Why Do Galaxies Exist?

Theorists can answer that question in remarkable detail if they postulate a
universe filled with “cold” dark matter

There has always been a certain aura
of mystery about galaxies. Why do they
even exist? They seem to have formed in
abundance only a few billion years after
the big bang—quite fast, as these things
go—yet there is no obvious reason why
they should have formed at all. The
observational astronomers have had lit-
tle to say about the process, because
newborn galaxies lie far beyond the lim-
its of current generation telescopes. And
the theorists can only guess.

Nonetheless, the problem of galaxy
formation is entering a period of general
ferment. With new instrumentation such
as the ultrasensitive charged-coupled de-
vice detectors, astronomers are extend-
ing their observations far enough back in
time to see some evolutionary effects in
galaxies. And meanwhile, the theorists
are producing models that are more real-
istic, more concrete, more detailed—and
thereby more testable.

During the past year or so, in fact, one
remarkable model has emerged that
seems to explain most of the gross fea-
tures of galaxies in terms of a single
mechanism: the dynamics of ‘‘cold dark
matter.”” As developed by George R.
Blumenthal and Sandra M. Faber of Lick
Observatory, Joel R. Primack of the Uni-
versity of California, Santa Cruz, and
Martin J. Rees of Cambridge University
(1), it is probably the most compelling
picture of galaxy formation yet.

“It’s unlikely to be the last word,”
says Jeremiah Ostriker of Princeton Uni-
versity, himself a prominent researcher
in the field of galaxy formation and not a
man to embrace new theoretical fashions
lightly. ‘“‘But it’s certainly more promis-
ing than many of the other models. It’s
the first attempt I know where observers
and theorists have tried to put everything
together. And they are to be commended
for that.”

As its name suggests, the cold dark
matter picture starts from the observa-
tion that in every galaxy and in every
cluster of galaxies, roughly 90 percent of
the mass is completely invisible. The
argument is that spiral galaxies rotate too
fast, and cluster galaxies likewise move
too fast; the only way these structures
could be gravitationally bound is if they
were embedded like the organelles of a
cell in some massive, invisible halo.

With 90 percent of the mass, this dark
matter in the halo was clearly a dominant
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factor in galaxy formation; the luminous
matter that looks so impressive to human
eyes is little more than a trace element
by comparison. But that just shifts the
mystery from one place to another: What
is the dark matter?

Astronomers have been debating that
question for more than a decade. Blu-
menthal, Primack, and their colleagues
arrive at their hypothesis of ‘‘cold’’ dark
matter essentially by a process of elimi-
nation: there’s not much else it could be.

The obvious assumption is that the
dark matter is made of ordinary, ‘‘bary-
onic’’ stuff—that is, protons and neu-
trons. The problem is that it is very hard
to make baryonic matter invisible. Gas
or dust would screen out light from the
central galaxy, and anything larger than
0.08 solar masses would ignite and be-
come visible as a star. So baryonic dark
matter would have to come in chunks no
smaller than rocks and no bigger than
planets. But no one has found a plausible
reason why it should be restricted to just
that size range.

Besides, the baryons came out of the
big bang very homogeneously. Witness
the fact that the 2.7 K microwave back-
ground radiation, emitted from the cos-
mic plasma some 100,000 years after the
big bang, is uniform to a few parts in 10%,
So it is very hard to see how baryonic
matter could have clumped into galaxies
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To cool or to coalesce?

In the cold dark matter model, low-mass
clumps of dark matter form early in the life of
the universe; they therefore tend to merge
quickly, before the baryonic gas trapped in-
side them can cool (top). The result is just a
larger clump of dark matter and a larger
cloud of hot gas. But larger clumps form later
and collisions take longer. The baryonic gas
may then have time to cool and condense; if
subsequent collisions produce anything, it
will be a protocluster instead of one huge
galaxy (bottom). Estimates of cooling rates
and collision rates give galaxy sizes in the
range of 10® to 10'? solar masses, about what
is observed.

as quickly as it did without something
else to help it along.

Thus, pure baryonic dark matter is
considered highly unlikely. The pre-
sumption these days is that the Some-
thing Else is non-baryonic dark matter,
some form of massive, but weakly inter-
acting, particle that came swarming out
of the big bang along with the photons.

