
intrinsic shape of the bulge itself. Current estimates of the age are based on the implicit assumptions that the bulge
is spherically symmetric, and that all stars are at the same distance.

Simulations of the colour-magnitude diagram for stellar populations with di erent spatial distributions show that
the magnitude of the turn-o and main sequence termination stage depend on the assumed shape of the bulge.
Table 1.2 illustrates this by presenting the expected turn-o magnitude for dierent shapes, limited to the case
of a young population of 7{10 Gyr. A population of 12 Gyr would put the turno -magnitude 0.35 mag fainter.
Changing the mass distribution changes the turn-o magnitude, e.g., from 19.45 (power law) to 20.05 (triaxial E2).

1.2.3 Large-Scale Structure of the Disk

Star formation has been reasonably continuous in the disk of the Galaxy over the past 12 Gyr
and, as a result, the disk contains stars with a range of metallicities, ages and kinematics. In
the past decades radio and mm observations, combined with kinematic models, have revealed the
distribution and kinematics of the interstellar gas for nearly the entire Galaxy. It has delineated
the spiral structure, and mapped the warping of the Galactic disk outside the Solar orbit. Very
little is known about the stellar disk beyond 1{2 kpc from the Sun. This is due to signi cant
interstellar extinction towards the central regions of the Galaxy at optical wavelengths, and by
our inability to determine accurate distances and space motions. The GAIA parallaxes, proper
motions, radial velocities and photometry will allow derivation of the structure and kinematics
throughout the stellar disk for a large fraction of the Milky Way.

Spiral Arms Spiral arms are a distinguishing feature of disk galaxies with an appreciable gaseous
component, and are clearly evident in the radio and far-infrared emission of our Galaxy. They

are an important component, as they have associated streaming motions, redistribute angular
momentum and are the primary locations of star formation, funneling mass from one component

(the gas) to another (the stars).
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Figure 1.1: Distribution in the Galactic plane of a hypothetical spectroscopic and photometric
statistically complete survey of 50000 OB stars (coordinates are heliocentric, with the Galactic
Centre at 8000,0) with photometric distances (left) and with GAIA parallaxes (right), as generated
by a synthetic catalogue generator (from Drimmel et al. 1997).

Currently our understanding of the large-scale dynamics and structure of the Galactic disk derives
mainly from 21-cm observations of HI, but these observations only provide the density as a function
of radial velocity in any given direction, that is, a single velocity component. To infer the actual
distribution of the gas, and its kinematics, we rely upon the assumption of circular rotation. Even
with this assumption distances within the Solar circle are ambiguous. Much more problematic is the
validity of the assumption itself, which certainly does not hold in the presence of non-axisymmetric
structure, such as the spiral arms and the triaxial structure of the bulge (which makes our Galaxy
barred). It is also possible that the galactic disk is elliptic and/or lopsided, as is seen in many other
disk galaxies (Rix & Zaritsky 1995; Rudnick & Rix 1998). All of these structures will introduce
non-circular motions (see below).

The current map of the spiral arms relies on both photometric and kinematic distances to bright HIl regions, though
primarily on the latter (Georgelin & Georgelin 1976). Distance ambiguity is resolved by assuming that larger regions

are closer. The kinematic distances follow from the assumption of circular motions, yet these regions are located
where the streaming motions associated with the spiral arms are strongest (Figure 1.1).

The Hipparcos Catalogue has provided an accurate spatial and kinematic map of the local Orion
arm in the vicinity of the Sun. GAIA will provide a direct map of all the major arms on our side
of the Galaxy, using the location of young tracer populations. It will identify what constitutes an
arm, its kinematic signature, and its stellar population mix.

Because star formation occurs along a moving front, and because stellar lifetimes are a strong function of initial
mass, the luminosity function at the bright end will vary strongly with location; the distribution of more luminous

stars will be o set from the less luminous stars. GAIA will be able to directly observe the relative o sets of various

stellar populations (or types), from which the pattern velocity of the arms may be inferred. In addition, the initial
luminosity function (or initial mass function) for the bright stars may be determined at di erent locations in the

Galaxy. And nally, as these short-lived stars approximately preserve the bulk motions of the gas from which they

were recently born, they may be compared with the observed streaming motions of the gas derived from HI and CO
measurements. These streaming motions are of the same order as the velocity dispersion observed for young stars

( 10 km s 1), and will vary according to location within the arms. Therefore, to look for such systematic motions

in these stars, one must densely sample the stellar distribution function at each position in the Galaxy. Only a
survey mission such as GAIA will be capable of doing this.

