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Cold Dark Matter

Scott Dodelson, Evalyn |. Gates, Michael S. Turner

Motivated by inflation, the theory of big-bang nucleosynthesis, and the quest for a deeper
understanding of fundamental forces and particles, a paradigm for the development of
structure in the universe has evolved. It holds that most of the matter exists in the form
of slowly moving elementary particles left over from the earliest moments—cold dark
matter—and that the small density inhomogeneities that seed structure formation arose
from quantum fluctuations around 10~34 seconds after the big bang. A flood of obser-
vations, from determinations of the Hubble constant to measurements of the anisotropy
of cosmic background radiation, are now testing the cold dark matter paradigm.

According to the hot big-bang model, the
universe began as a hot, nearly homoge-
neous soup of fundamental particles (I).
Today, the most conspicuous feature of the
universe is the abundance of structure—
stars, galaxies, clusters of galaxies, super-
clusters, voids, and very large, sheet-like
structures composed of galaxies (great
walls) (2). The uniformity of the tempera-
ture of the cosmic background radiation
(CBR) indicates that this structure must
have arisen from small inhomogeneities in
the distribution of matter. It is believed that
this occurred through the attractive action
of gravity operating over the past 15 giga-
years (Gyr), amplifying the primeval inho-
mogeneities by a factor of about 10° (3).
This general picture was confirmed in
1992 when the differential microwave radi-
ometer (DMR) on NASA'’s Cosmic Back-
ground Explorer (COBE) satellite detected
differences in the CBR temperature in di-
rections separated on the sky by around 10°
at the level of 30 wK; the average temper-
ature is 2.728 = 0.002 K, so this corre-
sponds to a relative temperature difference
3T/T ~ 107 (4). Because matter inhomo-
geneities give rise to temperature differenc-
es of comparable size, the DMR detection
provided direct evidence for the existence
of matter inhomogeneity, dp/p ~ 3T/T ~
1073, at the level needed to seed the for-
mation of structure. Since then, CBR an-
isotropy of a similar size has been detected
by more than 10 experiments, on angular
scales from 0.5° to tens of degrees (Fig. 1)
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(5). The challenge now is to put together a
detailed and coherent picture of structure
formation. In doing so, many cosmologists
believe that much will be revealed about
the earliest moments of the universe and
perhaps even the nature of the fundamental
forces.

In recent years, several approaches to
structure formation have been pursued (6,
7). Here we review the status of the cold
dark matter (CDM) theory, which derives
from two basic tenets. (i) The universe is
spatially flat, which means that on average,
the total energy density is equal to the
critical energy density. Ordinary matter
(baryons) contributes about 5% of the crit-
ical density, and slowly moving elementary
particles left over from the earliest moments
(CDM particles) contribute much (but per-
haps not all) of the rest. (For example, a
portion of the critical density could exist in
the form of a cosmological constant.) (ii)
The primeval density perturbations are
nearly scale-invariant and arose from quan-
tum-mechanical fluctuations during the
earliest moments. Scale-invariant refers to
the fact that fluctuations in the gravitation-
al potential are independent of length scale.
More precisely, the Fourier components of
the primeval density field, 3,, are drawn
from a Gaussian distribution with variance
given by a power spectrum P(k) = (|3,|%) ~
Ak™, where k is the wave number (8). Per-
turbations of wavelength A = 2m/k ~ 1 Mpc
give rise to galaxies, of ~10 Mpc to clusters,
and of ~100 Mpc to the largest structures
observed (1 Mpc = 3.09 X 10%* cm).

The CDM theory draws from three im-
portant ideas: inflation, big-bang nucleo-
synthesis, and the quest to better under-
stand the fundamental forces and particles.
Inflation holds that the universe underwent
an early (time t ~ 107* s) rapid period of
expansion during which it grew in size by a
factor greater than 10?°. This rapid expan-
sion is driven by vacuum energy, a form of
energy predicted to exist by some unified
field theories (9). The enormous growth in

SCIENCE * VOL.274 * 4 OCTOBER 1996

size leads to a universe that appears to be
flat on the length scales that we can probe
(up to the current horizon of 15 billion light
years) and thus has critical density. Further,
the growth allows quantum-mechanical
fluctuations excited on microscopic scales
(<1076 cm) to be stretched in length to
become variations in the energy density on
astrophysical scales. The continual creation
of quantum fluctuations and stretching of
their wavelengths leads to fluctuations on
all scales. The conversion of these fluctua-
tions to energy density fluctuations occurs
when vacuum energy decays into radiation
at the end of inflation.