This idea first gained strength about
1980, when it appeared that certain grand
unified field theories predicted a small
mass for the neutrino—and better still,
when two independent experiments
seemed to find evidence for such a mass
2, 3). Massive neutrinos were taken up
and championed most vigorously by the
Soviet physicist Ya. B. Zeldovich and
his colleagues. Neutrinos would certain-
ly be invisible, they pointed out, since
the particles hardly interact with any-
thing. Moreover, neutrinos are certainly
abundant, since they must have been
produced by nuclear reactions during the
big bang. So even a tiny mass would
allow them to dominate the universe
gravitationally.

In fact, calculations by Zeldovich and
his colleagues suggested that gravitation-
al clumping of the massive neutrinos
would have created ‘‘traps’ for the bary-
onic matter with a natural mass scale of
10'3 solar masses—which happens to be
the typical mass of a supercluster of
galaxies. Thus, the neutrinos offered a
way around the constraints imposed by
the 2.7 K background: the baryons could
have started out as homogeneous soup,
yet they could have still clumped up
rapidly as they fell into the neutrino
traps. Moreover, calculations showed
that eventually, because of the random
distribution of the clumps, these proto-
superclusters would have evolved into
strings of galaxies separated by great
voids, which is more or less the large
scale structure observed today (4).

The calculations of the Zeldovich
group were confirmed by a number of
independent groups at about the same
time and, for a few years, massive neu-
trinos were very fashionable indeed.
However, the predictions that looked so
right in broad outline soon began to look
very wrong in detail. '

The most glaring problem is that the
massive neutrino picture has the super-
clusters forming first, as 10" solar-mass
gas clouds. It was only afterward that the
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clouds gave rise to individual galaxies.
But from spectroscopic evidence the gal-
axies are known to be quite old; if the
age of the universe today is taken to be
18 billion years, then the galaxies must
have formed only 1 or 2 billion years
after the big bang. Yet numerical simula-
tions of the massive neutrino model
show that the supercluster collapse
would not have occurred until quite late,
roughly 3.5 billion years after the big
bang. (More precisely, collapse is pre-
dicted at redshift z < 2, while galaxy
formation is known to take place at red-
shift z > 3.)

This is embarrassing enough. But the
massive neutrino model also has prob-
lems explaining the dark halos around
individual galaxies. The particles would
be much more prone to collect in the big
clusters, meaning that observations
should show much more dark matter
there. In fact, observations show that the
ratio of dark mass to luminous mass (that
is, baryonic matter) is remarkably con-
stant at about 10, from the tiny dwarf
spheroidal galaxies through the biggest
superclusters.

The upshot of all this is that massive
neutrinos have lost a lot of their luster.
They may be up there—although the
1980 mass detections are still controver-
sial—but neutrinos probably had little to
do with galaxy formation.

The problems with massive neutrinos
can be traced to the fact that they come
out of the big bang fireball still moving at
relativistic speeds. In a word, they were
“hot.”” This is what sets the scale. of
those 10" solar mass traps: fluctuations
on a smaller scale are simply washed
out. Forming galaxies early requires that
the dark matter has to form smaller,
galaxy-sized traps, and that means start-
ing with a particle that comes out of the
big bang more slowly: ‘‘warm’’ dark
matter, or even ‘‘cold’’ dark matter.

These alternative forms of dark matter
were first studied by Princeton’s P.
James E. Peebles in 1982, and shortly
thereafter by Blumenthal and Primack in
1983. It turned out that nothing much
mattered about the cold dark matter par-
ticle, except that its nongravitational in-
teractions had to be much feebler than
the weak interactions experienced by the
neutrino, and that it had to have some
appropriate, nonzero mass. Everything
else followed from the thermodynamics
of the big bang. Specifically, these very
weakly interacting particles would have
decoupled from the cosmic plasma soon-
er than the neutrinos, they would have
cooled and slowed down sooner, and
they would have begun forming gravita-
tional traps sooner.
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Furthermore, if the big bang started
out with primordial density fluctuations
that were distributed independently of
scale—as predicted in the popular ‘‘infla-
tion’’ models of the early universe (5)—
then the first clumps formed by these
new particles would indeed be much less
massive than the first clumps formed by
neutrinos.

‘“Warm’’ dark matter, in this scheme,
is the kind of stuff that has just the right
properties to produce galaxy-sized per-
turbations. Unfortunately, as Blu-
menthal, Primack, and other workers
quickly realized, not even the fertile
minds of the particle theorists had come
up with a good candidate particle.

