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The Baryon Halo of the Milky Way: 

A Fossil Record of I ts  Formation 


Joss land-Hawthorn' and Ken FreemanZ 

Astronomers believe that the baryon (stellar) halo of the Milky Way re- 
tains a fossil imprint of how it was formed. But a vast literature shows that 
the struggle t o  interpret the observations within a consistent framework 
continues. The evidence indicates that the halo has built up through a 
process of accretion and merging over billions of years, which is stil l going 
on at a low level. Future satellite missions t o  derive three-dimensional 
space motions and heavy element (metal) abundances for a billion stars 
wil l  disentangle the existing web and elucidate how galaxies like our own 
came into existence. 

In recent years, we have passed an interesting 
landmark. With the most powerful tele-
scopes, we can now reach as many galaxies 
as there are stars in our Galaxy: about 100 
billion sources. The oldest stars in our Galaxy 
are of an age similar to the light travel (look 
back) time of the most distant galaxies in the 
Hubble Deep Field ( I ) .  For these galaxies, 
the cosmological redshift (2) measured from 
galaxy spectra presently takes us to within 
5% of the origin of cosmic time-the Big 
Bang. For the stars, their upper atmospheres 
provide fossil evidence of the available met- 
als at the time of formation, and astronomers 
use a variety of techniques for dating a star 
from its spectrum (3). The old Galactic stars 
and the distant galaxies provide a record of 
conditions at early times in cosmic history, 
and both harbor clues to the sequence of 
events which led to the formation of galaxies 
like the Milky Way. But the oldest stars, like 
the most distant galaxies, are exceedingly 
faint and lie at the limit of modem observing 
techniques. 

Galaxies as we see them now, at low 
redshift, can be divided into two classes: 80% 
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are gas-rich (mostly disk spiral and irregular 
galaxies) and 20% are gas-poor [including 
the elliptical, earliest-type (SO) and dwarf 
spheroidal galaxies]. In the special environ- 
ment of dense galaxy clusters, only about 
40% of the galaxies are gas-rich. But in the 
early universe, the Hubble Deep Field has 
shown us that galaxies are mostly irregular. 
Broadly speaking, disk spirals and small 
spheroids are supported by rotation, whereas 
large spheroids are supported by random stel- 
lar motions and have little or no rotation. To 
confuse matters, some spheroidal galaxies 
have a disk component, and most disk galax- 
ies like the Milky Way have spheroidal com- 
ponents. While the various galaxy types pose 
a challenge to any formation theory, the rel- 
ative importance of the disk and the spheroid 
accounts for much of the variety in galaxy 
morphologies (4). 

When the early universe was cool enough 
to form atoms, dark matter and baryons were 
thought to have co-existed in small clumps 
(5). As time progressed, gravity caused the 
clumps to cluster together. This picture forms 
the basis for the hierarchical cold dark matter 
(CDM) model, which places galaxy forma- 
tion within a cosmological context. Sophisti- 
cated N-body CDM simulations of the 
growth of structures in the early Universe 
have been successful at reproducing some . 
observational properties of galaxies (5). Cur- 
rent models include gas pressure, metal pro- 

duction, radiative cooling and heating, and 
prescriptions for star formation. The models 
predict that lower mass clumps are denser, 
which is borne out by theory ( 6 )and obser- 
vation (7). Moreover, the outer parts of gal- 
axies are expected to be accreting low mass 
(10' to 10' M(;)objects even to the present 
day (8, 9).  

The orbital time scales of stars in the outer 
parts of galaxies are several billion years and 
it is here we would expect to find surviving 
remnants of accretion. Observational studies 
of the Galactic halo attempt to find stars of a 
given type within a localized region of six- 
dimensional phase space where each star has 
a velocity (vl,v,,,v2) and a location (x,y,z) 
within the Galaxy. Most stellar types can 
exist over a range of metal abundances. The 
heavy element abundance can provide infor- 
mation on when in the Galaxy's history the 
star was formed (3). The published literature 
on the baryon halo is very extensive and, for 
the most part, in a state of flux. However, 
most astronomers agree that tantalizing clues 
are beginning to emerge of how the Galaxy 
materialized out of the hot, dense, early uni- 
\.erse. In this review, we focus on the fossil 
evidence from the baryon halo of the Milky 
Way (near-field cosmology) with occasional 
reference to the high redshift universe (far- 
field cosmology) 

