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Recent observations indicate that the Milky Way may have formed by 
aggregation of gas and stars from a reservoir of preexisting small galaxies 
in the local universe. The process probably began more than 12 billion 
years ago with material of different original angular momentum following 
two separate evolutionary lines, one into the slowly rotating halo and 
central bulge and the other into the rapidly rotating disk. The existence of 
distinct thick and thin disks shows that continuing mergers of satellite 
galaxies likely also determined the early evolution of the main structural 
component of the luminous Galaxy. 

The Milky Way Galaxy belongs to a small ratory where evolutionary time lines continue to 
cluster of galaxies called the Local Group (I), be funneled from outside and within, leaving 
which is one of many other groups and clusters them with a skein of threads to properly disen- 
of galaxies located near the outer edge of the tangle. In this picture, the natural starting point 
Virgo supercluster. Within about 450 kilopar- for the task must be taken with the coexistence, 
secs (kpc) (2) of the Local Group's barycenter, in the Milky Way Galaxy, of its large-scale 
about half of its three dozen member galaxies spatial components mentioned above: the halo, 
known today are clustered in two subgroups disks, and bulge. The evolutionary histories of 
around the two dominating massive spiels, the these structural components should be expected 
Andromeda nebula (M31) and the Galaxy. to provide relevant clues to the formation of the 
Among the Milky Way's companion galaxies, Milky Way as a whole. 
the brightest ones are the Large and the Small 
Magellanic Clouds-irregular galaxies at dis- Clues to the Formation of the Galaxy 
ta&es of -50 and -60 kpc,~respectively- Exploitation of the different components as 
while the remainder are all fainter, lower mass tracers of Galactic evolution and formation re- 
dwarfs. At a distance of less than -25 kpc quires more than determining the different spa- 
from the Galactic center, the Sagittarius dwarf tial distributions of their stars, although this 
galaxy was only recently discovered and was latter task alone is already formidable, because 
shown to be in a process of merging with the it assumes that distances can be measured reli- 
main body of the Milky Way (3). ably and consistently for a wide variety of 

The main body of the luminous Galaxy stellar species and a significant number of rep- 
(4) consists of at least four major compo- resentative samples of stars and clusters (9). For 
nents, which are nested within each other. A example, Galactic space near the sun is popu- 
tenuous, essentially rotationless spheroidal lated by stars belonging to one of the disks or to 
halo of stars and about 170 globular clusters the halo, because these components are not 
(5) extends out to a radius of perhaps 100 spatially separated there but overlapping. The 
kpc. Within its inner -25 kpc, the halo also ambiguity can be resolved by considering the 
embraces stars and open clusters (6) that are kinematics of the stars. This is done by mea- 
concentrated into G o  essentially coplanar 
disks with distinctly higher densities, flatten- 
ings, and rotation speeds: the thick disk and 
the thin disk. These components comprise an 
even flatter distribution of gas and dust 
(clouds), the extreme disk embedding their 
common midplane, and in their innermost 
parts merge with a bar-like bulge-the cen- 
tral concentration of luminous matter in the 
Milky Way (Fig. 1) (7). 

Current efforts in galactic astronomy focus 

suring their velocities (10) and, even more im- 
portantly, the velocity distributions of represen- 
tative samples of stars. These data reveal the 
distributions of orbital properties, such as ori- 
entations, sizes, and eccentricities, which deter- 
mine the long-time residences of the stars in the 
Galaxy at large, and in fact, the shapes and sizes 
of the individual Galactic components. 

Indeed, thin-disk stars near the sun belong to 
the thin disk because they have similarly high 
rotational velocities (-220 km s-I) carrying 

on studies of-this hierarchy of structures (8) to them about the Galactic center on nearly circu- 
unravel its evolutionary history, back to the lar orbits lying in nearly the same plane; their 
origin in the early universe. Astronomers have average velocities perpendicular to the plane of 
learned to see the Milky Way as a local labo- rotation, however, are so low (-20 km s-') as 

to allow them only short periodic excursions 

Astronornisches lnstitut der UniversitSt Base,, Ve- ('-300 pc) above and the thin 
nusstrasse 7. CH-4102 Binningen, Switzerland. E-mail: disk is very flat, with a thickness-to-diameter - 
Roland.Buser@unibas.ch ratio of the order 51/10. In contrast, the stars of 

