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The thermal history of the universe before the epoch of nucleosynthesis is unknown. The maximum tem-
perature in the radiation-dominated era, which we will refer to as the reheat temperature, may have been as low
as 0.7 MeV. In this paper we show that a low reheat temperature has important implications for many topics
in cosmology. We show that weakly interacting massive particles~WIMP’s! may be produced even if the
reheat temperature is much smaller than the freeze-out temperature of the WIMP, and that the dependence of
the present abundance on the mass and the annihilation cross section of the WIMP differs drastically from
familiar results. We reexamine predictions of the relic abundance and resulting model constraints of super-
symmetric dark matter, axions, massive neutrinos, and other dark matter candidates, nucleosynthesis con-
straints on decaying particles, and leptogenesis by decay of superheavy particles. We find that the allowed
parameter space of supersymmetric models is altered, removing the usual bounds on the mass spectrum; the
cosmological bound on massive neutrinos is drastically changed, ruling out Dirac~Majorana! neutrino masses
mn only in the range 33 keV&mn&6 ~5! MeV, which is significantly smaller from the standard disallowed
range 94 eV&mn&2 GeV ~this implies that massive neutrinos may still play the role of either warm or cold
dark matter!; the cosmological upper bound on the Peccei-Quinn scale may be significantly increased to 1016

GeV from the usually cited limit of about 1012 GeV; and that efficient out-of-equilibrium grand unified theory
GUT baryogenesis and/or leptogenesis can take place even if the reheat temperature is much smaller than the
mass of the decaying superheavy particle.

DOI: 10.1103/PhysRevD.64.023508 PACS number~s!: 98.80.Cq
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I. INTRODUCTION

The initiation of the radiation-dominated era of the un
verse is believed to result from the decay of coherent os
lations of a scalar field whose energy dominated the unive
before decay. The decay of the coherent oscillations of
scalar field and the subsequent thermalization of the de
products is known as reheating.1

The reheat process is often associated with the final s
of inflation. However, reheating could have been episod
with several reheat events after inflation. We will be inte
ested in the final reheating before primordial nucleosynt
sis, which may just as well have been the result of the de
of a weakly coupled scalar field unrelated to inflation, f
instance a modulus. For this reason the scalar fieldf, whose
decay leads to reheating, will not be referred to as the in
ton.

*On leave of absence from INFN, Sezione di Padova, Pad
Italy.

1While we discuss reheating as the decay of coherent field o
lations, we only make use of the fact that the energy density
coherent field oscillations scales in expansion asa23, wherea is the
Friedmann-Robertson-Walker scale factor. One could just as e
imagine that the universe is dominated by some unstable mas
particle species, rather than coherent oscillations of a scalar fie
0556-2821/2001/64~2!/023508~20!/$20.00 64 0235
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A common assumption is that many of the interesti
cosmological phenomena accessible to present-day obs
tions occurred after reheating, during the radiatio
dominated phase of the early universe. This seems to b
reasonable assumption, since inflation@1# erases any initial
condition on the number densities of ordinary particle
while the reheat process repopulates the universe. The
sumption of an initial condition of thermal and chemic
equilibrium in a radiation-dominated universe is then equi
lent to the hypothesis that the maximum temperature
tained during the radiation-dominated era,TRH , is larger
than characteristic temperatures of cosmological proce
under investigation.

The fact that we have no physical evidence of t
radiation-dominated era before the epoch of nucleosynth
~i.e., temperatures above about 1 MeV! is a simple, but cru-
cial, point. Therefore,a priori one should considerTRH as an
unknown quantity that can take any value as low as abo
MeV. Indeed, there are good physical motivations for stu
ing cosmologies with very lowTRH .

In theories in which the weakness of gravity is explain
by large compactified extra dimensions@2#, emission of
Kaluza-Klein gravitons in the bulk constrains the normal
temperature at which the radius of the compactified dim
sions is stabilized with vanishing energy density in the co
pactified space to be in the MeV to GeV region@3#. In prac-
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tice, the stabilization occurs in a post-inflationary phase,
therefore we can identify the normalcy temperature w
TRH .

Supergravity and superstring theories usually have p
ticles, such as a gravitino or a modulus, with only gravi
tional interactions. Late decay of these particles may jeop
dize the success of standard big-bang nucleosynthesis@4#.
This problem can be solved by assuming sufficiently l
TRH , of the order of 108–1010 GeV @5#. Moreover, it has
been recently realized@6# that nonthermal production o
these gravitational relics during the inflationary phase
impose upper bounds onTRH as low as 100 GeV.

In this paper, we will show that the phenomenologic
point of view that the reheat temperature may be as low a
MeV has rich implications for particle dark matter, neutrin
mass limits, axion cosmology, and baryogenesis.

The key point of our considerations is that reheating is
an instantaneous process. On the contrary, the radia
dominated phase follows a prolonged stage of matter do
nation during which the energy density of the universe
dominated by the coherent oscillations of the fieldf. The
oscillations start at timeHI

21 and end when the age of th
universe becomes of order of the lifetimeGf

21 of the scalar
field. At timesHI

21&t&Gf
21 the dynamics of the system i

quite involved. During this stage the energy density per
moving volume of thef field decreases as exp(2Gft) and
the light decay products of the scalar field thermalize. T
temperatureT of this hot plasma, however, does not scale
T}a21 as in the ordinary radiation-dominated phase (a is
the Friedmann-Robertson-Walker scale factor! @7–9#, but
reaches a maximumTMAX;(HIM Pl)

1/4TRH
1/2 (M Pl is the

Planck mass! and then decreases asT}a23/8, signaling the
continuous release of entropy from the decays of the sc
field. This scaling continues until the timet;Gf

21 when the
radiation-dominated phase commences with tempera
TRH . Therefore, before reheating is completed, for a giv
temperature the universe expands faster than in the radia
dominated phase. Notice thatTRH is not the maximum tem-
perature during the reheat process. On the contrary,TMAX
can be much larger thanTRH . The behavior of the univers
during reheating is discussed in detail in Sec. II.

In Sec. III we use these results to compute the relic ab
dance of a dark-matter species~X! produced during reheat
ing. We consider the case thatTRH is smaller than theX
freeze-out temperature.2 Although naively one might expec
a negligibleX number density under these circumstances,
find that theX relic density can reach cosmologically inte
esting values. We also show that because of entropy rel
during the reheat stage, for a given mass and cross se
the presentX abundance is smaller than obtained assum
freeze out in the radiation-dominated era. This relaxes
bounds coming from requiring thatVXh2&1. Moreover, the
parametric dependence on the mass and the annihila
cross section of the present abundance is nonstandard. T
fore, most of the cosmological constraints on specific part

2For a different perspective, see Ref.@10#.
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properties have to be revisited.
The value of the maximum temperature during reheati

TMAX , delineates different regions for our results. IfTMAX is
smaller than theX mass,X particles generated by collision
in the thermal bath during the coherentf oscillations are
always nonrelativistic. If the cross section is small enou
the X particles do not reach chemical equilibrium and t
present abundance isproportional to the cross section,VX
}^sAuvu&, in contrast with the usual radiation-dominate
case in whichVX}^sAuvu&21. Avoiding overclosure of the
universe imposes alower bound on the annihilation cros
section. On the other hand, if theX particles reach chemica
equilibrium before reheating is completed, the ratio of theX
number density to entropy density in a comoving volum
does not stop decreasing when the particles freeze out
cause entropy is released until reheating is over. Theref
the present abundance does not depend only on^sAuvu&21

~as in the standard case!, but also on the reheat temperatu
TRH : the lower TRH , the smaller the abundance. We w
provide a formula forVX which reproduces both the stan
dard result whenTRH is equal to the freeze-out temperatu
of the relic particle and the nonstandard resultVX}^sAuvu&
when the value cross section becomes smaller than s
critical value.

If TMAX andTRH are larger than theX mass, we will show
that the relevant processes determining the presentX abun-
dance occur during reheating or afterwards.

An important result is thatTMAX ~or equivalentlyHI) is
relevant when deciding ifX is relativistic or not, but does no
appear in the final expression for the relic abundance. Th
fore, onceTMAX has determined the pertinent case,VX de-
pends on the physics of thef field only throughTRH . It is
easy to understand why. TheX number density results from
the competition of two rates, the interaction rate and
expansion rate of the universe. Before reheating is comple
the expansion rate depends only onTRH , H;T4/TRH

2 M Pl ,
and therefore the final abundance depends only uponTRH .

In Sec. IV we discuss the applications of our findings
some popular cold dark matter candidates. Here, we prev
some of our results.

While excluded in the usual scenario, thermal weakly
teractive massive particles~WIMPs! with mass larger than
the unitarity bound of a few hundred TeV@11# may be viable
dark matter candidates in low reheat models.

Of the many WIMP candidates, the best motivated see
to be the neutralino, the lightest supersymmetric parti
~LSP! @12#. In the case in which the LSP is mainly a Bin
requiringVB&1 gives an upper bound on the slepton ma
m̃l R

@13–15#. However, once we relax the assumption th
the reheat temperature is higher than the freeze-out temp
ture of the WIMP, we will show that the upper bound onm̃l R
is drastically relaxed and may completely disappear. T
same argument can be applied to other supersymmetric
didates.

Another striking application for dark matter that illus
trates our point is the computation of the relic abundance
massive neutrinos. The well-known cosmological Cows
McClelland–Lee-Weinberg bound@16,17# rules out neutri-
8-2
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LARGEST TEMPERATURE OF THE RADIATION ERA . . . PHYSICAL REVIEW D64 023508
nos more massive than roughly 90 eV and lighter th
around 2 GeV. This result has a significant impact in c
mology, ruling out, for instance, the possibility that neutrin
are warm dark matter. This standard result, however,
sumes that the reheat temperature is much higher tha
MeV and that neutrinos have been in chemical equilibri
up to temperatures of the order of 1 MeV. We will show th
if the reheat temperature is as small as allowed by big-b
nucleosynthesis, then massive, stable Dirac~Majorana! neu-
trinos are compatible with cosmology if they are lighter th
about 33 keV or heavier than about 6~5! MeV. This implies,
for instance, that neutrinos may still be warm or cold da
matter and play a significant role in other cosmological
astrophysical phenomena.

