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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 reheafing., gravitinog 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 The reheat temperature is defined by assuming an instan-
taneous conversion of the energy density in the inflaton field
At the end of inflation 1] the energy density of the Uni- into radiation when the decay width of the inflaton energy,
verse is locked up in a combination of kinetic energy andl’,,, is equal toH, the expansion rate of the Universe. The
potential energy of the inflaton field, with the bulk of the  reheat temperature is calculated quite egddly After infla-
inflaton energy density in the zero-momentum mode of theion the inflaton field executes coherent oscillations about the
field. ThUS, the Universe at the end of inflation is in a C0|d,minimum of the potentiaL Averaged over several oscilla-
low-entropy state with few degrees of freedom, very muchtions, the coherent oscillation energy density redshifts as
unlike the present hot, high-entropy Universe. After inflationmatter:p¢oca—3, wherea is the Robertson-Walker scale fac-

':jhef frozzn in;lagon-domina;‘(_adhUniverse m(ljJ.St _sorzehqw b&or. If we denote ap, anda, the total inflaton energy density
elrosted and become a high-entropy, radiation-dominateg, he scale factor at the onset of coherent oscillations im-

Universe. h defrosti h . fter inflation i mediately after the end of inflation, then the Hubble expan-
One path to defrosting the Universe after inflation isqjqp, rate a5 a function af is (M, is the Planck mass
known as “reheating’2]. The simplest way to envision the

reheating process is if the comoving energy density in the

zero mode of the inflaton decays into normal particles in a H@)=\/— —
perturbative way. The decay products then scatter and ther- 3 M,%|
malize to form a thermal background.

Of particular interest is a quantity known as the reheatEquatingH(a) andI’ , leads to an expression faf/a. Now
temperature, denoted aBzy. The reheat temperature is if we assume that all available coherent energy density is
properly thought of as the maximum temperature of theinstantaneously converted into radiation at this value of
radiation-dominated Universe. It is not necessarily the maxia, /a, we can define the reheat temperature by setting the
mum temperature obtained by the Universe after inflatiorcoherent energy density,,= p,(a, /a)3, equal to the radia-
[2,4-6. tion energy densitypg=(7%/30)g, Try, Whereg, is the

effective number of relativistic degrees of freedom at tem-
peratureTgy. The result is
We do not consider here the possible role of nonlinear dynamics

a\®
a

@

leading to explosive particle production known as “preheatif®y’ 920 14

In this paper we are concerned with the case in which the inflaton RH= ( T) agZ\/M sMp

field decays through perturbative processes. This happens anytime 8770,

the resonant parameter [3], which depends upon the coupling 100, ¥4

constant of t_he |nflatqn field to_llght_fleld.s and on the |n|t|a_l condi- =0 2(_) agzm, )
tions of the inflaton field after inflation, is smaller than unity. No- *

tice, however, that the final reheating temperature after a preheating ) )
stage might well be determined by a perturbative decay of the rewhere we have expressed the inflaton decay widt’gs
sidual inflaton oscillations. If so, our study applies in this case also=a4M ;.
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There are various reasons to suspect that the reheatirmxpects a prolonged period during which the temperature of
temperature is small. For instance, in local supersymmetrithe plasma is frozen to a plateau value of the order of
theories[7] gravitinos (and other dangerous relics such asg’lM(b.
moduli field9 are produced during reheating. Unless reheat- Our observation has various implications. First of all, let
ing is delayed, gravitinos will be overproduced, leading to aus notice that we do not know the mass of the inflaton field
large undesired entropy production when they decay aftedround the minimum of its potential during the reheating
big-bang nucleosynthesfig]. The limit from gravitino over- ~ Stage. Indeed, from the recent Wilkinson Microwave Aniso-
production isTry=10°~10° GeV, or even strongdi]. tropy Probe (WMAP) cosmic microwave background

Again, we emphasize that the reheat temperature is be§¢MB) anisotropy datd14] we only have limited informa-

regarded as the temperature below which the Universe e%'ﬁ” about that portion of the inflaton potential experienced

pands as a radiation-dominated Universe, with the scale fa Y the_ ‘”f'ato!" field during inflation; we know that it has to
tor decreasing ag_l/g.l._l In this regard it has a limited e quite flat in order to allow a sufficiently long period of
" .

