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physics does not include a and its ultimate fate. Some of the mostdetectable radiation, and its presence can
natural mechanism to give mass pressing questions of current interest be inferred only indirectly from the way
to a neutrino. Neither does it provide relate to the material make-up of the it interacts with luminous matter. The
a reason to exclude this possibility. Universe: How much mass is present? three key questions relating to dark
Unlike photons and gravitons, which ~ What is it made of? How is mass dis- matter are what is it made of, how much
are constrained to be exactly masslesstributed in space and how did it get s there, and how is it distributed?

The Standard Model of particle  birth of the Universe, its present age, luminous matter, for it does not emit any

because of gauge invariance, no such there? A massive neutrino might well Because it cannot be seen, we can
restriction applies to the neutrino. play a key role in the resolution of only speculate as to what makes up
Determining neutrino masses has beenthese puzzles. dark matter. Many astronomers would

a long-standing experimental challenge According to the accepted theoreti- argue that dark matter is simply stuff
that, despite concerted efforts, has cal paradigm in cosmology—the Big from the Universe’s graveyard: brown
proved rather difficult. To date, there Bang—the Universe began as a hot, dwarfs, dead stars, sparse gas clouds
is no direct evidence for neutrino massdense plasma that was isotropic and that never coalesced, even entire galax-
though upper limits o, < 15 electron homogeneous to a very high degree. ies with low surface brightness. If this
volts! (eV), m, <170 k|Io electron-volts Fifteen billion or so years later, how- belief is true, dark matter would be

(keV), andm,, "< 24 million electron ever, it is quite inhomogeneous (excepbrdinary baryonic matter—that is, mat-

volts (MeV) have been placed. on very large scales). Today the Uni- ter composed of protons, neutrons, and
It is natural to speculate what the verse is filled with galaxies that are  electrons—that just fails to be detected.

impact on physics would be if neutrinosarranged in clusters and sheets that Many theorists are convinced, how-

were in fact massive. As far as our surround vast pockets of space. Cos- ever, that there is an exotiwpnbary-
everyday world is concerned, there mologists attempting to understand  onic form of dark matter and that there
would be almost no effect at all: nuclei structure formation must confront this is a lot more of it than ordinary matter.
would still undergo beta decay, ele-  puzzle: how did density fluctuations  They hypothesize that the nonbaryonic
ments would still transmute, and stars originate in the early Universe, and  dark matter is composed of particles

would still boil inside and explode how did these small inhomogeneities that were created during the early, hot
because of neutrino heating. Solar andlead to the distribution of mass that is phase of the Universe but that still exist
atmospheric neutrinos would still be  currently observed? today. It is within this realm that the
missing, although physicists would Running parallel to the questions  massive neutrino resides. While there

be fairly certain as to where they went. surrounding structure formation is the are other plausible candidates for dark
Turning to the Universe, however, enigma of dark matter. After many matter particles, such as axions and
massive neutrinos could effect a radicalyears of observations, astronomers andsupersymmetric neutralinos, the neutrino
transformation. Next to the ubiquitous cosmologists have been forced to a  is unique in that it is known to exist.
photons that compose the cosmic micro-curious conclusion: the Universe Because of improved observational
wave background radiation (the ratibn  appears to be dominated by an unseencapabilities, the last decade has seen a
field that permeates the Universe), form of matter whose precise nature remarkable renaissance in astrophysics
neutrinos are the second-most-abundang unknown. and cosmology. Telescopes such as the
particle species. Were they to have For decades, it has been accepted Keck and the Hubble Space Telescope,
even a small mass, it would lead to  that the luminous matter visible to the satellite experiments such as RELICT
profound consequences for the evolu- astronomer’s telescope—stars, dust, gaand the Cosmic Background Explorer
tion of the Universe. In this article, clouds, bright galaxies, even black (COBE), and large-scale redshift sur-
we explore the possible impact that  holes—constitutes but a tiny fraction ofveys such as CfA (conducted by the
neutrinos with mass would have on  the total mass of the Universe. The Harvard-Smithsonian Center for
three central issues in modern cosmo- phrase “luminous matter” refers to any Astrophysics) and the Las Campanas
logy: the dynamics of the Universe, matter that emits, directly or indirectly, Redshift Survey have changed the face
structure formation, and dark matter. electromagnetic radiation (from radio of observational cosmology. As shown
Cosmology is the science of the waves to gamma rays) that can be later on, the better quality of present-
evolution and structure of the Universe.detected on earth. It is in this sense thatay data already allows us to rule out
The concerns of cosmology include thelarge black holes can be considered several plausible hypotheses concerning

luminous, for they advertise their dark matter and structure formation.
presence by x-rays that are emitted In the coming decade, it is expected
IThis is a_conservati;e U|0Rpe'\;I Iigit on the ellet?- when material falls into the hole. that data from new satellite missions
tron neutrino mass. See R. M. Barnett et al., . . .
Physical Review (54, 1 (1996) for a complete Darlf matter is the unseen mass of that will measure the mlcrowave'b'ack—
discussion of mass limits. the Universe. It is the antithesis of ground with unprecedented precision,
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ombined with new, high-statistics we know of that binds a galaxy togetherseveral times greater than the earlier
edshift surveys that will probe the and creates structure on cosmic scales. dynamical estimates.
arge-scale structure of the Universe, If a galaxy as a whole rotates, only the  Galaxies are not the only type of
will finally lead to a cohesive picture offorce of gravity can prevent it from structure in the Universe. They often
he Universe on large-distance scales. flying apart. Measuring how fast a group together to form clusters, which
Although the primary purpose of thisgalaxy spins, therefore, gives an estimat@ay contain hundreds to thousands of
rticle is to explain current theories of the strength of the galactic gravita  galaxies and span a distance of a few
bout dark matter, structure formation, tional field, from which we can deduce megaparsecs. Similar to the stars in a
nd the dynamics of the Universe, we the total mass needed to create tl@tlfi single galaxy, the galaxies in a cluster
0 so with a word of caution. At The visible portion of a typical are all bound together by a common
resent, the situation in cosmology is galaxy extends out about 15 kiloparsecgravitational feld. By examining the
omewhat chaotic. Theorists are scram(kpc) from the galactic centéi_arge dynamics of constituent galaxies, we