The Milky Way 
Our Galaxy, the Milky Way, can be divided 
into three parts: a baryon halo (which in- 
cludes the stellar halo and globular clusters), 
a baryon disk with the associated stellar 
bulge, and an unseen dark (non-baryonic) 
halo, which accounts for about 95% of the 
mass of the Galaxy (10) (Fig. 1). The disk 
and the dark halo are addressed in other 
review articles in this special issue (1 1). 
While the gravitational influence of dark ha- 
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10s is easily observed through the rotation of 
the gas in the outer parts of galaxies, its 
character is one of the fundamental, unan- 
swered questions of our day. 

The thin, baryon disk accounts for about 
90% of the visible light in the Milky Way 
(5% by mass) as we observe from the thin 
band of light which arcs across the night sky. 
Almost all of the stars seen by the human eye, 
and in most astronomical photographs, are 
from the thin disk and the bulge. Since the 
1980s, we have come to recognize a faint, 
thick disk of old stars extending to 1 to 2 
kiloparsecs (kpc) beyond the thin disk (12). 

The stellar disk is in ra~id.  differential * , 

rotation and contains stars with a very wide 
spread of ages and colors. The patchiness of 
the light distribution in Fig. 2 arises from 
giant clouds of gas and dust which absorb the 
light. These clouds are where stars are born 
and where high mass stars return their pro- 
cessed metals to the surrounding medium 
through supernova explosions. Without these 
gas clouds, the Milky Way would be several 
times brighter to the naked eye. From the 
Southern Hemisphere, the stellar bulge (Fig. 
2) is visible to the naked eye in the direction 
of the constellation Sagittarius. The stellar 
nucleus is obscured by gas and dust but it can 
be detected at infrared wavelengths (13). 

The baryon halo extends to a radius of 
about 100 kpc. It rotates very slowly com- 
pared to the disk and may even be counter- 
rotating. The stellar halo is recognized in 
catalogs of blue horizontal branch stars (14, 
15), RR Lyrae stars (16), and metal-weak red 
giant stars (1 7). The Galactic halo is very 
diffuse and faint: Its total surface brightness 
in the vicinity of the sun is several hundred 
times fainter than the dark sky and is difficult 
to detect from our location in the Galaxy 
without modem astronomical techniques. 

The baryon halo includes the system of 

Fig. 1. Schematic of Milky Way showing the 
stellar disk (light blue), the thick disk (dark 
blue), stellar bulge (yellow), stellar halo (mus- 
tard yellow), dark halo (black), and globular 
cluster system (filled circles). The stellar disk is 
about 30 kpc (100,000 Light years) in diameter. 
The baryon and dark halos extend to a radius of 
at least 100 kpc. 

globular clusters dispersed throughout the in- 
ner and outer halo (Fig. 1). Only a few glob- 
ular clusters are visible to the naked eye, 
although more than a third of the 150 Galac- 
tic globular clusters are visible with a pair of 
high-quality binoculars. Globular clusters are 
dense swarms of about 100,000 stars and 
constitute the most ancient stellar systems in 
the Galaxy. Most are so old [13 ? 2.5 billion 
years ago (Ga)] that they challenge age esti- 
mates of the universe derived from Hubble's 
constant (18). 

While the baryon halo accounts for only a 
small fraction (2%) of the light, and an even 
smaller fraction (<0.2%) of the total mass, it 
plays a key role in unraveling the sequence of 
events involved in galaxy formation. Paleon- 
tologists prefer to hunt for fossils in remote 
locations rather than sites of ongoing human 
activity. Similarly, the remoteness of the out- 
er halo appears to preserve a fossil record that 
astronomers are only now beginning to read 
(19). 

The Stellar Bulge 
The stellar bulge is a major element of galaxy 
classification schemes (20) (Fig. 3). Some 
disk galaxies have large and luminous bulges 
(for example, M3 I), while others do not (for 
example, M33). The so-called early-type gal- 
axies have large bulges and spiral patterns 
that are tightly wrapped, while the late-type 
galaxies have small bulges and open spiral 
patterns. The earliest-type disk galaxies 
(called SO galaxies) can have bulges that are 
brighter than the disk (21). 