: . . . exponential growth of the scale factfd,15-17. However,
meaning(2,4]. As the.scalar field Qecays mto light states, thewe know nothing about the inflaton mass during reheating,
decay products rapidly thermalize forming a plasma with

- ¢ since this depends upon a portion of the inflaton potential
temperaturel. The latter grows until it reaches a maximum \hich is not accessible to any observations. This amounts to
value T, and then decreases asa~ ¥ down to the tem-  saying thatv » should be regarded as a free parameter. Even
peratureTry, which should notbe used as the maximum more, in many inflationary scenarios, e.g., hybrid mofi]s
temperature obtained by the Universe during reheating. Thghe reheating dynamics may be determined by a scalar field
maximum temperature is, in fact, much larger thag, and  y different from the inflaton field(In the following, the ter-

it is incorrect to assume that the maximum abundance of ainology “mass of the inflaton” will be therefore used in a
massive particle species produced after inflation is suploose way)

pressed by a factor of expM/Tgy). This has important im- Suppose that the reheating temperailgg defined in Eq.
plications for the idea of superheavy dark mafs} super-  (2), is larger tharg ™M »- This means that when the inflaton
symmetric dark mattef6,10] and baryogenesidll]. decay lifetime is of the order of the age of the Universe, the

The goal of this paper is to present a simple, but relevaninflaton field would like to decay, but is not allowed to be-
observation that changes the usual picture of the temperatugguse the plasma masses of the light decay products are too
evolution during reheating. During the process of reheatindarge. Only when the energy density stored in the inflaton
the inflaton decay products scatter and thermalize to form &eld becomes smaller than abopi,~ (g~ *M 4)* will the
thermal background. A thermalized particle species producegarticles in the plasma have a mass smaller thgn and
during the first stages of reheating acquires a plasma mad#sflaton can promptly decay. Under these circumstances the
my(T) of the order ofgT, whereg is the typical(gauge reheating temperature of the Universe should be
coupling governing the particle interactiofk2]. This hap-
pens because forward scatterings of fermions do not change My

the distribution functions of particles, but modify their free- TrH g’ )
dispersion relations, producing a plasma mass. The disper-
sion relation can be well approximated for both scalars angyhich is directly related to the inflaton mass and independent
fermions byw?=k?+m?(T), wherew andk are the energy  of the inflaton decay rate.
and the three-momentum of the particle in the thermal back- Before concluding the Introduction, we note that our ef-
ground, respectively. The presence of thermal masses impligsct is applicable in situations other than reheating after in-
that the inflaton zero-mode cannot decay into light states iflation. It would apply, for instance, if the Universe is ever
its massM , is smaller than abod T. The decay process is dominated by a decaying nonrelativistic particle.
simply kinematically forbidden. The rest of the paper is organized as follows. In Sec. Il we
Our observation is that during the reheating stage, thanalyze in detail the behavior of the temperature during the
inflaton starts decaying and the temperature of the plasm@heating stage and in particular we characterize the plateau
rises. If the maximum temperature obtained by the Universgtage both analytically and numerically. Section Il is de-
during reheating,T,.x, IS larger than aboug‘1M¢, the  voted to the study of some applications of our findings. We
inflaton decay channel into light states become inaccessibl®cus on the production of gravitinos during reheating, on
and the decay process stops as soon as the temperature t@s evaluation of the number effolds after inflation which
reached a value of the order gf1M¢. Subsequently, ex- has recently acquired particular relevance in order to restrict
pansion cools the plasma, lowering the temperature and th@odels of inflation from the CMB anisotropy data, and on
corresponding plasma masses of the light states. The inflatdhe production of massive particles. Finally, in Sec. IV we
is then free to decay. However, as soon as this happens, tipgesent our conclusions.
temperature of the plasma rises and the inflaton decay pro-
cess becomes kinematically forbidden again. As a result, one Il. REHEATING WITH THERMAL MASSES