We then proceed by investigating the implications o
low reheat temperature for axion cosmology. It is w
known that in the standard scenario the oscillations of
axion field generated by the misalignment mechanism o
close the universe unless the Peccei-Quinn scale,f PQ , is
smaller than about 1012 GeV. This bound, however, is ob
tained assuming that the reheat temperature is larger tha
QCD scale. When this assumption is abandoned, the cos
logical upper bound onf PQ is significantly relaxed tof PQ
&1016 GeV if TRH;1 MeV.

If the X particle has a nonvanishing but small decay li
time tX , its decay products may destroy the light eleme
generated during primordial nucleosynthesis. This gi
strong constraints in the plane (MX ,tX) @18# that are very
sensitive to the number density of the speciesX at freeze out.
Lowering the reheat temperature implies a smaller num
density and therefore much less restrictive bounds.

These results all imply that presently stated cosmolog
limits may not always be relevant in limiting particle pro
erties such as the supersymmetric mass spectra in the ex
mentally verifiable range of future colliders.

As a last application, in Sec. V we analyze the product
of unstable superheavy states during the process of rehea
keeping in mind the possibility that the subsequent deca
these states may generate the observed baryon asymm
The fact thatTMAX is larger than the reheat temperature m
give rise to an efficient production of these superhea
states. As a result, out-of-equilibrium grand unified theo
~GUT! baryogenesis and/or leptogenesis can take place
if the reheat temperature is much smaller than the mas
the superheavy decaying particle. This is particularly use
in supersymmetric scenarios whereTRH has to be low
enough to avoid the overproduction of gravitinos and ot
dangerous relics.

Finally, Sec. VI summarizes our results.

II. THE DYNAMICS OF REHEATING

A. The relevant Boltzmann equations

In this section we study the Boltzmann equations for
time evolution of a system whose energy density is in
form of unstable massive particlesf, stable massive par
ticles X, and radiationR ~other similar studies can be foun
in Refs.@7–9,19–21#!. We assume thatf decays into radia-
tion with a rateGf , and that theX particles are created an
02350
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annihilate into radiation with a thermal-averaged cross s
tion times velocity ^sv&. The corresponding energy an
number densities satisfy the differential equations@7#

drf

dt
523Hrf2Gfrf , ~1!

drR

dt
524HrR1Gfrf1^sv&2^EX&@nX

22~nX
eq!2#, ~2!

dnX

dt
523HnX2^sv&@nX

22~nX
eq!2#. ~3!

Here, we assume that eachX has energŷ EX&.AM219T2

and the factor 2̂EX& is the average energy released inX
annihilation. Later we will assumerX5^EX&nX . The Hubble
expansion parameterH is given by

H25
8p

3M Pl
2 ~rf1rR1rX!. ~4!

The equilibrium number density for particles obeyin
Maxwell-Boltzmann statistics can be expressed in terms
K2, the modified Bessel function of the second kind:

nX
eq5

gT3

2p2 S MX

T D 2

K2~MX /T!

→ gT3

p2
~T@M !

→gS MXT

2p D 3/2

exp~2MX /T! ~T!M !, ~5!

where g is the number of degrees of freedom of th
X-particle species.

For cosmological considerations it is more appropriate
expressGf in terms of the reheat temperatureTRH using the
conventional expression

Gf5A4p3g* ~TRH!

45

TRH
2

M Pl
, ~6!

whereg* (T) describes the effective number of degrees
freedom at temperatureT. This expression definesTRH .

Next, we express Eqs.~1!–~3! in terms of dimensionless
variables and convert time derivatives to derivatives w
respect to the scale factora. The dimensionless variables w
choose are

F[rfTRH
21a3; R[rRa4; X[nXa3; A[a/aI . ~7!

The choice ofTRH
21 in the definition ofF is for convenience;

any mass scale would suffice. The factoraI will be chosen as
the initial value of the scale factor for the integration. Sin
no physical result can depend upon the choice ofaI , we are
free to choose
8-3
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aI5TRH
21 . ~8!

In terms of the new variables, Eqs.~1!–~3! become

dF

dA
52S p2g*

30
D 1/2 A1/2F

AF1R/A1X^EX&/TRH

, ~9!

dR

dA
5S p2g*

30
D 1/2 A3/2F

AF1R/A1X^EX&/TRH

1S 3

8p
D 1/2 A23/2^sv&2^EX&M Pl

AF1R/A1X^EX&/TRH

~X22Xeq
2 !,

~10!

dX

dA
52S 3

8p
D 1/2 A25/2^sv&M PlTRH

AF1R/A1X^EX&/TRH

~X22Xeq
2 !.

~11!

At early times the energy density of the universe is co
pletely dominated by thef field. The initial value of thef
energy density can be expressed in terms of the initial
pansion rate,HI , asrf5(3/8p)M Pl

2 HI
2 . Therefore, we will

solve Eqs.~9!–~11! choosing the following initial conditions

F I5
3

8p

M Pl
2 HI

2

TRH
4

, RI5XI50, AI51. ~12!

B. The temperature-scale factor relation

During the epoch between the initial time,HI
21 , and the

completion of reheating at timeGf
21 , the temperature of the

universe does not scale asT;a21 as in the radiation-
dominated era, but follows a different law@7#. This unusual
relation between the temperature and the scale factor,
rived below, will significantly affect the calculation of th
relic abundance ofX particles.

The temperature of the system is measured by the ra
tion energy density, and thereforeT is related toR by

T5F 30

p2g* ~T!
G 1/4

R1/4

A
TRH . ~13!

At early times (H@Gf), we can approximate the right-han
side of Eq.~10! by retaining only the terms proportional t
thef energy density and by takingF.F I . The solution of
Eq. ~10! then becomes

R.
2

5 S p2g*
30 D 1/2

~A5/221!F I
1/2. ~14!

Using this result in Eq.~13! we obtain the expression fo
the temperatureT as a function of the scale factor

T5TMAX f ~A!, ~15!

whereTMAX and f (A) are given by
02350
-

x-

e-

ia-

TMAX[S 3

8D 2/5S 5

p3D 1/8
g
*
1/8~TRH!

g
*
1/4~TMAX !

M Pl
1/4HI

1/4TRH
1/2

5Fg* ~TRH!

10 G1/8F 10

g* ~TMAX !G
1/4S HI

eVD 1/4

3S TRH

100 MeVD
1/2

42 GeV,

f ~A![k~A23/22A24!1/4. ~16!

The constantk is defined as

k[S 88

3355D 1/20
g
*
1/4~TMAX !

g
*
1/4~T!

51.3
g
*
1/4~TMAX !

g
*
1/4~T!

. ~17!

The function f (A) starts as zero, then grows untilA0
5(8/3)2/5, where it reaches its maximumf (A0)51 ~corre-
sponding toT5TMAX), and then decreases asA23/8. There-
fore, for A.A0, Eq. ~15! can be approximated by

T.kTMAXA23/85F 9g* ~TRH!

5p3g
*
2 ~T!

G 1/8

M Pl
1/4HI

1/4TRH
1/2A23/8.

~18!

This result shows that during the phase before reheating
temperature has a less steep dependence on the scale
than in the radiation-dominated era. In other words, as
temperature decreases, the universe expands faster befo
heating than in the radiation-dominated epoch. Notice a
that TMAX can be much larger thanTRH , as long asHI

.TRH
2 /M Pl .

C. The temperature-expansion rate relation

Next, consider the temperature dependence of the ex
sion rateH during the epoch of reheating. Between the tim
whenTMAX is obtained and the decay timeGf

21 , the scalar
field energy density scales asrf5F ITRH

4 A23. Since H2

.(8p/3)rf /M Pl
2 , we can expressH as

H25
8p

3

F ITRH
4 A23

M Pl
2

. ~19!

Now we can use Eq.~18! to expressA in terms ofT, with the
result

H5F5p3g
*
2 ~T!

9g* ~TRH!
G1/2 T4

TRH
2 M Pl

. ~20!

This result can be compared to the result for a radiati
dominated universe (H}T2) and a matter-dominated un
verse (H}T3/2).

III. CALCULATION OF THE RELIC ABUNDANCE

In this paper we are interested in the situation in wh
the X particles never obtain chemical equilibrium in th
8-4
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LARGEST TEMPERATURE OF THE RADIATION ERA . . . PHYSICAL REVIEW D64 023508
radiation-dominated era after reheating.3 This means that
TRH must be smaller than the conventional freeze-out te
perature~roughly equal toMX/20 for nonrelativistic, weakly
interacting particles!. In this situation we can encounter se
eral possibilities. In the first case, theX particles are always
nonrelativistic and never in chemical equilibrium, either b
fore or after reheating. In the second case, the nonrelativ
X particles reach chemical equilibrium, but then freeze
before the completion of the reheat process. Finally, we
consider the case when the relevant processes of particle
duction and freeze out occur before reheating at temperat
at which X is still relativistic. In this section, we will com-
pute theX thermal relic abundance in all these cases.

In principle, the relic abundance could receive contrib
tions from other sources, like the directf decay intoX par-
ticles @22#, or from the production and decay of heavy pa
ticles eventually decaying intoX. In this paper we will ignore
these model-dependent effects and therefore our calcula
can be viewed as a lower bound on theX abundance.

The nonrelativistic and relativistic cases are discrimina
by the conditionsMX.TMAX andMX,TMAX , respectively.
This translates into a condition onHI ; for instance, the non-
relativistic case corresponds to

HI,S 8

3D 8/5S p3

5 D 1/2g* ~TMAX !

g
*
1/2~TRH!

MX
4

M PlTRH
2

5Fg* ~TMAX !

10 GF 10

g* ~TRH!G
1/2S MX

100 GeVD
4

3S 100 MeV

TRH
D 2

31 eV. ~21!

