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Figure 5 The relation between the three components of the velocity dispersion and

the stellar age, as derived by Quillen & Garnett (2001) for stars from the sample of

Edvardsson et al. (1993). Stars with ages between 2 and 10 Ga belong to the old thin

disk: Their velocity dispersion is independent of age. The younger stars show a smaller

velocity dispersion. The velocity dispersion doubles abruptly at an age of about 10 Ga;

these older stars belong to the thick disk.

come from the Galactic Center: Their peculiar kinematics and outward migration

may be associated with the central bar (Carraro et al. 1998, Grenon 1999).

In summary, our expectation is that fossil gradients within the disk are likely to

be weak. This is borne out by observations of both the stars and the gas (Chiappini

et al. 2001).

The vertical structure of the disk preserves another fossil—the thick disk—

which we discuss in the next section. Like the open clusters, this component also

does not show a vertical abundance gradient (Gilmore et al. 1995). In later sections,

we argue that thismay be themost important fossil to have survived the early stages

of galaxy formation.
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et al. 2001).
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• Old: < 8 Gyrs.

• Metal poor: [Fe/H] ~ -0.6

• 10% mass of thin disc.

• Lags rotation of thin disc by 20-40km/s.

• Warm: σ ~ 40 km/s; h ~ 1kpc.

Milky Way
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• Ubiquitous.

• Milky Way-like.

• Tentative evidence for one counter-rotating thick 
disc. 

Extragalactic [Yoachim & Dalcanton 2005]
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may be associated with the central bar (Carraro et al. 1998, Grenon 1999).

In summary, our expectation is that fossil gradients within the disk are likely to

be weak. This is borne out by observations of both the stars and the gas (Chiappini

et al. 2001).

The vertical structure of the disk preserves another fossil—the thick disk—

which we discuss in the next section. Like the open clusters, this component also
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the photons of the microwave background, !CMB, and
from relic neutrinos produced in the big bang, !", as
long as they remain relativistic particles. Finally, because
the physical origin of the !# term remains mysterious, it
may not be correct to assume that the energy density
responsible for it stays constant with time. In order to
check this possibility observationally, one can replace
the !# term with a generalized dark-energy term !#!1
+z"3!1+w" and attempt to measure the value of w !Turner
and White, 1997; Wang and Steinhardt, 1998".

Recent observations, including the cluster studies we
shall discuss later, have provided approximate values for
many of these energy-density parameters, allowing us to
estimate when each of the various energy components
dominated the dynamics !Fig. 2". Dark energy with !#

#0.7 seems to be most important at the current epoch,
and because of the scaling of other terms with redshift, it
will grow increasingly dominant as time progresses.
Nonrelativistic matter appears to have a density corre-
sponding to !M#0.3, implying that matter dominated
the dynamics at z$1. The radiation term was most im-
portant in the distant past, prior to the redshift zeq
= !!M/!R"−1 of matter-radiation equality. Neutrinos
with masses less than a few eV will be relativistic par-
ticles at this epoch, leading to

zeq = 2.37 % 104!Mh2 !14"

for TCMB=2.73 K at z=0 and three families of neutrinos.

2. Global geometry

Geometry in a universe that is homogenous and iso-
tropic has the same radius of curvature everywhere, but
its overall architecture can be either positively curved,
flat, or negatively curved, depending on the value of !0.
Because the scale of the universe is changing with time,
the most sensible coordinate system to use when de-
scribing its geometry is one that expands along with the
universe. In such a comoving coordinate system, a radial
interval in spherical coordinates has length a!t"dr, and
the interval corresponding to a small transverse angle
d&=$d'2+sin2 ' ·d(2 depends on the radius of curvature
a!t"R). For positive curvature, analogous to the surface
of a sphere, the transverse interval is a!t"R) sin!r /R)"d&,
and for negative curvature it is a!t"R) sinh!r /R)"d&.

We can therefore write the Robertson-Walker metric
that describes such a universe as

c2d*2 = c2dt2 − a2!t"%dr2 + R)
2S)

2!r/R)"d&2& , !15"

where S)!x"=sin x for positive curvature !)=1", S)!x"
=sinh x for negative curvature !)=−1", and a flat uni-
verse !)=0" corresponds to R)→+. The metric can be
written in the more familiar form

FIG. 2. Evolution of energy densities with redshift for different cosmological models: solid lines, the concordance model with
!M=0.3, !#=0.7, and w=−1; dotted lines, a dark-energy model with !M=0.3, !#=0.7, and w=−0.8; long-dashed
lines, an open-universe model with !M=0.3 and !#=0.0; short-dashed lines, a critical-uiniverse model with !M=1.0 and !#

=0.7. The upper group of lines illustrates !M!z", the left-hand group of lines illustrates !#!z", and the right-hand group of lines
illustrates !R!z". Structure in the universe grows most rapidly while !M!z"#1, because positive density perturbations then exceed
the critical density. This period of time occurs between the redshift zeq when !M!zeq"=!R!zeq" and the redshift at which !M begins
to drop. Notice that the redshift zeq is earlier for larger present-day values of !M and that the redshift at which !M!z" begins to
decline depends on the characteristics of dark energy. Observations of clusters and their evolution provide opportunities to
constrain the values of !M, !#, and w because the timing of both of these epochs influences the properties of the cluster
population.

217G. Mark Voit: Tracing cosmic evolution with clusters of galaxies

Rev. Mod. Phys., Vol. 77, No. 1, January 2005

Voit et al. 2005
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The simulations
Initial conditions

N∗ = 7.5×105;ε∗ = 0.06kpc
Ndm = 2×106;εdm = 0.1kpc

Ndm = 2×106;εdm = 0.03kpc
N∗ = 7.5×105;ε∗ = 0.01kpc
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The simulations
The satellite mass to light ratio

Mtot/M* Mtot/M*(<3kpc)

LMC 35 5

 10 Msun / pc2 24 3.85

 1 Msun / pc2 2.6 1.68
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Conclusions
• The thick disc can form from the dry merger of a 

satellite, but it must be centrally concentrated 
[LMC-like], close to the disc plane, and on a radial 
orbit [1:5].

• Such a merger does not heat the thin disc too 
greatly [within observational constraints].  

• It can lead to a warp -- but that’s OK. We see 
warp in the Milky Way. 

• Mergers like this bring dark matter into the disc. 
But it seems, for a satellite with the above 
properties, we cannot detect it within obs. 
errors.... yet! 