the thick disk have, on average, lower rotational 
but higher vertical velocities, such that they 
may travel up to 1 kpc away from the central 
plane. Therefore, if the thick disk extends at 
least as far as the thin disk in the radial direc- 
tion, its axis ratio is larger, of the order -113. 
Finally, the halo stars now present in the solar 
neighborhood all have low rotation velocities 
but high velocities perpendicular to the Galactic 
plane. Rather than participating in the orderly 
rotation of the disks, they are plunging rapidly 
through the disks on highly eccentric (e > 0.5) 
and strongly inclined orbits, and on which they 
are moving back again far from the plane into 
the halo-their proper abode, where they were 
probably born. 

Full comprehension of the Galactic compo- 
nents also requires knowledge of a temporal 
dimension: the times when stars became their 
constituent members. As the Milky Way Gal- 
axy must have formed by assembling available 
material within a larger scale gravitational po- 
tential of dark matter (I  l), its components may 
have been built from either pristine gas or pris- 
tine stars, or both. In fact, because stars are 
being formed out of gas in the Galaxy's ex- 
treme disk today (Fig. 2) (12), the real question 
is if there is any Galactic component with a 
significant fraction of stars that were not born in 
the Galaxy but were formed elsewhere, perhaps 

Fig. 1. Schematic view of the major compo- 
nents that make up the Galaxy's overall struc- 
ture, shown in a cross section perpendicular to  
the plane of rotation and going through the sun 
and the Galactic center. From the observer's 
vantage point at the sun's position, the direc- 
tions to  the North (NGP) and South (SGP) 
Galactic Poles are particularly suitable for 
studying the layered structure and other prop- 
erties of the stellar disks and halo, whereas the 
concentration of gas and dust in the extreme 
disk severely obstructs observations of the dis- 
tant bulge at visual-optical wavelengths. The 
central parts of the Galaxy are better accessible 
through longer wavelength infrared and radio 
observations. 
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long before or after the Galaxy started to turn 
gas into stellar generations on its own. If so, 
these stars would have to have been created in 
aggregates experiencing their own star forma- 
tion histories, independent of the Galaxy's, into 
which they were later forced to mix. 

Actually, each star contributes its bit to the 
memory of the particular star formation history 
to which it belongs. The observable spectrum 
provides a detailed record of the interstellar 
medium's chemical composition at the time of 
the star's birth from its parent gas cloud. Be- 
cause all stars live on their inherited gas by 
building new nuclei of heavier elements, and 
because the most massive stars soon recycle 
their products into the interstellar medium by 
exploding as supernovae (12), the gas available 
for star formation is being enriched in metals 
(13) from one stellar generation to the next. The 
metallicities observed in stellar spectra (14) 
therefore provide a clock that can be used to 
estimate the relative ages of the stars on a time 
scale, which is intrinsic to the particular star- 
forming aggregate; for example, a metal-poor 
star was born earlier and is therefore older than 
a metal-rich star. 

Apart from providing prominent tracer 
populations that allow deep probes.of the disk 
and halo far from the solar neighborhood, the 
open and globular clusters are also the ideal 
objects for a quantitative calibration of the 
metallicity clock in the Galaxy. Each cluster 
represents a single generation of coeval stars 
formed out of the same gas cloud (or a frag- 
ment thereof) and thus all having the same 
metallicity. Moreover, in contrast to an indi- 
vidual field star, a cluster offers the important 
advantage that its distance can be derived 
relatively reliably from the observed color- 
magnitude diagram (15) by averaging over up 

Fig. 2. Seen face-on, our 
Milky Way probably 
looks very similar to the 
galaxy NGC 1232 (in the 
southern constellation 
Eridanus) shown here. 
Several spiral arms are 
loosely wound around a 
small, somewhat elon- 
gated, bar-like central 
bulge. They outline re- 
gions in the extreme 
disk of molecular gas 
and dust clouds, where 
enhanced star formation 
provides a continuous 
supply of young bright 
stars and clusters, which 
dominate the smoother 
background of older and 
fainter stars in the gal- 
axy's thin disk [Photo: 
European Southern O b  
sewatory] 

to several thousand essentially equidistant in- 
dividual member stars. Similarly, as coeval 
cluster stars of different initial mass have 
advanced to widely different evolutionary 
stages (evidenced in their different observed 
colors and luminosities), determination of 
their common age, which is the age of the 
cluster, in essence also amounts to deriving a 
weighted average of a large number of indi- 
vidual stellar ages from comparison with a 
consistent theory of stellar evolution (16). 