In this paper we will treatTRH andTMAX as free parameter
and we will not rely on particular models of inflation orf
decay. Nevertheless, it is useful to show what kind off
physics can give rise to the different cases considered in
section. First of all, we are interested in very low rehe
temperatures. This can be achieved iff has a typical gravi-
tational decay widthGf;Mf

3 /M Pl
2 , for which

TRH;S 10

g*
D 1/4S Mf

100 TeVD
3/2

4 MeV. ~22!

The value ofTMAX is determined by the initialf energy
density. IfMf is the mass scale characterizing the physics
f, we can expectrf(aI);Mf

4 . This happens, for instance
in hybrid models of inflation. In this case we find

3Here we make the usual distinction between chemical equ
rium and kinetic equilibrium. Kinetic equilibrium can be achieve
by X-number conserving scatterings, such asgX↔gX (g repre-
sents a light degree of freedom like a photon!. Chemical equilib-
rium can only be achieved by processes that change the numb
X particles, such asXX↔gg. For massive particles the cross se
tion for the second process may be orders of magnitude sm
than the cross section for the first process, and it is possibl
assume kinetic equilibrium but not chemical equilibrium.
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TMAX;S 10

g*
D 1/4S Mf

100 TeVD
5/4

10 GeV. ~23!

On the other hand, in the case of chaotic inflation, one
pects that thef field has an initial value of the order of th
Planck mass and thereforerf(aI);Mf

2 M Pl
2 . This leads to

TMAX;S 10

g*
D 1/4S Mf

100 TeVD 30 TeV. ~24!

For an X particle with typical electroweak mass and f
Mf;100 TeV, the two options correspond to the nonrelat
istic and relativistic case, respectively.

A. Nonrelativistic nonequilibrium production and freeze out

Let us suppose that theX particles are always nonrelativ
istic and the condition in Eq.~21! is satisfied. Since we are
considering the case in whichX does not reach chemica
equilibrium (X!Xeq), at early times, Eq.~11! can be ap-
proximated by

dX

dA
5S 3

8p D 1/2

A25/2^sv&M PlTRH Xeq
2 F I

21/2. ~25!

The equilibrium distribution in the nonrelativistic limit is

Xeq5gA3S MXT

2pTRH
2 D 3/2

exp~2MX /T!, ~26!

whereg is the number of degrees of freedom of the parti
X and the temperatureT is given by Eq.~18!. We express the
thermal-averaged annihilation cross section times velocity

^sv&[
1

MX
2 S as1

T

MX
apD . ~27!

Here the dimensionless coefficientsas andap describe, re-
spectively, thes-wave andp-wave annihilations in a nonrel
ativistic expansion of the cross section. Using Eqs.~12!,
~18!, ~26!, and~27! in Eq. ~25!, we obtain

dX

dA
5

g2

~2p!3

MXk3TMAX
3

HITRH
3

expS 2
2MX

kTMAX
A3/8D

3S asA
19/81apA2

kTMAX

MX
D . ~28!

We will find the solution forX(`) as a Gaussian-integra
approximation to Eq.~28!. Although Eq.~28! is valid only at
early times, we will integrate it in the full range betweenA
50 and A5`. This is a good approximation because t
exponential suppression makes the right-hand side of
~28! negligible anywhere outside a small interval of sca
factors centered aroundA5A* , with

A* 5S 17

2

kTMAX

2MX
D 8/3

for s wave, ~29!
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A* 5S 15

2

kTMAX

2MX
D 8/3

for p wave. ~30!

Using Eq.~18!, we find thatA* corresponds to a temperatu
T* 54MX/17 for the s-wave and T* 54MX/15 for the
p-wave. Therefore,T* is the temperature at which most o
the X-particle production takes place. We will assumeT*
,TMAX or else the finalX-particle density is suppressed by
very small exponential function. The Gaussian-integral
proximation to Eq.~28! is4

X`5
8g2MX

4A2p

3p3HITRH
3 S kTMAX

2MX
D 12

3exp~217/2!S 17

2 D 17/2S as1
ap

4 D . ~31!

Next we want to relateX` to the mass density ofX par-
ticles today. After particle production stops atA.A* , the
factor X}nXA35X` remains constant. Therefore, at rehe
ing

rX~TRH!5MXnX~TRH!5MXX`TRH
3 ARH

23 , ~32!

where from Eq.~18!

ARH
235S TRH

kTMAX
D 8

5
5p3g* ~TRH!TRH

4

9M Pl
2 HI

2
. ~33!

Also, at reheating the radiation energy density is

rR~TRH!5
p2

30
g* ~TRH!TRH

4 . ~34!

After the completion of reheating the universe is radiat
dominated, and

rX~Tnow!

rR~Tnow!
5

T

Tnow

rX~T!

rR~T!
. ~35!

Of course the extraction of energy from the scalar field is
an instantaneous process, but we can useT5TRH in Eq. ~35!
and correct for the entropy release afterTRH . It is straight-
forward to demonstrate~see the Appendix! that relatively
independent of the model parameters, only about 25% of
comovingf energy density has been extracted atT5TRH .
At temperatures smaller thanTRH some residual entropy i
released by the decays of the scalar field till the time wh
the energy density in radiation significantly dominates o
the energy density of the scalar field. One can show
~again nearly independent of model parameters! the comov-

4The result of the Gaussian integration in Eq.~31! is a very good
approximation of the exact integral, which is give
by X`5(8g2MX

5)/(3p3HI)@asf s(2MX /kTmax)1apf p(2MX /
kTmax)#, where f s(x)5exp(2x)8!(k50

8 xk212/k! .A2p(17/
2)17/2exp(217/2)x212 and f p(x)5exp(2x)(8!/4)(k50

7 xk212/k!
.2A2p(15/2)15/2exp(215/2)x212. f s(x)/4.
02350
-

-

t

e

n
r
at

ing entropy increases by about a factor of 8 afterTRH .
Therefore all the analytic estimates should be divided b
factor of 8. This is confirmed by numerical calculations
shown in Sec. III E. The reader is referred to the Appen
for more details.

From Eq.~35! with T5TRH and the extra factor of 1/8
we obtain an estimate for the present energy density oX
particles in units of the critical density

VXh25
3A10~17/2e!17/2

2048p6

g2g
*
3/2~TRH!

g
*
3 ~T* !

3
M PlTRH

7

MX
7Tnow

~as1ap/4! VRh2

52.13104S g

2D 2Fg* ~TRH!

10 G3/2F 10

g* ~T* !G
3

3S 103TRH

MX
D 7

~as1ap/4!

~nonrelativistic nonequilibrium

production during reheating era!. ~36!

Here we have usedTnow52.35310213GeV and VRh2

54.1731025, including the contributions from the cosmi
background radiation and from neutrinos.

Notice that in this caseVX is proportional to the annihi-
lation cross section, instead of being inversely proportion
as in the case of the usual thermal relic abundance calc
tion in a radiation-dominated universe.

The basic assumption used in this section is that thX
particles never reach thermal equilibrium. This hypothe
holds if at the time of maximum particle production theX
number density is less than the equilibrium value,X`

,Xeq(T* ). Using Eqs.~26! and ~31!, we find that this con-
dition corresponds to a limit on the annihilation cross sect
as,ās for the s-wave orap,āp for the p-wave, with

ās5
4A10p5/2e17/4

289

g* ~T* !

gg
*
1/2~TRH!

MX
3

M PlTRH
2

57310210
2

g Fg* ~T* !

10 GF 10

g* ~TRH!G
1/2S MX

100 GeVD
3

3S 100 MeV

TRH
D 2

, ~37!

āp5
2A10p5/2e15/4

15

g* ~T* !

gg
*
1/2~TRH!

MX
3

M PlTRH
2

5431029
2

g Fg* ~T* !

10 GF 10

g* ~TRH!G
1/2S MX

100 GeVD
3

3S 100 MeV

TRH
D 2

. ~38!
8-6
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In the nonequilibrium case considered in this section,
find that there is a maximum value ofVX that can be
achieved. This is obtained by replacing the constraintas

,ās into Eq. ~36!,

VXh2,131025
g

2 Fg* ~TRH!

10 GF 10

g* ~T* !G
2

3S TRH

100 MeVD
5S 100 GeV

MX
D 4

. ~39!

A similar constraint can be obtained in the case ofp-wave
annihilation.

To conclude this section, we want to show that for t
case under consideration the process of particle produc
always freezes out before reheating, i.e.,

H~A* !.Gf . ~40!

Since the universe is matter dominated by thef field, H
scales likeA23/2 and thereforeH(A* )5HIA*

23/2. Using Eqs.
~29!,~30!, we find that the relation in Eq.~40! is satisfied
whenever MX.3TRH . This condition is always verified
once we assume that theX particles do not thermalize afte
reheating.

B. Nonrelativistic equilibrium production and freeze out

We will now consider the case in which the annihilatio
cross section is large (as.ās or ap.āp) and theX particle
species reaches chemical equilibrium before reheating~this
case is also discussed in Ref.@19#!. The calculation ofVX is
now analogous to the ordinary calculation of thermal re
abundances. However, the result is different because th
lation between temperature and scale factor is not the s
as in the ordinary case of a radiation-dominated universe

The freeze-out temperatureTF is obtained by solving for
the condition

nX
eq~TF!^sv&5H~TF!. ~41!

HerenX
eq5XeqA

23TRH
3 is the equilibrium number density o

X particles and the expansion rateH as a function of tem-
perature was expressed in Eq.~20!.

Defining xF[MX /TF , the condition in Eq.~41! can be
written as

xF5 lnF 3

2A10p3

gg
*
1/2~TRH!

g* ~TF!

M PlTRH
2

MX
3 ~asxF

5/215apxF
3/2/4!G .

~42!

The factor 5/4 in front of thep-wave term has been added
match the analytic solution of the Boltzmann equation. N
tice that Eq.~42! admits a solution only foras.1.5ās or
ap.0.4āp , in nice agreement with the starting assumpti
on the annihilation cross section.

For comparison, we remind the reader that in the cas
a radiation-dominated universe the expansion rate isH
5A4p3g* /45T2/M Pl and the analog to Eq.~41! is
02350
e

on

re-
e

-

of

xF5 lnF 3A5

4A2p3

g

g
*
1/2~TF!

M Pl

MX
~asxF

1/212apxF
21/2!G .

~43!

In order to computeVX we can use Eq.~35! ~again with
the understanding that there will be an overall correction d
to the fact that the reheating process is not complete atTRH)
to derive the result

rX~TRH!5S g* ~TRH!

g* ~TF! D 2S TRH

TF
D 8

rX
eq~TF!

5
g

~2p!3/2 S g* ~TRH!

g* ~TF! D 2 TRH
8

MX
4

xF
13/2exp~2xF!.