We now discuss the reheating process, assuming that the
°This observation was made first in the context of the Affleck-decay products of the inflaton field rapidly thermalize and
Dine baryogenesis scenaffib3]. acquire “plasma” masses,(T) of the order ofg T, whereg
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is the coupling constant for a particle in the plasima. With the above assumptions, the Boltzmann equations de-
There are two assumptions that deserve elaboration. Theeribing the redshift and interchange in the energy density

first aspect is the assumption of “rapid” thermalization. The among the different components are

time scale for thermalization of the inflaton decay products is

(no) ! whereo is a cross section for the scattering of the pet3Hpy+T 4(T)pys=0

decay products andis the number density of scatterers. The

thermalization is rapid if this time scale is short compared to

the time scale for energy extraction from the inflaton, as-

sumed to be equal to the lifetime of the inflatclhgl. As

studied in Refs[18,19, thermalization is dominated by 2 It is clear that the system behaves in such a way That

— 3 scatterings, which cause thermalization withinaHubeeneVer becomes larger thaMl ,/2g, otherwise the factor
time if3the typicaél energy .Of the dzecay prpducts is' s:mallerrd)(T) would become imagin(gry. ’In other words, whén
than a prtlr: 1g1 GeV, \(/jwthta_: 9 f/Ater : SI(;ICE :‘hti |n_|t|fa]1It reaches this value we have a phase with approximately con-
energy ot the decay products 1s of the order of the INMalony;, during which the decays are suppressed for kinematic
mass, we conclude that thermalization will rapidly occur forreasons During this phage stays constant, while,, de-

|an_|a_\Lon mass(ej:s_ bEIO\tN if)GeV't f th tion is th tthcreases likea 3. We recall that without plasma masses, the
€ second Important aspect of the assumption IS tha ehavior of T is very different: immediately after inflation

inflaton decay products have a thermal mass of the order g nds it grows rapidly td ., and then decreases likee 3

gT, whereg~0.5 is a typical gauge coupling constant. One .. . ; : ) i
might imagine that the inflaton decays into some WeaklyumII it reachesTgy. At this point the¢ field decays com

: . . . : Aaletely and the Universe becomes radiation dominated.
Interacting pz_artlcles_ which th_en sub_sequently decay int Taking into account the effect of plasma masses, we may
“thermal” particles with gauge interactions. But in any case, '

eventually the decay sequence must include particles witnave three possibilities:

gauge interactions for which there will be a thermal mass.
To model the effect of plasma masses, let us consider, for

the moment, a model Universe with two components: infla-

pr+4Hpr—T 4(T)p,=0, (5)

where dot denotes time derivative.

Casel Tpa<M,

ton field energyp,, and radiation energy densifyz which Casell  Tru<My<Tpnax
contains all the light degrees of freedom produced after de-
cay. For simplicity, we can think that all the produced par- Caselll My4<Tgy.

ticles in the radiation component have couplings of the same

strengtt Also, we consider the simplest type of decay, thatjy case |, the effect of the plasma mass is negligible. This is
is, the decay of the inflaton into scalars. In the case of decaye case, for instance, in which the decay rate of the inflaton
into scalars, the only effect of the masses is to modify thgs syppressed by powers of the Planck scale. In case I, after
phase space of the products, while the case of fermions ig yery short timeT grows toM, then stays approximately
slightly different, since the scattering amplitude also dependg§qnstant for a while, then decreasesaas® until reheating

on the masses. and the radiation dominated phase begins. In case III, again

. The presence of .thermal masses implies that the decayq, a very short timeT grows toM , and after a long phase
width of the inflaton is no longer the zero-temperature resulf constantT, the Universe directly enters the radiation-
[y=ayM,, but becomes dominated phase after the time of reheating, which would be

determined by ignoring plasma effects.
We want now to discriminate, in terms of the fundamental

mlz,(T) g°T? parameters of the inflaton field, the applicable cdséd, or
Fy(M=ayMy\/1-4 M2 =agMy\/1-4 M2 IIl'), and the duration of the constahtphase. First, recall
4 4 that the maximum temperature obtained after inflation is

(4) given by[6]

The consequence of this simple fact is that the dynamics of 3\25 15| ol MBH H

reheating drastically changes when the temperature of the Tmax= ) ﬁ Xg 9 M3 ¢

plasma is such thah,(T) becomes as large &8 ,. When e

mp(T)<M,, the effect is negligible, while the decays stop vl M 172\ 14

whenm,(T)~M,, since the phase space factor goes to zero =0.6a, Y My, (6)
* Vg

asT=My2g~M.

