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Nonthermal Supermassive Dark Matter
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We discuss several cosmological production mechanisms for nonthermal supermassive dark matter
and argue that dark matter may be elementary particles of mass much greater than the weak scale.
Searches for dark matter should not be limited to weakly interacting particles with mass of the order of
the weak scale, but should extend into the supermassive range as well. [S0031-9007(98)07529-2]
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There is conclusive evidence that the dominant comp
nent of the matter density in the Universe is dark. Th
most striking indication of the existence of dark matte
(DM) is the observations of flat rotation curves for sp
ral galaxies [1], indicating that DM in galactic halos i
about 10 times more abundant than the luminous comp
nent. Dynamical evidence for DM in clusters of galaxie
is also compelling. In terms of the critical density,rC 
3H2

0 M2
Ply8p with H0 ; 100h km sec21 Mpc21 and MPl

the Planck mass, the amount of DM inferred from dynam
ics of clusters of galaxies isVDM ; rDMyrC * 0.3. In
addition, the most natural inflation models predict a fl
universe, i.e.,V0  1, while standard big-bang nucleo
synthesis implies that ordinary baryonic matter can co
tribute at most10% to V0. This means that about90% of
the matter in our Universe may be dark.

It is usually assumed that DM consists of a species o
new, yet undiscovered, massive particle we denote asX.
It is also often assumed that the DM is a thermal reli
i.e., it was in chemical equilibrium in the early Universe

The simple assumption that the DM is a thermal rel
is surprisingly restrictive. The limitVX & 1 implies
that the mass of a DM relic must be less than abo
500 TeV [2]. This upper bound turns out to be fata
to the proposal that DM consists of charged massi
particles (CHAMPs,C 6) [3]. The present experimenta
limits on superheavy hydrogen andC 2p atoms are
compatible with the CHAMP scenario only if they are
more massive than about103 TeV [4]. Similarly, current
limits from underground detectors exclude the possibili
that halo DM consists ofcolored particles of mass less
than 500 TeV. The standard lore is that the hunt for D
should concentrate on particles with a mass of the order
the weak scale and with interaction with ordinary matt
on the scale of the weak force. This has been the drivi
force behind the vast effort in DM detectors.

In view of the unitarity argument, in order to conside
thermal supermassive dark matter, one must invok
for example, late-time entropy production to dilute th
abundance of these supermassive particles [5], rende
4048 0031-9007y98y81(19)y4048(4)$15.00
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the scenario unattractive. [In this paper,supermassive
implies much more massive than the weak scale (abo
100 GeV).]

In this Letter we argue that recent developments
understanding how matter is created in the early Univer
suggests the possibility that DM in the Universe migh
be naturally composed ofnonthermalsupermassive states.
The supermassive dark matter (SDM) particlesX may
have a mass possibly as large as the grand unified the
(GUT) scale. We suggest a number of cosmologic
production mechanisms for nonthermal supermassive da
matter. It is very intriguing that our considerations
resurrect the possibility that the dark matter might b
charged or even strongly interacting.

We discuss four production mechanisms. We first pro
pose production during reheating of the Universe aft
inflation. We point out that, if the reheat temperature
denoted asTRH, the present abundance of SDM is propor
tional to s2000MXyTRHd27, rather than exps2MXyTRHd
as one might naively expect. We then suggest the po
sibility of SDM production in preheating, making use o
previous work that considered production of massive pa
ticles for baryogenesis. We then review the possibilit
of gravitational production of SDM at the end of the in
flationary era. Finally, we propose that SDM might b
created in the collisions of vacuum bubbles in a first-ord
phase transition.

There are two necessary conditions for an SDM sc
nario. First, the SDM must be stable or at least have
lifetime greater than the age of the Universe. This ma
result from, for instance, supersymmetric theories whe
the breaking of supersymmetry is communicated to ord
nary particles via the usual gauge forces [6]. In particu
lar, the secluded and the messenger sectors often h
accidental symmetries analogous to the baryon numb
This means that the lightest particle in those sectors mig
be stable and very massive if supersymmetry is broken
a large scale [7]. Other natural candidates for superma
sive DM arise in theories with discrete gauge symmetrie
[8] and in string theory andM theory [9]. In theM-theory
© 1998 The American Physical Society
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case, stable or metastable bound states of matter in
hidden sector, called cryptons, seem to be favored o
other possible candidates in string orM theory, such as
the Kaluza-Klein states associated with extra dimensio
A specific string model that predicts cryptons as hidde
sector bound states weighing about1012 GeV is exhibited
in [9].