Kinematics of the Galactic Disk The models used to describe the stellar kinematics of the
Galactic disk have become ever more sophisticated as the quality of the observations improved,
starting from the ellipsoidal and Gaussian model for the velocity distribution in the Solar neigh-
bourhood (Schwarzschild 1907), and the description of the well-known longitudinal wave-like de-
pendence of the mean proper motion and radial velocity as due to di erential Galactic rotation
(Oort 1928). However, it was known early-on that this picture is too simple: Eddington (1914)
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already argued that such a model cannot describe equilibrium, while Kapteyn (1905) and others
pointed out that the distribution of stellar velocities in the Solar neighbourhood is not smooth
but clumpy, in particular for early-type stars. Clumps in the velocity distribution correspond to
moving groups and stellar streams, which Eggen (1965) hypothesized to be the debris of stellar
associations and open clusters (see Section 1.2.4).

Hipparcos measured the velocity distribution in the Solar neighbourhood (Dehnen & Binney 1998)
for large stellar samples free of kinematic biases, which in the past plagued studies of local stellar
kinematics. These data revealed that the local stellar velocity distribution is indeed much more
structured and complex than Schwarzschild’'s simple model: there is substantial sub-structure even
for late-type, and hence on average old, stars. The interpretation of these structures is not yet
complete, but it is clear already that the properties of both the stellar warp outside the Solar circle
(Dehnen 1998) and the bar in the inner Galaxy (Dehnen 1999) have left their imprints.

GAIA will measure not only the local kinematics with much improved accuracy, but the full six-
dimensional stellar distribution function throughout a large part of the Galactic disk. This will
allow not only a determination of the gravitational potential of the Galaxy and its distribution
function, but also reveal how much a given stellar population deviates from dynamical equilibrium.
This in turn will constrain the formation history of the Galactic disk and its components, e.g., the
past variations of pattern speed and strength of the central bar and spiral arms.

Age-Metallicity-Velocity Relation for the Galactic Disk As the Galactic disk settled
within its dark halo, star formation began in the denser inner regions and gradually extended
outwards into the disk of gas. The massive stars evolved and chemically enriched the interstellar
medium from which the next generation of stars formed. Dynamical evolution also took place:
disk stars were perturbed from their circular orbits by passing giant molecular clouds (Spitzer &
Schwarzschild 1953) and spiral arms. As the disk evolved, it became chemically enriched and its
stellar velocity dispersion increased. |If this picture is correct, we would also expect to see that
the mean age of disk stars is younger at larger distances from the centre. Evolution of the disk
is still going on, in our Galaxy and in other disk galaxies (e.g. Bell & de Jong 2000). Clearly, we
still do not completely understand the mechanism by which the velocity dispersion of disk stars
grow. Although both molecular clouds and spiral arms appear to be capable of heating the disk at
about the observed rate, neither mechanism can explain all of the features of the observed velocity
dispersion versus age relation. Other mechanisms, such as black holes in the galactic halo, have
also been discussed (see also Velazquez & White 1999; Sanchez-Salcedo 1999).

To understand the evolution of disks in a more quantitative way, we need to know the full multi-
variate distribution of stars over the ve variables: age, metallicity and the three components of
velocity. Other disk galaxies give only a qualitative indication of the evolutionary processes, be-
cause we can only estimate the average age, metallicity and motions from the spectra of integrated
disk light, and they are of low accuracy.