ling to keep pace with observational clouds of atomic hydrogen, however, can estimate the total mass of the cluster.

ata, much of which is not simple to  extend much farther, out to about This technique wasrfit applied taich
nterpret and may contain sigagint 25 kpc. Measurements reveal that theseslusters by Fritz Zwicky back in 1933.
ystematic errors. Some of the observaclouds are in very high velocity orbits The Coma cluster of galaxies is an

ons discussed below are very recent about the galactic center. A gravitationabft-cited example. The dispersion of
nd their validity may not survive over field strong enough to hold onto the  random galactic velocities about the
me, but given the state of cosmology hydrogen reaches well beyond the mean in this cluster is roughly 900 kilo
oday, they are all we have to work  farthest stars in the galaxy. meters per second (km/s). Such high
with at the moment. Because the strength of gravity velocities demand that the cluster mass
decreases inversely with the square of be about 5< 10!° solar masses in order
the distance from the source of the  for the system to be gravitationally
Dark Matter: A Historical field, we are forced to conclude that thdbound. However, the total luminosity of
Problem visible stars cannot be tli®mminant the cluster is only X 103 solar lumi
source of a galaxy’s gravitationaéfil.  nosities. This would give a ratio of the
Astronomers tend to be a cautious Rather, a “dark halo” of unseen matter total mass to luminous magél/() of

ot, and with good reason. Ever since must exist beyond the luminous close to 200 to 1, an estimate that is
ohn Adams (in 1845) and Urbain- core and must constitute the bulk of  consistent with determinations from
ean-Joseph Le Verrier (independently a galaxy’s mass. This important other rich clusters. Because the pres

n 1846) inferred the existence of the deduction was ffst made by Kenneth  ence of x-ray-emitting gas increases the
lanet Neptune (through its gravita-  Freeman in 1970. luminous mass by roughly a factor of 2,

onal effects on the orbit of Uranus), How large is the halo? That is diffi M/L is really more like 100 to 1. Thus,
stronomers have appreciated that cult to determine, because the hydrogeapproximately 99 percent of the mass
matter is often invisible to their only extends so far, and until recently, of a cluster comes from dark matter, a
elescopes. there was no way to map out the gravi value that is roughly consistent with

It was therefore only a minor prob tational feld at arbitrarily large galactic recent estimates of the amount of dark
em when Jacobus Kapteyn and Jamegadii. In fact, there does not exist a singlenatter bound up in individual galaxies.
eans in 1922, and then Jan Oort a  spiral galaxy with a well-characterized The data implies that thd/L ratio
ecade later, deduced that our galaxy, halo or a well-determined mass! If we begins to approach a maximum at-dis
he Milky Way, might contain at least assume a “standard” galactic halo aboutinces of hundreds of kiloparsecs to a
wice as much mass as could be 50 kpc in radius, then the total mass ofmegaparsec, which suggests that the
ccounted for by luminous matter a galaxy is roughly 78 solar masses, distribution of mass in a cluster has re
lone. The missing mass would surely or about a factor of 10 larger than esti sulted from a redistribution of the mass
e found once more precise observa mates of the mass of the luminous coren individual galaxies. Although that
ons were made and the systematic plus the hydrogen. Thus, by observing deduction is pleasing, it runs counter to
rrors identifed and taken into account.the dynamics of a galaxy, we conclude a prejudice held by many theorists that
hree-quarters of a century later, not that roughly 90 percent of its structure
nly is the mass still “missing,” but the consists of dark matter. n . .

. . . parsec is equal to 3.258 light-years, or about
action of galactic matter thought to be  Current estimates, however, suggests x 1013 kilometers. In general, the nearest stars
ark has increased. that dark halos could go out much are on the order of a few parsecs from earth, the

The root of all such deductions is thafarther, to roughly 200 kpc. If these ~ diameter of a spiral galaxy spans tens of thou

. . sands of parsecs (kiloparsecs, or kpc), and dis
mass is the sole source of the gravita results hold up, then the amount of  tances between galaxies are about a million
onal field, and gravity is the only force dark matter in galaxies could be parsecs (megaparsecs, or Mpc).
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Figure 1. The Universe’s Time Line
The Big Bang model allows cosmologists to order events in the evolution of the Universe. This fi gure plots time on a logarithmic
scale. Although cold dark matter begins to form structures within the fi rst 100 years or so of the Universe’s history, those structures

do not evolve into galaxies (or clusters of galaxies) until many millions of years later.

