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ABSTRACT We discuss three arguments that the dark matter which dom-
inates the present universe is not baryonic - based on excluding
specific baryonic models, deuterium abundance, and the absence of
small-angle fluctuations in the microwave background radiation.

If the dark matter consists of elementary particles, it may be
classified as hot (free streaming erases all but supercluster-
scale fluctuations), warm (free streaming erases fluctuations
smaller than galaxies), or cold (free streaming is unimportant).

We consider scenarios for galaxy formation in all three cases. We
discuss several potential problems with the hot (neutrino) case:
making galaxies early enough, with enough baryons, and without too
much increase in Mtot/Mgum from galaxy to rich cluster scales.

The reported existence of dwarf spheroidal galaxies with relatively
heavy halos is a serious problem for both hot and warm scenarios.
Zeldovich (n=1) adiabatic initial fluctuations in cold dark matter
(axions, or a heavy stable "ino'") appear to be lead to observed
sizes and other properties of galaxies, and may also yield large
scale structure such as voids and filaments.



446

I. INTRODUCTION

There is abundant observational evidence that dark matter (DM)
is responsible for most of the mass in the universe (1). Dark
matter is detected through its gravitational attraction in the
massive extended halos of disk galaxies and in groups and clusters
of galaxies of all sizes. It is appropriate to call this matter
"dark" because it is detected in no other way; it is not observed
to emit or absorb electromagnetic radiation of any wavelength.
Matter observed in these latter ways we will call "luminous'. Here

we consider the nature of the dark matter.

II. THE DM IS PROBABLY NOT BARYONIC

There are three arguments that the DM is not '"baryonic'", that
is, that it is not made of protons, neutrons, and electrons as all
ordinary matter is. As Richard Feynman has said in other contexts,
one argument would suffice if it were convincing. All three argu-
ments have loopholes. The arguments that DM# baryons are as
follows:

A. Excluding Baryonic Models (2)

The dark matter in galaxy halos cannot be gas (it would have
to be hot to be pressure supported, and would radiate); nor frozen
hydrogen "snowballs" (they would sublimate); nor dust grains (their
"metals', elements of atomic number 23, would have prevented for-
mation of the observed low-metallicity Population II stars); nor
"jupiters" (how to make so many hydrogen balls too small to initi-
ate nuclear burning without making a few large enough to do so?);
nor collapsed stars (where is the matter they must have ejected
in collapsing?).

The weakest argument is probably that which attempts to
exclude "jupiters'": arguments of the form "how could it be that
way?" are rarely entirely convincing.

'

B. Deuterium Abundance (3)

In the early universe, almost all the neutrons which "freeze
out" are synthesized into *He. The fraction remaining in D and
3He is a rapidly decreasing function of n, the ratio of baryon to
photon number densities. The presently observed D abundance (com-
pared, by number, to H) is (1-4)x 10-°. Since D is readily con—
sumed but not produced in stars, 1072 is also a lower limit on
the pr%mordial D abundance. This, in turn, implies an upper limit
n<10™°, or

"

-2 3
@ < 0.035h72 (T _/2.7)7, (1)

where 2, is the ratio of the present average baryon density py to
the critical density

. = 3Hg/8nc = 1.9%x1072%°h2 gem™ 3 = 11 h? keVem™3, @)

H, is the Hubble parameter (the subscript o denotes the present
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epoch), and observationally h = Hy (lOOkms'lMpc"l)"1 lies in the
range »3<sh<1. The total cosmological density Q= pgor/Pc 1is very
difficult to determine observationally, but it appears to lie in
the range 0.1<Q<2. Cosmological models in which the universe
passes through an early de Sitter "inflationary" stage, predict @
very close to unity.

In a baryon dominated universe (2= Q,), the deuterium bound,
Eq. (1), is consistent only with the lower limit on Q, and then
only for the Hubble parameter at its lower limit. An Einstein-
de Sitter or inflationary (2=1) or closed (2> 1) universe cannot
be baryonic.

C. Galaxy Formation

In the standard cosmological model, which we will adopt, large
scale structure forms when perturbations § = 8§p/p grow to 6§21,
after which they cease to expand with the Hubble flow. Let us
further assume that perturbations in matter and radiation density
are correlated (these are called adiabatic perturbations, since
the entropy per baryon is constant; these are the sort of pertur-
bations predicted in grand unified models). Then photon diffusion
("Silk damping") erases perturbations of baryonic mass smaller
than (4)

1 3 5
13 o= =%k -h
MSilk,b = 3x10 Qb %) h M6 . (3)

Thus galaxies (Mbs 1011-12 MS) can form only after the "pancake"
collapse of larger-scale perturbations (5). Perturbations § in a
matter dominated universe grow linearly with the scale factor

Sca = (1+z)"1 = TQ/T (4)

where z= (A,-2)/X is the redshift and T is the radiation tempera-
ture. In a baryonic universe, ¢ grows only between the epoch of
hydrogen recombination, z,= 1300, and z = Q~!, It follows that at
recombination 8T/T= 6p/3p > 3x10~3 for M2 Mgi1k» which corresponds
to fluctuations on observable angular scales 6 >4' today. Such
temperature fluctuations are an order of magnitude larger than
present observational upper limits (6).

