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Reheating stage after inflation
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We point out that inflaton decay products acquire plasma masses during the reheating phase following
inflation. The plasma masses may render inflaton decay kinematically forbidden, causing the temperature to
remain frozen for a period at a plateau value. We show that the final reheating temperature may be uniquely
determined by the inflaton mass, and may not depend on its coupling. Our findings have important implications
for the thermal production of dangerous relics during reheating~e.g., gravitinos!, for extracting bounds on
particle physics models of inflation from cosmic microwave background anisotropy data, for the production of
massive dark matter candidates during reheating, and for models of baryogenesis or leptogenesis where mas-
sive particles are produced during reheating.
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I. INTRODUCTION

At the end of inflation@1# the energy density of the Uni
verse is locked up in a combination of kinetic energy a
potential energy of the inflaton fieldf, with the bulk of the
inflaton energy density in the zero-momentum mode of
field. Thus, the Universe at the end of inflation is in a co
low-entropy state with few degrees of freedom, very mu
unlike the present hot, high-entropy Universe. After inflati
the frozen inflaton-dominated Universe must somehow
defrosted and become a high-entropy, radiation-domina
Universe.

One path to defrosting the Universe after inflation
known as ‘‘reheating’’@2#. The simplest way to envision th
reheating process is if the comoving energy density in
zero mode of the inflaton decays into normal particles i
perturbative way. The decay products then scatter and t
malize to form a thermal background.1

Of particular interest is a quantity known as the reh
temperature, denoted asTRH . The reheat temperature
properly thought of as the maximum temperature of
radiation-dominated Universe. It is not necessarily the ma
mum temperature obtained by the Universe after inflat
@2,4–6#.

1We do not consider here the possible role of nonlinear dynam
leading to explosive particle production known as ‘‘preheating’’@3#.
In this paper we are concerned with the case in which the infla
field decays through perturbative processes. This happens any
the resonant parameterq @3#, which depends upon the couplin
constant of the inflaton field to light fields and on the initial con
tions of the inflaton field after inflation, is smaller than unity. N
tice, however, that the final reheating temperature after a prehe
stage might well be determined by a perturbative decay of the
sidual inflaton oscillations. If so, our study applies in this case a
0556-2821/2003/68~12!/123505~8!/$20.00 68 1235
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The reheat temperature is defined by assuming an ins
taneous conversion of the energy density in the inflaton fi
into radiation when the decay width of the inflaton energ
Gf , is equal toH, the expansion rate of the Universe. Th
reheat temperature is calculated quite easily@2#. After infla-
tion the inflaton field executes coherent oscillations about
minimum of the potential. Averaged over several oscil
tions, the coherent oscillation energy density redshifts
matter:rf}a23, wherea is the Robertson-Walker scale fac
tor. If we denote asr I andaI the total inflaton energy densit
and the scale factor at the onset of coherent oscillations
mediately after the end of inflation, then the Hubble expa
sion rate as a function ofa is (M Pl is the Planck mass!

H~a!5A8p

3

r I

M Pl
2 S aI

a D 3

. ~1!

EquatingH(a) andGf leads to an expression foraI /a. Now
if we assume that all available coherent energy density
instantaneously converted into radiation at this value
aI /a, we can define the reheat temperature by setting
coherent energy density,rf5r I(aI /a)3, equal to the radia-
tion energy density,rR5(p2/30)g* TRH

4 , where g* is the
effective number of relativistic degrees of freedom at te
peratureTRH . The result is

TRH5S 90

8p3g*
D 1/4

af
1/2AMfM Pl

50.2S 100

g*
D 1/4

af
1/2AMfM Pl, ~2!

where we have expressed the inflaton decay width asGf
5afMf .

s

n
me

ng
e-
.