Big-bang nucleosynthesis refers to how
the light isotopes D, *He, “He, and “Li were
produced by nuclear reactions during the
first few seconds. The agreement between
the predicted and measured light-element
abundances is an important confirmation of
the hot big-bang model (10) and provides
the best determination of the density of -
ordinary matter. The baryon density in-
ferred from nucleosynthesis is between
1.5 X 107! g em™ and 4.5 X 1073 g
cm ™ and corresponds to a fraction of crit-
ical density that depends on the value of

the Hubble constant (Hy) Q, = 0.008h~2
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Fig. 1. Summary of CBR anisotropy measure-
ments [adapted from (5)] and predictions for two
CDM models. Plotted are the squares of the mea-
sured multipole amplitudes (C, = (|a,,,|?)) versus
multipole number /. The relative temperature dif-
ference on angular scale 8 is given roughly by
VI + 1)C, /2w with | ~ 200°/6. The theoretical
curves are standard CDM (upper curve) and CDM
withn = 0.7 and h = 0.5 (lower curve).
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— 0.024h™?, where H, = 100h km s~!
Mpc™! (11). Allowing h to equal 0.4 to 0.8
(12) implies that ordinary matter can con-
tribute at most 15% of the critical density.
If the inflationary prediction is correct,
then most of the matter in the universe
must be nonbaryonic (Fig. 2).

This idea has received indirect support
from particle physics. Attempts to further
our understanding of the fundamental par-
ticles and forces have led to the prediction
of new, stable or long-lived particles that
interact feebly with ordinary matter. These
particles, if they exist, should have been
present in large numbers during the earliest
moments and.temain today in numbers suf-
ficient to contribute most of the critical
density (13). Two examples of particle
dark-matter candidates that behave like
CDM are a neutralino of mass 10 to 500
giga—electron volts, predicted in supersym-
metric theories (14), and an axion of mass
107¢ to 107% €V, needed to solve a subtle
problem of the standard model of particle
physics (15).

A third possibility is that one (or more)
of the three neutrino species has a mass
between 2 and 30 ¢V; because they were
once in thermal equilibrium, neutrinos this
light move fast and are referred to as hot
dark matter. The idea that most of the
exotic matter exists in the form of fast-
moving neutrinos was explored before the
CDM theory and found to be inconsistent
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Fig. 2. Summary of knowledge of Q. The lowest
band is luminous matter (€2, ,,,), in the form of
bright stars and associated material; the middle
band is the big-bang nucleosynthesis determina-
tion of the density of baryons ({)g); and the upper
region is the estimate of Q.. based on the
peculiar velocities of galaxies (£),). The gaps be-
tween the bands illustrate the two dark matter
problems: Most of the ordinary matter is dark and
most of the matter is nonbaryonic.
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with observations (at least for inflationary
density perturbations) (16). With hot dark
matter, large structures form first and frag-
ment into smaller structures. This conflicts
with the fact that many galaxies with high
red shifts are observed, which means that

they are far away and .old, whereas larger -

structures are only forming today (17). It is
still possible that some of the exotic dark
matter is light neutrinos.

According to CDM theory, CDM parti-
cles provide the cosmic infrastructure; it is
their gravitational attraction that forms and
holds cosmic structures together. These
structures form in a hierarchical manner,
with galaxies forming first and successively
larger objects forming thereafter (18). Qua-
sars, the brightest and oldest galaxies,
evolve from rare, very high density peaks
and form at red shifts of up to five, whereas
typical galaxies form from average-size den-
sity peaks at red shifts of one to three.
Clusters of galaxies form at red shifts of
around one, and today superclusters (ob-
jects made of several clusters of galaxies) are
just becoming bound by the gravity of their
CDM constituents. The formation of larger
and larger objects continues. In the cluster-
ing process, regions of space are left devoid
of matter. If the CDM theory is correct,
CDM particles are the ubiquitous dark mat-
ter known to exist only by its gravitational
effects, which accounts for most of the mass
density in the universe and holds galaxies,
clusters of galaxies, and even the universe
itself together (19).