The shape of the inner rotation is tightly 
coupled to the underlying disk and bulge 
structure (22). Photometrically predicted 
curves for the gas, disk and bulge, reproduce 
the observed optical rotation curves of 98% 
of galaxies drawn from a survey of 1355 disk 
galaxies (23). Dark matter dominates the 
gravitational field only in the outer halo. 

Studies of individual bulge stars in the 
Galaxy have a rich history (24). The bulge is 

distinct from the faint stellar halo and the 
thick disk, as demonstrated by the 1400 RR 
Lyrae variable stars identified by the DUO 
microlensing survey (25). While most RR 
Lyrae are associated with the thick disk and 
the halo, about 7% are concentrated in the 
bulge. 

The characteristic age of spiral bulges is 
traditionally assumed to be old but is in fact 
poorly known, even for the Galaxy (26). The 
existence of bulge RR Lyrae stars indicates 
that some fraction of the Galactic bulge is 
old. Furthermore, the color-magnitude se- 
quence derived from the Hubble Space Tele- 
scope (HST) (27) shows that the bulge is 
predominantly old. But, to confuse matters, 
the optical and near-infrared colors of many 
bulges are similar to their disk, and suggest a 
wide spread of ages (28). 

McWilliam and Rich (29) obtained [FeIH] 
abundances for 14 red giant stars in the bulge 
of the Milky Way from high-resolution spec- 
tra. They found that, while there is a wide 
range, the abundances ([FeIH] - -0.25) are 
closer to the abundances found in older stars 
of the metal rich disk than to abundances 
found in the old metal poor stars in the halo 
and in globular clusters, in agreement with 
the abundances of planetary nebulae in the 
Galactic bulge (30). We know from radioac- 
tive dating, white dwarf cooling, and red 
giant isochrones that the age of the Galactic 
disk lies in the range 8 to 12 Ga (31, 32). 

At infrared wavelengths, the Milky Way 
is sufficiently transparent that starlight from 
most parts of the ~ a l a x ~  arrives at ~ & h .  The 
near- and mid-infrared all-sky maps obtained 
by the Cosmic Background Explorer (COBE) 
and the Diffuse Infrared Background Exper- 
iment (DIRBE) space mission have been in- 
verted and transformed to the reference frame 
of an external observer (33) (Fig. 4). On 
closer inspection, the Galactic bulge is found 
to be triaxial (1 : 0.6:0.4), which indicates the 
presence of a stellar bar (34). Binney and 
Merrifield (35) have summarized the evi- 

Fig. 2. Optical image 
of the Milkv Wav I 
with the ~a$ttari& 
dwarf galaxy over- 
laid. The satellite is 
being disrupted by 
the Galaxy while I 
moving through the 
disk. [Imaee from G. 1 
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The Stellar Halo dence for a bar from gas motions in the disk. 
Because there are many pure disk galaxies 

(36), bulges cannot be an essential element of 
galaxy formation. In fact, there is good evi- 
dence that small bulges and large bulges are 
formed through different processes (37). The 

this picture comes from coherent moving 
groups of stars in the halo. Majewski et al. 
(57) found one such group towards the North 
Galactic Pole. Recently, .Helmi et al. (58) 
identified 88 metal-poor stars within 1 kpc of 
the Sun from the H ~ D D ~ ~ C O S  astrometric cat- 

In 1955, Roman (46) announced that high- 
velocity stars near the sun tend to be metal- 
poor compared to the sun. Because the sun is 
moving in a near circular orbit about the 
Galactic center, these high-velocity stars 
must be on highly eccentric or highly inclined 
orbits. Four years later, Eggen and Sandage 
(47) discovered that the nearby high-velocity 
star, Groombridge 1830, belongs to a moving 

. . 
alogue. After deducing accurate three-dimen- 
sional space motions, they found eight stars 

larger bulges show a marked overabundance 
of Mg relative to Fe (38): This is the same 
trend seen in elliptical galaxies. For the bulge 
of M31, where there is a wide spread of 
[FeIH] abundances, there is no discernible 
abundance gradient out to 40-kpc radius (39, 

which appear clumped in phase space and 
confined to a highly inclined orbit. Majewski 
et al. (59) suspected that much or all of the 
halo could exhibit phase-space clumping with 
data of sufficient quality. 