~44!

Thus we obtain, in the case where decoupling occurs du
reheating, the result

VXh25
5A5

4Ap

g
*
1/2~TRH!

g* ~TF!

TRH
3

TnowMXM Pl

3
1

~asxF
2414apxF

25/5!
VRh2

52.3310211
g
*
1/2~TRH!

g* ~TF!

TRH
3 GeV22

MX~asxF
2414apxF

25/5!

~nonrelativistic equilibrium production during reheat era!.
~45!

In this caseVX is inversely proportional to the annihilatio
cross section, as in the radiation-dominated case. Equa
~45! generalizes the ordinary result of decoupling during
radiation-dominated era, which is given by

VXh25
4A5 VRh2 MX

2

Ap Tnowg
*
1/2~TF!M Pl~asxF

211apxF
22/2!

57.3310211
1

g
*
1/2~TF!

GeV22

MX
22~asxF

211apxF
22/2!

~nonrelativistic production during radiation era!. ~46!

Indeed, Eq.~45! approximately reduces to Eq.~46! as TRH
approachesTF . Furthermore, Eq.~45! also reproduces Eq
~36! whenas approachesās from above.

The effect of a low reheat temperature is to reduce
relic abundance with respect to the ordinary case by a fa
TRH

3 TF
old/(TF

new)4, whereTF
old andTF

new are the freeze-out tem
peratures in cosmologies with high and lowTRH , respec-
tively. This suppression factor can be understood in the
lowing way. During the epoch before reheating, t
expansion is faster than in the radiation-dominated e
freeze out occurs earlier, enhancing theX abundance atT
5TF @see Eqs.~42! and ~43!#. However, as the univers
8-7
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cools fromTF to TRH , the expansion dilutesnX by a factor
(TRH /TF)8; the dilution is more effective than in the matte
dominated case (nX;T3) because of entropy release durin
reheating. This explains whyVX is roughlyTRH

3 TF
old/(TF

new)4

times the relic density obtained in the case of large reh
temperature.

An illustration of the freeze out of theX abundance in
equilibrium and out of equilibrium is illustrated in Fig. 1. I
both cases the finalX abundance is the same. In the top gra
the cross section is large enough to establish equilibr
prior to freeze out, while in the lower graph the cross sect
is too small to establish equilibrium.

C. Nonrelativistic production and freeze out

The relic density calculations performed in Secs. III
and III B, under the assumptions of out-of-equilibrium a
equilibrium, respectively, match well in the intermediate
gion in spite of the fact that they are derived with differe
approximations. Indeed, if we use in Eq.~45! the minimum
allowed cross section (as5ās), corresponding to the maxi
mum allowed freeze-out temperature (xF55/2), we obtain
the bound

FIG. 1. Shown in the upper graph is the evolution of theX
density in the case where the cross section is sufficiently larg
establish chemical equilibrium prior to freeze out. The lower gra
illustrates the case where the cross section is too small to esta
chemical equilibrium. The two cross sections were chosen to re
in the same finalX abundances necessary to give a critical den
of X particles today. In the calculationsg* was kept constant a
g* 530.
02350
at
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VXh2,431026
g

2 F 10

g* ~TRH!G S TRH

100 MeVD
5S 100 GeV

MX
D 4

.

~47!

When this bound is saturated, we are approaching the t
sition from the results of Sec. III B to those of Sec. III A
Indeed, the results in Eqs.~39! and~47! turn out to be in fair
agreement with each other. Similar conclusions can be
tained in the case ofp-wave annihilation, but for simplicity
in this section we will consider only the case of domina
s-wave annihilation.

In the ordinary case of large reheat temperature (TRH
*MX , i.e., production and freeze out in a radiatio
dominated universe!, VXh2 is proportional tô sv&21, as can
be seen from Eq.~46!. So except for a logarithmic correc
tion, the is no explicit mass dependence toVXh2. The con-
straint from the age of the universe,VXh2&1, implies a
lower bound on theX annihilation cross section, as shown
the upper-left graph in Fig. 2. The unitarity limit tôsv& as
a function of the mass,̂sv&MAX 58p/MX

2 , is also shown.
The two bounds cross at the valueMX5340 TeV@11#, which
is usually taken as a cosmological upper bound on any st
massive particle.

In Fig. 2 we show how the cosmological bounds onMX
can be relaxed for sufficiently lowTRH . As TRH is de-
creased, the allowed region in the parameter space^sv& ver-
susMX grows. The numerical results presented in the fig

to
h
ish
lt

y

FIG. 2. The shaded areas show the cosmologically exclu
regions for a particle of massMX with 2 degrees of freedom which
annihilates in thes-wave with a thermal-averaged nonrelativist
cross section̂ sv&. The upper-left figure is the usual case whe
particle freeze out occurs when the universe is radiation domina
In the other frames, we have chosenMX /TRH550, 100, and 200.
The interesting region for cold dark matter (0.025,VXh2,1) is
between the dashed line and the shaded area. The upper right
corner of theMX2^sv& plane is excluded by unitarity argument
8-8
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~assumingg* 530) are in excellent agreement with the an
lytic estimates. The results are simple to understand.

In the case of low reheat temperature, the constr
VXh2,1 does not simply give a lower bound on^sv&, but
rules out a range of values. Indeed, for very small^sv& we
are in the limit of nonrelativistic nonequilibrium productio
discussed in Sec. III A, and Eq.~36! applies. For fixed
TRH /MX , VXh2}MX

2^sv&, and the value of̂ sv& forming
contours of constantVXh2 will scale as MX

22 . As ^sv&
grows for fixedMX , VX increases and eventually may co
flict with the age of the universe constraint. After the ma
mum value ofVX is reached, see Eq.~39!, a further increase
of ^sv& brings us to the limit of nonrelativistic equilibrium
production of Sec. III B. NowVX is obtained from Eq.~45!,
and the value of̂ sv& to give contours of fixedVXh2 in-
creases~albeit slowly! asMX grows.

Figure 2 also shows the parameter region in which
particleX could be an interesting cold dark matter candida
0.025,VXh2,1. Values of annihilation cross sections a
masses which are ordinarily excluded in the case of la
TRH can now be of particular cosmological and observatio
interest.

In Fig. 3 we show the cosmologically excluded regi
(VXh2.1) and the region relevant for dark matter (0.0
,VXh2,1) as a function ofTRH for a fixed valueMX
5100 GeV. Notice how the lower limit on̂sv&, which is
2310210 GeV22 in the ordinary radiation-dominated co
mology, is relaxed asTRH is lowered.

A striking implication of dark matter production durin
reheating is that the unitarity bound,MX,340 TeV, disap-
pears and one could conceive thermal relics of very he
particles without conflicting with the age of the univers
The necessary assumption is thatTMAX is larger than the

FIG. 3. The shaded region shows the cosmologically exclu
region, as a function of the reheat temperatureTRH , for a particle of
massMX5100 GeV with 2 degrees of freedom which annihilat
with a thermal-averaged nonrelativistics-wave cross section̂sv&.
The region, interesting for cold dark matter (0.025,VXh2,1), is
delimited between the dashed line and the shaded area.
02350
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temperature at which the relevant physical processes oc
i.e., T* in the out-of-equilibrium case andTF in the equilib-
rium case. Once this assumption is made, the final resul
VX does not depend onTMAX or other any initial conditions
of the inflationary model, but only onTRH . Figure 4 shows
how the unitarity bound is modified in the presence of lo
TRH . Here we have takenas58p and plotted contours o
various values ofVXh2 as a function ofMX andTRH .

D. Relativistic X

In this section we consider the case in which the relev
physical processes of particle production and freeze out
cur whenX is still relativistic, and therefore we assume th
the inequality of Eq.~21! is not satisfied. If the annihilation
cross section is not suppressed by any mass scale larger
MX , then^sv&;T22 andX remains in thermal equilibrium
until it becomes nonrelativistic. More interesting is the ca
in which the annihilation process depends on a new m
scaleMG@MX . Therefore, we define

^sv&[
Tn

MG
n12

, ~48!

for a generic exponentn. As concrete examples, one ca
think of a heavy neutrino or a neutralino in the regime
which the temperature is larger than their masses: in this c
n52 andMG is roughly the mass of an intermediate gau
boson or of a slepton, respectively. Another interesting
ample is the gravitino, for whichn50 andMG;M Pl . Fi-
nally, one can consider the graviton Kaluza-Klein excitatio
in theories withd large extra dimensions@2#, for which n
5d andMG is of the order of the fundamental gravitation
scale.

FIG. 4. The relic abundanceVXh2 as a function of the rehea
temperatureTRH for a particle with 2 degrees of freedom, ma
MX , and a nonrelativistic annihilation cross section in thes-wave
saturating the unitarity bound.

d

8-9



er
n

e

e
w

is
ua
ng

o,

a

t

e

in

eze
the
ture

t

,

o-
ating
nd

rob-
us

c
by

ni-
-

a-
nn

ic
nce

ny
lic

ght
y a

GIUDICE, KOLB, AND RIOTTO PHYSICAL REVIEW D64 023508
Let us first consider the case in whichX does not reach an
equilibrium density. The analysis is similar to the one p
formed in Sec. III A. At early times, the Boltzmann equatio
can be approximated by

dX

dA
5A 3

8p
A25/2^sv&M PlTRHF I

21/2Xeq
2 ,

Xeq5
cj

p2 S T

TRH
D 3

A3, ~49!

wherecj5gj(3) for bosons,cj5(3/4)gj(3) for fermions,
and g is the number ofX degrees of freedom. Using th
relation between scale factor and temperature in Eq.~18!, we
can rewrite Eq.~49! as

dX

dT
52

8

A5p11

g
*
1/2~TRH!

g* ~T!
cj

2 ~kTmax!
8M Pl

T72nMG
21nTRH

. ~50!

For n,6 theX-particle production dominantly occurs at th
lowest possible temperature. In all interesting situations
know of, the annihilation cross section is such thatn,6, and
therefore we consider only this case. Integrating Eq.~50! up
to a final temperatureTf , we obtain forn,6,

nX~Tf !5
1

62n

8

A5p11

g
*
1/2~TRH!

g* ~Tf !
cj

2 S Tf

MG
D n12

M PlTRH
2 .

~51!