“Standard” Cold Dark Matter

When the CDM scenario emerged more
than a decade ago, many referred to it as a
no-parameter theory because it was so spe-
cific compared with previous models for the
formation of structure. This was an over-
statement, as there are cosmological quan-
tities that must be specified. However, the
data available did not require precise
knowledge of these quantities to begin test-
ing the model.

Broadly speaking, the parameters can be
organized into two groups. First are the
cosmological parameters: Hy; the density of
ordinary matter, specified by Qgh%; and the
power-law index n that describes the shape
of the spectrum of density perturbations
(20). The inflationary parameters fall into
this category because there is no standard
model of inflation; on the other hand, once
determined, they can be used to discrimi-
nate among models of inflation. The second

group specifies the composition of invisible .

matter in the universe: radiation, dark mat-
ter, and the cosmological constant. Radia-
tion refers to relativistic particles: the pho-
tons in the CBR, three massless neutrino
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species (assuming none of the neutrino spe-
cies has a mass), and possibly other unde-

tected relativistic particles [some particle

physics theories predict the existence of
additional massless particle species (21)].
At present, relativistic particles contribute
almost nothing to the energy density in the
universe, Qpg = 4.2 X 107° h™2; early on,
when the universe was less than about 107>
of its present size, they dominated the en-
ergy content; the level of radiation today is
important- as it determines when the tran-
sition from radiation domination to matter
domination took place. Dark matter could
include other particle relics besides CDM.
For example, each neutrino species has a
number density of 113 cm™?, and a neutri-
no species of mass m, = 5 eV would ac-
count for about 20% of the critical density
(Q, = m,/90h? eV). Predictions for neutri-
no masses range from 107'% eV to several
mega—electron volts, and there is some ex-
perimental evidence that at least one of the
neutrino species has mass (22). Finally,
there is the cosmological constant. Intro-
duced and then abandoned by Einstein to
prevent the expansion of the universe (23),
and resurrected by Bondi, Gold, and Hoyle
in 1948 to address an age crisis (24), it is
still with us. In the modern context, it
corresponds to an energy density associated
with the quantum vacuum. ‘At present,
there is no reliable calculation of the value
that the cosmological constant should have
(25), and so its existence must be regarded
as a logical possibility, with its value to be
determined by observations.

The original no-parameter CDM model,
often referred to as standard CDM (18), is
characterized by simple choices for the cos-
mological and the invisible matter parame-
ters: precisely scale-invariant density per-
turbations (n = 1) (26), h = 0.5, Qy =
0.05, and Qcpy = 0.95; no radiation be-
yond the photons and the three massless
neutrinos; no dark matter beyond CDM,;
and a zero cosmological constant. Standard
CDM focused attention on a specific sce-
nario for the development of structure.

Although inflation models predict that
the shape of the spectrum is approximately
scale-invariant, the overall amplitude de-
pends on parameters of the particular infla-
tionary model. In standard CDM, the over-
all amplitude was fixed by comparing the
predicted amount of inhomogeneity with
that seen today in the distribution of bright
galaxies. Galaxy-number fluctuations in
spheres of radius 8h™! Mpc are unity; ad-
justing the overall amplitude so that mass
fluctuations in spheres of radius 8h™! Mpc
are unity, o3 = 1, corresponds to the as-
sumption that light, in the form of bright
galaxies, traces mass. Choosing o to be less
than 1 means that light is more clustered
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than mass and is a biased tracer of mass.
There is some evidence that bright galaxies
are somewhat more clumped than mass
with biasing factor b = 1/og = 1 — 2 (27).

An important change occurred with the
detection of CBR anisotropy by COBE in
1992 (4). The COBE measurement permit-
ted a precise normalization of the amplitude
of density perturbations on very large scales
(X ~ 10*h~! Mpc) without regard to biasing
(28). For standard CDM, the COBE nor-
malization leads to 03 = 1.2 = 0.1 or
anti-bias, because b = 1/og = 0.8 is less
than 1. The pre-COBE normalization (o
= 0.5) led to too little power on scales of
30h! Mpc to 300h~! Mpc, as compared
with what was indicated in red shift surveys,
the angular correlations of galaxies on the
sky, and the peculiar velocities of galaxies.
The COBE normalization leads to about
the right amount of power on these scales
but appears to predict too much power on
small scales (<8h~! Mpc). Broadly speak-
ing, standard CDM is consistent with many
observations, but a consensus has developed
that the conflict just mentioned is probably
significant (29). This has led to a new look
at the cosmological and invisible-matter pa-
rameters and to the realization that the
problems of CDM theory reflect a poor
choice for the standard parameters.