©2003 The American Physical Society05-1



at
tr
as
a

ft

be
e
fa

he
ith
m

Th

of
up

a
tu
in
m
ce
a

n
e-
p
an

c
pl
s
s

th
sm
rs

ib
e

-
t

at
,
pr
o

of
of

let
eld
ng
o-

d

ed
to
f

ng,
tial
s to
ven

field

a

n
the
e-
e too
ton

the

ent

f-
in-
er

we
the
teau
e-
e

on

trict
on

e

t the
ndk
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There are various reasons to suspect that the rehe
temperature is small. For instance, in local supersymme
theories@7# gravitinos ~and other dangerous relics such
moduli fields! are produced during reheating. Unless rehe
ing is delayed, gravitinos will be overproduced, leading to
large undesired entropy production when they decay a
big-bang nucleosynthesis@8#. The limit from gravitino over-
production isTRH&109–1010 GeV, or even stronger@9#.

Again, we emphasize that the reheat temperature is
regarded as the temperature below which the Universe
pands as a radiation-dominated Universe, with the scale
tor decreasing asg

*
21/3T21. In this regard it has a limited

meaning@2,4#. As the scalar field decays into light states, t
decay products rapidly thermalize forming a plasma w
temperatureT. The latter grows until it reaches a maximu
valueTmax and then decreases asT}a23/8 down to the tem-
peratureTRH , which should notbe used as the maximum
temperature obtained by the Universe during reheating.
maximum temperature is, in fact, much larger thanTRH and
it is incorrect to assume that the maximum abundance
massive particle species produced after inflation is s
pressed by a factor of exp(2M/TRH). This has important im-
plications for the idea of superheavy dark matter@5#, super-
symmetric dark matter@6,10# and baryogenesis@11#.

The goal of this paper is to present a simple, but relev
observation that changes the usual picture of the tempera
evolution during reheating. During the process of reheat
the inflaton decay products scatter and thermalize to for
thermal background. A thermalized particle species produ
during the first stages of reheating acquires a plasma m
mp(T) of the order ofgT, whereg is the typical~gauge!
coupling governing the particle interactions@12#. This hap-
pens because forward scatterings of fermions do not cha
the distribution functions of particles, but modify their fre
dispersion relations, producing a plasma mass. The dis
sion relation can be well approximated for both scalars
fermions byv25k21mp

2(T), wherev andk are the energy
and the three-momentum of the particle in the thermal ba
ground, respectively. The presence of thermal masses im
that the inflaton zero-mode cannot decay into light state
its massMf is smaller than aboutgT. The decay process i
simply kinematically forbidden.2

Our observation is that during the reheating stage,
inflaton starts decaying and the temperature of the pla
rises. If the maximum temperature obtained by the Unive
during reheating,Tmax, is larger than aboutg21Mf , the
inflaton decay channel into light states become inaccess
and the decay process stops as soon as the temperatur
reached a value of the order ofg21Mf . Subsequently, ex
pansion cools the plasma, lowering the temperature and
corresponding plasma masses of the light states. The infl
is then free to decay. However, as soon as this happens
temperature of the plasma rises and the inflaton decay
cess becomes kinematically forbidden again. As a result,

2This observation was made first in the context of the Afflec
Dine baryogenesis scenario@13#.
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expects a prolonged period during which the temperature
the plasma is frozen to a plateau value of the order
g21Mf .

Our observation has various implications. First of all,
us notice that we do not know the mass of the inflaton fi
around the minimum of its potential during the reheati
stage. Indeed, from the recent Wilkinson Microwave Anis
tropy Probe ~WMAP! cosmic microwave backgroun
~CMB! anisotropy data@14# we only have limited informa-
tion about that portion of the inflaton potential experienc
by the inflaton field during inflation; we know that it has
be quite flat in order to allow a sufficiently long period o
exponential growth of the scale factor@1,15–17#. However,
we know nothing about the inflaton mass during reheati
since this depends upon a portion of the inflaton poten
which is not accessible to any observations. This amount
saying thatMf should be regarded as a free parameter. E
more, in many inflationary scenarios, e.g., hybrid models@1#,
the reheating dynamics may be determined by a scalar
x different from the inflaton field.~In the following, the ter-
minology ‘‘mass of the inflaton’’ will be therefore used in
loose way.!