The main loophole in this argument is the assumption of adia-
batic perturbations. It is true that the orthogonal mode, pertur-
bations in baryonic density which are uncorrelated with radiation
(called isothermal perturbations), do not arise naturally in cur-
rently fashionable particle physics theories where baryon number
is generated in the decay of massive grand unified theory (GUT)
bosons, since in such theories n=n;/n, is determined by the under-
lying particle physics and should not vary from point to point in
space. But galaxies originating as isothermal perturbations do
avoid both Silk damping and contradiction with present 6T/T limits.
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A second loophole is the possibility that matter was reionized
at some z 3, by hypothetical very uv sources. Then the fluctua-
tions in 6T/T at recombination associated with baryonic proto-
pancakes could be washed out by rescattering.

Despite the loopholes in each argument, we find the three
arguments together to be rather persuasive, even if not entirely
compelling. If it is indeed true that the bulk of the mass in the
universe is not baryonic, that is yet another blow to anthropocen-
tricity: not only is man not the center of the universe physically
(Copernicus) or biologically (Darwin), we and all that we see are
not even made of the predominant variety of matter in the universe!

III. THREE TYPES OF DM PARTICLES: HOT, WARM & COLD

If the dark matter is not baryonic, what is it? We will con-
sider here the physical and astrophysical implications of three
classes of elementary particle DM candidates, which we will call
hot, warm, and cold. (We are grateful to Dick Bond for proposing
this apt terminology.)

Hot DM refers to particles, such as neutrinos, which were
still in thermal equilibrium after the most recent phase transition
in the hot early universe, the QCD deconfinement transition, which
presumably took place at TQCD" 102MeV. Hot DM particles have a
cosmological number density roughly comparable to that of the
microwave background photons, which implies an upper bound to their
mass of a few tens of eV. As we shall discuss shortly, free
streaming destroys any perturbations smaller than supercluster
size, ~1015M9.

Warm DM particles interact much more weakly than neutrinos.
They decouple (i.e., their mean free path first exceeds the hori-
zon size) at T> TQCD’ and consequently their number density is
roughly an order of magnitude lower, and their mass an order of
magnitude higher, than hot DM particles. Perturbations as small
as large galaxy halos, ~1012 Mg, could then survive free streaming.
It was initially suggested that, in theories of local supersymmetry
broken at ~10% GeV, gravitinos could be DM of the warm variety (7).
Other candidates are also possible, as we will discuss.

Cold DM consists of particles for which free streaming is of
no cosmological importance. Two different sorts have been pro-
posed, a cold Bose condensate such as axions, and heavy remnants
of annihilation or decay such as heavy stable neutrinos. As we
will see, a universe dominated by cold DM looks remarkably like
the one astronomers actually observe.

It is of course also possible that the dark matter is NOTA -
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none of the above! A perennial candidate, primordial black holes,
is becoming increasingly implausible (8-10). Another possibility
which, for simplicity, we will not discuss, is that the dark matter
is a mixture, for example "jupiters" in galaxy halos plus neutrinos
on large scales (3).

IV. GALAXY FORMATION WITH HOT DM

The standard hot DM candidate is massive neutrinos (3-5), al-
though other, more exotic, theoretical possibilities have been
suggested, such as a "majoron" of nonzero mass which is lighter
than the lightest neutrino species, and into which all neutrinos
decay (11). For definiteness, we will discuss neutrinos.

A. Mass Constraints

Left-handed neutrinos of mass s1MeV will remain in thermal
equilibrium until the temperature drops to T,q, at which point
their mean free path first exceeds the horizon size and they es-
sentially cease interacting thereafter, except gravitatiomally (12).
Their mean free path is, in natural units (h=c=1), A,~loyn,+ -1
~ [(G%kTZ)(Ta)] —1, and the horizon size is Ap - (GQ)_%~ Mpy T,
where the Planck mass Mpy = G 2=1.22x10!%Gev=2.18 x105g. Thus
/Ay - (T/Tvd)a with the neutrino decoupling temperature