M/L should continue to increase with  strong evidence that general relativity atoms. The Universe wadléd with
increasing distance scal@hese theo  correctly describes the dynamics of charged matter that continually scat
rists claim that a Universe consisting ofthe Universe. Starting with present-day tered a background radiatiorlfi of
only 99 percent dark matter is still too data, if the equations of general energetic photons. Radiation and matter
light and that there is more mass in therelativity are run backwards in time, the were in thermal equilibrium. Ten
Universe than implied by the observa Universe becomes increasingly hotter thousand years after the Big Bang,
tions discussed so far. To explore theirand denser until the initial singularity, however, the expanding Universe had
reasons, we must make a small digres or a state of infiite density, is fially cooled to the point that atoms formed.
sion into Big Bang cosmology. encountered. This is the moment of the This epoch, termed recombination,
Big Bang. If we run the clock forward marks the time that radiation and matter
from this moment (and use general decoupled. The Universe essentially
The Big Bang: Dark Matter relativity, particle and nuclear physics, became transparent to electromagnetic
and the Dynamics of electrodynamics, and thermodynamics radiation, and radiation and matter began
the Universe to govern the interactions of matter,  to follow separate evolutionary paths.
radiation, and geometry), we can eon The primordial radiation did still
One of the seminal discoveries in thestruct a time line that orders the evolu permeates the Universe today and is

history of science is Edwin Hubble's  tion of the Universe (see Figure 1). essentially unchanged since the time of
observation in 1929 that galaxies are The Big Bang model holds that the recombination. Because of the expansion
receding from each other at a veloaity Universe began in a state of iife of the Universe, thedld has lost

that is proportional to their distante density and temperature, followed by energy, and since a photon’s energy is
rapid expansion and cooling. About  proportional to frequency, the radiation

v=H(@®I . 1030 seconds after its birth, quarks,  has shifted down into the microwave
leptons, and gauge bosons precipitatedband. The existence of cosmic micro-
The constant of proportionality(t) out much like ice crystals in a cooling wave background radiation (CMBR)

(known as the Hubble constant), is ac pool of water. (Quarks and leptons are was predicted by George Gamow, Ralph

tually a function of time. It is a diffult discussed in the primer, “The Oscilat Alpher, and Robert Herman in 1948, and

parameter to measure, but most cosmahg Neutrino,” on page 28.) Within a it was fhally detected by Arno Penzias

ogists agree that its current value, few microseconds, protons and neutronsnd Robert Wilson in 1965.

H(tg) = Hg, lies in the range of 55-75 formed from the quarks, and within The Universe is still expanding

km/s-Mpc. The uncertainty in the value about one second, the synthesis of  today and literally creating its own

of H is contained in the parameter  primordial nuclei—hydrogen, helium, space. What, however, determines

defined asHy = 100h km/s-Mpc. and trace amounts of lithium—began. whether it will do so forever, or will
Hubble’s fnding agreed with the Primordial nucleosynthesis was eventually detite? The crucial param-

velocity versus distance relationship ~ completed by the time the Universe  eter turns out to be the average mass

predicted by Albert Einstein’s general was about three minutes old, but the density of the Universes. Below a

theory of relativity. The expanding Universe was still too hot for the nucleicertain critical mass densijty,, the

Universe was therefore taken to be to capture electrons and form neutral Universe is “open” and will forever
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ontinue to expand. Above that critical
ensity, the Universe is “closed” and
will eventually recollapse into itself.
At exactly the critical density, the
Universe is said to be &t.” It is still
nfinite in space and time, but its rate

itself or to expand at such an enormoushis mysterious dark matter?

rate that no structures could ever form. Again, we turn to Big Bang cosmol
This is because the natural time scale iagy. One of the major achievements to
general relativity is the Planck time,  emerge from that paradigm is the
which is only about 1@3 seconds! The theory of Big Bang nucleosynthesis
fact that the Universe has existed for (BBNS). This theory describes how the

f expansion asymptotically approachesl0°0 Planck times cannot be explained two lightest baryons (protons and peu

ero. The critical density is easily
erived; at the present time, it has the
alue

3H3
- 87G

whereG is Newton'’s gravitational
onstant. Today,

Pc

pe ~ 4% 10730 glem?®

r a few hydrogen atoms per cubic
meter. (We have assumed a value of
Hq =~ 65 km/s-Mpc.)

The critical, or closure, density

without very special initial conditions  trons) could fuse together and form the
(or entirely new physics). Only if the light elements that are observed today
Universe started exquisitely close to thén the cosmos. Proton$H) and new
critical density could it have survived trons fist fused together to form deu
for such a long time. terium. Fusion reactions involving

The theory of infition, which has deuterium then created tritium and
become an almost essential piece of helium-3, which were then used in
today’s cosmology, was designed to  further reactions to build helium-4 and
deal with issues such as thatfless trace amounts of lithium-7. These six
problem (also called the age problem). elements ¥H, 2H, 3H, 3He, “He, and
Inflation typically predicts deviations ~ ’Li) are the only long-lived nuclei to be
from the critical density on the order produced early on in the history of the
of only 1 part in 16°. Inflation also Universe. (Heavier elements, from
accounts for the “horizon” problem, beryllium to uranium, were produced
which stems from the observation that millions of years after the Big Bang

rovides a natural base line with which the cosmic microwave background is by stellar nucleosynthesis and by

o compare observed mass densities.
Defining a parametet) as the ratio of
ny density,p, to the critical density,

p

Q=—,
Pc
we have that at the critical density,
Q) = 1. The observed luminous, bary-
nic matter leads to

— Pluminous
Pc
~ 0.003,

QIuminous

mere 0.3 percent of the closure

ensity, whereas measurements of

lusters produce values fOl e
within the range of 0.1 to 0.3.