However, for cold dark matter, the
kind of stuff that would produce sub-
galactic perturbations, the particle physi-

cists had provided numerous candidates:
axions, which arise in theories that try to
suppress any large CP violations in the
strong interactions; photinos, the spin-¥2
partner of the photon in theories of su-
persymmetry; primordial black holes
produced in the big bang; and even the
massive ‘‘nuggets’’ of quark matter pro-
posed by Princeton’s Edward Witten.

Admittedly, there is no direct evi-
dence for any of these objects—the neu-
trino, at least, is known to exist—but the
state of particle physics is such that they
all have to be taken seriously (6). Thus,
Blumenthal and his colleagues, as well as
several other groups, began to take a
close look at how well cold dark matter
would work as a mechanism for galaxy
formation. It turned out to work very
well.

In the picture outlined by Blumenthal,
Faber, Primack, and Rees, the galaxy
formation process begins shortly after
the emission of the microwave radiation
at 100,000 years, as baryonic matter be-
gins to fall in with the cold dark matter
fluctuations. In effect, the universe is
littered with gravitational potholes, and

each pothole is filling up with hot gas.
(Actually, the smallest clumps tend to
form first. The minimum size for the
baryon clouds is the so-called Jeans
mass, which under these conditions is a
few hundred thousand solar masses; the
gas is so hot that anything smaller simply
evaporates again.) There follows a com-
petition. On the one hand, the hot bary-
onic gas in each pothole is trying to cool
off, radiate its energy, and contract into
a dense core at the center. On the other
hand, these are dynamic potholes, and
they are simultaneously trying to move
around and merge into larger structures.
The outcome depends on the time scales:
low-mass clumps of dark matter form
early and tend to merge quickly, while
their baryonic gas clouds are still ener-
getic and diffuse. The result in each case

The Virgo cluster

A preference for ellip-
tical galaxies over
spirals—and an abun-
dance of invisible
dark matter.

is simply a bigger halo containing a big-
ger cloud. But the high-mass clumps
form later, so that collisions are less
frequent. The baryonic gas thus may
have time to cool into compact protogal-
axies, which would tend to swing right-
past one another without merging; at
most, a collision might produce two pro-
togalaxies orbiting separately—a kind of
protocluster.

Calculating the time scales for these
two processes is straightforward. The
result, according to Blumenthal and his
colleagues, is that the protogalaxies only
have time to cool and form dense cores if
their masses lie in the range of 10° to 10'
solar masses—‘‘[which] encompasses
virtually all the mass that is observed to
comprise galaxies,”’ they write. Larger
mass systems, which are the last to form
in this picture, would naturally consist of
swarms of galaxies. (The gas clouds
would have cooled and contracted long
before.) At the other extreme, the tiny
dwarf spheroidal galaxies are only mar-
ginally able to hold themselves together
and only marginally able to cool.

Thus, the cold dark matter model ex-
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plains the existence of galaxies in just the
mass range observed. This is already
striking enough. But equally striking is
that when the dark matter dynamics is
folded in with the statistics of random
density fluctuations, there arises a rela-
tion between the mass (or luminosity) of
a galaxy and the internal velocities of the
stars that comprise it: mass is propor-
tional to the fourth power of the velocity.
As it happens, this relation has already
been established empirically. Known
variously as the Tully-Fisher or Faber-
Jackson law, it is perhaps the most reli-
able indicator of a galaxy’s true luminos-
ity. (The average orbital velocity of the
stars can be determined directly through
spectroscopy.)

The cold dark matter model has a
number of other suggestive features:

® Within the hot protogalactic gas,
which would have a temperature of some
10° to 10° K, regions of ‘‘cold” gas
would form at a temperature of roughly
10,000 K. (This is the temperature at
which hydrogen and helium become ion-
ized by collisions, and is well known as
one of the stable states of the interstellar
medium.) The cold gas would then tend
to form gravitationally bound structures
of roughly 10° to 10° solar masses—
about the size observed for globular clus-
ters, which indeed seem to have some of
the oldest stars in the universe.

® Within admittedly large uncertain-
ties, the spiral galaxies seem to have
arisen from lo fluctuations of the pri-
mordial mass distribution, and ellipticals
from 20 fluctuations. This agrees with
the fact that more than half of all galaxies
are spirals, while only 15 percent are
ellipticals.

® Blumenthal, Faber, Primack, and
Rees argue that high o fluctuations will
tend to develop smaller angular momen-
tum: ‘‘You expect them to be rounder,”
explains Blumenthal. These fluctuations
will thus be able to collapse quickly to
form the big, featureless elliptical galax-
ies—which seem to have very little angu-
lar momentum—and the large central
bulges of the spiral galaxies. (The spiral
bulges seem to have all the characteris-
tics of small elliptical galaxies, except
that they happen to be embedded in a
dusty disk.) Moreover, for statistical rea-
sons, high o fluctuations will tend to be
strongly correlated; therefore, one
would expect more ellipticals to be found
in rich clusters—as is observed.