Suppose that the reheating temperatureTRH defined in Eq.
~2!, is larger thang21Mf . This means that when the inflato
decay lifetime is of the order of the age of the Universe,
inflaton field would like to decay, but is not allowed to b
cause the plasma masses of the light decay products ar
large. Only when the energy density stored in the infla
field becomes smaller than aboutrf;(g21Mf)4 will the
particles in the plasma have a mass smaller thanMf and
inflaton can promptly decay. Under these circumstances
reheating temperature of the Universe should be

TRH.
Mf

g
, ~3!

which is directly related to the inflaton mass and independ
of the inflaton decay rate.

Before concluding the Introduction, we note that our e
fect is applicable in situations other than reheating after
flation. It would apply, for instance, if the Universe is ev
dominated by a decaying nonrelativistic particle.

The rest of the paper is organized as follows. In Sec. II
analyze in detail the behavior of the temperature during
reheating stage and in particular we characterize the pla
stage both analytically and numerically. Section III is d
voted to the study of some applications of our findings. W
focus on the production of gravitinos during reheating,
the evaluation of the number ofe-folds after inflation which
has recently acquired particular relevance in order to res
models of inflation from the CMB anisotropy data, and
the production of massive particles. Finally, in Sec. IV w
present our conclusions.

II. REHEATING WITH THERMAL MASSES

We now discuss the reheating process, assuming tha
decay products of the inflaton field rapidly thermalize a
acquire ‘‘plasma’’ massesmp(T) of the order ofgT, whereg

-

5-2
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REHEATING STAGE AFTER INFLATION PHYSICAL REVIEW D68, 123505 ~2003!
is the coupling constant for a particle in the plasma.3

There are two assumptions that deserve elaboration.
first aspect is the assumption of ‘‘rapid’’ thermalization. T
time scale for thermalization of the inflaton decay product
(ns)21 wheres is a cross section for the scattering of t
decay products andn is the number density of scatterers. T
thermalization is rapid if this time scale is short compared
the time scale for energy extraction from the inflaton,
sumed to be equal to the lifetime of the inflaton,Gf

21 . As
studied in Refs.@18,19#, thermalization is dominated by 2
→3 scatterings, which cause thermalization within a Hub
time if the typical energy of the decay products is sma
than a3M Pl;1015 GeV, with a5g2/4p. Since the initial
energy of the decay products is of the order of the infla
mass, we conclude that thermalization will rapidly occur
inflaton masses below 1015 GeV.

The second important aspect of the assumption is that
inflaton decay products have a thermal mass of the orde
gT, whereg;0.5 is a typical gauge coupling constant. O
might imagine that the inflaton decays into some wea
interacting particles which then subsequently decay i
‘‘thermal’’ particles with gauge interactions. But in any cas
eventually the decay sequence must include particles
gauge interactions for which there will be a thermal mas

To model the effect of plasma masses, let us consider
the moment, a model Universe with two components: in
ton field energyrf and radiation energy densityrR which
contains all the light degrees of freedom produced after
cay. For simplicity, we can think that all the produced p
ticles in the radiation component have couplings of the sa
strength.4 Also, we consider the simplest type of decay, th
is, the decay of the inflaton into scalars. In the case of de
into scalars, the only effect of the masses is to modify
phase space of the products, while the case of fermion
slightly different, since the scattering amplitude also depe
on the masses.

The presence of thermal masses implies that the de
width of the inflaton is no longer the zero-temperature res
Gf5afMf , but becomes

Gf~T!5afMfA124
mp

2~T!

Mf
2

5afMfA124
g2T2

Mf
2

.