Most theorists, however, believe
hat the Universe is at or extremely
lose to the critical density (in spite of
he apparent condt with current

bservations). The basis for their beliefdensity perturbations. This is an impor mate the primordial baryon density, that

es in the resolution of what is called
he “flathess” problem in cosmology.
At birth, the Universe is postulated
o be infhitely dense (the initial singu
arity). For generic initial conditions,
nce the Universe begins to expand,
ravity under most circumstances
auses it to recollapse instantly on

84

remarkably isotropic across the entire supernova explosions.)

sky. This is a puzzle, because points in BBNS theory has only one free para
the sky separated in angle by more  meter,n, which is the primordial ratio
than roughly a degree have not been of baryons to photons (or equivalently,
in causal contact since the Big Bang. the ratio of matter to radiation in the
Inflation provides a resolution to both early Universe). Relative abundances
problems by postulating a phase of  of the primordial elements can be

rapid expansion of the Universe driven predicted as a function of and

by a matter #ld called the inéton. compared with observations. This
During inflation, the scale factor of the comparison leads to the estimate
Universe grows by a factor of roughly

10*3. This growth occurs on a time n=
scale as short as 1 seconds! In
essence, indition adds a long “history”
to the Universe before the decoupling
of radiation and matter, so that objects Now comes a remarkable bit of good
that appear to be acausally connected fortune: an imprint of the primordial

the microwave sky actually interacted photon density still exists as the CMBR
in the past. Finally, through quantum and has been measured with extreme
fluctuations of the inditon feld, infla- precision by the COBE (satellite) and
tion provides the Big Bang with a rat COBRA (rocket) experiments. Thus,
ural mechanism to generate primordial from the estimates of, we can esti

number of baryons
number of photons

~25—-6x10710 |

tant point that will be discussed in the is, the total number of baryons that
section on structure formation. were produced during the Big Bang.

Whether() is unity or on the order For many years, BBNS set a limit
of a few tenths, it is apparent that the for the baryon density that was
luminous fraction constitutes a very  Qpggyg~ 0.06, a factor of 5 lower than
small proportion of the total mass of
the Universe. The next natural questiorand only 6 percent of the value predict
to ask is what is the composition of  ed by infation. This was viewed as
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the mass density estimate from clusters

unequivocal evidence for a nonbaryon 1127

ic, massive particle, and several candi
dates were proposed: massive neutrinc
axions, neutralinos, quark nuggets, anc
primordial black holes.

However, there may yet be further
surprises in store. It turns out that the
estimate ofn depends sensitively on
the primordial abundance of deuterium
Deuterium absorption lines were
recently measured in primordial inter
galactic clouds illuminated by a back
ground quasar. The conclusion was the
previous estimates for deuterium abun
dance were too high; consequently, the
value ofn almost doubled, an@gpyg
could now be as large as 0.1. This

Dark Matter and Massive Neutrinos

Comparison of Mass Densities

Observation

Theory

Quminous 0.003
anlaxy 0.02-0.1
Qjuster 0.1-0.3
Qbaryonic _

Q 0.1-1

total

0.01-0.1 (BBNS)

1 (inflation)

is on the order of 300 million light-

to be able to resist collapsing further.

value is not far from the preferred valug/ears, the survey probed but a tiny frac  Another subtlety that has to be taken
of the mass density ascribed to clustergion of the observable Universe, which into account is the growth of density

(Qereter= 0.3).

cluster

is estimated to be about 3080 Mpc

perturbations in the presence of thermal

Given the overall uncertainty of the across.) However, much deeper surveysdiation. In the early history of the
various mass density measurements, itsuch as Las Campanas@00h—1Mpc)

is dangerous to predict just how much
of dark matter is nonbaryonic. How-

two-thirds of all dark matterlzgyg ~
0.1 and() o= 0.3), and it could be
much higher if() eventually turns

out to be unity. These results are
summarized in Table I.

The Big Bang:
Structure Formation

One of the striking features of the
Universe today—as opposed to the
early Universe—is its inhomogeneity.

Like islands and archipelagos in some about because gravity always attracts:

provide evidence that on very large

Universe, when matter is in the form of
an ionized plasma and the energy-den

distance scales, the size of structures sity in radiation is much greater than
ever, this fraction is likely to be at leastsaturate and no longer increase. The
Universe is apparently homogeneous opling between radiation and matter. The

scales greater than about 198 Mpc
(see Figure 2).

that of matter, there is a strong eou

radiation feld itself does not collapse,
and it prevents matter from collapsing

A major triumph of the standard Big because of the strong coupling. Only

Bang model has been the progress

perturbations on scales longer than the

made in understanding structure forma Jeans wavelength, given by

tion as a result of the gravitational
Jeans instability. It turns out that the
evolution of small perturbations of a
uniform background density can be
studied in much the same way as the
stability properties of an ordinary
plasma. The Jeans instability comes

Ay =V, [—
J SV pG

wherevy is the velocity of sound,
continue to grow. Smaller-scale pertur
bations oscillate as damped acoustic
waves. After recombination, the
velocity of sound drops abruptly as the

vast ocean, matterofhting in space has above a certain wavelength, called the pressure support switches from radia

condensed into stars, planets, gas

Jeans length, densityufituations are

tion to neutral hydrogen. Consequently,

clouds, galaxies, and galactic clusters. unstable and grow exponentially. In an density perturbations on much smaller
Even the clusters seem to be organizeexpanding Universe, this exponential

into larger structures, creating great
walls and sheets of galaxies that-sur
round enormous bubbles or voids of
lower density. Observations indicate
that the Universe is “lumpy” on dis
tance scales up to several tens of
megaparsecs.

