
VOLUME 48, NUMBER 2$ PHYSICAL REVIEW LETTERS 7 JUNE 1982

Formation of Galaxies in a Gravitino-Dominated Universe
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If gravitinos of mass 1 keV (or similar particles) dominate the mass of the universe,
a critical scale of galactic size arises due to their collisionless phase mixing. It is
shown that density perturbation spectrum of gravitinos is relatively flat between galactic
and cluster scales, unlike the massive neutrino case. If gravitinos form the dark matter,
initial adiabatic fluctuations lead to a hierarchical picture of clusterirg. Galaxies form
first, but dissipation is necessary for their survival.

PACS numbers: 98.50.Eb, 14.60,oh, 95.30.Cq, 98.80.Ft

One of the crucial questions facing astrophysics
is the nature of the dark matter which dominates
the mass density of the universe. No theory of
the formation of large scale structure can be
complete without understanding its role in cluster-
ing. From dynamical studies of galaxy clusters, '
0, the ratio of the average to critical mass den-
sity of the universe, is estimated to be of order
unity, yet the luminous matter in galaxies ac-
counts for only about one percent of that amount.
It seems unlikely that the dark matter could
have been baryonic at the time of big-bang nu-
cleosynthesis, since the observed He and D
abundances require' Q~ - 0.1, making pregalactic
black holes, low-mass stars, and hot intergalac-
tic gas unattractive as explanations of all the
dark matter. The ideal candidate is nonbaryonic,
and is probably nondissipative since dark matter
appears to be less condensed than the luminous
component. ' Massive, weakly interacting, stable
neutral particles satisfy these requirements.
One attractive possibility is a neutrino with mass
10-100 eV.4 Such a neutrino would dominate the
mass density of the universe (Q„~Pm„./100
eV), and modify the usual theories of galaxy
formation. After neutrino decoupling at T ~1
MeV, they are collisionless, and hence are sub-
ject to phase mixing. As a consequence, primor-
dial adiabatic perturbations in the neutrino sea
on mass scales less than a critical value are
strongly damped, resulting in a fluctuation spec-
trum which is sharply cutoff below the mass
scale" M, =—1.8m p'm„' where m p is the

Planck mass. Since 0„,-2, m„-200 eV, and

M~ ~10' M»M«~10"M superclusters of
mass (10"-10")M form first.

Here we assume the universe to be dominated

by a stable, more weakly interacting neutral
particle (hereafter X), e.g. , a gravitino, ' photino, '
or a right-handed neutrino. ' Neutrinos decouple
just before e' pairs annihilate; thus today the
temperature of the v momentum distribution is
less than that of the photons, T„=(4/ll)'t'Tr. Be-
cause the X interacts more weakly, it decouples
much earlier and does not share in the heating
caused by the annihilation of the various species
that occurs after X decoupling (e.g. , p, ', rr'v', e').
Today X's are cooler and less abundant than v's.
If X'8 decouple when they are relativistic, their
abundance relative to photons is nz/n &

= ,'gx(T„/-
Tr)'=1.9g~/g, where T~=(3.9/g )'t'T r is the
temperature of the X momentum distribution, g~
is N» (the number of degrees of freedom) for a
boson, 3NX/4 for a fermion, and g„=Dia+~s~&
is the total effective number of degrees of free-
dom of all relativistic species in thermal equilib-
rium at X decoupling. If m„~ (30 eV)(g„/100)
x(gx/1. 5) ', the X dominates the mass density of
the universe (Q„~Qs) and since Q„, ~ 2, it must
be lighter than' m„~ (2 keV)(g /100)(g~/1. 5) '.
Pagels and Primack' have suggested that the
+—,

' helicity states of the gravitino, the super-
symmetric partner of the graviton, has a mass
~1 keV and decouples at T =100 GeV when g
=100, making it a candidate for the dark matter.
We shall use a particle with these parameters as
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FIG. 1. The Jeans mass (MJ), horizon mass (Mz),
and free-streaming mass (MFs) for a gravitino-domi-
nated universe are plotted against scale factor. The
mass scales characterizing the perturbation spectrum
are also shown.

our generic example; however, we shall exhibit
how our results scale with m~, g, and g~. In a
v-dominated universe n, ~ n &, neutrinos dominate
the energy density shortly after they become non-
relativistic (NR). In an X-dominated universe n„/
n &«1, so the X does not dominate the energy
density until well after it becomes NR. This af-
fects the evolution of density perturbations, as
we now show.