T . ~ = G"2/3 ~1MeV (5)
vd MPQ wk °

After T drops below 1MeV, ete™ annihilation ceases to be balanced
by pair creation, and the entropy of the ete™ pairs heats the
photons. Above 1MeV, the number density n,; of each left-handed
neutrino species (counting both vj and Vi) is equal to that of

the photons, ny, times the factor 3/4 from Fermi vs. Bose statis-
tics; but ete~ annihilation increases the photon number density
relative to that of the neutrinos by a factor of 11/4.l1 Thus
today, for each species,

4 o _ TY 3 =3
1 nY = 109 ( ET7k) cm™” (6)

=3
v 4
Since the cosmological density

p=q =11 hZ keV em™?, 7
it follows that

o PR
EmVi < p/nv < 100 Qh< ev, (8)
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where the sum runs over all neutrino species with m,. § lMeV.2
Observational data imply that Qh? is less than unity (3). Thus
if one species of neutrino is substantially more massive than
the others and dominates the cosmological mass density, as for
definiteness we will assume for the rest of this section, then a
reasonable estimate for its mass is m, ~ 30 eV.

At present there is apparently no reliable experimental evi-
dence for nonzero neutrino mass. Although one group reported (15)
that 14eV<m, <40eV from tritium B end point data, according to
Boehm (16) their data are consistent with m,, =0 with the resolu-
tion corrections pointed out by Simpson. The so far unsuccessful
attempts to detect neutrino oscillations also give only upper limits
on neutrino masses times mixing parameters (16).

B. Free Streaming

The most salient feature of hot DM is the erasure of small
fluctuations by free streaming. It is easy to see that the mini-
mum mass of a surviving fluctuation is of order Mgglmv (17,4).

Let us suppose that some process in the very early universe -
for example, thermal fluctuations subsequently vastly inflated,
in the inflationary scenario (18) - gave rise to adiabatic fluc-
tuations on all scales. Neutrinos of nonzero mass m, stream
relativistically from decoupling until the temperature drops to
m,,, during which time they will traverse a distance d, % Ah(T==mv)
~ Mpyg m;z. In order to survive this free streaming, a neutrino
fluctuation must be larger in linear dimension than d,,. Corres-
pondingly, the minimum mass in neutrinos of a surviving fluctuation
is My ~d;myn,(T=m,) ~ dym, ~ Mpg3 m\,‘2 . By analogy with Jeans'
calculation of the minimum mass of an ordinary fluid perturbation
for which gravity can overcome pressure, this is referred to as
the (free-streaming) Jeans mass. A more careful calculation (4,19)
gives

d, =4 (mv/30eV)_1 @ +2)"" Mpe, 9)

and

- 3 -2 . 15 -2
MJ,v l°77MPQHN 3.2x 10 (mv/30eV) M (10)

e’
which is the mass scale of superclusters. Objects of this size
are the first to form in a v-dominated universe, and smaller scale
structures such as galaxies can form only after the initial col-
lapse of supercluster-size fluctuations.



451

C. Growth of Fluctuations

The absence of small angle 6T/T fluctuations is compatible
with this picture. When a fluctuation of total mass ~1015
enters the horizon at z ~ 10“, the density contrast of the radia-
tion plus baryons 6gp ceases growing and instead starts oscillating
as an acoustic wave, while that of the neutrlnos 8, continues to
grow linearly with the scale factor a=(1+2z)"!. Thus by recom-
bination, at z = 1300, GRB/G <10~ , with possible additional
suppression of &pp by Silk damping (depending on the parameters
in Eq. (3)). This picture, as well as the warm and cold DM schemes,
predicts small angle fluctuations in the microwave background radi-
ation just slightly below current observational upper limits (6).

In numerical simulations of dissipationless gravitational
clustering starting with a fluctuation spectrum appropriately
peaked at A= d,, the regions of high density form a network of
filaments, with the highest densities occurring at the inter-
sections and with voids in between (5,20-22). The similarity of
these features to those seen in observations (23,24) is certainly
evidence in favor of this model.

D. Potential Problems with v DM

A number of potential problems with the neutrino dominated
universe have emerged in recent studies, however. (1) From studies
both of nonlinear (22) clustering (A s 10Mpc) and of streaming
velocities (25) in the linear regime (XA > 10Mpc), it follows that
supercluster collapse must have occurred recently: 2zg.<$0.51is in-
dicated (25), and in any case zgc <2 (22). But then, if QSOs are
associated with galaxies, their abundance at z> 2 is inconsistent
with the "top-down" neutrino dominated scheme in which superclusters
form first: zg.> zZgalaxies. (2) Numerical simulations of the non-
linear "pancake’ collapse taking into account dissipation of the
baryonic matter show that at least 85% of the baryons are so heated
by the associated shock that they remain ionized and unable to con-
dense, attract neutrino halos, and eventually form galaxies (23a).
(3) The neutrino picture predicts (26) that there should be a factor
of ~5 increase in Mtot/Mlum between large galaxies (Mtot' 1012‘%)
and large clusters (Mtot> 10! M@) since the larger clusters, with
their higher escape velocities, are able to trap a considerabl:
larger fraction of the neutrinos. Although there is indeed evi-
dence for a trend of increasing Mtot/L with Mot (1,27), when onz
takes into account the large amount of x-ray emitting gas in rich
clusters (28) one finds comparable Mtot/Mlu ~ 14 for galaxies with
large halos and for rich clusters (29,30). ?Mlum here includes mat-
ter luminous in x-ray as well as optical wavelengths, in contrast to
luminosity L that includes only the latter.) (4) Both theoreticzl