In our Galaxy, we can measure accurate ages, metallicities and kinematics of individual stars in the disk and thick

disk, and so construct the full multivariate distribution. These observations are very di cult from the ground:

precise stellar ages and velocities can be measured only for stars in the nearest few hundred parsecs. A seminal
study by Edvardsson et al. (1993) showed how complex the situation is in the Solar neighbourhood. The thin

disk near the Sun shows a chemical abundance spread of almost a factor 10, with little change over the age range
3{10 Gyr. The thick disk stand out as an old population (age > 10 Gyr) with a vertical velocity dispersion of about

40 km s 1, double that of the oldest stars in the thin disk, and with signi cantly lower chemical abundance. The
Edvardsson sample of 200 stars is in no sense complete and does not provide the distribution of stars with age,
even in the Solar neighbourhood. It just gives an indication of how the disk properties change with stellar age.

With GAIA, the ability to measure precise distances of distant stars provides the breakthough. The
most accurate ages for individual older stars come from the subgiant G stars which are evolving
across from the main sequence turno to the bottom of the red giant branch. Their absolute
magnitude and metallicity give their ages directly. The stellar ages are needed to a precision
of about 25 per cent, so their distances must be measured to about 7 per cent. Away from the
obscuring galactic plane, GAIA will give a complete sample of G subgiants with accurate kinematics
and distances, out to about 3 kpc from the sun. The GAIA sample will cover a very signi cant
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Figure 1.2: The disk of the Galaxy based on HI observations (from Smart et al. 1998). The vertical
axis is exaggerated by a factor of 10. The arrows show the motion of the Sun and an outlying star
on their orbits in the Galaxy. The outlying star has an upward motion as seen from the Sun.
Directions in the sky, as seen from the Earth, are indicated by the constellation names. The line
indicates the locus of zero vertical displacement for the warped disk.

radial zone in the galactic disk, from about 2 to 4 scale-lengths from the centre. Ground-based
metallicity data will complement chemical abundance estimates from GAIA photometry. From this
sample of subgiants, it will be possible to construct the full multivariate distribution of kinematics,
age and metallicity to unravel the star formation history of the disk, and its chemical and dynamical
evolution, over a wide interval in Galactocentric radius.

Warp  Galactic disks are thin, but they are not at. Approximately one-half of all spiral galaxies
have disks which warp signi cantly out of the plane de ned by the inner galaxy (Burton 1998;
Binney 1992). Remarkably, there is no realistic explanation of this common phenomenon, though
the large-scale structure of the dark matter, and tidal interactions, must be important, as the
local potential at the warp must be implicated. Neither the origin nor the persistence of galaxy
warps is understood, and insu cient information exists to de ne empirically the relative spatial
and kinematic distributions of the young (OB) stars which should trace the gas distribution, and
the older (gKM) stars which de ne a more time-averaged gravitational eld.

It has been known since 1957, following the rst 21-cm sky surveys, that our Galaxy is strongly warped (see
Figure 1.2). The line of nodes is close to the Sun-centre line. In the north ( * =90 ) the HI disk curls steadily up

to over 3 kpc above the plane at R 16 kpc. In the south ( * =270 ) the disk curves about 1 kpc below the plane,
before turning back towards the plane at R 15 kpc, nearly reaching the plane again at R 20 kpc.

The kinematic data from Hipparcos (Smart et al. 1998), limited to within 3 kpc of the Sun, provides confusing
and con icting information. To construct a spatial and kinematic map of the warp to the edge of the (optical) disk,

su cient distance resolution is needed in order to de ne the disk plane beyond the Solar circle, independently for
young and older tracers. At the probable disk edge, R = 15 kpc, 7 kpc from the Sun, the warp induces a mean
o set out of the plane of 1 kpc, which one needs to observe in a large sample of early-type and late-type stars
with apparent magnitudes near | =15 mag.

The expected kinematic pattern (at least, in existing plausible models) is most strongly constrained by the straight-
ness of the line of nodes: these should wind up in at most a few rotation times, typically less than 2 Gyr. A
relevant shear pattern corresponds to systematic motions dependant on warp phase and galactocentric distance
superimposed on Galactic rotation. A plausible velocity amplitude associated with the warp at the optical disk edge
is signi cantly less than 0 :1, with the disk rotation angular velocity. This will be distributed between latitude

and longitude contributions depending on the local geometric projection.