In earlier redshift surveys such as
the CfA, there was strong inhomo-
geneity on the largest scales probed
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growth is modifed and slows down to
a weak power law.
An important aspect of the Jeans

scales can also begin to grow.

This picture of how initial density
perturbations grow into structures is
attractive, but it lacks a key ingredient:

instability is that it does not saturate at a source for the initial density perturba

some fite value from nonlinear feed

tions that the Jeans instability would

back, but rather increases in strength ashen amplify. The original Big Bang

the gravitational collapse proceeds. It
stops increasing only when the struc

model does not have a physical mecha
nism to produce these perturbations.

tures formed have enough internal enerBut the precise nature of the perturba
gy—Tfor example, gas pressure in stars tion spectrum is very important, for it
(~50 ™1 Mpc). (Although this distance and kinetic energy in the solar system—eontrols sensitively the types of
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igure 2. Result of the Las Campanas Redshift Survey
his map of over 23,000 galaxies extends to approximately 600 h~1 Mpc, or about one-
fifth of the observable Universe. Galaxies brighter than 19 th magnitude were counted in
arious “slices” of the sky. Each slice spanned about 90 to 120 degrees and was con -
fined to a plane oriented at some angle (declination) with respect to the celestial equa -
or. Data from three northern and three southern slices have been superimposed in
his fi gure. The scale of the largest structures (the “voids” containing few galaxies) is
oughly 50 h~1 Mpc, and there is no evidence for large-scale inhomogeneity on the
cale of this survey. (The change in the galactic density beyond about 400 h1 Mpc is
n artifact. At great distances, the survey detects only the brighter galaxies.)

r more informa tion about Las Campanas, see http://manaslu.astro.utoronto.ca:80/~lin/lcrs.html.
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structures that form at later times.
At present, the Universe has evolved
numerous complex, scale-dependent
structures, and the simplest primordial
spectrum of density dttuations that
could potentially lead to what is ob
served today is the one put forth by
Edward Harrison (in 1970) and Yakov
Zeldovich (independently in 1972).
The Harrison-Zeldovich spectrum
was based on very general theoretical

considerations and has been used as the

initial density perturbation spectrum in
most analytical studies and simulations
that attempt to track the Big Bang. This
spectrum implies that the amplitude of
primordial fuctuations in the gravita
tional potential does not depend on the
spatial scale and, for a critical-density
matter-dominated Universe, is also
independent of time.

Significantly, the Harrison-Zeldovich
spectrum also emerges from &tfbn
theory. Quantum dictuations of the
inflaton feld that drives the irdtionary
expansion provide a natural source of
density perturbations that follow a
Harrison-Zeldovich spectrum. Thus,
aside from solving thedtness and
horizon problems, indition builds into
the Big Bang model a natural meeha
nism for generating initial density
perturbations.

Given the observational constraints
and a primordial density perturbation
spectrum, the question is whether the
Jeans instability successfully produces
the large-scale structures that are
observed today. One point to address is
the normalization—that is, the absolute
amplitude—of the primordial density
fluctuations. Simply choosing a
spectrum does not determine its ab
solute scale. The normalization needs to
be determined by experiment, but how
do we measure the size of density
fluctuations that were present 15 billion
years ago? Remarkably, a window to
the past exists that allows us to do just
that: measuring anisotropies in the
CMBR temperature provides a virtual
time-machine to determine the
lumpiness of the very early Universe.

The discovery of the microwave
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background was a stunning confe
tion of the Big Bang, but detection of a
temperature anisotropy in thelfi, or
deviation from a perfectly uniform tem
perature, could have an even greater
impact. Photons that make up the
microwave feld have been traveling
unimpeded since the time of recombi
nation. Because of intrinsicuttuations
in the temperature and gravitational
potential of the Universe at the time the
photons decoupled from matter, there is
a very small anisotropy in the CMBR
temperature observed today.

The anisotropy over large-distance

@) The Differential Microwave Radiometer (DMR)
Map of CMBR Anisotropy

North Galactic Hemisphere South Galactic Hemisphere
—100 pK I 0 +100 pK

(b)

. ) 120
scales was measured with very high

- : COBE ARGO
precision by the COBE satellite, FIRS SK
launched in 1989 (see Figure 3). 100 — CAT
(COBE’s angular resolution of 7 de SP WD