whereV is the value of the inflaton potential at the end of
3We expectg=<1, and will assumey=1/2 for numerical esti- Inflation. The reheating temperature was defined in &j.

mates. We may now determine the conditions that determine the
“Since the energies are well above the weak scale, even neutrin@perative case in terms of the value of the decay constant
will interact with gauge-coupling strength. ag!
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1/3 1/3

M3 a Y% v
¢ F 43
Case | ap<g, —— —~4g ~|—F (11)
=9 MV ay g, M? Mm%
3 In terms of number of e-folds, imposing again realistic val-
M¢ 1/2 My i 1/4 1 Y
Casell 9y ——==a,=<0, > —— ues for this caseV/*~8x 10" GeV, M 4~2x10" GeV,

g*Mp V2 9°Mp we obtainN~14. The two cases reduce to the same value in
the intermediate cas@e., the case in whicligy=M ;).

12 My Now we want to analyze in detail what happens to the
Caselll g 2y Say. system in cases Il and Ill by numerically solving the Boltz-
g Mepi mann equations. In order to do this it is more convenient to

express the Boltzmann equations in terms of dimensionless
guantities that can absorb the effect of expansion of the Uni-
verse. This may be accomplished with the definitions

If we put V¥*~10" GeV, M 4~10° GeV andg, ~10?, we
obtain

Casel a,<1018
*o d=p,M,'a% R=pga (12)

Casell 107%%< ay=3x10 ? It is also convenient to use the scale factor, rather than time,
as the independent variable, so we define a variable
=aM,. With this choice the system of equations can be

t. written as(prime denotesl/dx)

Caselll 3x10 P<ay.

Next, we may estimate the duration of the consfan

phase in cases Il and Ill. We will denote by the value of P
the scale factor at the beginning of the reheating phase and g,/ _ _ 3 Mp [1-48 T7) ®
. = ad,
by ar its value at the end of the constahtphase. 87 M, Mi) JOX+R
In case Il,ar may be estimated by assuming the usual
scaling of the temperature ignoring plasma mass effects dur- 212 2
: : ~3/8 L 3 Mp, / g°T(x) X
ing reheating,Tea™ ', and finding the value od whenT R=\g-m—as\/1-4 5 D,
drops below the valud 4/2g. The behavior off is ™My Mg JPx+R 13
1/8 172\ /4 —3/8
lz ﬁ) allﬁ/4 M a (7)  Where the temperaturg(x) depends uporR and g, , the
My \m° O« M?; a effective number of degrees of freedom in the radiation:
Imposing the conditio/M ,=1/2g to definear we find T(x) 30 | YVARV4 y
13 203 /113 My \g,m? X (14
E:(Zg)SIS E 2/3|vIPI (8)
a, o ¢ Mf,) ' It is straightforward to solve the system of equations in
Eqg. (13) with initial conditions atx=x, of R(x,)=X(x,)
In terms of number of e-folds, imposing*~10" GeV, =0 and®(x;)=®,. It is convenient to express,(x=Xx;)
M 4~ 10° GeV) we obtainN~30+ 2/3 In(ay). in terms of the expansion rate ®t, which leads to
In case lll, the situation is much different from the case
ignoring plasma effects. In the usual casathout plasma 3 M§,| H,2 3
massepthe system would enter the radiation-dominated era ‘DF@ W WX' : (15
at the time of¢ decay (" 4=H): 6 o
13 3 The numerical value of, is irrelevant.
ARH _ 8_77 v 9) We show in Figs. 1 and 2 the solution of the system re-
a 3 Mi/SM,Z,/,SaifS' spectively in cases Il and Ill. They follow the qualitative

behavior we described, with the prominent constaptiase.