In the 1950s, when the relevant space, 
kinematic, metallicity, and relative age data 
for clusters and field stars became available 
in sufficient quantity, it was found that the 
spatial and kinematical properties of the Gal- 
axy's components are correlated with their 
metallicities and, indeed, their relative ages 
(1 7). 

A Model of the Formation of the 
Galaxy from Primordial Gas 
In broad outline, the then-emerging picture is 
still valid today qualitatively: Stars and glob- 
ular clusters of the halo are metal-poor and 
very old, probably older than - 12 gigayears 
(Gy), whereas the thick disk appears to be 
mainly made of stars and globular clusters, 
which may be nearly as old as those of the 
halo but have intermediate metallicities. The 
stars and open clusters of the thin disk are 
metal-rich and have ages ranging from - 10 
to -1 Gy, while the even younger ones are 
still near their birthplaces in the extreme disk, 
where stars continue to be formed from gas 
and dust. The central bulge, where all other 
components as well have their highest spatial 
densities merged together, seems to be a rath- 
er heterogeneous component, distinguished 
by old age and high metallicity in the mean, 

but perhaps also with the largest ranges in 
each. 

In this synoptic view of the components of 
the Milky Way, metallicity is an observable 
quantity, which can be used to conceive of 
matter in Galactic space and time as being 
formed and structured in a coherent process. 
As the metallicity clock advances, evidenced 
by the observed age-metallicity relation 
among successively younger components, a 
large-scale spatial metallicity gradient is es- 
tablished as well, with observed mean metal- 
licity increasing with the increasing density 
and flattening of the components (Fig. 3) 
(18). Such correlations in the Milky Way 
today suggest that the Galaxy formed out of 
primordial gas by initiating its own star for- 
mation history. 

According to a seminal paper by Eggen, 
Lynden-Bell, and Sandage (19), the proto-Gal- 
axy would start out as one spherical cloud of 
original metal-poor gas contracting towards its 
center of gravity. As the gas cloud condenses to 
smaller radii, energy dissipation (20) coupled 
with increasing rotational speed acquired due to 
conservation of initial angular momentum 
would induce the cloud to collapse anisotropi- 
cally along the rotation axis. The shape of the 
cloud would be quickly deformed into succes- 
sively flatter configurations until finally, the 
central concentration would be surrounded by a 
fast spinning thin disk of gas in rotational equi- 
librium. Concurrently with the progressing col- 
lapse, the cloud would be forming clusters and 
stars, which in turn would gradually enrich the 
remaining gas with the metals from supernovae. 
As clusters and stars are dissipationless, they 
would inherit and preserve not only the actual 
metallicity, but also the actual velocities intrin- 
sic to the parent gas at their time of birth. Thus, 
a galaxy of clusters and stars would result, fea- - - 
turing large-scale structural components whose 
present observed spatial, kinematic, and chemi- 
cal properties reflect the major phases of a co- 
herent history of the Galaxy's formation and 
evolution. 

Recent Developments: A Merger 
History of the Halo 
Seen at the higher resolution provided by new 
and better data, however, the structure of the 
Milky Way tums out to be more complex than 
described above. Our Galaxv is not a svstem in 
isolation but is still interacting with its environ- 
ment in the Local Group. The Sagittarius dwarf 
is the prime example of a small satellite galaxy 
being disrupted by merging with the Milky 
Way (24 ,  and the four globular clusters Mess- 
ier 54, Terzan 7, Terzan 8, and Arp 2, which 