At R =15 kpc, for a at rotation curve, the systematic disk rotation corresponds to 6 mas yr 1.
The kinematic signature from a 1 kpc-high warp corresponds to a systematic e ect of 90 asyr !
in latitude and 600 as yr ! in longitude. For such a signal to be detected the reference frame
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must be rigid to better than a few microarcsec on scales of 10 (i.e. matching the high-frequency
warp structure) and on scales of 2 radians, requirements well within the GAIA capabilities. The
corresponding distance requirements are more demanding: at the warp a mean parallax is less than
100 as, so that resolution of the warp within 10 per cent implies distance accuracies of 10as at

I 15 mag. Along lines of sight with typical reddening, the study of the Galactic warp will be
within the limits of GAIA’s performance.

Although HI warps are most pronounced near the optical ‘edge’ of disk galaxies, recent surveys show some 50 per

cent of all optical disks are warped in their outer parts (Reshetnikov & Combes 1998). In the Local Group the

stellar disk does follow the HI warp, most dramatically in M31 (Section 1.8.4), but also in our own Galaxy. These
provide the opportunity to de ne the structure of the warp in apparently representative spiral galaxies.

Extinction and the Distribution of Galactic Interstellar Matter The combination of
GAIA parallaxes with GAIA photometry over a large part of the visual spectrum will provide a
database of unprecedented size and accuracy to investigate the distribution of interstellar matter
(Chen et al. 1999b). The dust embedded in the gas causes extinction of star light, both in terms
of dimming, A , and as a colour excess, e.g(B V). The inferred E(B V) can then be used,
through the known correlation of extinction and column density of neutral gasN (H i), to estimate
the amount of gas along the pathlength to the star. The power of this method was demonstrated by
Knude & H g (1999) using Hipparcos data. Important topics which can be addressed with GAIA
data are the optical thickness of the Milky Way disk and the scale length of the dust distribution.
Gas column densities follow from H i 21-cm line emission, but three aspects complicate their interpretation: (i) for
large column densities the 21-cm emission may be self-shielded, so that the integrated intensity is not representative

of the column of gas. Since the e ect of extinction on intensity isas e , the true amount of dust (and thus gas)
can be determined; (ii) emission can come from gas at any distance in the direction measured, while the derived

extinction is only due to gas in front of the star. Using many stars at di erent distances in almost the same direction
allows mapping of the location of the gas; (iii) the optical and H i measurements are made with di erent beamwidths.

1.2.4 Small-Scale Structure of the Disk

The Galactic disk contains much small-scale structure, including star forming regions, open clus-
ters, expanding associations, and stellar streams. The GAIA data will allow a vastly improved

identi cation of member stars, and, in many cases, a study of the internal group dynamics. This

is also of key importance for the calibration of stellar luminosities, and the calibration of the main

sequence as a function of age, helium content, and metallicity (see Section 1.4).

Finding Sub-Structure The internal velocity dispersions in open clusters, associations, and
streams are at most a few km s®. Members of such a ‘moving group’ therefore have nearly the
same space velocity, and form a coherent structure in velocity space. A variety of methods is
available to identify such groups in phase space; these use the measured positions and velocities.

Members of moving groups which cover at most a few square degrees on the sky (such as open and globular clusters
beyond 200 pc) can be identi ed in the distribution of proper motions in the vector-point diagram (Vasilevskis

et al. 1958), as illustrated in Figure 1.8 for NGC 6397. In this case the spread in proper motions is mostly due
to measurement errors and the internal velocity dispersion of the cluster. Selecting members of groups that cover
larger areas on the sky, such as the Hyades and Pleiades, or the large nearby associations which cover 1000 square
degrees, is more di cult. The constant space velocity of such groups projects to a proper motion and radial velocity
which vary signi cantly across the eld. This perspective e ect will wash out the group signature in the vector-point
diagram. In this case the classical convergent point method (e.g., de Bruijne 1999) can be used, as well as methods
which include parallax measurements (Hoogerwerf & Aguilar 1999) and/or radial velocities. Streams of stars that
have escaped from open clusters due to the Galactic tidal eld also form coherent structures in velocity space, but
may cover even larger areas on the sky, with the space velocity of the member stars varying along the stream. Such
structures can be identi ed by looking for concentrations in the space of the integrals of motion (Comepn et al.
1998a; Helmi et al. 1999b).