Cold Dark Matter Models

To determine a better choice of parameters,
we first identify several robust tests of large-
scale structure that any CDM model must
satisfy; later we discuss other observations
that are important but whose interpretation
is more ambiguous. We focus on four “fam-
ilies” of CDM models, distinguished by
their invisible matter content: standard in-
visible matter content (CDM), extra radia-
tion (TCDM), small hot dark matter com-
ponent (vCDM), and a cosmological con-
stant (ACDM). There are of course other
possibilities: TCDM 4+ ACDM, and so on;
for simplicity, we have not considered com-
binations.

For each family, we allow the cosmolog-
ical parameters [h, Qgh%, n, and the level of
gravity waves (20)] to vary and fix Qcpy so
that the total energy density is equal to the
critical density. For each model, we com-
pute the expected CBR anisotropy and re-
quire that it be consistent with the 4-year
COBE data set at the 20 level (30). Having
COBE-normalized, we compute the expect-
ed level of inhomogeneity in the universe
today (31) and compare it with three ob-
servational constraints: the shape of the
power spectrum, the power on cluster
scales, and the early formation of objects.
We choose the power spectrum to judge
each model because it is the underlying

foundation and is ultimately probed by a
variety of cosmological observations. Our
three constraints probe the power spectrum
on a range of scales and at a time when
those scales were still relatively smooth,
enabling us to trust our linear calculations
of the power spectrum (32).

The first constraint, the shape of the
power spectrum on scales from a few
megaparsecs to a few hundred megaparsecs
(Fig. 3), comes from red shift surveys of
the distribution of bright galaxies today
(33, 34). In the absence of an understand-
ing of the relation between the distribu-
tions of light (which is what these surveys
determine) and mass, we leave the bias
factor as a free parameter. We reject mod-
els whose power spectrum deviates from
the measured power spectrum (34) by
more than 20 (a value of x?> whose likeli-
hood is less than 5%).

The abundance of x-ray-emitting clus-
ters is sensitive to the degree of inhomoge-
neity on scales around 8h~! Mpc and thus
provides a good means of inferring the value
of ag. Following (35), we use 0.5 = 04 =
0.8 for models with Qacer = 1 and let this
range scale with 293¢ for models with a
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Fig. 3. Measurements of the power spectrum P(k)
=[5,/ and the predictions of different COBE-
normalized CDM models. (COBE constrains the
power spectrum at wavenumbers k around 2h X
1073 Mpc~" as indicated by the rectangle.) The
points are from several red shift surveys as com-
piled by (34); the models are: ACDM with @, =
0.6 and h = 0.65; standard CDM (sCDM), CDM
with h = 0.35; TCDM (with the energy equivalent
of 12 massless neutrino species), and vCDM with
Q, = 0.2 (unspecified parameters have their stan-
dard CDM values). The offset between a model
and the points indicates the level of biasing.
ACDM does not pass through the COBE rectan-
gle because a cosmological constant alters the
relation between the power spectrum and CBR
anisotropy.
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The formation of objects at high red
shift (early structure formation) probes the
power spectrum on small scales. At red
shifts of two to four, hydrogen clouds, de-
tected by their absorption features in the
spectra of high red shift quasars (red shift z
~ 4 to 5), contribute a fraction of the
critical density [Q o4 = (0.001 =
0.0002)h~1 (36)]. Insisting that the predict-
ed level of inhomogeneity is sufficient to
account for this fraction at red shift four
leads to a lower limit to the power on small
scales (A ~ 0.2h™! Mpc) (37).