Also, there may be an environmental
effect: the low o fluctuations, which pre-
sumably yield the disk galaxies, tend to
be relatively large and diffuse; such gal-
axies would thus form slowly, with the
baryons falling in over large distances.
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But in rich clusters, the large halos
would tend to collide and merge before
the galaxy finishes forming. So one ex-
pects that in rich clusters, much of the
gas that might have gone into disk galax-
ies instead gets scattered through the
cluster as a diffuse haze—exactly what is
seen in x-ray observations of rich clus-
ters.

® Recent calculations by Blumenthal,
Faber, Primack, and Brandeis Universi-
ty’s Riccardo Flores suggest that as a
galaxy condenses into the middle of a
halo it significantly modifies the dis-
tribution of dark matter in the halo.
This distribution can be probed obser-
vationally by measuring the orbital ve-
locities of stars in a given galaxy as
a function of distance from the center.
The theory predicts that the orbital
velocity in a spiral galaxy will be roughly
independent of radius—exactly as ob-
served.

Cold dark matter explains
the existence of galaxies
in just the mass range
observed.

® N-body simulations suggest that
cold dark matter can produce a large-
scale structure of superclusters and
voids that is similar to observed struc-
ture.

In addition to these features, the cold
dark matter picture also seems to mesh
well with another popular idea known as
“‘biased’’ galaxy formation. First devel-
oped last year by James Bardeen of the
University of Washington and Nicholas
Kaiser of the University of California,
Berkeley, bias attempts to reconcile a
key prediction of the inflation model
with a recalcitrant fact of observation:
the average density of the universe is
predicted to be very nearly equal to the
critical density required for closure
(@Q=1 in the jargon), whereas observa-
tions of the galaxies and clusters find less
than 20 percent of that amount (2<0.2),
even counting the dark halos.

Suppose, however, that for some rea-
son galaxies only formed at the extremes
of the density fluctuations. In other
words, says Bardeen, ‘‘The first galaxies
somehow poisoned the universe for the
rest.”” From purely statistical arguments,
high o fluctuations would have been
more strongly correlated than the matter
distributions as a whole. Thus, one
would naturally expect to see galaxies

forming the kind of clumpy large-scale
structure that is actually observed. But
in between the clusters one would expect
to find enough dark matter and uncon-
densed baryonic gas to boost { up to 1.

There is some intriguing observational
evidence for unformed matter out in in-
tergalactic space. Wallace Sargent and
his colleagues at the California Institute
of Technology have observed dense
clusters of absorption lines in the spectra
of quasars, which they interpret as Ly-
man-a absorption by clouds of hydrogen
gas along the line of sight. These clouds
contain very little mass themselves. But
if they are embedded in much larger
expanses of ionized hydrogen, as seems
plausible, then the Bardeen-Kaiser pic-
ture does seem consistent.

On the other hand, no one has yet
come up with a truly compelling mecha-
nism to bias galaxy formation sufficient-
ly. Perhaps the first galaxies to form sent
out ultraviolet radiation, or supernova
shock waves, thereby heating the sur-
rounding gas and making it impossible
for more galaxies to form. But then, as
Princeton’s Ostriker asks, how is it that
galaxies were able to form in rich clus-
ters? Wouldn’t a ‘‘poisoning” effect
have caused the galaxies to be less clus-
tered, not more? Clearly, more work
needs to be done.

Given the paucity of observational
data on galaxy formation, there is inev-
itably an element of fashion when it
comes to theorizing about the subject. It
is important to remember that the cold
dark matter picture is only the latest of
many such fashions, and is almost cer-
tainly not the last word. For example,
there is widespread albeit indirect evi-
dence that many galaxies harbor million-
solar-mass black holes in their cores.
Indeed, quasars are thought to be other-
wise ordinary galaxies that have billion-
solar-mass black holes. Yet the cold dark
matter picture says nothing about when
or how such black holes might form.

Nonetheless, it is by far the best model
currently available. It offers a rich array
of testable predictions. And of course, it
underscores once again the cosmolo-
gists’ challenge to the particle physicists:
find the particle or particles responsible
for the dark matter.

—M. MitcHELL WALDROP
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