arguments (31) and data on Draco (32,33) imply that dark matter dom-
inates the gravitational potential of dwarf spheroidal galaxies. The
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phase~space constraint (34) then sets a lower limit (33) my > 500eV,
which is completely incompatible with the cosmological constraint
Eq. (8). (Note that for neutrinos as the DM in spiral galaxies,
the phase space constraint implies m, > 30 eV.)

These problems, while serious, may not be fatal for the
hypothesis that neutrinos are the dark matter. It is possible
that galaxy density does not closely correlate with the density of
dark matter, for example because the first generation of luminous
objects heats nearby matter, thereby increasing the baryon Jeans
mass and suppressing galaxy formation.. This could complicate the
comparison of nonlinear simulations (22) with the data. Also, if
dark matter halos of large clusters are much larger in extent than
those of individual galaxies and small groups, then virial esti-
mates would underestimate Mi,. on large scales and the data could
be consistent with Mtot/Mlum increasing with Mjyp. But it is hard
to avoid the constraint on zg. from streaming velocities in the
linear regime (25) except by assuming that the local group velocity
is abnormally low. And the only explanation for the high Mtot/L
of dwarf spheroidal galaxies in a neutrino-dominated universe is
the rather ad hoc assumption that the dark matter in such objects
is baryons rather than neutrinos. Of course, the evidence for
massive halos around dwarf spheroidals is not yet solid.

V. GALAXY FORMATION WITH WARM DM

Suppose the dark matter consists of an elementary particle
species X that interacts much more weakly than neutrinos. The
Xs decouple thermally at a temperature Tyq >> Tyq and their number
density is not thereafter increased by particle annihilation at
temperatures below Tyq. With the standard assumption of conserva-
tion of entropy per comoving volume, the X number density today
nQ and mass my can be calculated in terms of the effective number
o% helicity states of interacting bosons (B) and fermions (F),
g= gBi-(7/8)gF, evaluated at Txd (35). These are plotted in Fig. 1,
assuming the "standard model" of particle physics. The simplest
grand unified theories predict g(T) » 100 for T between 102 GeV and
Tgutr ~ 10'% Gev, with possibly a factor of two increase in g begin-
ning near 102 GeV due to N=1 supersymmetry partner particles.
Then for Ty4 in the enormous r%nge from ~1 GeV to ~Tgyrs n§~5gxcnr3
and correspondingly my = Zthgi keV (36), where gy is the number
of X helicity states. Such_"warm" DM particles of mass my~ 1lkeV
will cluster on a scale ~My, my2~ lOlZMe, the scale of large
galaxies such as our own (7,37,38).

What might be the identity of the warm DM particles X? It
was initially (7) suggested that they might be the *) helicity
states of the gravitino G, the spin 3/2 supersymmetric partner of
the graviton G. The gravitino mass is related to the scale of
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supersymmetry breaking by mz= (A"/a)%“SUSYZmpi’ so mg ~ 1keV cor-
responds to mgygy ~ 105Gev. This now appears to be phenomen-
ologically dubious, and supersymmetry models with m ~ 101! Gev
and mg ~ %02 GeV are currently popular (39). In such models, the
photino y, the spin )% supersymmetric partner of the photon, is
probably the lightest R-odd particle, and hence stable. But in
supersymmetric GUT models mg ~ 10my, and there is a phenomenolog-
ical lower bound on the mass of the gluino mz> 2GeV (40). The
requirement that the photinos almost all annihilate, so that they
do not contribute too much mass density, implies that m$ 2 2 GeV
(14,41), and they become a candidate for cold rather than warm
dark matter.

A hypothetical right-handed neutrino vp could be the warm
DM particle (42), since if right-handed weak interactions exist
they must be much weaker than the ordinary left-handed weak inter-
actions, so Ty,q > T,q as required. But particle physics provides
no good reason why any VR should be light.