Viable CDM models with standard in-
visible-matter content lie in a region that
runs diagonally from a smaller H,, and larger
n to a larger H, and smaller n (Fig. 4). That
is, higher values of H, require more tilt (tilt
referring to deviation from scale invari-
ance). As expected, standard CDM is out-
side of the allowed range. Current measure-
ments of CBR anisotropy on the degree
scale, as well as the COBE 4-year anisotropy
data, preclude n less than about 0.7 (Fig. 1).
This implies that the largest H, consistent
with the simplest CDM models is slightly
less than 60 km s™! Mpc 1. If the invisible-
matter content is nonstandard, higher val-
ues of H, can be accommodated.

With tilt and hot dark matter, H, as large
as 65 km s™! Mpc™! can be accommodated
(Fig. 5). A neutrino content as low as 5%
(corresponding to a neutrino mass of around

—1
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Fig. 4. Acceptable values of the cosmological
parameters n and h for CDM models with stan-
dard invisible-matter content (CDM); with 20% hot
dark matter (vCDM); with additional relativistic
particles (the energy equivalent of 12 massless
neutrino species, denoted 1CDM); and with a cos-
mological constant that accounts for 60% of the
critical density (ACDM). Here and in Figs. 5
through 7, amodel is considered viable if it passes
the three tests for any value of Qgh? between
0.008 and 0.024 and any level of gravitational
waves (20). The TCDM models have been truncat-
ed at a H, of 65 km s~ Mpc~" because a larger
value would result in a universe that is younger than
10 Gyr.
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1 eV or so) allows nearly scale-invariant
perturbations (n > 0.9) with Hy = 50 km
s~! Mpc™!. The jagged shape of the allowed
region in Fig. 4 arises because ), = 0.2 is
almost precluded for any value of h and n,
and higher content of hot dark matter is not
viable at all (38). This is another indication
that hot dark matter with inflationary per-
turbations is not viable.

The introduction of a cosmological con-
stant permits H, as large as 80 km s!

Mpc™! (Figs. 4 and 6). Figure 7 shows the -

trade-off between H, and the radiation con-
tent: Lowering h or raising g, has the same
effect (see below). (Here g =2 + 0.454 N,
measures the energy density in relativistic
particles, where N, is the equivalent num-
ber of massless neutrino species.)

Changes in the different parameters
from their standard CDM values alleviate
the excess power on small scales in different
ways. Tilt has the effect of reducing power
on small scales when power on very large
scales is fixed by COBE. A small admixture
of hot dark matter works because fast-mov-
ing neutrinos suppress the growth of inho-
mogeneity on small scales by streaming
from regions of higher density to regions of
lower density.

A low value of Hy, additional radiation,
or a cosmological constant all reduce power
on small scales by lowering the ratio of
matter to radiation. Because the critical
density depends on the square of Hy (p_, i ical
= 3H2/8wG), a smaller value corresponds
to a lower density of matter as p_,..., =
Pericical fOT @ flat universe without a cosmo-
logical constant. Shifting some of the crit-
ical density to vacuum energy also reduces
the matter density because (), =1-

matter
Q,. Lowering the ratio of matter to radia-
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Fig. 5. vCDM models: Acceptable values of Q,
andhforn=0.8,0.9,and 1.0. Note that no model
is viable with ©, greater than about 0.2 and that
even a small admixture of neutrinos has important
consequences.
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tion reduces the power on small scales in a
subtle way. Although the primeval fluctua-
tions in the gravitational potential are near-
ly scale-invariant, density perturbations to-
day are not, because the universe made a
transition from an early radiation-dominat-
ed phase (t = 1000 years), in which the
growth of density perturbations is impeded,
to the matter-dominated phase, in which
growth proceeds unimpeded. This introduc-
es a feature in the power spectrum today
(Fig. 3) whose location depends on ‘the
relative amounts of matter and radiation.
Lowering the ratio of matter to radiation
shifts the feature to larger scales, and with
power on large scales fixed by COBE, this
leads to less power on small scales.

Some of the viable models have been
discussed previously as singular solu-
tions—a cosmological constant (13, 39), a
very low H, (40), tilt (41), tilt + low H,
(42), extra radiation (21), or an admixture
of hot dark matter (43). We wish to em-
phasize that there is actually a continuum
of viable models (Figs. 4 through 7),
which arises because of imprecise knowl-
edge of cosmological parameters and the
invisible-matter sector. Other observa-
tions, especially the anisotropy of the
CBR, will soon clarify the situation.