Various mass scales can be defined which
characterize the perturbation spectrum (Fig. 1).
These are all of the same order of magnitude for
v's and lead to a steep cutoff: the characteristic
scale is fairly independent of the initial spec-
trum. For the gravitinos these scales are quite
different, and result in a spectral peak which can-
not simply be scaled to the value M~ =1.8m~'m~ ',
and as we will show, the spectral shape is very
sensitive to the initial spectrum.

Primordial linear density perturbations in the
X's have a density contrast 5= 5p/p which de-
pends upon the mass scale of the perturbation M,
a measure of its (comoving) size. ' The gravita-
tional attraction of an overdense region in the
X's balances the dispersive effects associated
with thermal motion at the Jeans mass given by
MJ = 42m psm» 2g„2g»(a/a, z)

'«2 in the NR

regime. Here a is the scale factor of the uni-
verse, normalized to unity at T„=m„/3.15; a,q

=146(g /100) «'(g» /1. 5) ' is its value when the
energy density in X's equals that of the photons
and neutrinos. For the massive v's, damping

occurs for scales below the peak in their Jeans
mass M, . This is not the case for X's: it is
necessary for them to have propagated over the
scale of the perturbation before significant damp-
ing can occur. If they move at the speed of light,
they can only have covered the scale of the hori-
zon, M+=0.9m''m» g„g» [(1+a/a q)' -1] .
Certainly damping cannot occur until M~ &MJ,
thus a characteristic scale is set when M J

= M~:

M~ =11.6m p3m~ 2g (1)

In fact, this is an overestimate of the damping
mass, since the X's are NR, and slow down as
the universe expands. If the X's freely stream,
they cover a region defined by the mass scale
MFS=8.6mp'm» 'g 'g»(1+1na)', valid for a

a'pq Perturbations on scales smaller than
both Mj and MF s are expected to be erased,
while those in excess of either MJ or MFs can-
not have damped very much. This defines a scale
M» found by equating MJ and M F s.

M~~ =0.44m p3m~ 2g ~ g„.

The final spectral shape is determined not only
by the damping but also by the details of fluctua-
tion growth. If the perturbations are adiabatic,
which seems to be the most likely initial condi-
tion, then the fluctuations will be of equal magni-
tude in theX's, photons, and v's, and they grow
together until the horizon has expanded to encom-
pass them. Upon entering the horizon, perturba-
tions in the massless v's decay away and those
in the photons oscillate at constant amplitude.
The photons, tightly coupled to the baryons, be-
have as an ideal fluid prior to the recombination
of hydrogen when T& =3000 K. The oscillation
period, proportional to the light crossing time
across the perturbation, is generally much short-
er than the response time for NR X's. Therefore
both the radiation and the v fluids appear unper-
turbed as far as the X's are concerned and can-
not drive fluctuation growth in the X gas for M
&M~. The behavior of the perturbation after it
enters the horizon is described by" 5» ~1+ 2 a/
a«, implying little growth for a a,q. This re-
tardation does not occur once X's dominate the
energy density; perturbations which come within
the horizon after a,q have uninterrupted growth,
so the horizon mass at a«sets another scale:

M~~=0. 9mp'm~ 'g 'g~ '.
The horizon mass, Jeans mass, and free-
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streaming mass are plotted in terms of the scale
factor in Fig. 1. These are the characteristic
scales for the X perturbations. Silk damping"
due to the viscous coupling of baryons to y's
near recombination erases baryon perturbations
on scales below' M, -10"M for 0~-0.01. How-
ever, baryons fall into the gravitino-generated
potential wells, and by a red shift, z-100, the
baryon perturbation spectrum will match that of
gravitinos, and the two will evolve toward non-
linearity together. The perturbations grow by
a factor a „/a, ~-28000 by the present epoch at
a~„=4x10'(g /100)'~'(mz /1 keV) for M &M„z,'

this is similar to the growth factor in a v-dom-
inated universe. To recapitulate, we expect
damping below M~~ and retarded growth below
M». If initially the spectrum is a power law,
5p/p-M " ' ', then we expect the final spec-
trum to maintain its initial shape for M &M»,
and to be flattened by a factor of M' ' for M»
&M &M», reflecting the values of &p/p on the
horizon in this range. Some effects of damping
will be felt between M~ and M», and there will
be a rapid falloff below M».