If MX.TRH , Eq.~51! should be evaluated atTf5MX and
the result be used as an initial condition for the nonrelativ
tic analysis. Since we have linearized the differential eq
tion, within our approximation this simply amounts to addi
the relic density obtained from Eq.~51! to the contribution
derived in Sec. III A.

If MX,TRH , as it is usually the case for the gravitin
then in Eq. ~51! we can takeTf5TRH . At temperatures
smaller thanTRH , the universe is radiation dominated and
calculation analogous to the one that led us to Eq.~51! shows
that in this caseX-particle production dominantly occurs a
the largest possible temperature, as long asn.21. There-
fore all the relevant dynamics occurs atT5TRH . The relic
abundance can be obtained by rescaling theX number den-
sity in Eq. ~51! to the present temperature, as done in S
III A, to yield

VXh25
48A5

~62n!p15/2

cj
2

g
*
3/2~TRH!

M PlMXTRH
n11

TnowMG
n12

VRh2

5F cj

3j~3!/2G2F 10

g* ~TRH!G
3/2MXTRH

n11

MG
n12

431024

~62n!
.

~52!

The result in Eq.~52! is valid as long as theX particles do
not reach equilibrium at temperatures larger thanTRH , or
nX(TRH),nX

eq(TRH). This implies
02350
-

e

-
-

c.

MG.F 8cjM PlTRH
n11

A5~62n!p7/2g
*
1/2~TRH!

G 1/n12

. ~53!

This condition holds for both gravitinos and Kaluza-Kle
gravitons. For a Majorana fermion withn52, it requires

MG.F 10

g* ~TRH!G
1/8S TRH

GeVD 3/4

18 TeV. ~54!

If the condition ~53! is not satisfied, then theX particle
density thermalizes. However, in this case, they do not fre
out before reheating. Indeed, let us consider the ratio of
interaction rate versus the expansion rate at the tempera
T

nX
eq^sv&

H
5

3cjg*
1/2~TRH!

A5p7/2g* ~T!

M PlTRH
2 Tn21

MG
n12

. ~55!

By requiring that the condition~53! does not hold and tha
T.TRH , we find

nX
eq^sv&

H
.

3~62n!

8
. ~56!

Since forn,6 the right-hand side is of order unity, Eq.~56!
shows that if a relativisticX reaches thermal equilibrium
then it does not freeze out before reheating.

In conclusion, for relativistic particles the relevant pr
cesses determining their relic abundances occur at rehe
or afterwards. This, in particular, is true for gravitinos a
for the graviton Kaluza-Klein excitations withd,6 for
which the cosmological bound derived in Ref.@3# applies.

E. Summary of the different cases

Because of all the various cases encountered, it is p
ably useful to summarize the different possibilities. Let
consider a stable weakly-interacting particleX with massMX
and dominants-wave annihilation.

When MX*17TMAX /4 we are in the deep nonrelativisti
regime, and theX relic abundance is strongly suppressed
an exponential factor. For 17TMAX /4*MX*TMAX we are in
the nonrelativistic case. Depending on the value of the an
hilation cross section,X may or may not reach an equilib
rium distribution before freezing out. In the first case (as

.ās), VX is given by Eq.~45!, and in the second one (as

,ās), it is given by Eq.~36!. The agreement between an
lytic estimates and numerical integration of the Boltzma
equations is illustrated in Fig. 5.

For TMAX *MX*xFTRH , wherexF is given in Eq.~42!,
the particleX is first relativistic, then becomes nonrelativist
and finally decouples before reheating. The relic abunda
is again given by Eq.~45!.

Lighter X particles thermalize after reheating, erasing a
previous information on their number density. The re
abundance has the ordinary expression given in Eq.~46!.

We have also discussed in Sec. III D the case of very li
particles with annihilation cross section suppressed b
8-10
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heavy mass scale. In all cases of interest, the relic abund
is determined by the physics atTRH .

IV. APPLICATIONS TO DARK MATTER CANDIDATES

A. Supersymmetry

The neutralino is the most natural cold dark matter can
date in the context of supersymmetric extensions of the s
dard model. If the neutralino is dominantly a Higgsino
relic density is typically small, because of the efficient coa
nihilation with other neutralinos and charginos which tu
out to be almost degenerate in mass. Upcoming CERNe1e2

collider LEP2 runs will be able to probe the small windo
left unexplored in which a light Higgsino could give a si
nificant contribution to the present energy density of the u
verse @23#. Moreover, if the Higgsino is heavier than th
gauge bosons, the annihilation channels intoW6 and Z0

strongly depletes its relic abundance. Significant contri
tions to V then require a lightest supersymmetric partic
~LSP! heavier than about 500 GeV, weakening the moti
tions for low-energy supersymmetry.

The case of a mainlyB-ino lightest neutralino is much
more promising for dark matter. First of all, we should rec
that most of the supersymmetric models obtained from
pergravity usually predict that the Higgs mixing parametem
is large. This is becausem should compensate the large r
diative corrections to the Higgs mass parameters in orde
achieve the correct size of electroweak symmetry break
Therefore, a common expectation is that the lightest n
tralino is an almost pureB-ino.

In the early universe, theB-ino will mainly annihilate into
fermion pairs throught-channel exchange of squarks a
sleptons. Exceptions occur only for pathological situations
which there is a resonants-channel exchange ofZ0 or a
Higgs boson. Actually, because of the large hypercharge
the right-handed electron and the expected lightness of s
tons compared to squarks, it is often a good approximatio
include in the annihilation cross section only the exchange
the right-handed sleptons. Summing over three slepton

FIG. 5. Comparison of numerical vs analytic results. The n

equilibrium calculation is relevant fora,ā, shown in the figure.
The equilibrium calculation assumes decoupling while nonrelati
tic, or xF.1.
02350
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generate families with massm̃l R
, theB-ino annihilation cross

section parameters are

as50, ap5
24pa2

cos4 uW
S 11

m̃l R
2

MB
2 D 22

. ~57!

Notice that the annihilation process isp-wave suppressed
because of the Majorana nature of the neutralino.

Cosmological considerations give an upper bound to
B-ino mass. Indeed, the requirement that charged parti
are not the LSP impliesm̃l R

.MB . The minimum allowed
B-ino relic abundance corresponds to the maximum ann
lation cross section and therefore to the minimumm̃l R

. Set-

ting m̃l R
5MB in the expression forV, one obtains an uppe

bound on theB-ino mass of about 300 GeV~for Vh2

,0.3) @13#. The bound can be weakened in the presence
resonants-channel annihilations, once a small Higgsino a
mixture is introduced. In constrained models in which t
supersymmetry-breaking masses satisfy simple universa
lations at the GUT scale, this bound reduces to 200 G
@14#.

However, as emphasized in Ref.@15#, whenever the slep-
tons and theB-ino become degenerate in mass within abo
10–20 %, one cannot ignore the effects of coannihilati
These effects can modify significantly theB-ino relic abun-
dance, because annihilation channels involving the char
sleptons have large cross sections which are notp-wave sup-
pressed. Indeed, even in the case of the constrained m
the previous limit on theB-ino mass can be relaxed to abo
600 GeV@15#.

Coannihilation effects do not significantly modify th
bound on the slepton mass for a fixed value ofMB ~as long
as it is not too close tom̃l R

). On the other hand, these boun
can rapidly disappear if we consider low values of the reh
temperature. The effect is illustrated in Fig. 6, which sho
the values of slepton andB-ino masses incompatible with th
constraintVh2,1, for different choices ofTRH , in the case
of a 100% pureB-ino LSP. The upper bounds onm̃l R

are
drastically relaxed.5 Therefore, this shows that cosmologic
arguments based on relic abundances, used to set u
bounds on supersymmetric particles rely on specific unte
assumptions. A low reheat temperature can comple
change the picture.

The same arguments can be applied to other supers
metric dark matter candidates. One possibility which one
counters in theories with gauge-mediated supersymm

5This is particularly welcome in those scenarios where the su
symmetric flavor andCP problems are avoided if the first two
generations of sfermions are heavier than a few TeV and appr
mately degenerate in mass. If the lightest supersymmetric partic
essentiallyB-ino-like then requiring that all flavor changing neutr
current andCP-violating processes are adequately suppressed
poses a lower limit on theB-ino mass of typically 200–300 GeV
@24#.

-

-
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breaking @25,26# is given by the messenger scalar partic
with the same gauge quantum numbers of the neutrino.
cosmological upper bound on this particle mass is abou
TeV, much lower than the natural theoretical expectation
low reheat temperature easily relaxes the bound.

The same can be said about the limits on unstable
ticles whose decays into energetic products may jeopar
the successful predictions of nucleosynthesis@18#. It is clear
that our results relax the bounds in the (MX ,tX) plane,
wheretX is the decay lifetime of the unstable particle.

B. Massive neutrinos

Let us now analyze the implications of our approach
massive neutrinos, in the case in which they are stable. F
let us briefly recall the standard~i.e., when the reheat tem
perature is very large! prediction for the abundance of ma
sive neutrinos. Neutrinos are initially kept in equilibrium b
weak interactions. For neutrinos lighter than about 1 Me
freeze out occurs atTD.2.3 MeV for electron neutrinos an
TD.3.7 MeV for muon and tau neutrinos, so the neutrin
are relativistic at freeze out. The current abundance of a
neric relativistic particle can be easily estimated to be@8#

VXh2.
gX

2

10.75

g* ~TD!

mX

94 eV
. ~58!

HeregX is the number of degrees of freedom of the spec
Standard model~SM! relativistic neutrinos decouple from
chemical equilibrium wheng* (TD).10.75. One usually
concludes that the mass of SM neutrinos cannot be la
than 94h2 eV, the Cowsik-McClelland bound@16#.