Arguably the most dramatic evidence for 

group now passing through the Galactic disk. 
It is only in recent years that the full import of 

40). These observations suggest that large 
bulges, like bright ellipticals, formed quickly 

this early observation has become clear. 
Eggen, Lynden-Bell, and Sandage (ELS) 

on a time scale no longer than 1 Gy. In this 
scenario, the Mg/Fe trend reflects the output 

(48) studied the motions of a larger sample of 
high velocity stars and discovered that, as the 

the accretion picture was uncovered only 5 
years ago. Ibata et al. (60) discovered an 

of type I1 supernovae in the first major burst 
of star formation. The starburst-driven winds 
heat up or drive away excess gas so that type 
Ia supernovae are unable to enrich the gas 
with Fe. The photometric radial profiles 
(r'I4-law) and lack of metal gradients indicate 
a high degree of dynamical mixing and relax- 
ation consistent with a fast collapse. 

Like the small bulge of the Milky Way, a 

metal abundance decreases, the orbit energies 
and eccentricities of the stars increased while 
their orbital angular momenta decreased. 
They inferred that the metal-poor stars reside 
in a halo that was created during the rapid 
collapse of a relatively uniform, isolated pro- 
togalactic cloud shortly after it decoupled 
from the universal expansion. Star formation 
would have taken place as the cloud col- 
lapsed resulting in radial gradients of stellar 
age and abundance. They showed that it is 

elongated stellar stream moving through the 
plane on the far side of the Galaxy (Fig. 2). 
The Sagittarius (Sgr) dwarf is a low mass 
dwarf spheroidal galaxy about 25 kpc from 
the sun,-which is presently being disrupted by 
the Galactic tidal field. The long axis of the 
prolate body (axis ratios - 3 : 1 : 1) is about 10 
kpc, oriented perpendicular to the Galactic 
plane along 1 = 6" and centered at b = - 15" 
(61). Sgr contains a mix of stellar popula- 
tions, an extended dark halo (mass 2 lo9 M,) 
and at least four globular clusters (62). 

Looking farther afield, we see evidence 

majority of small bulges have a boxy struc- 
ture and exponential radial profiles when 
seen edge on. Three-dimensional N-body 
simulations of self-gravitating disks show 

possible to study galactic archaeology using 
stellar abundances and stellar dynamics; this 

how boxy bar-like bulges can develop from 
the instabilities of the disks (41, 42). Kuijken 
and Merrifield (43) devised a kinematic test 
for verifying the presence of a bar in a disk 
galaxy seen edge-on. This test was applied to 
15 boxy-bulge systems and 7 spheroidal- 
bulge systems (44). Most of the boxy-bulge 
systems passed the test, whereas none of the 
spheroidal-bulge galaxies were found to contain 
bars. Thus, small bulges probably evolved after 
the disk was formed and over a long period of 
time (43,  which would explain the reduced 
[MgIFe] index compared to bright bulges. 

is probably the most influential paper on the 
subject of galaxy formation. 

In 1977, the ELS picture was challenged by 
Searle (49), who noted that Galactic globular 

for discrete accretion events in the making. 
The Galaxy is encircled by satellite galaxies 
which appear confined to one or two great 
streams across the sky (63). The most re- 
nowned of these are the Magellanic Clouds 
and the associated HI Magellanic stream. All 

clusters have a wide range of metal abundances 
essentially independent of radius from the Ga- 
lactic Center. He realized that this could be 
explained by a halo built up from independent 
fragments with masses of - 10' Mg. In the ELS 
picture, the halo formed in a free-fall collapse in 
about 10' years. But halo field stars, as well as 
globular clusters, showed an age spread of 2 to 
3 Ga (50, 51). Other problems with the tradi- 
tional ELS paradigm include a subset of halo 
globular clusters with intermediate abundances 

of these are expected to merge with the Gal- 
axy in the distant future, largely due to the 
dynamical friction from the extended halo 
(64, 65). 