The Hipparcos data have allowed extension of the volume where kinematic member selection over
large elds can be carried out reliably to about 500 pc from the Sun, well beyond the range where

individual parallaxes resolve the groups. Examples include a comprehensive census for nearby
OB associations (de Zeeuw et al. 1999), see Figure 1.3, detection of nearby moving groups (Chereul
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Table 1.3: Statistics for clusters like Praesepe, as observed by GAIA at several distances. Praesepe,
like the Hyades and the Pleiades, is a quite rich cluster with more than 1000 known members.

Distance 180 pc 300 pc 1 kpc 3 kpc 5 kpc
Number of clusters 6 10 120 1000 3000
(m M)o 6.3 7.4 10 12.4 135
Ay < 05 < 05 0.5{2.5 1{4 2{8
V =15:
Number of stars 450 350 50{150 0{20 0
Depth resolution (pc) 0.3 1 10 90 250
Accuracy of V1 (kms 1) <0.01 0.015 0.05 0.15 0.25
m M 0.004 0.007 0.02 0.1 0.2
V =20:
Number of stars > 1000 1000 350{550 50{300 0{150
Depth resolution (pc) 10 25 250 { {
Accuracy of Vr (kms 1) 0.25 0.4 1.4 4 7
m M 0.12 0.3 0.5 15 2

et al. 1999), and the identi cation of a stellar stream in the distribution of Population Il stars in the
Solar neighbourhood (Helmi et al. 1999a; see also Section 1.2.6). GAIA will allow similar kinematic
selection in a much larger volume, which includes all the globular clusters (see Section 1.2.7), as well
as the dwarf spheroidal satellites of the Galaxy (see Section 1.8.2). This will provide a complete and
reliable list of members to faint magnitudes. Combining the individual parameters of members,
the cluster mean distances and velocities will be improved. The precision of mean astrometric
parameters of groups closer than 1 kpc will be better than 1 as (see Section 1.4.9).

Open Clusters  An open cluster contains a few tens to a few thousand stars, born in the same
molecular cloud and gravitationally bound. Members of an open cluster are coeval, have the same
chemical composition as the parental cloud, share the same space motion to within the internal
velocity dispersion of the cluster (a few tenths of a km s?), and are distributed across the whole
mass spectrum, from brown dwarfs to A, B or O stars, depending on the age of the cluster. GAIA
will observe all known open clusters, and will discover thousands of new ones. Simulations of fairly
rich clusters at di erent distances show that GAIA will be able to identify members of the vast
majority of clusters closer than 5 kpc (Table 1.3).

More than one thousand open clusters are presently known (LyngAstron. Astrophys. 1987). Only half of them
have an estimated distance, mostly smaller than 2 kpc. They are tracers of the young and intermediate-age disk
components of the Galaxy, with ages ranging from a few Myrs to a few Gyrs, and metallicities [Fe/H] from 0:5 dex
to +0 :2 dex. The possibility of detecting a cluster depends on several parameters: the number of members brighter
than V =17 mag (for which GAIA will measure radial velocities and medium-band photometry) or brighter than

the limiting magnitude V = 20 mag, the magnitude of the brightest stars, the interstellar absorption, the di erential
velocity with respect to that of the local standard of rest. These parameters are connected to the intrinsic parameters

of the cluster, namely its age, the total number of members (which also depends on its age), and its space velocity. A
young rich cluster such as NGC 6231, containing WR and O stars, has more than 30 stars brighter than V =17 mag
even at the distance of the Large Magellanic Cloud. An old cluster such as NGC 752, in a region of high absorption
(Ay =5) has very few stars brighter than V =17 mag at only 2 kpc.

OB Associations ~ An OB association is a gravitationally unbound group of stars, including a
number of early spectral type (O- and B-stars). Associations are thought to originate as a group
born in a relatively small region of space inside a giant molecular cloud. After the removal of gas
and dust the association is left unbound, and expands. This scenario is supported by the large
physical sizes (up to several tens of parsecs in diameter) and low densities of associations. As much
as 90 per cent of the stars in the Galaxy may have formed in OB associations.
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