The second condition for SDM is that the particle mu
not have been in equilibrium when it froze out (i.e., it i
not a thermal relic), otherwiseVX would be larger than 1.
(In this paperVi refers to thepresentvalue for species
i.) A sufficient condition for nonequilibrium is that
the annihilation rate (per particle) must be smaller tha
the expansion ratensjyj , H, where n is the number
density,sjyj is the annihilation rate times the Møller flux
factor, andH is the expansion rate. Conversely, if th
SDM was created at some temperatureTp and VX , 1,
then it is easy to show that it could not have attaine
equilibrium. To see this, assumeX ’s were created in a
radiation-dominated universe at temperatureTp. Then
VX is given by VX  VgsTpyT0dmXnXsTpdyrgsTpd,
where T0 is the present temperature. (In this pap
we will ignore dimensionless factors of order unity.
Using the fact thatrgsTpd  HsTpdMPlT 2

p , we find
nXsTpdyHsTpd  sVXyVgdT0MPlTpyMX . Since we may
safely take the limitsjyj , M22

X , nXsTpdsjyjyHsTpd
must be less thansVXyVgdT0MPlTpyM3

X . Thus, the
requirement for nonequilibrium is√

200 TeV
MX

!2√
Tp

MX

!
, 1 . (1)

This implies that, if a nonrelativistic particle withMX *

200 TeV was created atTp , MX with a density low
enough to result inVX & 1, then its abundance mus
have been so small that it never attained equilibrium
Therefore, if there is some way to create SDM in th
correct abundance to giveVX , 1, nonequilibrium is
guaranteed.

An attractive origin for SDM is during the defrosting
phase after inflation. It is important to realize that
is not necessary to convert a significant fraction of th
available energy into massive particles; in fact, it must
an infinitesimal amount. If a fractione of the available
energy density is in the form of a massive, stableX
particle, thenVX  eVgsTRHyT0d, where TRH is the
“reheat” temperature. ForVX  1, this leads to the
limit e & 10217s109 GeVyTRHd. We will discuss how
particles of mass much greater thanTRH may be created
after inflation.

In one extreme we might assume that the vacuu
energy of inflation is immediately converted to radia
tion resulting in a reheat temperatureTRH. In this
case VX can be calculated by integrating the Boltz
mann equation with the initial conditionNX  0 at
T  TRH. One expects theX density to be suppressed
the
ver
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by exps22MXyTRHd; indeed, one findsVX , 1 for
MXyTRH , 25 1 0.5 lnsm2

Xksjyjld, in agreement with
previous estimates [10] that, forTRH , 109 GeV, the
SDM mass would be about2.5 3 1010 GeV.

A second (and more plausible) scenario is that reheati
is not instantaneous, but is the result of the decay of t
inflaton field. In this approach the radiation is produced a
the inflaton decays. The SDM density is found by solvin
the coupled system of equations for the inflaton fiel
energy, the radiation density, and the SDM mass densi
The calculation has been recently reported in Ref. [1
with the resultVX , m2

Xksjyjl s2000TRHyMXd7. Note
that the suppression inMXyTRH is not exponential, but a
power law (albeit a large power). Another crucial featur
is the rather large factor of2000. This implies that, for a
reheat temperature as low as109 GeV, a particle of mass
1012 GeV can be produced in sufficient abundance to giv
VX , 1.

The large difference in SDM masses in the tw
reheating scenarios arises because the peak tempera
is much larger in the second scenario, even with identic
TRH. Because the temperature decreases asa23y8 (a is
the scale factor) during most of the reheating period in th
second scenario, it must have once been much greater t
TRH. If we assume that the radiation spectrum did no
depart grossly from the thermal, the effective temperatu
having once been larger thanTRH implies that the density
of particles with enough energy to create SDM was large
Denoting asT2 the maximum effective temperature for
the second scenario,T2yTRH , sMfyGfd1y4 ¿ 1, where
Gf is the effective decay rate of the inflaton. See [11] fo
details.

Another way to produce SDM after inflation is in a
preliminary stage of reheating called “preheating” [12]
where nonperturbative quantum effects may lead to
extremely effective dissipational dynamics and explosiv
particle production. Particles can be created in a bro
parametric resonance with a fraction of the energy stor
in the form of coherent inflaton oscillations at the end o
inflation released after only a dozen oscillation periods.
crucial observation for our discussion is that particles wit
mass up to1015 GeV may be created during preheating
[13–15], and that their distribution is nonthermal. I
these particles are stable, they may be good candida
for SDM.