J belong to Sagittarius (22) but are usually count- 
ed as Galactic globular clusters, illustrate well 
that even today, our Galaxy is accreting new 
metal-poor stars in globular clusters, which 
were born at different times and which spent 3 most of their lives in a different (low-mass) 
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system that continuesto show signs of episodic 
star formation (23). It is well possible that 
eventually, these newly acquired globular clus-
ters will themselves be tidally disrupted when 
their orbits have (repeatedly) carried them into 
the denser parts of the inner Galaxy, and hence, 
will share the past fates of many of their Ga-
lactic cousins (24). Other groups of nearby 
dwarf spheroidal galaxiesand younger globular 
clusters with correlated actual space motions 
and positions have been proposed as represent-
ing galactic streams from debris of disrupted 
aggregates(25). Similarly,halo stars with small 
velocity dispersions indicative of common 
space motions have been identified as moving 
groups which could either be accreted remnants 
of small aggregates or debris from tidally de-
stroyed Galactic globular clusters (26). 

Near the solar circle and high above the 
Galactic plane, field-star populations have been 
found whose properties are very different from 
the general characteristics of the halo or disk 
components and which, therefore, are also sug-
gestive of accretion from an external source. An 
estimated fraction of perhaps 10% of the local 
halo density appears to be present in a popula-
tion of kinematically intermediate, blue, metal-
poor main sequencestars with [FeiH] < -1and 
ages older than about 3 Gy but younger than the 
old turnoff stars (16) of the halo. These stars 
may have been accreted from a dwarf galaxy 
similar to the nearby Carina dwarf spheroidal 
galaxy,which has a lirge metal-poor component 
of stars with intermediate ages (27). An even 
more unusual, probably young (<2 Gy), metal-
rich population of A-type main-sequence stars 
found at high Galactic latitudes and up to more 
than 10 kpc from the Galactic plane could also 
have resulted from a merger of a dwarf galaxy 
with the Milky Way, either by immediate accre-
tion or formed from gas duringthe merger event 
(28). 

Direct and indirect evidence now available 
of such events leaves no doubt that accretion of 
satellites and fragments(29) into the halo of the 
Galaxy has been a continuing process since 
early in its formation. While the small mass 
fraction of early-type stars found in the local 
halo now (27, 28) indicates that, at most, a few 
dozen star-forming dwarfs like the Sagittarius 
or Carina galaxies could have supplied these 
relatively young stars in the past -10 Gy (30), 
a larger number of smaller metal-poor frag-
ments or galaxies--perhaps -lo3 dwarfs like 
Draco or Ursa Minor-merging in the Milky 
Way's earliest history could have made up the 
total mass (-lo9 M,) seen in the Galaxy's halo 
today as a population of old metal-poor clusters 
and stars (31). 

A scenario of this kind was suggested in 
1978 by Searle.andZinn (32) in a study of halo 
globular cluster ages and metallicities as func-
tions of galactocentric distance. They found ev-
idence for a possible range of ages but no evi-
dence of a metallicity gradient, that key diag-

nostic of a coherent process in which the gas-
eous proto-Galaxy contracts dissipatively on a 
time scale long enough to allow supernova ejec-
ta to be incorporated into new generations of 
stars. Searle and Zinn proposed that the halo 
formed in a more stochastic process, by pro-
longed aggregation of transient protogalactic 
fragments and therefore was the product of a 
mixture of stars and clusters born and evolved in 
different environments and on different time 
scales. This would explain the absence, within 
the halo, of systematic gradients in metallicity 
and kinematical properties and would also ac-
count for the existence of significant observed 
spreads in metallicitiesand ages.However at the 
same time, this model does not explain how the 
halo is related, if it really is, to the much denser 
and much more massive Galactic components, 
whose flattened structures would seem to imply 
that dissipation played a significant role in their 
formation. 