~4!

The consequence of this simple fact is that the dynamic
reheating drastically changes when the temperature of
plasma is such thatmp(T) becomes as large asMf . When
mp(T)!Mf , the effect is negligible, while the decays sto
whenmp(T)'Mf since the phase space factor goes to z
asT5Mf/2g'Mf .

3We expectg&1, and will assumeg51/2 for numerical esti-
mates.

4Since the energies are well above the weak scale, even neut
will interact with gauge-coupling strength.
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With the above assumptions, the Boltzmann equations
scribing the redshift and interchange in the energy den
among the different components are

ṙf13Hrf1Gf~T!rf50

ṙR14HrR2Gf~T!rf50, ~5!

where dot denotes time derivative.
It is clear that the system behaves in such a way thaT

never becomes larger thanMf/2g, otherwise the factor
Gf(T) would become imaginary. In other words, whenT
reaches this value we have a phase with approximately c
stantT during which the decays are suppressed for kinem
reasons. During this phaserR stays constant, whilerf de-
creases likea23. We recall that without plasma masses, t
behavior ofT is very different: immediately after inflation
ends it grows rapidly toTmax, and then decreases likea23/8

until it reachesTRH . At this point thef field decays com-
pletely and the Universe becomes radiation dominated.

Taking into account the effect of plasma masses, we m
have three possibilities:

Case I Tmax,Mf

Case II TRH,Mf,Tmax

Case III Mf,TRH .

In case I, the effect of the plasma mass is negligible. Thi
the case, for instance, in which the decay rate of the infla
is suppressed by powers of the Planck scale. In case II, a
a very short timeT grows toMf , then stays approximately
constant for a while, then decreases asa23/8 until reheating
and the radiation dominated phase begins. In case III, a
after a very short time,T grows toMf and after a long phase
of constantT, the Universe directly enters the radiatio
dominated phase after the time of reheating, which would
determined by ignoring plasma effects.

We want now to discriminate, in terms of the fundamen
parameters of the inflaton field, the applicable case~I, II, or
III !, and the duration of the constant-T phase. First, recal
that the maximum temperature obtained after inflation
given by @6#

Tmax5S 3

8D 2/5S 15

2p3D 1/4

af
1/4S M Pl

2 HI

g* Mf
3 D 1/4

Mf

50.6af
1/4S M PlV

1/2

g* Mf
3 D 1/4

Mf , ~6!

whereV is the value of the inflaton potential at the end
inflation. The reheating temperature was defined in Eq.~2!.
We may now determine the conditions that determine
operative case in terms of the value of the decay cons
af :
os
5-3
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KOLB, NOTARI, AND RIOTTO PHYSICAL REVIEW D 68, 123505 ~2003!
Case I af&g*
Mf

3

g4M PlV
1/2

Case II g*
Mf

3

g4M PlV
1/2

&af&g
*
1/2 Mf

g2M Pl

Case III g
*
1/2 Mf

g2M Pl

&af .

If we put V1/4'1013 GeV, Mf'108 GeV andg* '102, we
obtain

Case I af&10218

Case II 10218&af&3310210

Case III 3310210&af .

Next, we may estimate the duration of the constanT
phase in cases II and III. We will denote byaI the value of
the scale factor at the beginning of the reheating phase
by aF its value at the end of the constant-T phase.

In case II,aF may be estimated by assuming the us
scaling of the temperature ignoring plasma mass effects
ing reheating,T}a23/8, and finding the value ofa when T
drops below the valueMf/2g. The behavior ofT is

T

Mf
.S 54

p5D 1/8

af
1/4S M PlV

1/2

g* Mf
3 D 1/4S a

aI
D 23/8

. ~7!

Imposing the conditionT/Mf51/2g to defineaF we find

aF

aI
5~2g!8/3S 54

p5D 1/3

af
2/3

M Pl
2/3V1/3

Mf
2

. ~8!