FIG. 6. The allowed region in theMB–m̃l R
plane in the standard

cosmology where freeze out occurs in the radiation-dominated
is indicated by the shaded region above the disallowed region w
the LSP is charged and below the curve marked ‘‘forbidd
MB /TRH→0’’ above whichVBh2.1. Coannihilation effects, here
neglected, modify the bounds in a narrow region whereB andl R are
nearly mass-degenerate. If theB-ino freezes out during reheatin
the forbidden region whereVBh2.1 is a banana-shaped regio
The allowed region of parameter space is above the charged-d
matter region and outside the banana-shaped region. The size
location of the banana-shaped disallowed region depends
MB /TRH . Some examples are shown in the figure.
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If neutrino masses are larger than the freeze-out temp
ture, they decouple from the thermal bath when they
nonrelativistic. In this case the annihilation cross section
proportional toGF

2mn
2 , and requiringVnh2&1 provides a

lower bound onmn of about 2 GeV, the Lee-Weinber
bound@17#. This means that neutrino masses in the range
eV &mn& 2 GeV are cosmologically ruled out. This is th
celebrated Cowsik-McClelland–Lee-Weinberg~CMLW!
bound@16,17#.

This picture has to be modified in the case in which t
reheat temperature is small. The standard CMLW bound
based on the assumption that neutrinos have reached the
and chemical equilibrium in the radiation-dominated u
verse. This is equivalent to the hypothesis that the maxim
temperature obtained during the~last! radiation-dominated
era, that is, the reheat temperatureTRH , is much larger than
the decoupling temperatureTD . We have no physical evi-
dence of the radiation-dominated era before the epoch
nucleosynthesis~i.e., temperatures above about 1 MeV!.
Therefore, let us explore the possibility that the largest te
perature of the Universe during the radiation-domina
phase is very small. Indeed, it has been recently shown
the smallest value not excluded by nucleosynthesis at m
than 95% C.L. isTRH.0.7 MeV @27#.

Since neutrinos have only weak interactions, it is ve
difficult for the thermal scatterings of particles during th
reheat stage to generate SM neutrinos through processe
e1e2→nn̄ and to bring neutrinos into chemical equilibrium
Furthermore, decreasing the reheat temperature increase
rate of the expansion of the Universe, as explicitly seen
Eq. ~20!, making it more difficult for the weak interactions t
bring the neutrinos into chemical equilibrium. Therefore,
the reheat temperature is small enough, one should ex
that the SM neutrinos produced during the reheat stagenever
reach chemical equilibrium. In other words, at the beginn
of the radiation-dominated phase neutrinos populate the t
mal bath, but they have a number density,nn , which is
smaller than the equilibrium number density,nn

eq . This is
well illustrated in Fig. 7, which shows the evolution of th

ra
re

n

rk-
nd

on

FIG. 7. The evolution of the number density per comoving v
ume of Dirac neutrinos formn512 keV andTRH51 MeV. This
figure illustrates the fact that neutrinos never attain chemical e
librium.
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LARGEST TEMPERATURE OF THE RADIATION ERA . . . PHYSICAL REVIEW D64 023508
number density of a muon or tau Dirac neutrino with ma
12 keV, forTRH51 MeV. It is clear that the number dens
tyonly grows, and it is always too small to catch up with t
equilibrium number density, i.e.,nn!nn

eq . This implies that
neutrino annihilations are not efficient.

This result applies both to relativistic and nonrelativis
SM neutrinos, and implies that the present abundance of
trinos in low TRH models is much smaller than predicte
assuming that the largest temperature of the radiat
dominated universe was much larger than a few MeV. T
is the reason why the CMLW bound on neutrino masse
significantly relaxed in lowTRH models.

In Fig. 8 we present a full numerical computation of t
abundance of massive neutrinos in terms ofVnh2 as a func-
tion of the mass of the neutrino, for different values of t
reheat temperature. In all our results we have numeric
solved the Boltzmann equation making use of the exact d
nition of the thermally averaged cross section@28#

^sv&5
1

4mn
2TK2

2~mn /T!
E

4mn
2

`

dssvEnEn̄

3As24mn
2 K1~As/T!, ~59!

where s is the center-of-mass energy,Ki are the modified

FIG. 8. The contribution to the closure density of Dirac a
Majorana neutrinos for different values of the reheat tempera
(g* 510.75 isused in the definition ofTRH).
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Bessel functions and we borrowed the expressions
svEnEn̄ from the appendix of Ref.@29#.6

For a Dirac neutrino, the treatment of the number of d
grees of freedom requires some attention. In the relativi
case, only two of the four degrees of freedom are produ
because the generation of the wrong-helicity states is s
pressed by (mn/2En)2. On the other hand, in the nonrelativ
istic regime, all four degrees of freedom interact with fu
strength. Here, we make the ‘‘helicity approximation’’ an
assume two degrees of freedom for a relativistic neutr
species and four for a nonrelativistic neutrino species.

At low reheat temperatures neutrinos of a given familyna

can be produced by the processese1e2→nan̄a and nbn̄b

→nan̄a , whereb is different froma. The inclusion of the
e1e2 scattering in the integrated Boltzmann equation for
number density of neutrinosnna

is straightforward becaus

e2 ande1 are kept in chemical equilibrium by the fast ele
tromagnetic processes and Eq.~3! applies. However, the in-
clusion of thenbn̄b scatterings is more delicate becausenb

and n̄b are themselves not in chemical equilibrium. A com
plete solution of the problem would require a detailed kine
treatment ofall the neutrino distribution functionsf n(p,t) in
momentum space. This computation is now in progress
this paper we have limited ourselves to include thenbn̄b
scatterings by defining in Eq.~59! an effective cross section
se f f[se1e21(b(nnb

/nnb

eq)2snbn̄b
. To convince oneself of

the validity of this approximation, one may notice that w
recover the usual standard CMLW bound when the reh
temperature is larger than about 7 MeV. This is in agreem
with the results obtained in Ref.@27# where the Boltzmann
equations in momentum space were numerically solved
massless neutrinos and it was shown that forTRH& 7 MeV
the effective number of massless neutrinosNn[rn /rn

eq starts
deviating from 3.

From Fig. 8 we infer that in the case in which neutrin
are relativistic,Vnh2 is approximately given by

Vnm
h25Vnt

h2.S mn

12 keVD S TRH

MeVD 3

relativistic Majorana and Dirac. ~60!

The full numerical calculation shows that neutrino mas
as large asmn.33 keV are compatible withVnh2,1 for the
limiting reheat temperatureTRH50.7 MeV. This shows that
SM neutrinos with masses up to about 33 keV are perfe
compatible with cosmology and may even play the role
warm dark matter.

Let us now briefly see what our findings are when t
neutrinos are heavier than an MeV. This is possible only
the tau neutrino, for which the present experimental up
limit on the mass is 18.2 MeV@30#. For mnt

;10 MeV the
ordinary calculation of the relic abundance in a radiatio

6In Ref. @29#, for the Majorana case,CV andCA have to be inter-
changed. We thank G. Raffelt for communications about this po

re
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GIUDICE, KOLB, AND RIOTTO PHYSICAL REVIEW D64 023508
dominated universe predicts a value ofVnt
;104, which is

definitely excluded. Our findings indicate that

~Vnt
h2!5S TRH

MeVD 7S 14 MeV

mnt
D 3

nonrelativistic Dirac,

~Vnt
h2!5S TRH

MeVD 7S 13 MeV

mnt
D 3

nonrelativistic Majorana.

~61!

The strong dependence upon the reheat temperature is e
understood by realizing that forTRH in the MeV range we
are in the condition of Sec. III B (as,ās andap,āp), and
therefore the neutrino relic abundance is given appro
mately by Eq.~36!. Our numerical result is very well repro
duced analytically by taking Eqs.~27! and ~36! and using,
for a Dirac neutrino,

as5
GF

2mnt

4

2p S 1

2
22 sin2 uW14 sin4 uWD , ~62!

and, for a Majorana neutrino,

ap5
2GF

2mnt

4

p S 1

2
22 sin2 uW14 sin4 uWD . ~63!

These values are obtained taking into account only the
cesse1e2→ntn̄t in se f f because, as we have numerica
checked, the contribution to the production of heavy ta
neutrinos from light neutrino annihilations is negligible
the production time, see Eqs.~29! and ~30!.

It is interesting to notice that there exists a small wind
of mnt

and TRH for which the ordinary tau neutrino is a
acceptable candidate for cold dark matter. However, beca
of the large powers ofmnt

and especially ofTRH in Eq. ~61!,
the allowed window is very limited. Of course in this sc
nario there must be a conserved quantum number to kee
tau neutrino stable in order to be the dark matter; this
pothesis is in apparent contradiction with the experimen
evidence on neutrino oscillations.

It has also been proposed that the tau neutrino could
cold dark matter candidate if it had a magnetic moment
the order of 1026 Bohr magnetons@31#. The present experi
mental limit on thent magnetic moment of 5.431027mB
rules out this possibility. We find that choosingTRH as low
as 1 MeV can rescue this possibility, sinceVnt

h2.1 for a
tau neutrino magnetic moment with the maximum allow
value.

We conclude that the cosmologically disallowed regi
for neutrino masses is

33 keV&mn&6 MeV ~64!

for a Dirac neutrino and

33 keV&mn&5 MeV ~65!
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for a Majorana neutrino. We stress that so long as the re
temperature is an unknown parameter, this should be con
ered the real CMLW bound on neutrino masses. Our findi
indicate that neutrinos can still play the role of warm or co
dark matter and that the impact of massive neutrinos on
cleosynthesis has to be revisited. These and other issue
currently under investigation. Finally, we note that the abo
values were found assuming Maxwell-Boltzmann statist
and assuming the annihilation products are in equilibrium

C. Cosmological bound on axions

The invisible axion is still the most elegant solution to t
strongCP problem@32,33#. An axion model has one basi
free parameter, the axion massma , or equivalently, the
Peccei-Quinn~PQ! symmetry breaking scalef PQ . The mass
and symmetry breaking scale are related by

ma.0.62 eV
107 GeV

f PQ /N
, ~66!

whereN is the color anomaly of the PQ symmetry.
Several astrophysical lower limits onf PQ are based on the

requirement that the axionic energy losses from stars, n
bly red-giant stars, globular-cluster stars, or the core of
pernova 1987A, are not in conflict with the observed pro
erties of these objects@34#. These limits implyma&1022 eV
~equivalentlyf PQ*109 GeV!, indicating that axions, if they
exist, are both extremely light and very weakly interactin

An upper bound on the PQ scale comes from cosmolo
cal considerations. Let us callQ the strongCP-violating
phase. TodayQ is anchored at theCP-conserving value,
Q50. However, the axion mass is very temperatu
dependent@35#

ma~T!.0.1 ma S LQCD

T D 3.7

, ~67!

whereLQCD.200 MeV is the QCD scale and the relation
valid for T@LQCD /p. At very high temperatures the axio
is essentially massless. This means that no special valueQ
is specified by the dynamics, and all values of the phase
equivalent. The axion mass turns on at a temperatureT1 such
that ma(T1).3H(T1), and the axion field starts evolvin
toward the minimum atQ50, eventually oscillating around
it. These cosmic oscillations of the axion field correspond
a zero-momentum condensate of axions which does not
cay. The energy density in axions today from this misalig
ment mechanism exceeds the critical density unlessf PQ
&1012 GeV @36#. This result has always been consider
particularly disappointing from the theoretical point of view
since weakly coupled string theory possesses numerous
ion candidates, whose decay constant is, however, of
order of the string scale and therefore much larger than 112

GeV.
The purpose of the present section is to demonstrate

the cosmological bound on the PQ scale is significantly
laxed if we make the assumption that the reheat tempera
8-14
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LARGEST TEMPERATURE OF THE RADIATION ERA . . . PHYSICAL REVIEW D64 023508
is smaller than the QCD scale~similar considerations hav
also been made in Refs.@37,38#!.