The hierarchical CDM simulations actually 
predict many more satellites than are currently 
observed (8, 9). Much of the sky is peppered 
with compact clumps of hydrogen-high- 
velocity clouds-whose motions depart fairly 
radically from Galactic rotation. Discovered in 
1963, these clouds have been the subject of 
wide-ranging speculation ever since. Oort (66) 
realized that their virial distances (67) would 

and retrograde mean motions (52), an excess of 
stars' on extreme retrograde orbits (53,54), met- 
al-poor halo stars of intermediate age (55), and 
metal-rich halo A stars (56). Taken together, . , 

place many clouds at megaparsec distances. 
Without the Magellanic Stream, the clouds ap- 

within the modem paradigm, these kinematic 
and abundance anomalies are suggestive of a 
halo that has built up over billions of years from 
infalling debris. 

pear to know more about the gravity field of the 
Local Group (68) than of the Milky Way (69, 

Some of the most compelling evidence for 70). If the clouds lie at about a megaparsec and 

Fig. 4. Infrared image of the 
Milky Way taken by the DlRBE 
instrument on board the Cos- 
mic Background Explorer 
(COBE) satellite. The image has 
been inverted to  show how our 
Galaxy would appear to  an ex- 
ternal observer. [Image from 
NASA Coddard Space Flight 
Center and COBE Science 
Working Croup] 

Fig. 3. Normal disk galaxies with (A) a big 
stellar bulge (M104) [image from the Anglo- 
Australian Observatory] and (B) with no well- 
defined bulge (UCC 7321). [Image from L. 
Matthews] 
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are associated with dark matter clumps, then 
they could constitute primordial building 
blocks. Because the ionizing background is 
weak between galaxies, an important test of this 
hypothesis is that they are essentially invisible 
in H a  emission (71). 

The Globular Clusters 
Astronomers have long suspected that glob- 
ular clusters are the fossil remnants of violent 
processes in the protogalactic era (72). Glob- 
ular clusters are swarms of 10" to lo6 stars 
with central densities of lo3 to lo4 M, pcC3. 
The Milky Way has about 150 globular clus- 
ters with 20% lying within a few kiloparsecs 
of the Galactic center. They constitute a neg- 
ligible fraction of the light and mass (2%) of 
the stellar halo today. Their importance rests 
in their age. The oldest globular clusters in 
the outer halo have an age of 13 2 2.5 Ga 
(90% confidence) which challenge the lower 
estimates of the age of the universe from its 
observed expansion rate (18. 73). 

The ages of the oldest globular clusters in 
the inner and outer halo, the Large Magel- 
lanic Cloud and the nearby Fornax and Sgr 
dwarf spheroidal galaxies show a remarkable 
uniformity. To a precision of 2 1 Ga, the 
onset of globular cluster formation was well 
synchronized over a volume centered on our 
Galaxy with a radius > 100 kpc (74). 

Globular cluster stars are older than the 
oldest disk stars, for example, white dwarfs 
and evolved red giants [for an important ex- 
ception, see (791. These clusters are also 
more metal poor than the underlying halo 
light in all galaxies and at all radii (76), but 
again there are exceptions to the rule. For the 
Galaxy, Zinn (77) showed from the distribu- 
tion, kinematics and metallicities, that at least 
two cluster populations exist: a metal-poor 
([Fel'H] < -0.8). slowly rotating population 
with a roughly spherical distribution in the 
halo, and a flattened. metal-rich ([FeiH] > 
-0.8) disk population in rapid rotation. 

A major development is the discovery of 
what appear to be young globular clusters in 
disturbed or interacting galaxies. for example. 
NGC 1275 (78). NGC 7252 (79) and the An- 
tennae (80). Schweizer (81) first suspected that 
globular clusters were formed in mergers. Lat- 
er. Ashman and Zepf (82) predicted that the 
HST would reveal young globular clusters 
through their compact sizes, high luminosities. 
and blue colors. The high internal densities of 
globular clusters today must partly reflect the 
conditions when they were formed. Hams and 
Pudritz (83) developed a model for globular 
clusters produced in fragmenting giant molec- 
ular clouds. which are of the right mass and 
density range to resemble accretion fragments 
in the Searle-Zinn model. 