Thus there is at present no obvious warm DM candidate ele-
mentary particle, in contrast to the hot and cold DM cases. But
our ignorance about the physics above the ordinary weak interaction
scale hardly allows us to preclude the existence of very weakly
interacting light particles, so we will consider the warm DM case,
mindful of Hamlet's prophetic admonition

There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

A. Fluctuation Spectrum

The spectrum of fluctuations 8, at late times in the hot DM
model is controlled mainly by free streaming; §,(M) is peaked
at ~Mjy , Eq. (10), for any reasonable primordial fluctuation
spectrum. This is not the case for warm or cold DM.

The primordial fluctuation spectrum can be characterized by
the magnitude of fluctuations as they just enter the horizon. It
is expected that no mass scale is singled out, so the spectrum is
just a power law

Sp MD -0
DM M

5 = 2y o 2

DM, H G pDM)H ¢ M ) a1

Furthermore, to avoid too much power on large or small mass scales
requires a» 0 (43), and to form galaxies and large scale structure
by the present epoch without violating the upper limits on both
small (6) and large (44) scale (quadrupole) angular variations in
the microwave background radiation requires k ~ 1075, Eq. (11)
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corresponds to |<‘5k|2 « k' with n=6a+1., The case a=0 (n=1) is
commonly referred to as the Zeldovich spectrum,

Inflationary models predict adiabatic fluctuations with the
Zeldovich spectrum (18). In the simplest models k is several orders
of magnitude too large, but it is hoped that this will be remedied
in more realistic - possible supersymmetric - models (45).

The important difference between the fluctuation spectra Spy
at late times in the hot and warm DM cases is that SpM yarm has
power over an increased range of masses, roughly from 10l to
1015Me . As for the hot case, the lower limit, MX~MP£3m§2, arises
from the damping of smaller-scale fluctuations by free streaming.
In the hot case, the DM particles become nonrelativistic at es-
sentially the same time as they become gravitationally dominant,
because their number density is nearly the same as that of the
photons. But in the warm case, the X particles become nonrela-
tivistic and thus essentially stop free streaming at T~ my, well
before they begin to dominate gravitationally at T, = 6Qh2 ev,
The subscript "eq" refers to the epoch when the energy density of
massless particles equals that of massive ones:

Qe €

1. 681
= - 4 32
Zeq _r*—_AGTO(l+Y) 2,47 x 10" Qh (

) o=, (12)

We assume here that there are n,, species of very light or massless
neutrinos, and Y—DO/DY (7/8) (4/11)43 n,, (= 0.681 for n, =3),
8=Ty/2.7K, and ¢ is the Stefan-Boltzmann constant. During the
1nterva1 between T~ my and T~Teg,» 8rowth of ‘SDM is inhibited by
the "stagspansion'"~ phenomenon (also known as the Meszaros (46)
effect), which we will discuss in detail in the section on cold
DM. Thus the spectrum dpy is relatively flat between My and

ct
M =2 (H—ji )20 0= 2.2x101°(ah2) "2 M . (13)
eq

Fluctuations with masses larger than Mg, enter the horizon
at z<zgq, and thereafter dpy grows linearly with a= 1+2)71
until nonlinear gravitational effects become important when d&py ~ 1.
Since for o= 0 all fluctuations enter the horizon with the same
magnitude, and those with larger M enter the horizon later in the
matter-dominated era and subsequently have less time to grow, the
fluctuation spectrum falls with M for M>Mg : éDMaM_Z/a. For a
power-law primordial spectrum of arbitrary index,

- M—a—2/3 _ M._(n+3)/6 M> M

. 14
6DM ’ eq 14



This is true for hot, warm, or cold DM. In each case, after re-
combination at z, s 1300 the baryons "fall in" to the dominating
DM fluctuations on all scales larger than the baryon Jeans mass,
and by z = 100, 6y = 6py (47).

In the simplest approximation, neglecting all growth during
the "stagspansion" era, fluctuati pectrum for My <M <M
is just SpyeM %= M’Tin_ls‘}8 = M_(“eff"'g?/g,z);here neff=n-4; i?e. ,
the spectrum is flattened by a factor of M compared to the
primordial spectrum. The small amount of growth that does occur
during the "stagspansion" era slightly increases the fluctuation
strength on smaller mass scales: nggg®¥n-3. Detailed calcula-
tions of these spectra are now available (19,37).