In our case, though, decays are not possible so lonpias

larger thanM ,/2g. So, the ¢ energy density continues 1. APPLICATIONS
evolving approximately likea™3 until p, becomes smaller
thanpg, at which time¢ can decay without enhancing the
temperaturdand so closing the phase space for the decay The first question we want to address is the production of
So the condition is simply for case Il is gravitinos during reheating, taking into account the effect of

M thermal masseslt is known that the overproduction of grav-
¢) , (10

2g

A. Thermal production of gravitinos

3 77_2

Sﬁ)g*

q

ar

SHere we consider gravitinos, but the results are easily generalized
which implies to other dangerous light relics.
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masses. We present here an analysis of the thermal genera-

lJ(¢:6><10’la M¢:109GeV V1/4=1014GeV
T T T T T T T T T
I~
L~
10! ~
~
~
™ ~
100 ~
=
<
<
=101
10*2 -
d d d d d d d d d

10

tion of gravitinos during reheating with a phase of constant
temperature.

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

dngp
rTE 3HNg= —(Tav)[N3— (N3)eq],

17

where(av)*1/M3, is the thermal average of the gravitino
annihilation cross section times the/New velocity. Assum-

aal

FIG. 1. The behavior of the temperature during reheating, with
out (dashed lingand with(solid line) plasma mass effects, for case

1 Tru<M,.

itinos represents a major obstacle in constructing cosmologi-
cal models based on supergra\i#]. Gravitinos decay very
late and, if they are copiously produced during the evolution
of the early Universe, their energetic decay products destroy
“He and D by photodissociation, thus jeopardizing the suc:
cessful nucleosynthesis predictidrgs9]. As a consequence,
the ratio of the number density of gravitinag, to the en-

tropy densitys should be smaller than about

N3/2 _
<1012
S

for gravitinos with mass of the order of 100 GeV.

Gravitinos could be produced in the early Universe be-
cause of thermal scatterings in the plasma during the stage of
reheating after inflation. Usually, to avoid the overproduction
of gravitinos, one has to require that the reheating tempera-
ture Try after inflation is not larger than about®al® GeV N, s
[8]. In our case, the relevant parameter is no longey, S

-3
10 10* 10 10® 10* 105 10 10" 10®% 10°

1010

(16)

ing the actual gravitino density is much less than its equilib-
rium value 0135) eq= 393/2¢(3) T*/47? (g3, is the number of
degrees of freedom of the gravitinahe evolution of the
‘comoving gravitino number densityNE a®n,,) is quite
simple:

dNg, ca’T®

da ~ Hup

(18

wherec=(3g3/,{(3)/4m?)?.

In the radiation-dominated phask<a 2 andTxa !, so
that the dominant contribution tN5, comes from smalh,
corresponding to largel. During reheatingHoca 3?2 If
plasma effects are not importafit-a~*® during reheating,
while if plasma effects are importamtcconst during reheat-
ing. In either case, the dominant contributionNg,, comes
from largea, corresponding to the end of reheating. There-
fore we can calculatbl, at the end of the reheating elthe
beginning of the radiation-dominated g&nd compare it to
the comoving entropy density =a’T3272g, /45. The re-
sult is

T
10—2$ (Tr<M, cases |, ]
Naz N3z MPI
S -2 " ¢
10— (Try>M, casell).
MPl ( RH ¢ b

since the temperature is cutoff by the effect of thermal

(19

Comparing Egs(16) and(19), one obtains the bounds

¢x¢:3><10’9 M¢:2><10"GeV Vi/4=8x10"GeV
~
102 \\ a
~
~
~
~
~
\\
e 10! | ~ E
g .
B
AN
AN
100
10-! AP T T TN R |
100 10! 102 108 104 105 108

Tru (Tru<My cases|, I)
10°-10°) Gev=
( ) My (Tru>M, casell).
(20)

This calculation illustrates the point that in case lll, the
reheat temperaturézy has no meaning.

B. Number of e-folds after inflation

The quality and quantity of observational data have
reached the point where it is possible to start placing mean-

aal

ingful constraints on inflationary model[d4-16. In the
phenomenology of extracting predictions from even simple

FIG. 2. The behavior of the temperature during reheating, withinflation models, one of the significant uncertainties is the
out (dashed lingand with(solid line) plasma mass effects, for case location of the inflaton corresponding to when scales of ob-

M Tre>M,.