Globular clusters have been elegantly re- 
ferred to as "canaries in a coal mine" (84). 
Their survival against evaporation in the ex- 

tended dark halo depends on the degree of 
tidal shocking (85) which they experience as 
their orbits take them through the Galactic 
disk and substructure in the dark halo. In 
addition to self-destruction through stellar 
mass loss, tidal shocking may have been im- 
portant in the early universe (86). If globular 
clusters originally formed in great numbers, 
the disrupted clusters may now contribute to 
the stellar halo (53,87). Halo field stars and 
globular clusters in the Milky Way have in 
fact the same mean metallicity (88) although 
there are important second order differences. 

There is an interesting class of objects 
called nucleated dwarf ellipticals (89). The 
nucleus typically provides about 1% of the 
total luminosity, and globular clusters could 
be considered as the stripped nuclei of these 
satellite objects without exceeding the visible 
halo mass. It is an intriguing prospect that the 
existing globular clusters could be the 
stripped relicts of an ancient swarm of pro- 
togalactic stellar fragments (that is. the orig- 
inal building blocks of the universe). 

In the Searle-Zinn model, globular clus- 
ters are intimately linked to gas-rich, proto- 
galactic infalling fragments. Multiple stellar 
populations have recently been detected in w 
Cen, the most massive cluster in the Galaxy 
(90). The cluster, o Cen, may have retained 
its gas because it was associated with a gas- 
rich dwarf, either as an in situ cluster or as a 
stellar nucleus. The present-day cluster den- 
sity is sufficiently high that it would have 
survived tidal disruption by the Galaxy, un- 
like the more diffuse envelope of the dwarf 
galaxy. 

Although globular clusters are ancient, the 
abundances of the most metal-poor popula- 
tion are high because it does not take much 
star formation to increase the metal abun-
dance up to [FeiH] = - 1.5 (91). Therefore 
the cluster abundances may reflect low levels 
of star formation even before the first (dark 
matter and baryons) systems came together. 
Indeed. CO has now been detected at a red- 
shift of about 5 (92). The first generation of 
globular clusters may have been produced in 
merger-driven starbursts when the primordial 
fragments came together for the first time. If 
at least some fragments retained some of their 
identity ivhile the halo was formed, a small 
number of enrichment events per fragment 
would ensure a Poissonian scatter in proper- 
ties between globular clusters. and multiple 
populations within individual clusters (50). 
Notably. metal-poor halo stars exhibit in- 
creasing scatter in their metal abundance ra- 
tios with decreasing metallicity (93). 

The Formation of Galaxy Halos 
Observations of our Galactic halo. and the 
hierarchical CDM simulations. make a com- 
pelling case that the formation of halos con- 
tinues to the present day. The mood has 

shifted away from a rapid early collapse of 
the halo, mainly because of the lack of radial 
abundance gradients in the outer halo (94). 
but this may not be justified. Although the 
expectation from ELS is that the metal en-
richment increases inwards, one could envis- 
age accretion scenarios in which the oldest 
and densest systems. swept clean of residual 
gas as they spiral in. accumulate in the cores 
of galaxies, and thereby dilute or reverse the 
ELS enrichment gradient. 

Only a tiny fraction (<2%) of the Galactic 
baryons reside in the halo, so only a limited 
amount of star formation could have taken 
place before the bulk of the baryons had 
settled to the Galactic disk. Most of the bary- 
ons must have avoided violent interaction 
with other baryons and just dissipated quietly 
to the disk as the original building blocks 
(dark matter and baryons) interacted and 
merged. 

In this context of a quiescent early 11istol-y. 
there is an interesting class of galaxies in 
which the baryons appear to lie entirely in a 
thin disk (Fig. 3B). with no evidence for a 
bulge, thick disk or stellar halo. As in our 
Galaxy. very little star formation could have 
occurred before the baryons had settled to the 
thin disk, suggesting a history undisturbed by 
internal or external effects. Simulations s h o ~  
that accretion of even a single lnassive satel- 
lite would puff up these disks. It would be 
interesting to know whether these galaxies 
have the halo or disk globular clusters which 
we now associate with interactions. These 
galaxies may exist only in underdense en\+ 
ronments or their disks may be stabilized by 
unusually dense, dark matter halos. 