To study how the creation of SDM occurs in prehea
ing, let us take the simplest chaotic inflation potentia
V sfd  M2

ff2y2 with Mf , 1013 GeV. We assume
that the interaction term between the SDM and the infl
ton field isg2f2jXj2. Quantum fluctuations of theX field
with momentum$k during preheatingapproximatelyobey
the Mathieu equation,X 00

k 1 fAskd 2 2q cos2zgXk  0,
where q  g2f2y4M2

f, Askd  sk2 1 M2
XdyM2

f 1 2q
(primes denote differentiation with respect toz  Mft).
Particle production occurs above the lineA  2q
in an instability strip of width scaling asq1y2
4049
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for large q. The condition for broad resonance
A 2 2q & q1y2 [12,13], becomes sk2 1 M2

XdyM2
f &

gf̄yMf, which yields E2
X  k2 1 M2

X & gf̄Mf

for the typical energy of particles produced in
preheating. Heref̄ is the amplitude of the oscil-
lating inflaton field [12]. The resulting estimate
for the typical energy of particles at the end o
the broad resonance regime forMf , 1026MPl is
EX , 1021g1y2pMfMPl , g1y21015 GeV. Supermas-
sive X bosons can be produced by the broad parame
resonance forEX . MX , which leads to the estimate tha
X production will be possible ifMX , g1y21015 GeV.
For g2 , 1 one would have copious production ofX
particles as heavy as1015 GeV, i.e., 100 times greater
than the inflaton mass, which may be many orders
magnitude greater than the reheat temperature. In fa
in an expanding universeMf and f̄ are time-dependent
quantities and one should not only have a very large fie
at the very beginning of the process of preheating, b
also haveE2

X & gf̄Mf until the end of preheating [16].
These considerations lead to an estimate of the up
bound onMX slightly smaller than1015g1y2 GeV [16].
Scatterings ofX fluctuations off the zero mode of the
inflaton field considerably limit the maximum magnitud
of X fluctuations to bekX2lmax ø M2

fyg2 [17]. For
example, kX2lmax & 10210M2

Pl if MX  10 Mf. This
restricts the corresponding number density of createdX
particles.

For a reheating temperature of the order o
100 GeV, the present abundance of SDM with ma
MX , 1014 GeV is VX , 1 if e , 10210. This small
fraction corresponds tokX2l , 10212M2

Pl at the end of
the preheating stage, a value naturally achieved for SD
masses in the GUT range [17]. The creation of SD
through preheating and, therefore, the prediction of t
present value ofVX are very model dependent. The
evolution of the background inflaton field responsible fo
the X production will be determined by its coupling to
other fields since only a negligible fraction of its energ
can go into SDM. We feel very encouraged, howeve
that it is possible to produce supermassive particl
during preheating that are as massive as1012TRH.

Another possibility which has been recently invest
gated is the production of very massive particles by gra
tational mechanisms [18,19]. In particular, the desire
abundance of SDM may be generated during the tra
sition from the inflationary phase to a matter/radiation
dominated phase as the result of the expansion of
background spacetime acting on vacuum fluctuations
the dark matter field [18]. A crucial aspect of inflationar
scenarios is the generation of density perturbations. A
lated effect, which does not seem to have attracted mu
attention, is the possibility of producing matter fields du
to the rapid change in the evolution of the scale fact
around the end of inflation. Contrary to the first effect, th
4050
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second one contributes to the homogeneous backgro
energy density that drives the cosmic expansion and is
sentially the familiar “particle production” effect of rela-
tivistic field theory in external fields.

Very massive particles may be created in a nontherm
state in sufficient abundance for critical density today b
classical gravitational effect on the vacuum state at t
end of inflation. Mechanically, the particle creation sce
nario is similar to the inflationary generation of gravita
tional perturbations that seed the formation of large sca
structures. However, the quantum generation of ener
density fluctuations from inflation is associated with th
inflaton field which dominated the mass density of th
Universe and not a generic, subdominant scalar field.