servational interest crossed the Hubble radius during infla-
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tion. Recent studies of this iss(i&7,20 have pointed out dny ) 5

that a significant factor is the uncertainty in the duration of ap F3HNX= —(oav)[Nk—(NY)eql, (22
the reheating phase. Lack of knowledge of the duration of

the reheating results in an uncertainty in the number o

_e-folds of expansion afte_r inflation en@8]. The uncertainty lation cross section times the Mier velocity. Assuming the
IS usually param_etnz_ed in terms of the reheat 'Femp_eratureactual densityny is much less than its equilibrium value
with the uncertainty in the number @ folds of inflation () o= Gx(MyT/27) ¥ Mx/T (g, is the number of de
; 1/3 x)eq™ Ix(Mx X -
depending on Iy . rees of freedom of th& particle3 and remembering that
As we have stressed, in case Il the reheat temperature hgg minant contribution to the production comes from end of

no meaning; the radiation-dominated era commences Witpeheating when the temperature is of the ordeMqf, we
T=M,. If case lll is obtained, then previous formulas for ., estimate the ratio between the number density pér-

(Nhere(crAv)zax/M)z( is the thermal average of the annihi-

the number of-folds should depend on ticles and the entropy density at the end of reheating to be
1 My 2 2
AN 3InV1/4' (21 ?leofngi(zM piMx(oav) 'V'_Z e 2MxMy (23
*

instead of the traditional formula used fdrN [2], AN  corresponding to a present-day abundance of
=3InTru/VY4, ie., Tru~ T 4Mp, should be replaced by
M. This means that if case lll is attained, the number of 2 2712
¢ , Qyh?=10Pg5M
e-folds corresponding to scales of observational interest is X GMidoav)
smaller than in the usually adopted case by a factor
5InVa Mp /M . TakingM%(oav)~1, a moderate hierarchy between. the in-
Proper calculation of the number effolds after inflation ~ flaton mass and the superheavy dark matter partitig,
is crucial in determining the viability of inflation models. Mx/M ,~30, may explain the observed value for the dark
The change in the number @folds in case Ill may be matter abundance of about 30%. Equati@d) is much dif-
crucial. ferent than previous resulf§].
Our findings also have important implications for the con-
) . ) jecture that ultra-high energy cosmic rays, above the
C. Production of massive particles Greisen-Zatsepin-Kuzmin cutoff of the cosmic ray spectrum,

Our findings may be relevant for the production of mas-may be produced in decays of superheavy long-living par-
sive particles during the reheating stage and, in particular, foficles [23—25. In order to produce cosmic rays of energies
the production of superheavy dark matt®vIMPZILLAS, larger than about 8 GeV, the mass of th¥ particles must
where WIMP stands for weakly interacting massive particle be very largeMy=10'° GeV, and their lifetimery cannot
[5,21] and leptogenesig?2]. be much smaller than the age of the Universgz 10' yr.

There are many reasons to believe that the present ma¥¥th the smallest value of the lifetime, the observed flux of
density of the Universe is dominated by a WIMP, a fossilultra-high energy cosmic rays will be reproduced with a
relic of the early Universe. Theoretical ideas and experimenrather low density ofX particles,Qx~10"*2 The expres-
tal efforts have focused mostly on production and detectiorsion, Eq.(24), suggests that th¥ particles can be produced
of thermal relics, with mass typically in the range a few GeVin the right amount by collisions taking place during the
to a hundred GeV. However, during the transition from thereheating stage after inflation, if the inflaton mass is about a
end of inflation to the beginning of the radiation phase, sufactor of 40 smaller thaivy .
perheavy and nonthermal particles may be generated. If they Let us now discuss the consequences of our results for the
are stable they may provide a significant contribution to thdeptogenesis scenar[@2] (even though our findings can be
total dark matter density of the Universe. easily generalized to any out-of-equilibrium scenario for the

Let us consider a superheavy parti¥levith massMy. In production the baryon asymmeltrwhere the lepton asym-
this section we will restrict our attention to case Ill for which metryL is reprocessed into baryon number by the anomalous
the final reheating temperature is fixed by the inflaton masssphaleron transition26]. Again we will assume case |11 for
and we consider the case in V\/hi(x,mx>|\/|(/)_6 We suppose Which the final reheating temperature is fixed by the inflaton
that theX particles are produced in pairs during the reheatingnass.
stage by annihilation of light states. The corresponding Bolt- In the simplest leptogenesis scenario, the lepton asymme-
zmann equation for the number dengity reads try is generated by the out-of-equilibrium decay of a massive

right-handed Majorana neutrino, whose addition to the stan-
dard model spectrum breaks-L.