grees corresponds to several hundred o SUZIE

megaparsecs.) The COBE results, alon 80 |— MSAM VLA
with those of other experiments that MAX ATCA
probed the microwave background at H%
higher angular resolution, set the nor
malization of the Harrison-Zeldovich
spectrum (see Figure 4) and impose
constraints on any proposed spectrum 0
of initial density perturbations. One L
important consequence of the CMBR w
observations is that the observed large- 20
scale structure of the Universe cannot
have formed in the presence of ordinar
baryonic matter alone. 0
In purely baryonic matter models, 10 100 1000
the growth of initial perturbations occurs Angular multipole, /
only after recombination. As stated
earlier, before that time, growth is Figure 3. Temperature Fluctuations across the Microwave Sky
suppressed by pressure that arises whe(a) The DMR experiment on the COBE satellite measured root-mean-squared (rms)
radiation scatters from free electrons  temperature variations, AT/T, in the CMBR to be on the order of 1 part in 10 5. (The
(Thomson scattering), resulting in the  average temperature of the background is 2.728 =+ 0.004 kelvins.) The variations can be
effective prevention of growth of related to density fl uctuations at the time of recombination that seeded the current
perturbations on scales smaller than  large-scale structures seen in Figure 2. (The scale of the map shown in (a) is enormous.
~180h~2Mpc. To produce the observedThe largest structure of Figure 2 would easily fi  t within the smallest feature of the map.)
large-scale structure requires that the (b) Data from 16 experiments that have measured the CMBR with varying degrees of
perturbations leave an anisotropy in the angular resolution are shown in this fi ~ gure of AT, (the rms temperature fl uctuations
microwave background temperature of per logarithmic interval ~ Al) versus the angular multipole  / (plotted on a log scale). The
roughly 1 part in 10,000 on the scales black curve is a theoretical prediction for the CMBR, based on a cold dark matter model
probed by COBE. But the measured  (discussed later in the text.) At very large distance scales (small /), the anisotropy is
fluctuations were much smaller, deviat determined by the primordial power spectrum and is predicted to be a fl at line for the
ing from pure uniformity by only 1 part Harrison-Zeldovich spectrum. Values of /< 80 correspond to distance scales that were
in 100,000. The microwave background not causally connected at the time of recombination.

therefore, informs us that there was in  Figure (a) provided by the National Space Science Data Center (http://www.gsfc.nasa.gov/astro/cobe/cobe_home.html).
Sufficient time fOf structure formation in The COBE data sets were developed by the the NASA Goddard Space Flight Center under the guidance of the COBE

Science Working Group. (b) Compilation of data and the theoretical curve are courtesy of E. Gawiser and J. Silk,
a purely baryon-dominatddniverse.

N

60 |— /
7

AT, (K)

CMB Theory group, UC Berkeley.
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two-component neutrino species, the
relevant formula is

-t Larger distance scales

10°
Primordial Harrison—Z_eIdovich m =920 h2 ,
spectrum normalized v v
to COBE data Int lactic — Galactic — . .
N ntergalactic alactic where the neutrino mass, is mea
10 — scale scale v

sured in electron volts. If we assume
that the Universe is at critical density,
this yields a neutrino mass of roughly
30 eV (assumindp = 0.6). With

Q, = 0.2, the mass range falls to
several electron volts.

However, structure formation must
also be considered. We would like to
know in what way the evolution of
structure depends on the type of non
baryonic dark matter. This question
leads to a simple hot or cold clagsifi
tion of dark matter, a clasgifition
based on the random velocities of dark
matter particles at the moment they fall
out of thermal equilibrium with the
photon heat bath in the expanding

igure 4. The Harrison-Zeldovich Spectrum and a Processed Spectrum Universe. Relativistic particle velocities

he primordial Harrison-Zeldovich power spectrum (shown in red) is plotted against are characteristic of hot dark matter,

ave number, k, on a log-log scale. (Notice that  k varies inversely with distance.) Data while cold dark matter particles are

om COBE (rectangular box, derived from the CMBR data at large angular multipoles) either very heavy, and hence nonfela
fixes the normalization, that is, the position of the spectrum in the vertical direction. The tivistic early on, or are created with

ower spectrum that one compares with observations is a processed spectrum like the essentially no random velocity.

ne shown in black. At low  k, the spectrum is Harrison-Zeldovich, while the falloff at In the case of massive neutrinos,

rge k is model dependent. For any given model, the processed power spectrum is the which decouple from the rest of the

arrison-Zeldovich spectrum multiplied by a transfer function, T(k), which incorporates Universe at a temperature of 1 MeV,
he contribution of all relevant physical processes. masses on the order of tens of electron

volts or less make them highly rela

Nonbaryonic dark matter, however, all candidates are bound by the commotivistic. They are therefore an excellent

oes not couple to photons and thus constraints that they have mass, not be(and currently the only) candidate for
oes not suffer from collisional damp made of quarks, and have neither strongot dark matter. In a massive neutrino,
ng. Density perturbations can begin  nor electromagnetic interactions. hot dark matter model with adiabatic

o grow well before recombination, as initial perturbations (radiation strongly
oon as matter-radiation equality is coupled to matter), typically very large

[uy
(@)
w

AN
COBE box Model-dependent

falloff

Power spectrum, P(k) (h~3 Mpc®)
=
o
N
\

=
o
2
\

\ \ \
1073 1072 101 1 10

Wave number, k (h Mpc™1)

chieved. This allows the development Structure Formation and scale structures formréit. The large
f large density perturbations without Dark Matter bodies then break up to form objects at
iolating the density constraints implied smaller scales: this is “top-down”
y the small anisotropy in the micro- Of all the proposed dark matter structure formation.
wave background. Some form of non candidates, massive neutrinos have Such a growth pattern results

aryonic dark matter, therefore, appearslways been the most natural: neutrinodecause small-scale structure in hot
0 be necessary to explain the formatioare known to exist, and they were pro dark matter models is washed away by
f structure in the Universe. duced in very large numbers during theneutrino free-streaming, a collisionless
Despite the complete absence of  Big Bang. (Roughly a billion neutrinos effect analogous to Landau damping in
irect experimental evidence for a ron were created for every baryon.) Since plasmas. As long as densitydtuations
aryonic, dark matter particle, theorists the mean density of the Universe has tare stable against the Jeans instability,
ave had no trouble in suggesting a  satisfy observational constraints, there collisionless particles such as neutrinos
lethora of possible candidates. exists a calculable range of allowed can stream out of the higher-density
Although their specifi properties vary, neutrino masses. Assuming a single, regions into the lower-density regions,
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matter candidates. Because it is nonrela

|
. — Q=1 H=50,Q,=02 : tivistic, cold dark matter readily clumps
10° — ... Q= 1 Hy = 50 Linear! together, and structure formation typi
Nonlinear cally proceeds in a “bottom-up” manner.
. Galaxies form fist, which then get
1ot grouped into clusters and superclusters,

possibly in a hierarchical way.