Other Considerations

Other observations test CDM theory, al-
though their interpretations are more am-
biguous or controversial. Presently, the
best of these tend to distinguish the cos-
mological-constant family of models from
the other three families (44). This is be-

cause models with standard invisible mat-

n= 1. W\ \\\X\\\\\\\\\\:

Qp

0.4 0.5 0.6 0.7
Hg/100 km s-1 Mpc-1

Fig. 6. ACDM models: Acceptable values of 2,
and h for n = 0.9 and 1.0. Also shown are iso-
chrones corresponding to 17, 12, and 10 Gyr.
Note that large-scale structure considerations
generally favor an older universe—smaller h or
larger €.
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ter, extra radiation, or a hot dark matter
component are all matter-dominated to-
day and have the same kinematic proper-
ties: age for a given H, and distance to an
object of given red shift. The introduction
of a cosmological constant leads to an
older universe and greater distance to an
object at a fixed red shift.

Together, the age of the universe and
determinations of H, have substantial le-
verage; so much so that some would say
there is an age crisis in cosmology (45).
This is because determinations of the ages
of the oldest stars lie between 12 Gyr and
17 Gyr (45, 46) and recent measurements
of H, favor values between 60 km s™!
Mpc~! and 80 km s™! Mpc™! (47), which,
for Q_, .., = 1, leads to a time back to the
big bang of 11 Gyr or less (48). These age
determinations receive additional support
from estimates of the age of the galaxy that
are based on the decay of long-lived radio-
active isotopes and the cooling of white
dwarf stars, and all methods taken together
make a very strong case for an absolute
minimum age of 10 Gyr (49). Within the
uncertainties there is no inconsistency,
though there is certainly tension, especially
with Q... = 1 (Fig. 8).

Although large-scale structure consider-
ations lessen the age problem, as they favor
an older universe by virtue of a lower H, or
cosmological constant, H, still has great
leverage. If it is determined to be greater
than about 60 km s~' Mpc™!, then only
CDM models with nonstandard invisible-
matter content can be consistent with
large-scale structure. If H, is greater than 65
km s~! Mpc™!, ACDM is the lone possibil-
ity. The issue of H, is not settled yet, but

g,/3.36

Hy/100 km s1 Mpc-1

Fig. 7. TCDM models: Acceptable values of g.
and h forn = 0.9 and 1.0. The quantity g. counts
the total number of relativistic species. Photons
and three massless neutrino species correspond
to g. = 3.36; with the energy equivalent of N,
massless neutrino species g. = 2 + 0.454N,.



the Hubble Space Telescope (HST) is mak-
ing progress by finding Cepheid variable
stars (a reliable distance indicator) in gal-
axies in our local neighborhood and using
them to calibrate bright standard candles,
including Type Ia and Type II supernovas,
which can be seen at great enough distance
to determine Hy accurately.

If CDM is correct, baryons make up a
small fraction of matter in the universe.
Most of the baryons in galaxy clusters are in
the hot, x-ray—emitting intracluster gas and
not the luminous galaxies. The measured
x-ray flux fixes the mass in baryons, whereas
the measured x-ray temperature fixes the
total mass (through the virial theorem).
The ratio of baryon mass to total mass has
been determined from x-ray measurements
for more than 10 clusters and is found to be
= (0.04 — 0.1)h73"2 (50). Because of their
size, clusters should represent a fair sample
of the cosmos and thus the baryon-to-total
mass ratio should reflect its universal value,
QB/Qmatter = (0008 _‘0'024)h_2/91natter'
These two ratios are consistent for models
with Q... ~ 0.3; that is, those with a
cosmological constant. However, important
assumptions are made in this analysis: that
the hot gas is unclumped and in virial equi-
librium and that magnetic fields do not
provide significant pressure support for the
gas. If any one of these is not valid, the
actual baryon fraction would be smaller
(51), allowing for consistency with a larger
value of H, without recourse to a cosmo-
logical constant.