The Thick and Thin Disks of the 
Galaxy 
A metal-poor stellar population with a flat-
tened (that is, with a minor-to-major axis 
ratio cla < 0.6) density distribution in the 
Galaxy (for example, RR Lyrae variable stars 
with AS < 5) was already incorporated in the 
population concept following the Vatican 
conference (17), and was evident in the early 
star count data derived from photographic 
three-color photomehry surveys 'of the halo 
(33). Identification as a possibly separate, 
thick disk component intermediate between 
the halo and the thin disk was suggested by 
similar large-field survey data toward the 
South Galactic Pole (34), following the dis-
covery of thick disks in some edge-on galax-

Fig. 3. The overall age-
metallicity relation in 
the Milky Way, show-
ing the bulk properties 
and approximate rang-
es of the different Ga-
lactic components. The 
obvious trends of me-
tallicity, [FeIH], to in-
crease with time and 
spatial concentration 
toward the Galactic 
plane and central re-
gion suggest that the 
components of the 
Galaxy formed and 
evolved in a coherent 
and continuous pro-
cess. However, the dis-
~ersionof the relation 

ies with bulges similar to the Milky Way 
(Fig. 4) (35, 36). 

Since then, a large body of new spectro-
scopic, photometric, and astrometric data 
have been used in an attempt to deduce a 
sharper picture of the spatial, kinematic, and 
chemical properties and their correlations in 
the Galaxy's thick disk (37). It is important to 
note that in order to arrive at reliable results, 
biases due to selection of thick-disk stellar 
samples by either metallicity or kinematics 
have to be accounted for with particular care. 

Systematic multidirectional photometric 
surveys of faint [m, < 19 magnitude (mag)] 
stars show that the stellar space density of the 
large-scale thick disk decreases exponentially 
in the radial direction from the Galactic center 
and in the vertical direction from the Galactic 
plane (Fig. 5) (38). In the outer Galaxy near the 
sun, the thick disk's local density p is about 4 to 
10%of that of the thin disk, and its scale height 
h, is in the range of -700 to -1200 pc, indi-
cating that detectable density (and velocity) 
fluctuations may exist in this component (38). 
Combined photometric and proper motion sur-
vey data also show that the thick disk's mean 
rotation v,, - 170 km s-I, with no detectable 
gradient in the asymmetric drift (that is, no 
systematicvariation of rotational lag behind the 
thin disk) within distances0 5 z 5 2 kpc above 
the Galacticplane (39). However, a gradient of 
-14 2 5 krn s- kpc-I persisting up to larger 
distances z 5 6 kpc has been found and con-
firmed from similar fainter-star data (40). The 
issue is important, since such a gradient could 
have formed by dissipational settling, whereas 
its absencesuggeststhat the thick and thin disks 
are kinematically distinct. 

From the velocity data of a large sample of 

I 
DC I 

0 HO Old halo globularclusters 
I..; HY Young halo globular clusters 

HS Halo field stars 
TC Thickdisk globularclusters 
TS Thick-disk field stars 

is everywhere so large 0 DC Thin-disk open clusters 

that for some compo- DS Thin-disk field stars 
nents, different inde- B Bulge 
pendent origins and 

-3evolutionary connec- I I I 

tions are possible,as in- 0 5 10 15 

dicated by the more Age [GY~] 
discriminating absence 
of strong internal metallicity and kinematic gradients discussed in the text. 
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nearly 2000 metal-poor stars selected by abun- 
dance criteria ( [ F a ]  < -0.6), a high mean 
rotational velocity, v,, - 190 km s-' and 
vertical velocity dispersion, ow - 40 km s-', 
with inferred scale length h, - 4.7 kpc and 
scale height h, - 1 kpc are found for thick-disk 
stars with intermediate metallicities -0.6 2 
[ F a ]  2 - 1 (41), in agreement with the above 
(38, 39) results. Combination of these data with 
other kinematically unbiased (42) as well as 
bias-corrected (43) data allows study of the 
transition from the metal-rich, thin-disk domi- 
nated domain to the intermediate metallicity 
domain, where thick-disk stars apparently dom- 
inate. While generally following a gentle rise 
from -15 km s-' at solar abundances to 530 
km s-' at [ F a ]  ===-0.5, the velocity disper- 
sion uw shows a rather sudden increase to -40 
km s-' near [Fe/H] =-0.6 and below (31). 
The behavior at the higher metallicities is be- 
lieved to be due to dynamical evolution of .the 
thin disk (44), but the discontinuity in uw 
around the peak of the thick-disk metallicity 
distribution provides strong evidence that the 
thick and thin disks are kinematically discrete, 
suggesting a merger origin of the thick disk 
(45). Numerical simulations of satellite accre- 
tion by disk galaxies show how the original 
(thin) disk is heated and the debris of the merg- 
er is dispersed throughout the thickened disk. 
At solar galactocentric distances, this disk has 
dynamical' properties (v,,,,, u, h ,  h3, which 
are very similar to those observed in the Galac- 
tic thick disk (46). However, the timing of a ' 

possible such event in the Galaxy is constrained 
by the present properties of the thin disk: the 
impact and heating must have occurred when 
the disk was still mainly gaseous and could 
resettle to a thin disk after one or more accretion 
events (47). Thus, determination of metallici- 
ties and ages of thick-disk stars is required for 
M e r  clarification. 