B. Which Formed First, Galaxies or Superclusters?

For a 20, 8y(M) has a fairly broad peak at M~My. Conse-
quently, objects of this mass - galaxies and small groups - are
the first to form, and larger-scale structures - clusters and
superclusters - form later as 8x(M) grows toward unity on suc-
cessively larger mass scales. For a particular primordial spectral
index o, one can follow Pebbles (48,49) and use the fact that the
galaxy autocovariance function £(R) * 1 for R= 5h_1, together with
the (uncertain) assumption that the DM is distributed on such
scales roughly like the galaxies, to estimate when galaxies form
in this scenario. For a=0, Zgalaxies ~ 4, which is consistent
with the observed existence of quasars at such redshifts. But
superclusters do not begin to collapse until z< 2, so one would
not expect to find similar Lyman o absorption line redshifts for
quasars separated by « lh_lMpc perpendicular to the line of sight
(50). Indeed, Sargent et al. (51) found no such correlations.
This is additional evidence against hot DM.

C. Potential Problems with Warm DM

The warm DM hypothesis is probably consistent with the ob-
served features of typical large galaxies, whose formation would
probably follow roughly the 'core condensation in heavy halos"
scenario (52,29,53). The potentially serious problems with warm
DM are on scales both larger and smaller than My. On large scales,
the question is whether the model can account for the observed net-
work of filamentary superclusters enclosing large voids (23,24).

A productive approach to this question may require sophisticated
N-body simulations with N~ 10 in order to model the large mass
range that is relevant (54). We will discuss this further in the
next section in connection with cold DM, for which the same ques-
tion arises.

On small scales, the preliminary indications that dwarf
spheroidal galaxies have large DM halos (31-33) pose problems
nearly as serious for warm as for hot DM. Unlike hot DM, warm DM
is (barely) consistent with the phase space constraint (32-34).
But since free streaming of warm DM washes out fluctuations GX
for Ms My~ lOllMg, dwarf galaxies with M~ 107Mg can form in this
picture only via fragmentation following the collapse of struc-
tures of mass ~My, much as ordinary galaxies form from superslusters
fragmentation in the hot DM picture. The problem here is that
dwarf galaxies, with their small escape velocities ~10km s}, would
not be expected to bind more than a small fraction of the X par-
ticles, whose typical velocity must be ~102 kms~! (~ rotation
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velocity of spirals). Thus we expect Myor/Myyy tor dwart gajaxies
to be much smaller than for large galaxies — but the indications
are that they are comparable (31-33). Understanding dwarf galaxies
may well be crucial for unravelling the mystery of the identity

of the DM. Fortunately, data on Carina, another dwarf spheroidal
companion of the Milky Way, is presently being analyzed (55).

VI. GALAXY FORMATION WITH COLD DM

Damping of fluctuations by free streaming occurs only on
scales too small to be cosmologically relevant for DM which either
is not characterized by a thermal spectrum, or is much more massive
than 1keV. We refer to this as cold DM.

A. Cold DM Candidates

Quantum chromodynamics (QCD) with quarks of nonzero mass vio-
lates CP and T due to instantons. This leads to a neutron electric
dipole moment that is many orders of magnitude larger than the
experimental upper limit, unless an otherwise undetermined com-
plex phase 6qpcp is arbitrarily chosen to be extremely small. Peccei
and Quinn (58) have proposed the simplest and probably the most ap-
pealing way to avoid this problem, by postulating an otherwise
unsuspected symmetry that is spontaneously broken when an associated
pseudoscalar field - the axion (57) - gets a nonzero vacuum expecta-
tion value <¢,>~ fae1 . This occurs when T~ f,;. Later, when the
QCD interactions become strong at T~ AQCD" lOZMeV, instanton ef-
fects generate a mass for the axion ma==mﬂf“/fa- 10'5eV(1012GeV/fQ-
Thereafter, the axion contribution to the energy density is (58)

Pa= BmaT3 f%(MPlAQCD)_l. The requirement pg <p.R implies that
f451012Gev, and m, 2 1072 eV, The longevity of helium-burning
stars implies (59) that mj, < 102 ev, fa> 10° GeV. Thus if the hypo-
thetical axion exists, it is probably important cosmologically,

and for mg, ~ 107% eV gravitationally dominant. (The mass range
109-12 GeV, in which f, must lie, is also currently popular with
particle theorists as the scale of supersymmetry (39) or family
symmetry breaking, the later possibility connected with the axion

(60).)

Two quite different sorts of cold DM particles are also pos-—
sible. One is a heavy stable "ino", such as a photino (41) of
mass my > 2GeV as discussed above. By a delicate adjustment of
the theoretical parameters controlling the ¥ mass and interactions,
the ¥s can be made to almost all annihilate at high temperatures,
leaving behind a small remnant that, because my is large, can con-

tribute a critical density today (14).