However, predictions from cold dark
Cold matter models also disagree with obser
dark matter vations. With the Harrison-Zeldovich
assumption for the primordial density
perturbations plus the COBE anisotropy
constraints, we ffid that cold dark mat
ter tends to produce too much structure
at small scales.

A The complementary nature of

4 structure formation theories—massive
) neutrinos generate too little structure at
small scales, while cold dark matter
overproduces it—has naturally led to a
model enjoying some popularity at
present: mixed dark matter. Both kinds
of dark matter are assumed to exist.
Adding some massive neutrinos to a
predominantly cold dark matter model
tends to reduce the overproduction of

108

102

Power spectrum, P(K) (h—3 Mpc?)

Mixed dark matter

10t —

|
|
|
7 | | | |

1073 1072 107t 1
Wave number, k (h Mpc™t)

Figure 5. Large-Scale Structure Data and Dark Matter Power Spectra
Two theoretical, linear power spectra (best-fi  t mixed dark matter and standard cold
dark matter) are shown superimposed on observational data. The black boxes are small-scale structure characteristic of
reconstructed in a model-dependent way from the measurements of the CMBR data pure cold dark matter because of the
shown in Figure 4 and are given here for mixed dark matter. (The box height refl ects a neutrino free-streaming. It has been
1-sigma confi dence level. The boxes differ slightly near the peak of  P(k) if a cold dark shown that in a critical-density Uni
matter model is assumed.) Observations from matter surveys are shown in light grey. verse, if we choose a cold to hot dark
For k > 0.3 h Mpc~1, the data is measuring nonlinear structure, beyond which point it matter ratio of 5 to 1 in mean mass
cannot be directly compared with the linear theoretical power spectra. The over- density, then a mixed dark matter
model might be viable and escape the
serious problems of both the hot and
cold dark matter models (see Figure 5).
(There are indications of problems in
thereby smoothing inhomogeneities.  length of neutrinos makes it diffilt for forming structure at early enough times,
Regions separated by distances larger them to explain the localization of dark but it is difficult to tell how serious
than the neutrino free-streaming length matter in individual galaxies. Thus, anythese problems really are.) For such a
survive this smoothing, so that on model containing only adiabatiaiitua mixed dark matter model to work, the
larger scales, differences in density aretions and massive neutrinos has been neutrino mass has to be in the range of
maintained and can grow. ruled out. several electron volts, and this mass
Unfortunately, hot dark matter med Cold dark matter is composed of range is compatible with results from
els have been shown to be incompatiblparticles that are massive enough to  the liquid scintillator neutrino detector
with observations. Assuming the become nonrelativistic shortly after their(LSND) experiment.
Harrison-Zeldovich spectrum predicted birth (or that are born with no random But mixed dark matter models also
by inflation and normalized to COBE, velocity). Although there is no experi  face tight constraints. One problem is
numerical simulations have shown thatmental evidence for such particles, the that even a small admixture of hot dark
owing to suppression of small-scale  supersymmetric candidates and the matter reduces structure formation on
fluctuations by neutrino free-streaming,axion (Peccei-Quinn symmetry)—parti small scales to the extent that a fairly
cluster and galaxy formation occurs farcles that are associated with central  large amount of cold dark matter is
too close to the present time. Another ideas in high-energy physics—have needed to compensate. It turns out that
difficulty is that the large coherence  been suggested as possible cold dark even form,~ 2 eV, corresponding to

production of small-scale structure by cold dark matter models is best seen in the
region around k of 10~1 h Mpc~1, where mixed dark matter is very successful.
Figure courtesy of E. Gawiser and J. Silk, CMB Theory group, UC Berkeley.
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igure 6. MAP and the Future
emperature fl uctuation squared is plotted to show how the MAP mission can distin
uish between different theoretical models, here cold dark matter (dark blue curve), an
pen model with € = 0.3 (dashed red curve), and a model with a nonzero cosmological
onstant €, (dashed green curve). The rectangles that follow the blue curve are pro
cted error bars, while the solid-blue envelope represents the so-called “cosmic vari
nce,” a fi nite sampling effect due to the fact that the observation is restricted to only
fraction of the Universe. Thus MAP will provide useful information for multipoles up
0 /~ 1000 and is dominated by cosmic variance up to | ~ 600. If this fi gure corre -
ponded to real data, only the cold dark matter model would be viable.

gure courtesy of Wayne Hu; available at http://www.sns.ias.edu/~whu/physics/physics.html.

Q,~ 0.1, a large value df,,,, is dark matter particles that decay.

for the model to be observationally
viable. The acceptable mass range is
m, = 10keV, while decaying neutrinos
with m, = 50 eV are ruled out (for all
values ofty).