In terms of number of e-folds, imposingV1/4'1014 GeV,
Mf'109 GeV) we obtainN'3012/3 ln(af).

In case III, the situation is much different from the ca
ignoring plasma effects. In the usual case~without plasma
masses! the system would enter the radiation-dominated
at the time off decay (Gf5H):

aRH

aI
5S 8p

3 D 1/3 V1/3

Mf
2/3M Pl

2/3af
2/3

. ~9!

In our case, though, decays are not possible so long asT is
larger than Mf/2g. So, the f energy density continue
evolving approximately likea23 until rf becomes smalle
thanrR , at which timef can decay without enhancing th
temperature~and so closing the phase space for the dec!.
So the condition is simply for case III is

VS aI

aF
D 3

&
p2

30
g* S Mf

2g D 4

, ~10!

which implies
12350
nd

l
r-

a

aF

aI
'4g4/3S V

g* Mf
4 D 1/3

'S V

Mf
4 D 1/3

. ~11!

In terms of number of e-folds, imposing again realistic v
ues for this case,V1/4'831011 GeV, Mf'23107 GeV,
we obtainN'14. The two cases reduce to the same value
the intermediate case~i.e., the case in whichTRH.Mf).

Now we want to analyze in detail what happens to t
system in cases II and III by numerically solving the Bolt
mann equations. In order to do this it is more convenien
express the Boltzmann equations in terms of dimension
quantities that can absorb the effect of expansion of the U
verse. This may be accomplished with the definitions

F[rfMf
21a3; R[rRa4. ~12!

It is also convenient to use the scale factor, rather than ti
as the independent variable, so we define a variablx
5aMf . With this choice the system of equations can
written as~prime denotesd/dx)

F852A 3

8p

M Pl

Mf
afA124

g2T2~x!

Mf
2

x

AFx1R
F

R85A 3

8p

M Pl

Mf
afA124

g2T2~x!

Mf
2

x2

AFx1R
F,

~13!

where the temperatureT(x) depends uponR and g* , the
effective number of degrees of freedom in the radiation:

T~x!

Mf
5S 30

g* p2D 1/4
R1/4

x
. ~14!

It is straightforward to solve the system of equations
Eq. ~13! with initial conditions atx5xI of R(xI)5X(xI)
50 andF(xI)5F I . It is convenient to expressrf(x5xI)
in terms of the expansion rate atxI , which leads to

F I5
3

8p

M Pl
2

Mf
2

HI
2

Mf
2

xI
3 . ~15!

The numerical value ofxI is irrelevant.
We show in Figs. 1 and 2 the solution of the system

spectively in cases II and III. They follow the qualitativ
behavior we described, with the prominent constant-T phase.

III. APPLICATIONS

A. Thermal production of gravitinos

The first question we want to address is the production
gravitinos during reheating, taking into account the effect
thermal masses.5 It is known that the overproduction of grav

5Here we consider gravitinos, but the results are easily general
to other dangerous light relics.
5-4
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REHEATING STAGE AFTER INFLATION PHYSICAL REVIEW D68, 123505 ~2003!
itinos represents a major obstacle in constructing cosmol
cal models based on supergravity@7#. Gravitinos decay very
late and, if they are copiously produced during the evolut
of the early Universe, their energetic decay products des
4He and D by photodissociation, thus jeopardizing the s
cessful nucleosynthesis predictions@8,9#. As a consequence
the ratio of the number density of gravitinosn3/2 to the en-
tropy densitys should be smaller than about

n3/2

s
&10212 ~16!

for gravitinos with mass of the order of 100 GeV.
Gravitinos could be produced in the early Universe b

cause of thermal scatterings in the plasma during the stag
reheating after inflation. Usually, to avoid the overproduct
of gravitinos, one has to require that the reheating temp
tureTRH after inflation is not larger than about 108–109 GeV
@8#. In our case, the relevant parameter is no longerTRH ,
since the temperature is cutoff by the effect of therm

FIG. 1. The behavior of the temperature during reheating, w
out ~dashed line! and with~solid line! plasma mass effects, for cas
II: TRH,Mf .