To compute the final X perturbation spectrum,
we solved the linearized Einstein equations de-
scribing a universe perturbed about an expanding
Friedman-Robertson-Walker background, coupled
to the linearized collisionless Boltzmann equa-
tion for the X's and v's and to hydrodynamic
equations for the y's. This system of coupled
Einstein-Boltzmann equations was solved numer-
ically in the same manner as for a v-dominated
universe, "with only slight modifications needed
to treat the X-dominated case. Peebles" has
done a similar calculation recently. The numer-
ical integration for the evolution of each spatial
Fourier component of the metric and density co-
efficients was started when the horizon was much
smaller than the wavelength and was terminated
only when the asymptotic growing mode in the NR
regime had been reached. The solutions, though
calculated from a flat "white-noise" spectrum
(n = 0), can be scaled to an arbitrary initial spec-
trum by multiplying with the appropriate powers
of k (~ 5„I';-k"). We plot the resulting 5p/p(M)
-k'~'I 5„ I in Fig. 2 for the following initial spec-
tra: white noise (n = 0), constant curvature (n = 1),
causal limit (n =4). Here M-k ' relates the
comoving wave vector, k, to the mass scale, "
and 5p/p(M) measures the average relative con-
tribution of the scale M to local density enhance-
ments. The spectra for a v-dominated universe
are also plotted for comparison. These show a
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FIG. 2. The final density perturbation spectrum of
gravitinos (g) for different initial power law spectra
characterized by the index n is plotted against mass
scale. For comparison the spectra arising in a neu-
trino-dominated universe (p) are also shown. The
normalizations of all curves are arbitrary.

much steeper falloff from the peak not only to the
small-mass end due to the strong damping, but
also to the large-mass end due to the change in
the expansion rate after a=a,„. Still, even for
X perturbations, there is not much structure
below M», and damping is already effective in
slowing growth below M~.

The interpretation of the n = 4 gravitino spec-
trum is straightforward. The first scale to reach
nonlinearity l)p/p-1, and begin to collapse, is
M~ ~3 &10"M, which corresponds to galactic
scales. At later times larger mass scales reach
nonlinearity and collapse, resulting in hierarch-
ical clustering of galaxies. The n = 1 spectrum
will lead to similar behavior, though collapse on
larger scales will occur sooner than in the n =4
case." The n =0 spectrum is quite flat over the
range (10" to 10")M, and perturbations on these
scales go nonlinear at approximately the same
time. If n - -1, the peak is at -5&10"M: clus-
ters collapse first; substantial substructure may
form due to fragmentation.

In order for galactic-scale structures to survive
during the collapse of larger systems, it is nec-
essary to invoke dissipation on time scales less
than freefall, since White and Bees" have shown
that substructures formed by collisionless proc-
esses would be destroyed. Numerical N-body
simulations" support this view. In any case,
dissipation is required in galaxies to account
for the separation of the luminous from the dark
matter. Galaxies in groups and clusters will then
have their eollisionless halos partially or totally
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tidally stripped, and yet their luminous cores
will survive. The mass of baryons in a galaxy
of total mass M» is only (Q~/Qx)Mx-10"M,
and not all of this may be able to cool sufficiently
to avoid being stripped along with the loosely
bound gravitinos. Low-velocity gravitinos should
be left behind. Since it is more difficult to eject
gravitinos from deeper potential wells, one ex-
pects larger mass objects to have kept more
dark matter than smaller ones, resulting in a
mass-to-light ratio increasing with scale, a re-
sult which is inferred from recent red-shift
surveys. ' Though M~ defines a galactic scale,
the ability of the central baryons to cool in a
Hubble time is necessary for the formation of
galaxies to occur, and indeed sets a mass scale
as well.

In the X-dominated universe, superclusters
would be identified with the last scale to have
collapsed, perhaps M»-10"M . Holes in the
galaxy distribution would also arise on these
scales, evacuated by infall into superclusters.
The infalling objects (galaxies and clusters)
would presumably be nondissipative by this
stage; this could lead to high velocities. Super-
clusters are observed to be flat, "with low

peculiar velocities, which suggests dissipation
upon formation. These observations favor a v-
dominated universe, in which superclusters and

large holes in the galaxy distribution naturally
appear on scales M„

We have presented computations of the density
fluctuation spectrum in a gravitino-dominated
universe. Galaxy scales are naturally expected
to arise. Even though the theory is an adiabatic
one, clustering is generated in a hierarchical
manner with galaxies forming clusters, then
superclusters as in the White and Rees scenario.
This contrasts with the neutrino-dominated adia-
batic picture in which flat superclusters form
first, and then galaxies arise from pancake
fragmentation, as Zeldovich" originally sug-
gested. The identification of the dark matter
with massive neutrinos or gravitinos therefore
leads to theories of galaxy formation which are
similar to the original adiabatic and isothermal
theories, respectively. Neither can be ruled out
at the present time, but the observational data
on large scale clustering have undergone drama-
tic improvements over the last years and will
ultimately decide which theory is preferred, and

thus shed light on the nature of the dark matter.
Particle physics theories which predict stable,
weakly interacting, neutral. particles must then

be confronted with what is known about galaxy
for mation.
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