Suppose then thatTRH&LQCD&TMAX . This means that
the axion coherent oscillations commence when the univ
is still matter-dominated and reheating is not complet
During this epoch the Hubble rate is given by Eq.~20!, and
the axion mass is still given by Eq.~67! since the universe is
populated by a thermal bath betweenTMAX andTRH . Axions
start oscillating at a temperatureT1 when ma(T1)
.3H(T1):

T1.S ma

1025 eV
D 1/7.7Fg* ~TRH!

10 G1/15.4Fg* ~T1!

10 G21/7.7

3S TRH

1 MeVD 2/7.7

160 MeV. ~68!

At temperaturesT&T1 the number density of axions scale
like a23 even though the axion mass is still varying. At th
reheat temperature we have

na~TRH!5na~T1!F a~T1!

a~TRH!G
3

5
A5p3Q̄1

2

2 S f PQ

N D 2g
*
3/2~TRH!

g* ~T1!

TRH
6

T1
4M Pl

, ~69!

whereQ̄1 is the initial displacement of theCP phase. No-
tice, in particular, that the rationa /s doesnot remain con-
stant during the cosmological evolution from the temperat
T1 to TRH . This is because there is a continuous release
entropy. However, when reheating is completed and the
verse enters a radiation-dominated phase, the rationa /s is
conserved, and one can easily compute the present a
dance of axions from the misalignment mechanism

Vah25
mana~TRH!

8rR~TRH!

TRH

Tnow
VRh2

52.131027S Q̄1

p/A3
D 2Fg* ~TRH!

10 G0.24

3Fg* ~T1!

10 G20.48S 1025 eV

ma
D 1.52S TRH

1 MeVD 1.96

.

~70!

Requiring thatVah2&1 gives

f PQ

N
&1.631016S TRH

1 MeVD 21.3

GeV

~TRH&LQCD&TMAX !. ~71!
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Therefore, the cosmological axion problem is ameliorate7

Furthermore, in the strong-coupling vacuum described
Ref. @39#, the QCD axion might be a boundary modulu
Dimensional analysis suggests approximately 1016 GeV for
the decay constant of such a boundary axion, not necess
in contradiction with the upper bound of Eq.~71!, see also
the discussion in Ref.@40#.

V. IMPLICATIONS FOR GUT BARYOGENESIS
AND LEPTOGENESIS

The explanation of the observed baryon asymmetry (B) in
the early universe, of the order of 10211 in units of the en-
tropy density, remains a fundamental cosmological ques
@41#. Several theories with typical energy scale much hig
than the electroweak scale can explain the observed ba
asymmetry. For instance, in grand unified theories~GUT’s!
the out-of-equilibrium decay of heavy Higgs particles m
be responsible for the direct generation of the baryon as
metry@42#. Alternatively, the baryon asymmetry may be pr
duced from a lepton asymmetry~L! @43# using the fact that
any lepton asymmetry is reprocessed into a baryon num
by the anomalous sphaleron transitions@44#. In the simplest
scenario, the lepton asymmetry is generated by the out
equilibrium decay of a massive right-handed Majorana n
trino, whose addition to the standard model spectrum bre
B2L.

However, any scenario for the generation of the bary
asymmetry based on the out-of equilibrium decay of so
heavy particleX depends crucially on the assumption th
these particles were nearly as abundant as photons at
high temperatures. This imposes a lower bound on the re
temperature,TRH*MX . On the other hand, in supersymme
ric models the requirement that not too many gravitinos
thermally produced after inflation provides a stringent up
bound on the reheat temperature of about 108–1010 GeV @5#.
If this bound is violated, the decay products of the graviti
destroy light nuclei by photodissociation and hadronic sho
ers, thus ruining the successful predictions of nucleosyn
sis. Therefore, any out-of-equilibrium decay scenario wo
require MX&108–1010 GeV, a condition which looks par
ticularly problematic for GUT-inspired baryogenesis.

In order to relax this limit one usually envisages two po
sibilities. Either, the heavy particles are produced direc
through the inflaton perturbative decay process@45# ~this re-
quires that the mass of the inflaton is larger thanMX) or they
are generated through nonperturbative process taking p
at the preheating stage~see Ref.@46# in the case of GUT
Higgs boson induced baryogenesis and Ref.@47# in the case
of leptogenesis!.

7In cosmologies where the universe is dominated early on by
coherent oscillations of some moduli field the axion bound is s
nificantly weakened, as had been already observed in Refs.@37,38#.
In Ref. @38#, however, the estimate on the upper bound onf PQ did
not take into account the presence of the thermal bath before
completion of reheating, and therefore neglected the dependen
the axion mass on the temperature.
8-15



s
rin

ct
se
cu
s

-
n
s
m
e

g
e

s

m

ge
-

ll

w
nted

ers
sion
al

e fa-

inos
ng
n-

ted.
the

the
en

en-

os

GIUDICE, KOLB, AND RIOTTO PHYSICAL REVIEW D64 023508
In this section we wish to show that the heavy particleX
may be abundantly produced by thermal scatterings du
the reheat stage even though the reheat temperatureTRH is
smaller thanMX . Again, this is made possible by the fa
that TRH is not the maximum temperature of the univer
during reheating. For the sake of concreteness we will fo
on the leptogenesis scenario, but our findings can be ea
generalized to any out-of-equilibrium scenario.

Let us indicate byN5nN1
a3 the number density per co

moving volume of the lightest right-handed neutrino, the o
whose final decay~into left-handed leptons and Higg
bosons! is responsible for the generation of the lepton asy
metry. Following the notations of Sec. II A, we can write th
Boltzmann equation forN as

dN

dA
52

cNA1/2~N2Neq!

AF
, ~72!

where

cN[A 3

8p

M Pl

TRH
2 ~GN1

12Gh,s14Gh,t!. ~73!

Here GN1
is the decay rate ofN1 ~for the processesN1

→H†l L ,H l̄ L); Gh,s and Gh,t are the rates of the scatterin
processes containingN1 in the final state, mediated by th
Higgs boson in thes channel (t̄ RqL

(3)→ l̄ LN1) and in thet

channel (l LqL
(3)→ t̄ RN1), respectively.

Let us suppose first thatTMAX &M1, whereM1 is theN1
mass. Under this assumption we have

GN1
5

l1
2

8p
M1 , Gh,s5

3l1
2l t

2

32p5

T3

M1
2

, Gh,t5
3l1

2l t
2

32p3
T ln

M1

mh
,

~74!

wherel1
2[(ll†)11, with l i j Yukawa coupling ofN1, and

l t is the top Yukawa coupling. For a more transparent phy
cal interpretation, it is convenient to expressl1

2 in terms of
the parameter

m1[
l1

2

2A2GFM1

. ~75!

In the limit of small mixing angles the parameterm1 coin-
cides with the mass of one of the light~mainly left-handed!
neutrinos.

If the right-handed neutrinos do not reach an equilibriu
density (N!Neq), we can approximate Eq.~72! by

dN

dA
5

cNA1/2Neq

AF I

. ~76!

Along the same lines of Sec. III A, we can integrate Eq.~76!
by approximating it to a Gaussian integral in the full ran
betweenA51 andA5`. This is a good approximation be
cause the exponential suppression inNeq makes the right-
02350
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hand side of Eq.~76! negligible anywhere outside a sma
interval of scale factors centered aroundA5A* correspond-
ing to T* 5M1/10 for the inverse decay, and toT* 5M1/9
for the Higgs-mediatedDL51 processes. It is easy to sho
that the main source of right-handed neutrinos is represe
by the inverse decays whose contribution toN` is given by

N`.
c

g
*
3/2

GN1
M Pl

3 HI
2TRH

3

M1
9

, ~77!

where

c5
72e210109

A5p11/2
52.73103. ~78!

Notice that the final abundance is suppressed only by pow
of the right-handed mass, there is no Boltzmann suppres
exp(2M1 /TRH). Furthermore, the abundance is proportion
to the rate of production~accumulation! GN1

. However, the

consistency conditionN`&Neq(T* ) gives an upper bound
on GN1

GN1
&

p

8000
g
*
1/2

M1
4

M PlTRH
2

, ~79!

or, equivalently, an upper bound onm1

m1,S g*
100D

1/2S M1

TRH
D 2

2.531027 eV. ~80!

These bounds can also be expressed in terms of a mor
miliar quantity

K* [
GN1

H
U

T5T
*

&1. ~81!

This condition assures that when the right-handed neutr
are produced, their direct decay is inefficient. The limiti
caseK* ;1 would mean that the right-handed neutrinos e
ter into chemical equilibrium as soon as they are genera

The right-handed neutrinos may decay before or after
universe reaches the reheat temperatureTRH , depending on
the value ofl1. Suppose that they decay after the end of
reheat stage~which is, for instance, always the case wh
M1&8TRH). This means that atT5TRH , the ratio of the
number density of right-handed neutrinos to the entropy d
sity is given by

nN1

s~TRH!
5

25pc

g
*
3/2

GN1
M PlTRH

7

M1
9

. ~82!