The halos of individual spiral galaxies
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Fig. 8. The relation between age and H,, for flat-
universe models with Q__... = 1 — Q,. The
cross-hatched region is ruled out because Qe
< 0.3. The dotted lines indicate the favored range
for H, and for the age of the universe (based on
the ages of the oldest stars).

like our own are not large enough to be
certain to provide a fair sample of matter in
the universe; for example, some of the bary-
onic matter has undergone dissipation and
condensed into the disk of the galaxy.
Nonetheless, halos are expected to be pri-
marily CDM particles. Indeed, visible stars,
hot gas, cold gas, and dust account for only
a tiny fraction of the mass of the halo of our
own galaxy (52). Dark stars (or MACHOs),
which have been detected by their micro-
lensing of stars in the Large Magellanic
Cloud, may well contribute a significant
fraction of the halo (30% or perhaps more)
(53). A large MACHO fraction of the halo
is easier to understand in ACDM, where the
ratio of baryons to CDM is higher. Howev-
er, unless the MACHO fraction of the halo
exceeds 50%, it is not inconsistent with any
of the CDM models (54).

The mean mass density of the universe is
an important test of inflation and CDM,
but a definitive determination is still lack-
ing. The measurement that averages over
the largest volume and thus is potentially
most useful uses the peculiar velocities of
galaxies. Peculiar velocities arise because of
the inhomogeneous distribution- of matter,
and the mean matter density can be deter-
mined by relating peculiar velocities to the
observed distribution of galaxies. When this
technique is applied to the peculiar velocity
of our own galaxy, Q... of at least 0.3 is
inferred (55); an analysis of the peculiar
velocities of thousands of other galaxies
indicates a value close to unity (56). If a
high value for Q__ ... is shown to be cor-
rect, it would lend support to the inflation-
ary prediction and rule out ACDM.

A different approach to the mean den-
sity is through the deceleration parameter
do, Which quantifies the slowing of the ex-
pansion due to the gravitational attraction
of matter '{n the universe. Its value is given
by 4o = 5 Qarer — 2y (vacuum energy
actually leads to accelerated expansion) and
can be determined by relating the distances
and red shifts of distant objects. In all but
ACDM, g, = 0.5; for ACDM, ¢, ~ —0.5.
Two groups (57) are trying to measure ¢, by
using high—red shift (x ~ 0.4 — 0.7) Type la
supernovas as standard candles; the prelim-
inary results of one group suggest that ¢, is
positive (58). Together, these two groups
discovered almost 40 Type la supernovas
earlier this year, and both groups may soon
be able to determine ¢, with a precision of
+0.2.

Gravitational lensing of distant qua-
sistellar objects (QSOs) by intervening gal-
axies provides another path to ¢,. The dis-
tance to a QSO of given red shift is larger
for smaller ¢y, and thus the probability for
its being lensed by an intervening galaxy is
greater. Present analyses suggest that (), <
VOL. 274 ¢
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0.66 (59), which at present is not a problem
for ACDM (Fig. 6).

These above considerations, with the
possible exception of the preliminary deter-
mination of ¢, favor ACDM (44). Most
troubling for the other models are the re-
cent measurements of H, (47) and the ratio
of gas to total mass in clusters (50). How-
ever, we hesitate to give this conclusion too
much weight yet. First, the introduction of
a cosmological constant is a big step, one
that twice before proved to be a misstep.
Second, a cosmological constant raises the
fundamental question of the origin of the
implied vacuum energy, about 1078 eV*
(25). Finally, the two key observations that
could rule out the simplest cold dark matter
models—the value of Hy and the gas ratio
in clusters—are not completely settled.

Conclusion

The testing of CDM and inflation contin-
ues. The 10-m Keck telescope and HST are
providing the deepest images of the uni-
verse and revealing details of the formation
and evolution of galaxies and clusters of
galaxies. In ACDM, structure forms earlier
than in TCDM. The Keck has detected
deuterium in high red shift hydrogen
clouds (60). This is a confirmation of big-
bang nucleosynthesis and has the poten-
tial of pinning down the density of ordi-
nary matter to a precision of 10%. In
searching for viable models, we allowed
the baryon density to vary from 1.5 X
1073 gem™3 t0 4.5 X 1073 gem™3; a
10% determination would trim the num-
ber of acceptable models.