The second possibility may seem even more contrived: a
particle, such as a vg, that decouples while still relativistic
but whose number density relative to the photons is subsequently
diluted by entropy generated in a first-order phase transition
such as the Weinberg-Salam symmetry breaking (36). (Recall that
the my bound in Fig. 1 assumes no generation of entropy.) More
than a factor s 103 entropy increase would over dilute n =n%/ny,
if we assume n was initially generated by GUT baryosynthesis;
correspondingly, my s 1 MeV, and My2 108 Mg .
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Actually, it is not clear that we have a good basis to judge
the plausibility of any of these DM candidates, since in no case
is there a fundamental explanation - or, even better, a predic-
tion - for the ratio w Eng/D?um, which is known to lie in the
range 10sws 102, Two fundamental questions about the universe
which the fruitful marriage of particle physics and cosmology has
yet to address are the value of wand of the cosmological constant
A. (We have here assumed A= 0, as usual.)

B. '"Stagspansion" '

Peebles (49) has calculated the fluctuation spectrum for cold
DM, with results that are well approximated by the expression

K1+ ak+BKk2)72,

2
s, |

o = 6682h72 Mpc, 8=2.658%h""Mpc?, 68 = Ty/2.7K. (15)
This calculation neglects the massless neutrinos; we find qualita-
tively similar results with their inclusion (61). For an adiabatic
Zeldovich (n=1) primordial fluctuation spectrum, the spectrum of
rms fluctuations in the mass found within a gandomly placed sphere,
6M/M, is relatively flat for M< 109M@, «M 6 (negg=-2) for 5
1094y <M<10'2 Mg, «d '8 (negfx-1) for 1012Mg <M<Myy, and =M~ 73

(n=1, reflecting the primordial spectrum) for M2 Meq'

The flattening of the spectrum for M<M,, is a consequence of
"stagspansion",3 the inihibition of the growth of Spy for fluctua-
tions which enter the horizon when z > z,,, before the era of matter
domination. In the conventional formalism (12,48,62) - synchronous
gauge, time-orthogonal coordinates - the fastest growing adiabatic
fluctuations grow « a2 when they are larger than the horizon. When
they enter the horizon, however, the radiation and charged particles
begin to oscillate as an acoustic wave with constant amplitude
(later damped by photon diffusion for M< Mgjik), and the neutrinos
free stream away. As a result, the main source term for the growth
of Sépy disappears, and once the fluctuation is well inside the hori-
zon Spy grows only as (46), (48, pp. 56-59)

3a
§ « 14— (16)
DM ;)_aeq

until matter dominance (a= aeq); thereafter, Spy=a. Based on
Eq. (16), it has sometimes been erroneously remarked [also by the
present authors (38), alas] that there is only a factor of 2.5
growth in épy during the entire stagspansion regime, from horizon
crossing until matter dominance. There is actually a considerable
amount of growth in &py just after the fluctuation enters the
horizon, since d6DM/da is initially large and the photon and neu-
trino source terms for the growth of dark matter fluctuations do
not disappear instantaneously. (See reference 61 for details.)
This explains how (8§M/M)py can grow by a factor ~30 between Meq
and 109 Mg.

C. Galaxy Formation

When 8 reaches unity, nonlinear gravitational effects become
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important. The fluctuation separates from the Hubble expansion,
reaches a maximum radius, and then contracts to about half that
radius (for spherically symmetric fluctuations), at which point
the rapidly changing gravitational field has converted enough

energy from potential to kinetic for the virial relation <PE> =
_ 2<KE> to be satisfied. (For reviews see (63) and (48).)

Although small-mass fluctuations will be the first to go non-
linear in the cold DM picture, baryons will be inhibited by pres-
sure from falling into them if M<My pe What is more important
is that even for M>Mj ,b» the baryons will not be able to contract
further unless they can lose kinetic energy by radiation. With-
out such mass segregation between baryons and DM, the resulting
structures will be disrupted by virialization as fluctuations
that contain them go nonlinear (52). Moreover, successively
larger fluctuations will collapse relatively soon after one an-
other if they have masses in the flattest part of the &M/M spectrum,
i.e., (total) masss 10° Mg .

Gas of primordial composition (about 75% atomic hydrogen and
25% helium, by mass) cannot cool significantly unless it is first
heated to ~10“K, when it begins to ionize (65). Assuming a pri-
mordial Zeldovich spectrum and normalizing (49) so that

M r-8n7Y -1, (an

the smallest protogalaxies for which the gas is sufficiently
heated by virialization to radiate rapidly and contract have

Miot - 109M9 (65). One can also deduce an upper bound on galaxy
masses from the requirement that the cooling time be shorter than
the dynamical time (64); with the same assumptions as before, this
upper bound is Myg¢ s 1012M_ (65). It may be significant that this
is indeed the range of masses of ordinary galaxies. The collapse
of fluctuations of larger mass is expected in this picture to lead
to clusters of galaxies. Only the outer parts of the member galaxy
halos are stripped off; and the inner baryon cores continue to
contract, presumably until star formation halts dissipation (29). 6

D. Potential Problems with Cold DM

Dwarf galaxies with heavy DM halos are less of a problem in
the cold than in the hot or warm DM pictures. There is certainly
plenty of power in the cold DM fluctuation spectrum at small masses;
the problem is to get sufficient baryon cooling and avoid disrup-
tion. Perhaps dwarf spheroidals are relatively rare because most
suffered disruption.