This ratio remains constant until the right-handed neutrin
decay generating a lepton asymmetry

L5
105

8

e

g
*
3/2

GN1
M PlTRH

7

M1
9

, ~83!
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where we have indicated bye the small parameter containin
the information about theCP-violating phases and the loo
factors and we have again taken into account the facto
1/8 due to the release of entropy afterTRH . The correspond-
ing baryon asymmetry isB5(28/79)L, assuming only stan
dard model degrees of freedom@44#, and therefore

B5eS 100

g*
D 3/2S TRH

M1
D 7S m1

1027 eV
D 731023. ~84!

By virtue of the bound of Eq.~79!, this baryon asymmetry is
constrained to be smaller than the critical value of 2e/
g* )(TRH /M1)5 ~and of 231025e/g* if we use the con-
straint T* .TRH). The requirement thatB is larger than 2
310211 implies

M1&16S 100

g*
D 1/5S e

1023D 1/5

TRH . ~85!

It is easy to convince oneself that this is also the resul
the case in which the right-handed neutrinos decay before
reheat stage is over. Equation~85! provides a necessary con
dition on the massM1 of the lightest right-handed neutrin
in a leptogenesis scenario, correcting the naive estimateM1
&TRH . The relaxation of the naive bound by more than o
order of magnitude is certainly welcome to make leptog
esis more compatible with the cosmological gravitino pro
lem.

Let us suppose now thatTMAX *M1*TRH , and that in-
verse decays or production processes containing theN1 in
the final states can bring the right-handed neutrinos to e
librium before they become nonrelativistic. This amounts
requiring that theDL51 interactions with total rategN1

5(GN1
12 Gh,s14 Gh,t) are in thermal equilibrium atT

*M1. Therefore the standard out-of-equilibrium paramet

K[
gN1

H
U

T5M1

~86!

is larger than unity.
In this case, the lepton asymmetry can be written as

L5
45

29/2p7/2

ezf
3/2e2zf

g*
S TRH

Tf
D 5

. ~87!

Herezf[M1 /Tf , whereTf is the temperature at which th
processes that damp the baryon asymmetry go out of e
librium, and the last factor in Eq.~87! accounts for the dilu-
tion caused by the expansion in the pre-reheat phase. W
assuming thatTf is larger than the reheat temperatureTRH .

If the inverse decay dominates over scatterings~we will
later quantify this condition!, thenTf is approximately deter-
mined by

G ID5HuT5Tf
, ~88!

where the inverse decay rate atT,MX is
02350
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G ID5
p1/2

2A2
z3/2e2zGN1

. ~89!

Herez[M1 /T andGN1
is given in Eq.~74!. In terms of the

parameterK, defined by

K[
GN1

H
U

T5M1

5
3GFm1TRH

2 M Pl

2A10p5/2g
*
1/2M1

2

5
m1

331023 eV
S 100

g*
D 1/2S TRH

M1
D 2

, ~90!

Eq. ~88! becomesKzf
11/2e2zf.1, which is approximately

solved ~for K&105) by zf.16K0.06. Replacingzf in Eq.
~87!, we find

L5
45

A2p7/2S TRH

M1
D 5 e

g* K0.94
. ~91!

Finally, the baryon asymmetryB5(28/79)L is given by

B.eS 100

g*
D 1/2S 1023 eV

m1
D S TRH

M1
D 3

631023. ~92!

Equation~92! is valid as long as inverse decay process
dominate overDL52 scattering processes in damping t
baryon asymmetry. Let us now study the condition und
which this hypothesis is justified. The rate for lepto
violating scatterings mediated byN1 exchange in thes or t
channels, forT,M1, is given by

GDL525
7GF

2M1
3m1

2z23

2p3
. ~93!

Therefore, theDL52 scatterings are out-of-equilibrium a
high temperatures and equilibrate at a temperature co
sponding to

zf
DL525

2A5p9/2g
*
1/2M1

21GF
2M Plm1

2TRH
2

. ~94!

The assumption that led to Eq.~92! is then valid as long as
zf

DL52.M1 /TRH , which implies

m1,S g*
100D

1/4S 1010GeV

TRH
D 1/2

eV. ~95!

When the condition~95! is not satisfied,DL52 scatterings
lead to an exponential suppression of the baryon asymme

The baryon asymmetry in Eq.~92! is valid when three
conditions are verified: the right-handed neutrinosN1 reach
equilibrium, which impliesK.1; the temperatureTf is
larger thanTRH , which impliesM1.16 TRH ; Eq. ~95! is
satisfied. These three conditions together imply a maxim
value of M15(100/g* )1/2331011GeV, corresponding to a
maximum TRH5(100/g* )1/2231010GeV. The maximum
baryon asymmetry, achieved whenK.1, is B.e(100/
8-17
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g* )(TRH /M1)5231023. Therefore, in this case, a suffi
ciently large baryon asymmetry requiresM1.10 TRH and
e.1023.

VI. CONCLUSIONS

In this paper we studied the observational consequen
of having a reheat temperatureTRH smaller that the charac
teristic temperature at which a certain cosmological proc
occurs. We first described the dynamics of reheating
derived general expressions for the relic abundance of
ticles whose standard freeze-out temperature is larger
TRH . For nonrelativistic particles we found two different r
gimes. If the annihilation cross section^sv& is smaller than
the critical value in Eqs.~37!,~38!, than the present relic
abundance is proportional^sv&, see Eq.~36!. In the other
case, the relic abundance is inversely proportional to^sv&,
see Eq.~45!, but because of the fast expansion before reh
ing its expression differs from the usual result in a radiatio
dominated universe.

We applied our general results on relic abundances
low-TRH cosmologies to several cases of interest. A first
sult is that the usual unitarity bound of 340 TeV on stab
particle masses can be relaxed. The new excluded rang
stable-particle masses as functions ofTRH are shown in Fig.
4.

We revisited the parameter regions of supersymme
models leading to viable cold dark-matter candidates in
light of low TRH . In particular, we found that the uppe
bound on the slepton mass, as a function of the LSPB-ino
mass, can be significantly relaxed, as quantitatively show
Fig. 6. Large regions of parameter space that have been
sidered to be ruled out by cosmological arguments can
stead give a relic neutralino density close to the criti
value.

Next, we considered how a low reheat temperature
reduce the relic abundance of massive neutrinos, here
sumed to be stable. The requirement thatVnh2&1 gives the
CMLW boundmn& 94 eV only if TRH is larger than about 7
MeV. The bound becomes significantly weaker for low
TRH ; for instance,mn&12 keV for TRH51 MeV. For very
massive neutrinos the Lee-Weinberg bound,mn*2 GeV, is
also modified. Again forTRH51 MeV, the limit becomes
mn.14(13) MeV for a Dirac ~Majorana! neutrino. This
means that there is even the possibility that a stablent with
mass consistent with the direct experimental limit (mnt

,18.2 MeV! freezes out when it is still nonrelativistic an
becomes cold dark matter. Indeed, forTRH50.7 MeV, which
is the lowest value ofTRH not excluded by nucleosynthesi
the constraintVnt

h2&1 excludes only the range of mass

33 keV,mnt
, 6 MeV ~Dirac! and 33 keV,mnt

, 5 MeV
~Majorana!. This result resurrects the possibility of neutrin
as warm dark matter. For instance, ifTRH51 MeV, Vnh2

50.3 for a neutrino of mass 4 keV.
The requirement that the energy stored today in the ax

oscillations ~caused by a misalignment between its hig
temperature and low-temperature configurations! is not
larger than the critical value imposes a bound on the Pec
02350
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Quinn symmetry breaking scale,f PQ&1012 GeV. If TRH is
less thanLQCD , this bound can be relaxed to values close
the GUT scale.

Finally, we have investigated the impact of lowTRH in
the explanation of the observed baryon asymmetry by a
togenesis mechanism. In this context, lowTRH meansTRH
,M1, where M1 is the mass of the lightest of the thre
right-handed neutrinos. Therefore, we discuss here value
TRH much larger than in the previous cases. However,
formalism is the same, because what matters is thatTRH is
less than the relevant physical energy scale. We have fo
new expressions of the baryon asymmetry as functions
TRH , see Eqs.~84! and ~92!. Moreover, values ofM1 an
order of magnitude larger thanTRH can still lead to a suffi-
cient density of right-handed neutrinos to explain the bary
asymmetry. This is a welcome and important result, wh
one tries to make leptogenesis consistent with the cosmol
cal gravitino problem.
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APPENDIX: EVOLUTION AFTR TRH

Numerical results show that there is about a factor o
increase in the comoving entropy afterTRH , and that the
value ofF at T5TRH is FRH50.79F I , i.e., only about 21%
of the comovingf energy density has been extracted at
heat time. In this appendix we will give an explanation
these results.

Assume that atTRH the radiation energy density is les
than thef energy density. Then the evolution equation forF
is

dF

dA
52S p2g*

30 D 1/2

A1/2F1/2. ~A1!

Integrating this equation fromA51 to A5ARH with the ini-
tial conditionF5F I , we obtain

S FRH

F I
D 1/2

512
1

3 S p2g*
30 D 1/2

F I
21/2ARH

3/2 ~ARH@1!.

~A2!

Evaluating Eq.~18! at T5TRH we obtain

ARH
3 5

24

5p2g*
F I . ~A3!

Using this relation, we can estimate
8-18
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FRH

F I
5S 13

15D
2

;0.75. ~A4!

This is in good agreement with the numerical results an
independent of model parameters.

The second step is an estimate of how much entrop
released afterTRH , if FRH50.75F I . Let us make the crude
approximation that the entropy release is instantaneous
after TRH . ThenDrR5Drf , and therefore

DrR50.75
F ITRH

4

ARH
3

. ~A5!

Using Eq.~A3! we obtain
B

D

,

p

v

-

02350
is

is

st

DrR50.16p2g* TRH
4 , ~A6!

which gives

DrR

rR
.5. ~A7!

Therefore the analytic estimate in the case of the inst
taneous approximation predicts a model-independent fa
of 53/4.3.4 for the release of entropy afterTRH . The model
dependence comes in if we relax the assumption of insta
neous release of entropy, increasing the estimate, sincerf
redshifts likeA23. The numerical result shows an increase
about a factor of 8 in the comoving entropy afterTRH .
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