FIG. 2. The behavior of the temperature during reheating, w
out ~dashed line! and with~solid line! plasma mass effects, for cas
III: TRH.Mf .
12350
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masses. We present here an analysis of the thermal ge
tion of gravitinos during reheating with a phase of const
temperature.

Recall the salient aspects of the calculation of the gr
itino abundance without thermal masses. The gravitino ab
dance is determined by the Boltzmann equation

dn3/2

dt
13Hn3/252^sAv&@n3/2

2 2~n3/2
2 !eq#, ~17!

where^sAv&}1/M Pl
2 is the thermal average of the gravitin

annihilation cross section times the Mo” ller velocity. Assum-
ing the actual gravitino density is much less than its equi
rium value (n3/2)eq53g3/2z(3)T3/4p2 (g3/2 is the number of
degrees of freedom of the gravitino!, the evolution of the
comoving gravitino number density (N5a3n3/2) is quite
simple:

dN3/2

da
5

ca2T6

HM Pl
2

, ~18!

wherec5„3g3/2z(3)/4p2
…

2.
In the radiation-dominated phaseH}a22 andT}a21, so

that the dominant contribution toN3/2 comes from smalla,
corresponding to largeT. During reheatingH}a23/2. If
plasma effects are not importantT}a23/8 during reheating,
while if plasma effects are importantT}const during reheat-
ing. In either case, the dominant contribution toN3/2 comes
from largea, corresponding to the end of reheating. The
fore we can calculateN3/2 at the end of the reheating era~the
beginning of the radiation-dominated era! and compare it to
the comoving entropy densityNs5a3T32p2g* /45. The re-
sult is

N3/2

Ns
5

n3/2

s
'5 1022

TRH

M Pl
~TRH,Mf cases I, II!

1022
Mf

M Pl
~TRH.Mf case III!.

~19!

Comparing Eqs.~16! and ~19!, one obtains the bounds

~1082109! GeV*H TRH ~TRH,Mf cases I, II!

Mf ~TRH.Mf case III!.
~20!

This calculation illustrates the point that in case III, th
reheat temperatureTRH has no meaning.

B. Number of e-folds after inflation

The quality and quantity of observational data ha
reached the point where it is possible to start placing me
ingful constraints on inflationary models@14–16#. In the
phenomenology of extracting predictions from even sim
inflation models, one of the significant uncertainties is t
location of the inflaton corresponding to when scales of
servational interest crossed the Hubble radius during in

-

-
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KOLB, NOTARI, AND RIOTTO PHYSICAL REVIEW D 68, 123505 ~2003!
tion. Recent studies of this issue@17,20# have pointed out
that a significant factor is the uncertainty in the duration
the reheating phase. Lack of knowledge of the duration
the reheating results in an uncertainty in the number
e-folds of expansion after inflation ends@2#. The uncertainty
is usually parametrized in terms of the reheat temperat
with the uncertainty in the number ofe-folds of inflation
depending on lnTRH

1/3 .
As we have stressed, in case III the reheat temperature

no meaning; the radiation-dominated era commences
T5Mf . If case III is obtained, then previous formulas f
the number ofe-folds should depend on

DN5
1

3
ln

Mf

V1/4
, ~21!

instead of the traditional formula used forDN @2#, DN
5 1

3 ln TRH/V1/4, i.e., TRH;AGfM Pl should be replaced by
Mf . This means that if case III is attained, the number
e-folds corresponding to scales of observational interes
smaller than in the usually adopted case by a fac
1
3 lnAafM Pl /Mf.

Proper calculation of the number ofe-folds after inflation
is crucial in determining the viability of inflation models
The change in the number ofe-folds in case III may be
crucial.