The potentially serious difficulties for the cold and warm
DM pictures arise on very large scales, where galaxies are observed
to form filamentary superclusters with large voids between them
(23,24). These features have seemed to some authors to favor the
hot DM model, apparently for two main reasons: (1) it is thought
that formation of caustics of supercluster size by gravitational
collapse requires a fluctuation power spectrum sharply peaked at
the corresponding wavelength, and (2) the relatively low peculiar
velocities of galaxies in superclusters are seen as evidence for
the sort of dissipation expected in the baryonic shock in the



459

"pancake" model. Recent work by Dekel (67) suggests, however,
that nondissipative collapse fits the observed features of super-
clusters. Results from N-body simulations with N~ 108 (54) will
soon show whether broad fluctuation spectra lead to filaments.

VII. SUMMARY AND REFLECTIONS

The hot, warm, and cold DM pictures are compared schematically
in Fig. 2. Although only very tentative conclusions can be drawn
on the basis of present information, it is our impression that the
hot DM model is in fairly serious trouble. Maybe that is mainly
because it has been the most intensively studied of the three pos-
sibilities considered here.

Probably the greatest theoretical uncertainly in all three
DM pictures concerns the relative roles of heredity vs. environ-
ment. For example, are elliptical galaxies found primarily in
regions of high galaxy density, and disk galaxies in lower density
regions, because such galaxies form after the regions have under-
gone a large-scale dissipative collapse which provides the appro-
priate initial conditions, as in the hot DM picture? Or is it
because disks form relatively late from infall of baryons in an
extended DM halo, which is disrupted or stripped in regions of
high galaxy density? An exciting aspect of the study of large
scale structure and DM is the remarkable recent increase in the
quality and quantity of relevant observational data, and the
promise of much more to come.

Perhaps even more remarkable is the fact that this data may
shed important light on the interactions of elementary particles
on very small scales. Fig. 3 is redrawn from a sketch by Shelley
Glashow which recently was reproduced in The New York Times
Magazine (68). Glashow uses the snake eating its tail - the uro-
boros, an ancient symbol associated with creation myths (69) -
to represent the idea that gravity may determine the structure of
the universe on both the largest and smallest scales. But there
is another fascinating aspect to this picture. There are left-
right connections across it: medium-small-to-medium-large, very-
small-to-very-large, etc. Not only does electromagnetism determine
structure from atoms to mountains (70), and the strong and weak
interactions control properties and compositions of stars and
solar systems. The dark matter, which is gravitationally domin-
ant on all scales larger than galaxy cores, may reflect fundamental
physics on still smaller scales. And if cosmic inflation is to
be believed, cosmological structure on scales even larger than
the present horizon arose from interactions on the seemingly
infinitesimal grand unification scale.
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FOOTNOTES

1.

This discussion is approximate. Since neutrino decoupling and
ete~ annihilation so nearly coincide, there is actually a little
heating of the neutrinos too (13).

It is also possible that the DM is heavy stable neutrinos with
mass 2 2 GeV, almost all of which would have annihilated (14).
This is a possible form of cold DM, discussed below.

In economic "stagflation', the economy stagnates but the econ-
omic yardstick inflates. The behavior of Spy during the 'stag-
spansion" era is analogous: &ppM= constant but a expanding.

We suggest here the term stagspansion rather than stagflation
for this phenomenon since it occurs during the ordinary expan-
sion (Friedmann) era rather than during a possible very early
"inflationary" (de Sitter) era.

One might worry that such a light particle could give rise to

a force that at short distances (10-°eV)~! ~2cm would be

much stronger than gravity. But because the axion is pseudo-
scalar, its nonrelativistic couplings to fermions are ~3 + B.
One calculates §p initially. In order to discuss mass fluctu-
ations it is more convenient to use 8M/M than 6p/p, the Fourier
transform of §, (49). Note that there is a simple relation-
ship between |ép/p£2 and |6k|2 only for a power law fluctua-
tion spectrum ]ékl « kD,

The model presented by Peebles at the Moriond conference dif-
fers from that sketched here mainly in Peebles' assumption

that there is sufficient cooling from molecular hydrogen for
baryon condensation to occur rapidly even on globular cluster
mass scales.
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Figure 3. Physics Uroboros (after Glashow (68)).