So far, our discussion of both hot
and cold dark matter models has as
sumed the Harrison-Zeldovich form for
the primordial spectrum with adiabatic
perturbations. A natural question is
whether the situation is any different
when other types of perturbations are
considered. An alternative to iaflon
in this respect comes from theories in
which the initial density perturbations
are seeded through the formation of
topological defects in early Universe
phase transitions.

In these theories, topological defects
such as cosmic strings give rise to
perturbations either through the forma
tion of wakes of overdensity as they
move through the Universe or through
the accretion of matter onto string
loops. Calculations with these models
are much more diffult than with infa-
tionary models. Until recently, cosmic
string/hot dark matter models were
viable candidates for large-scale
structure formation; unfortunately,
topological defect models have now
been ruled out. For a given anisotropy
in the CMBR temperature, the
corresponding amplitude in density
fluctuations is several times too low
to explain structure formation. In

avored. The contribution from the
old dark matterQ-p,,) must be at

Decaying-neutrino models are char addition, the predicted small-angular-
acterized by two parameters: the massscale CMBR anisotropies are in eon

east greater than 0.3, which is alreadyof the neutrinom,, and its lifetimefy.  flict with present ground-based and

t the upper range of observational
mits. If (., turns out to be low,
mixed dark matter models would be

rongly disfavored.

Another alternative model for
tructure formation is based on deeay
ng heavy neutrinos. The overproduc
on of small-scale structure in cold
ark matter models can be mitigated

with either of two strategies, either
y reducing the density of cold dark
matter particles as in mixed dark
matter models or by increasing the
nergy in radiation. The latter can
e accomplished with unstable cold

90

In the early Universe, when the ther balloon-borne observations.
mal energy of the neutrinos is much
greater thamm , they behave as essen
tially massless particles. At later times,
when the temperature falls, the energy
density in the Universe can be demi Although we have presented an
nated by these species, after which  up-to-date summary of dark matter and
time they decay and release their rest its relationship to structure formation, it
energy into relativistic particles. After should be noted that the outcome of
this point, the evolution is similar to  models of structure formation and

that of a cold dark matter model CMBR anisotropy depends critically on
except for the additional energy densityhe values of cosmological parameters
due to relativistic particles. This such ad), ., and the Hubble constant
what allows for the tailoring of the Hy. It is important to pin down their
perturbation power spectrum in order values to within a few percent. At

Outlook

Los Alamos Scienc&lumber 25 1997

present, the constraints on these
parameters from CMBR anisotropy
measurements are quite weak.

But the future is full of promise.
The constraints of,,, andH,
are expected to improve dramatically
with the next generation of satellite
observations. The Microwave
Anisotropy Probe (MAP) is scheduled
to fly in 2001, followed several years
later by the PLANCK satellite. In to my many questions, | thank Somnat
addition, deep, high-statistics redshift Bharadwaj (MRI), Tereasa Brainerd
surveys of galaxies are expected to  (Boston), Ben Bromley (CfA), Ruth
yield data within the next several yearsDurrer (Geneva), Josh Frieman (Fermi
The 2 Degree Field (2dF) and the Sloatab), George Fuller (UCSD), Kim
Digital Sky Survey (SDSS) will go Griest (UCSD), Varun Sahni (IUCAA),
out about the same distance as Las and Albert Stebbins (Fermilab). | am
Campanas (roughly 6001 Mpc), but  particularly indebted to Eric Gawiser
they will survey many more galaxies: (Berkeley) for providing Figure 3(b)

a quarter of a million for 2dF and a  and Figure 5, and to Wayne Hu (IAS,
million for SDSS, compared with Princeton) for Figure 6.
roughly 25,000 for Las Campanas.

Analysis of the new CMBR data
combined with the large-scale structure
information from the redshift surveys
e e e G Sk o o e

ew York: Wiley.

structure formation (see Figure 6). A . _
value of(y, << 1 would be unfavor H“}’:;]’z;ic’: ;“a'iﬁfmving ;éksglrllghﬂg?' The
able for models incorporating light Anisotropies Nature 386 37.
neutrinos and would be difilt to
reconcile with infhtion. (If the matter
density is less than critical, that is,
Qhatter< 1, it is still possible to save

total = 1 DY introducing a large
cosmological constant, an alternative
espoused by some theorists.) On the
other hand, if standard iation is vir Peebles, P. J. E. 199inciples of Physical
dicated and, i1 = Qiora = 1,  light Cosmology Princeton: Princeton University
neutrino might be just what theory Press.
needs to satisfy the constraints impose@rimack, J. R. 1996. Dark Matter and Structure
by structure formation. Even if this Formation in the Universe. IRormation of
were the case, however, the neutrino Jsérr‘ljfsgreem'”v\t/?riefns"éiﬁ fégggﬁgé”g; of the
would still not play a major role in A. Dekel and J. P. Ostriker. New York:
dictating the dynamics of the Universe. Cambridge University Press.

It is unlikely that the last qud has Sahni, V., and P. Coles. 1995. Approximation
been spoken on the cosmological Methods for Nonlinear Gravitational Clustering.
consequences of a massive neutrino. ~ Physics Report862 2.

Today, such a particle is not the
favored dark matter candidate given
our theories of initial conditions and
structure formation. Just how good or
bad these theories are will not be
known until the next generation of

CMBR observations yield results. Can
the massive neutrino regain the dark
matter center stage? The turn of the
millennium may bring us the answer
to that questions
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