The most direct determination to date of the 
metallicity distribution comes from low-resolu- 
tion spectroscopic observations of several hun- 
dred faint (15 5 m, 5 18 magnitude) stars 
in two fields probing the thick disk at solar 
galactocentric distance and at heights 500 to 
3000 pc above the Galactic plane (48). The 
distribution has a broad peak at [Fern] = 
-0.7-similar to that of the Galaxy's metal- 

rich globular clusters .(([Fe/H]) = -0.6 + 
0.2) (49), which are also thougbt to belong 
spatially and kinematically to the Galactic 
thick disk (22, 50)-with formal Gaussian 
dispersion u I,,,, - 0.3 or larger, and signif- 
icant tails overlapping with the distributions 
of the metal-rich thin disk (([Fern]) = -0.3) 
and the metal-poor halo (([Fe/H]) === - 1.6) 
(41), down to [Fern] === -1.6. Within the 
indicated distance range, there is no convinc- 
ing sign of a (vertical) metallicity gradient. 
Because from several other surveys both es- 
sentially zero (<0.05 dex kpc-') (51) and 
marginally nonzero (-0.10 dex kpc-') (31, 
52) metallicity gradients are found for the 
dominating population with ([Fe/H]) - -0.7, 
the question of whether or not a metallicity 
gradient exists in the thick disk is still unan- 
swered. However, while the existence of a 
gradient would strongly suggest a dissipative 
formation process, a merger origin would not 
necessarily imply the absence of a gradient, 
because the result of a merger event would 
essentially depend on whether the. merger 
was mainly composed of stars or of gas. If it 
was largely gas, a metallicity gradient could 
still develop as the gas settled into a recon- 
structed disk (45). Interestingly, indications 
of radial and vertical metallicity gradients of 
--0.03 dex kpc-I and --0.06'dex kpc-', 
respectively, have been found from highly 
accurate HIPPARCOS observations of proper 
motions for a small sample of red-giant and 
RR Lyrae stars that belong to the metal-weak 
tail (- 1.6 < [Fern] < - 1) of the thick disk 
(53). If confirmed by future high-precision 
data for larger stellar samples, even these 
minor gradients could provide the missing 
link joining the formation histories of the 
halo and the thick disk through a dissipative 
process. 

The most reliable age of the Galactic thick 
disk may be derived from its cluster population. 
For the three best studied thick-disk globular 
clusters, 47 Tuc, NGC 6352, and M 71, which 
have ( [ F a ] )  = -0.64 dex, one finds a mean 
age (t,) = 11.4 + 0.8 Gy (31, 54). This value 
appears to be representative of the thick disk's 
field-star population'as well, as judged from 
comparison of the 'cluster main-sequence tum- 
offs with the observed blue cutoff [(B-V), - 

0.51 in the color distribution of stars with sim- 
ilar metallicities (31). On the other hand, iso- 
chrone fits show the oldest open cluster found 
as yet (Berkeley 17) in the Galactic thin disk to 
have an age t, = 12 & 2 Gy (59, while from 
the observed white dwarf luminosity function, 
cooling theory yields a (local) disk age of t, = 
11 + 3 Gy (56). Taken at face value, the ages 
of the thick and thin disks are indistinguishable. 
For the moment, this and the apparent large 
differences between the bulk kinematic and 
chemical properties of the thin and thick disks, 
and the lack of significant metallicity and kine- 
matic gradients in the thick disk obscur the 
genetic relationship between these two Galactic 
components. 