During the last two decades. stellar ar-
chaeologists have been guided by the Searle- 
Zinn model of the inhomogenous assembly of 
accreting fragments in the outer halo. Over 
the same period. the hierarchical CDM con)- 
munity has proceeded along a parallel track 
in an effort to put galaxy formation on a 
cosmological footing. Today, we recognize 
that the Searle-Zinn model is broadly descrip- 
tive of the most recent episodes in hierarchi- 
cal galaxy formation. The two communities 
have converged to the point that new obser- 
vations are invariably discussed in the con- 
text of the CDM simulations. 

Future Scopes 
When reviewing the evidence from four decades 
of halo studies. it is rather like seeing a moun- 
tain range through swirling mist. There are only 
occasional glimpses of a vast and complex 
structure. The highly successful Hipparcos sat- 
ellite (95) has now revealed how to l i f t  the veil 
of mist. Over 3 years. Hipparcos obtained astro- 
metric positions for 120.000 stars to an accuracy 
of a few milliarcseconds. For the closest stars, it 
was possible to derive parallax distances and 
projected proper motions (96). Ground-based 

82 7 JANUARY 2000 VOL 287 SCIENCE www.sciencen 



THE M I L K Y  W A Y  

Fig. 5. A simulation of the baryon halo built up through accretion of 100 satellite galaxies. (A) The 
different colors show the disrupted remnants of individual satellites. (B) This is the same simulation 
shown in a different coordinate frame, i.e., the orbit radius (horizontal) plotted against the observed 
radial velocity (vertical) of the star. [Figures from P. Harding and H. Morrison] 

Fig. 6. A satellite in orbit about the Milky Way 
as it would appear,after 8 Ca. While stars from 
the disrupted satellite appear to be dispersed 
over a very wide region of sky, it will be pos- 
sible to deduce the parameters of the original 
event using special techniques (see text).'[Fig- 
ures from A. Helmi and 5. White] 

telescopes have so far obtained accurate spectral 
information (such as, the star type and the radial 
velocity) for about.20% of the catalog. If it were 
possible to obtain accurate positions and space 
motions for tens of millions of stars then it might 
be possible to determine whether many different 
classes of objects, such as dwarf galaxies, glob- 
ular clusters, and maybe even high-velocity 
clouds with associated dark matter, share com- 
mon orbital uarameters. 

Dynamical interaction between stellar bod- 
ies lead to recognizable structures, for example, 
shells (97), fans (98), and streamers (99). From 
starlight alone, these are easier to spot in exter- 
nal galaxies. Within the Galaxy, moving groups 
can be identified with even limited phase-space 
information (100, 101). This also holds for 
satellites orbiting within the spherical halo, be- 
cause the debris remains in the plane of motion 
for at least a few orbits (63, 99). But a satellite 

experiencing the disk potential no longer con- 
serves its angular momentum and its orbit plane 
undergoes strong precession (102) (Fig. 5). In 
Fig. 6, we show the sky projection of a satellite 
8 Ga after disruption. These more complex 
structures are usually highly localized, and 
therefore easy to recognize in the space of 
conserved quantities like energy and spin-axis 
angular momentum for individual stars. 

The evolution in phase space of a disrupt- 
ing satellite is well behaved as its stars be- 
come phase mixed. Its phase space flow 
obeys Liouville's theorem and is incompress- 
ible (103-105). It should be possible to rec- 
ognize partially phase-mixed structures that 
cover the observed space, although special 
techniques are needed to find them. 

Four astrometric space missions are planned 
for the next decade (106). These will derive 
six-dimensional phase space positions and 
abundance properties for millions of stars with- 
in a 20-kpc sphere. The ambitious GAIA mis- 
sion will obtain distances for up to 90 million 
stars with better than 5% accuracy, and measure 
proper motions with an accuracy approaching 
microarcsec per year. If hierarchical CDM is 
correct, there should be thousands of coherent 
streamers that make up the outer halo, and 
hundreds of partially phase-mixed structures 
within the inner halo. On similar time scales, 
future microwave-background survey satellites 
(107) will define the parameters of the Uni- 
verse to similar accuracy. While there are many 
outstanding problems (108), we can anticipate 
convergence of near-field and far-field cosmol- 
ogy within two decades, which ensures astron- 
omers employment for many years to come. 
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