The level of inhomogeneity in the uni-
verse today is determined mainly from red
shift surveys, the largest of which contains
about 30,000 galaxies. Two larger surveys
are underway. The Sloan Digital Sky Sur-
vey will cover 25% of the sky and obtain
positions for 200 million galaxies and red
shifts for a million galaxies (61). The An-
glo-Australian Two-Degree Field is target-
ing hundreds of 2° patches on the sky and
will obtain 250,000 red shifts (61). These
two projects will determine the power spec-
trum much more precisely and on scales
large enough (500h~! Mpc) to connect
with measurements from CBR anisotropy
on angular scales of up to 5°, allowing bias
to be probed.

The most fundamental element of
CDM-—the existence of the CDM particles
themselves—is being tested. The interac-
tion of CDM particles with ordinary matter
occurs through feeble forces, which makes
their existence difficult to test. Experiments
with sufficient sensitivity to detect the
CDM particles that hold our own galaxy
together if they are in the form of axions of
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mass 1076 to 107* eV (62) or neutralinos of
mass tens of giga—electron volts (63) are
now under way. Evidence for the existence
of the neutralino could also come from
particle accelerators searching for other su-
persymmetric particles (64). In addition, a
variety of experiments sensitive to neutrino
masses are operating or are planned: accel-
erator-based neutrino oscillation experi-
ments at Fermilab, CERN, and Los Alamos
(65); solar-neutrino detectors in Japan,
Canada, Germany, Russia, and Italy (66);
and experiments at e*e” colliders (LEP at
CERN, BES in Beijing, and CESR at Cor-
nell) to the study of the tau neutrino (67).

EBR anisotropy probes the power spec-
trum most cleanly as it is related directly to
the distribution of matter when density per-
turbations were small (68). Current mea-
surements are beginning to test CDM and
distinguish different CDM models (Fig. 1);
for example, a spectral index n < 0.7 is
ruled out. More than 10 groups are making
measurements with instruments in space,
on balloons, and at the South Pole, and
within a few years the angular power spec-
trum will be much better known. Two new
space missions have been approved: MAP,
to be launched in 2001 by NASA, and
COBRAS/SAMBA, to be launched by the
European Space Agency in 2004. Each will
map CBR anisotropy with more than 30
times the angular resolution of COBE.
MAP should determine the angular power
spectrum out to multipole number 500, and
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Fig. 9. Predicted angular power spectra of CBR
anisotropy for several viable CDM models and the
anticipated uncertainty (per multipole) from a CBR
satellite experiment similar to MAP (angular reso-
lution of 0.3° and noise level, inverse weight per
solid angle, w =" = (15 pK)~2 deg~2). From top to
bottom the CDM models are: CDM with h = 0.35,
TCDM with the energy equivalent of 12 massless
neutrino species, ACDM withh = 0.65and Q, =
0.6, vCDM with 2, = 0.2, and CDM withn = 0.7
(unspecified parameters have their standard CDM
values).
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COBRAS/SAMBA out to multipole num-
ber 2000, each to a precision determined by
sampling variance alone. The results should
discriminate among the different CDM
families (Fig. 9) as well as determining oth-
er cosmological parameters.

The location of the first peak in the
angular power spectrum (Fig. 9) is an im-
portant test of inflation (69). All CDM
models predict that it lies in roughly the
same place. On the other hand, in an open
universe (total energy density less than crit-
ical) the first peak occurs at a larger value of
[ (smaller angular scale). Theoretical studies
(70) indicate that the results of MAP and
COBRAS/SAMBA should be able to deter-
mine n to a precision of less than 1%, Q, to
a few percent, ), to less than 1%, ., to
enough precision to test YCDM (71), the
baryon density to less than 10%, and even
H, to 1%. In addition to testing CDM and
inflation, measurements of CBR anisotropy
can also be used to infer the value of the
inflationary potential and its first two de-
rivatives (72), which would provide infor-
mation about the underlying inflationary
model and possibly even insight about the
unification of the forces and particles of
nature. ,

The concepts of inflation and CDM are
an attempt to extend our knowledge of the
universe to within 10732 s of the big bang.
The number of observations that are testing
the CDM theory is growing fast, and pros-
pects for not only testing the theory but also
discriminating among the different CDM
models are excellent. If CDM is shown to
be correct, an important aspect of the stan-
dard cosmology—the origin and evolution
of structure—will have been resolved, and a
window to the early moments of the uni-
verse and physics at very high energies will
have been opened.
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