A Two-Component Model? 
However, a new unifying model has been 
proposed by Wyse and Gilmore (57). They 
demonstrate that a clear distinction between 
Galactic components can only be found from 
the distributions of specific angular momen- 
tum. These come out as two distinct pairs of 
nearly indistinguishable distributions: a low- 
angular momentum pair comprising the met- 
al-poor halo and the metal-rich bulge, and a 
high-angular momentum pair, which com- 

Fig. 5. Closeup view of the Galaxy's disk and halo 
structure perpendicular to the Galactic plane (GP) 
near the solar neighborhood (shaded circle cen- 
tered on 0). Relative space densities, p, of the 
stars belonging to the different components are 
shown schematically (left) and analytically (right) 
as exponential functions of vertical distance, z: 
p(z) = p(0)-e-Jhz. Horizontal dashed lines indi- 
cate the exponential scale heights of the thin disk 
(h, = 300 pc) and the thick disk (h,, = 1000 
pc), where the densities have decreased to a 
fraction lle r-. 0.37 of their maximum values at 
z = 0. In the solar neighborhood, for 1000 thin- 
disk stars there are about 100 thick-disk stars and 
only about 1 halo stai, while at a height Izl 1000 

* . . . . . . . . . . . . PC, the numbers or thin-disk and thrk-disk stars 
Fig. 4. NGC 4762 is one of the galaxies where a (faint)' thick-disk component (left) of luminous per unit volume are practically the same. At even 
stars was first identified on a long-exposure photograph. The short exposure on the right shows the larger distances, the thick-disk stars dominate far 
(inner) thin disk and the (small) bulge (35). into the halo. 
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vrises the thick disk and the thin disk. In the 
Galaxy, these genetic relationships may have 
driven the evolution along two essentially 
independent but parallel paths: low angular 
momentum material formed the stellar halo, 
with chemically enriched debris contracting 
into the Galactic bulge-consistent with the 
evolutionary sequence outlined by Eggen, 
Lynden-Bell, and Sandage (19). Material 
with high angular momentum evolved inde- 
pendently into the disk, which either formed 
thick, with remaining gas later settling into a 
thin disk; or formed as a thin disk, which was 
later thickened by the last major Galactic 
merger, perhaps 10 Gy ago. After their for- 
mation and early evolution, these two pairs of 
related Galactic comDonents have been con- 
fused but were not obliterated by continuing 
mergers and accretion of smaller satellites. 
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The Dark Halo of the Milky Way 

Charles Alcock 

Most o f  the  mat ter  i n  the Milky Way  is invisible t o  astronomers. Precise 
numbers are elusive, bu t  it appears tha t  the dark component is 20 t imes 
as massive as the  visible disk o f  stars and gas. This dark matter is 
distributed in  space differently than the stars, forming a vast, diffuse halo, 
more spherical than disklike, which occupies more than 1000 t imes the 
volume o f  the  disk o f  stars. The composition o f  this dark halo is unknown, 
b u t  it may comprise a mixture o f  ancient, degenerate dwarf stars and 
exotic, hypothetical elementary particles. 

The Milky Way galaxy is visually very strik- 
ing ( I ) .  The spectacular rotating disk of stars 
and gas is a familiar feature of the night sky. 
The large central bulge is a spectacular sight 
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from the Southern Hemisphere in the south- 
ern winter. The Milky Way must be a stun- 
ning apparition from the viewpoint of astron- 
omers in the Andromeda galaxy, our nearest 
large neighbor. just as we have long admired 
the Andromeda galaxy. 

Astmnomers have discovered that. in ad- 
dition to the visible stmctures, there is an 

invisible halo of material that envelopes gal- 
axies like the Milky Way (2). The dark halo 
of the Milky Way is much more difficult to 
investigate than the stars and gas, for the 
obvious reason that it seems inaccessible to 
direct observation. Astronomers have dis-
cerned. nevertheless. that this dark halo is 
larger, more massive, and differently shaped 
than this disk of stars and gas (3). 

We know little about the physical compo- 
sition of the dark halo, and this is surely one 
of the most important unresolved issues con- 
fronting astrophysics and cosmology at the 
turn of this century. Summed over all of the 
galaxies in the universe. the dark material 
contained in the halos of galaxies is at least 
20 times as massive as the visible material. 
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