®n the opposite case, the superheavy dark matter may be gener- L€t us indicate byny the number density per comoving
ated directly by the inflaton decay and its abundance will depend oiolume of the lightest right-handed neutrid, the one
the coupling between the inflaton and thearticles. In such a case, Whose final decay(into left-handed leptons and Higgs
the final abundance of the superheavy dark matter will be moddbosons is responsible for the generation of the lepton asym-
dependent. metry. We can approximate the Boltzmann equationNars

X ? 2My /M
- —2Mx /M 4 4
M ) e . (2 )
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dny heaviest of the left-handed neutrinos ands the standard
¢ F3HMN= Iy = (Nn)egls (25  model Higgs vacuum expectation val[&7]. Therefore, the
maximum value of the baryon asymmetry in E88) is fur-
where T'y is the decay rate oN for the processes\  ther bounded from above biyaking m, ~0.07 eV, the at-

—HT™¢ ,H¢, . Assume again thal ,<My and that the ac- mospheric neutrino mass scale
tual density ny is much less than its equilibrium value
(NN)eq=2(MnT/27)¥%e~Mn/T_ Since the dominant contri-

bution to the production of right-handed neutrinos will come B<10°
from end of reheating when the temperature is of the order of

M,, we can estimate the ratio between the number densiti

3/2

M
N e"MnMs (29

10'° GeV

My
My

of N particles and the entropy density at the end of reheatind N€ requirement tha is larger than 10~ ** implies that

to be e ratioMy /M, cannot be larger than about 15.
ny 107 TyMp (m) Slze—MN/M¢ IV. CONCLUSIONS
s g% be M, Reheating after inflation occurs due to particle production

L, - by the oscillating inflaton field, and its dynamics is very rich.
_10 (w) oMy /My 26) In this paper we have observed that the inflaton decay prod-
T 0 My, ’ ucts acquire plasma masses during the reheating phase. The

plasma masses may render inflaton decay kinematically for-
where in the last expression we have imposed that whehidden, causing the temperature to remain frozen for a period
right-handed neutrinos are produced, their direct decay igt a plateau value. This happens in any models where the

inefficient, i.e., decay rate of the inflaton field", is larger than about
Mfﬁ/Mm. This condition does not seem to be very restric-
I'y ' Mp, tive. If the condition is met, the final reheating temperature is
K:W =—pr—>=1 (27)  uniquely determined by the inflaton mass, and not by its
=M, Y M5 coupling. If the reheating dynamics is mainly dominated by a

scalar fieldy different from the inflaton, then the final re-

The limiting caseK~1 would mean that the right-handed heating temperature may be determined in terms of the mass
neutrinos enter into chemical equilibrium as soon as they aref the y field. An example is if reheating takes place along a
generated. flat supersymmetric direction whose mass is the soft super-

The ratio in Eq.(26) remains constant until the right- sy mmetry breaking scai@~ 107 GeV and whose couplings
handed neutrinos decay generating a lepton asymmetry {5 ordinary matter are of the order of unity. In such a case,
=¢€(ny/s), wheree is the small parameter containing the the effects of plasma blocking are crucial for determining the
information about thé; P-violating phases anq the loop fac- final reheating temperature to Bey~m.
tors. The corresponding baryon asymmetris (28/79), We have shown that our results are relevant for the ther-

;ssurfning tﬁnlyf. st?ngard model degtree§ cg‘ freocledé)n:, %nﬁilal production of dangerous relics during reheating, for ex-
eretore the final baryon asymmetry 1S bounded 1o e[racting bounds on particle physics models of inflation from

smaller than cosmic microwave background anisotropy data, for the pro-
a2 duction of massive dark matter candidates during reheating,
B= 1045(—N) e Mn/My (29) and for models of baryogenesis or leptogenesis where mas-
My sive particles are produced during reheating.

For a hierarchical spectrum of right-handed neutrinos, it has
been shown that there is a model independent upper bound
on theCP asymmetry produced in the right-handed neutrino  This work was supported in part by NASA grant NAG5-
decays,.e=< 3mV3MN/(87rv2), Wherem,,3 is the mass of the 10842.
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