C. Production of massive particles

Our findings may be relevant for the production of ma
sive particles during the reheating stage and, in particular
the production of superheavy dark matter~WIMPZILLAS,
where WIMP stands for weakly interacting massive partic!
@5,21# and leptogenesis@22#.

There are many reasons to believe that the present m
density of the Universe is dominated by a WIMP, a fos
relic of the early Universe. Theoretical ideas and experim
tal efforts have focused mostly on production and detec
of thermal relics, with mass typically in the range a few G
to a hundred GeV. However, during the transition from t
end of inflation to the beginning of the radiation phase,
perheavy and nonthermal particles may be generated. If
are stable they may provide a significant contribution to
total dark matter density of the Universe.

Let us consider a superheavy particleX with massMX . In
this section we will restrict our attention to case III for whic
the final reheating temperature is fixed by the inflaton ma
and we consider the case in whichMX.Mf .6 We suppose
that theX particles are produced in pairs during the reheat
stage by annihilation of light states. The corresponding B
zmann equation for the number densitynX reads

6In the opposite case, the superheavy dark matter may be g
ated directly by the inflaton decay and its abundance will depend
the coupling between the inflaton and theX particles. In such a case
the final abundance of the superheavy dark matter will be mo
dependent.
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dnX

dt
13HnX52^sAv&@nX

22~nX
2 !eq#, ~22!

where^sAv&.aX /MX
2 is the thermal average of the annih

lation cross section times the Mo” ller velocity. Assuming the
actual densitynX is much less than its equilibrium valu
(nX)eq5gX(MXT/2p)3/2e2MX /T (gX is the number of de-
grees of freedom of theX particles! and remembering tha
dominant contribution to the production comes from end
reheating when the temperature is of the order ofMf , we
can estimate the ratio between the number density ofX par-
ticles and the entropy density at the end of reheating to

nX

s
.1022

gX
2

g
*
3/2

M PlMX^sAv&S MX

Mf
D 2

e22MX /Mf, ~23!

corresponding to a present-day abundance of

VXh2.1022gX
2MX

2^sAv&S MX

Mf
D 2

e22MX /Mf. ~24!

Taking MX
2^sAv&;1, a moderate hierarchy between the i

flaton mass and the superheavy dark matter particleMX ,
MX /Mf;30, may explain the observed value for the da
matter abundance of about 30%. Equation~24! is much dif-
ferent than previous results@5#.

Our findings also have important implications for the co
jecture that ultra-high energy cosmic rays, above
Greisen-Zatsepin-Kuzmin cutoff of the cosmic ray spectru
may be produced in decays of superheavy long-living p
ticles @23–25#. In order to produce cosmic rays of energi
larger than about 1013 GeV, the mass of theX particles must
be very large,MX*1013 GeV, and their lifetimetX cannot
be much smaller than the age of the Universe,tX*1010 yr.
With the smallest value of the lifetime, the observed flux
ultra-high energy cosmic rays will be reproduced with
rather low density ofX particles,VX;10212. The expres-
sion, Eq.~24!, suggests that theX particles can be produce
in the right amount by collisions taking place during th
reheating stage after inflation, if the inflaton mass is abou
factor of 40 smaller thanMX .

Let us now discuss the consequences of our results for
leptogenesis scenario@22# ~even though our findings can b
easily generalized to any out-of-equilibrium scenario for t
production the baryon asymmetry! where the lepton asym
metryL is reprocessed into baryon number by the anomal
sphaleron transitions@26#. Again we will assume case III for
which the final reheating temperature is fixed by the infla
mass.

In the simplest leptogenesis scenario, the lepton asym
try is generated by the out-of-equilibrium decay of a mass
right-handed Majorana neutrino, whose addition to the st
dard model spectrum breaksB2L.