If 0.04 & MXyHe & 2 [18], whereHe is the Hubble
constant at the end of inflation, DM produced gravitatio
ally can have a density today of the order of the crit
cal density. This result is quite robust with respect to th
fine details of the transition between the inflationary pha
and the matter-dominated phase. The only requiremen
that sHey1026MPld2sTRHy109 GeVd * 1022. The obser-
vation of the cosmic background radiation anisotropy do
not fix uniquelyHe, but usingTRH &

p
MPlHe, we find

that the mechanism is effective only whenHe * 109 GeV
(or MX * 108 GeV).

The distinguishing feature of this mechanism [18] is th
capability of generating particles with mass of the ord
of the inflaton mass even when the SDM only interacts e
tremely weakly (or not at all) with other particles, includin
the inflaton. This feature makes the gravitational produ
tion mechanism quite model independent and, therefo
more appealing to us than the one occurring at preheati

Supermassive particles may also be produced in th
ories where inflation is completed by a first-order pha
transition [20]. In these scenarios, the Universe deca
from its false vacuum state by bubble nucleation [21
When bubbles form, the energy of the false vacuum
entirely transformed into potential energy in the bubb
walls, but as the bubbles expand, more and more of th
energy becomes kinetic and the walls become highly re
tivistic. Eventually the bubble walls collide.

During collisions, the walls oscillate through each oth
[22] and the kinetic energy is dispersed into low-energ
scalar waves [22,23]. If these soft scalar quanta ca
quantum numbers associated with some spontaneou
broken symmetry, they may even lead to the phenom
non of nonthermal symmetry restoration [24]. We ar
however, more interested in the fate of the potential e
ergy of the walls,MP  4phR2, whereh is the energy
per unit area of the bubble with a radius ofR. The bub-
ble walls can be imagined as a coherent state of inflat
particles, so that the typical energyE of the products of
their decays is simply the inverse thickness of the wa
E , D21. If the bubble walls are highly relativistic when
they collide, there is the possibility of quantum productio
of nonthermal particles with mass well above the mass
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the inflaton field, up to energyD21  gMf, g being the
relativistic Lorentz factor.

Suppose now that the SDM is some fermionic degre
of freedom X and that it couples to the inflaton field
by the Yukawa couplinggfXX. One can treatf (the
bubbles or walls) as a classical, external field and the SD
as a quantum field in the presence of this source. We
thus ignoring the backreaction of particle production o
the evolution of the walls, but this is certainly a good ap
proximation in our case. The number of SDM particle
created in the collisions from the wall’s potential energ
is NX , fXMPyMX , wherefX parametrizes the fraction
of the primary decay products that are supermassive D
particles. The fractionfX will depend in general on the
masses and the couplings of a particular theory in questi
For the Yukawa couplingg, it is fX . g2 lnsgMfy2MXd
[23,25]. Supermassive particles in bubble collisions a
produced out of equilibrium and they never attain chem
cal equilibrium. AssumingTRH . 100 GeV, the present
abundance of SDM isVX , 1 if g , 1025a1y2. Here
a21 ø 1 denotes the fraction of the bubble energy at nu
cleation which has remained in the form of potential energ
at the time of collision. This simple analysis indicates th
the correct magnitude for the abundance ofX particles may
be naturally obtained in the process of reheating in theor
where inflation is terminated by bubble nucleation.

In conclusion, we have suggested that DM may b
elementary supermassive dark matter. Its mass m
greatly exceed the electroweak scale, perhaps as the G
scale. This is possible because the SDM was crea
in a nonthermal state and has never reached chem
equilibrium, thus avoiding the unitarity upper bound o
about 102 TeV. We have reviewed a number of way
SDM may be created. If reheating after inflation i
preceded by a preheating stage, it is certainly possib
to produce by resonance effects copious amounts of d
matter particles much heavier than the inflaton mass. W
have also argued that the same may occur if inflatio
is completed by a first-order phase transition. The
two scenarios are based on several assumptions ab
the structure of the theory, coupling constants, and t
reheating temperature, but it is comfortable that th
desirable abundance of nonthermal massive relics m
be generated. Nonthermal SDM may be also creat
gravitationally at the end of inflation, with a significan
mass range for which the SDM particles will have critica
density today regardless of the fine details of the inflatio
matter/radiation transition. This production mechanis
involves the dynamics between the classical gravitation
field and a quantum field; it needs no fine-tuning of fiel
couplings or any coupling to the inflaton field. We ar
excited that the recent developments in understandi
how matter is created in the early Universe suggests th
DM might be supermassive and resurrect the possibil
e
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that it might be charged or even strongly interacting. Th
implications of these fascinating options will be discusse
elsewhere [26].
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