Let us indicate bynN the number density per comovin
volume of the lightest right-handed neutrinoN, the one
whose final decay~into left-handed leptons and Higg
bosons! is responsible for the generation of the lepton asy
metry. We can approximate the Boltzmann equation forN as

er-
n

el
5-6
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dnN

dt
13HnN52GN@nN2~nN!eq#, ~25!

where GN is the decay rate ofN for the processesN
→H†,L ,H ,̄L . Assume again thatMf,MN and that the ac-
tual density nN is much less than its equilibrium valu
(nN)eq52(MNT/2p)3/2e2MN /T. Since the dominant contri
bution to the production of right-handed neutrinos will com
from end of reheating when the temperature is of the orde
Mf , we can estimate the ratio between the number den
of N particles and the entropy density at the end of rehea
to be

nN

s
.

1021

g
*
3/2 S GNM Pl

Mf
2 D S MN

Mf
D 3/2

e2MN /Mf

&
1021

g*
S MN

Mf
D 3/2

e2MN /Mf, ~26!

where in the last expression we have imposed that w
right-handed neutrinos are produced, their direct deca
inefficient, i.e.,

K5
GN

H U
T.Mf

.
GNM Pl

g
*
1/2Mf

2
&1. ~27!

The limiting caseK;1 would mean that the right-hande
neutrinos enter into chemical equilibrium as soon as they
generated.

The ratio in Eq.~26! remains constant until the right
handed neutrinos decay generating a lepton asymmetL
5e(nN /s), wheree is the small parameter containing th
information about theCP-violating phases and the loop fac
tors. The corresponding baryon asymmetry isB5(28/79)L,
assuming only standard model degrees of freedom,
therefore the final baryon asymmetry is bounded to
smaller than

B51024eS MN

Mf
D 3/2

e2MN /Mf. ~28!

For a hierarchical spectrum of right-handed neutrinos, it
been shown that there is a model independent upper bo
on theCP asymmetry produced in the right-handed neutr
decays,e&3mn3

MN /(8pv2), wheremn3
is the mass of the
tt.

12350
of
ity
g

n
is

re
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heaviest of the left-handed neutrinos andv is the standard
model Higgs vacuum expectation value@27#. Therefore, the
maximum value of the baryon asymmetry in Eq.~28! is fur-
ther bounded from above by~taking mn3

;0.07 eV, the at-
mospheric neutrino mass scale!

B&1026S MN

1010 GeV
D S MN

Mf
D 3/2

e2MN /Mf. ~29!

The requirement thatB is larger than 2310211 implies that
the ratioMN /Mf cannot be larger than about 15.

IV. CONCLUSIONS

Reheating after inflation occurs due to particle product
by the oscillating inflaton field, and its dynamics is very ric
In this paper we have observed that the inflaton decay p
ucts acquire plasma masses during the reheating phase
plasma masses may render inflaton decay kinematically
bidden, causing the temperature to remain frozen for a pe
at a plateau value. This happens in any models where
decay rate of the inflaton fieldGf is larger than about
Mf

2 /M Pl . This condition does not seem to be very restr
tive. If the condition is met, the final reheating temperature
uniquely determined by the inflaton mass, and not by
coupling. If the reheating dynamics is mainly dominated b
scalar fieldx different from the inflaton, then the final re
heating temperature may be determined in terms of the m
of thex field. An example is if reheating takes place along
flat supersymmetric direction whose mass is the soft su
symmetry breaking scalem̃;102 GeV and whose couplings
to ordinary matter are of the order of unity. In such a ca
the effects of plasma blocking are crucial for determining
final reheating temperature to beTRH;m̃.

We have shown that our results are relevant for the th
mal production of dangerous relics during reheating, for
tracting bounds on particle physics models of inflation fro
cosmic microwave background anisotropy data, for the p
duction of massive dark matter candidates during reheat
and for models of baryogenesis or leptogenesis where m
sive particles are produced during reheating.
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