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What is commonly called the reheat temperatdrg,;, is not the maximum temperature obtained after
inflation. The maximum temperature is, in fact, much larger thap. As an application of this we consider
the production of massive stable dark-matter particles of nhgsduring reheating, and show that their
abundance is suppressed as a powerQf/ My rather than exp{ My /Tgy). We find that particles of mass as
large as X 10° times the reheat temperature may be produced in interesting abundance. In addition to dark
matter, our analysis is relevant for baryogenesis if the baryon asymmetry is produced by the(balypton
number violating decays of superheavy bosons, and also for relic ultra-high energy cosmic rays if decays of
superheavy particles are responsible for the highest energy cosmi¢ $8$§6-282(99)07918-7

PACS numbd(s): 98.80.Cq

[. INTRODUCTION scale, preheating will not occtr.
It may also be the case that the parameters of the model
. . _ . are such that there is a short period of preheating that does
At the end of inflation[1] the energy density of the uni- o )y extract all of the ener%y densit)[/) from théJ inflaton
verse is locked up in a combination of kinetic energy andje|q. Even if there is a short period of preheating, the uni-
potentlal energy of the |_nflaton field, with almost all of the \,gr5e is likely to enter a long period of matter domination
inflaton energy density in the zero-momentum mode of thgynhere the dominant contribution to the energy density of the
field. Thus, the universe at the end of inflation is in a cold,ynjverse is provided by the residual small amplitude oscilla-
low-entropy state with few degrees of freedom, very muchtons of the classical inflaton field and/or by the inflaton
unlike the present hot, high-entropy universe. After inflationquanta produced during the back-reaction processes. This pe-
the frozen inflaton-dominated universe must somehow deriod will end when the age of the universe becomes of the
frost and become a high-entropy radiation-dominated uniorder of the perturbative lifetime of the inflaton field. At this
verse. It is now appreciated that defrosting may occumpoint the universe will go through a period of reheating with
through a combination of linear and nonlinear processes. Wa reheat temperatuiiesy obtained by applying the perturba-
will refer to nonlinear effects in defrosting as “preheating” tive theory of reheating.
[2] and refer to linear processes as “reheatirig]. Therefore, one may consider two different possibilities.
The possible role of nonlinear dynamics leading to exp|0-Either there is a short period of preheating, which is inevita-
sive particle production has recently received a lot of attenbly followed by a long period of matter-domination and by
tion. This process, known as “preheatinf?] may convert a the release of energy under th_e form of radiation in the usual
fair fraction of the inflaton energy density into other degreegP€rturbative way, or preheating does not take place, and
of freedom, with extremely interesting cosmological effectsdain the perturbative analysis of reheating applies. In either
such as symmetry restoration, baryogenesis, or production §@Se€, it should be clear that our paper deals with the reheat-
dark matter. But the efficiency of preheating is very sensitivdnd period in which the perturbative analysis holds.
to the model and the model parameters. The S|m.plest way to envision the process of reheat_mg is if
The parameters of the model may be such that the paréhe comoving energy dgnsﬁy in t'he zero mode of the inflaton
metric resonance and the preheating period da¢sccur at _decays into normal particles, which then scatter and thermal-
all. For instance, if the inflaton field is very weakly coupled, ize to form a thermal background. It is usually assumed that

say with a decay rate suppressed by powers of the Plandke decay width of this process is the same as the decay
width of a free inflaton field.
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There are two reasons to suspect that the inflaton decapg. We show that particles of mass much greater than the
width might be small. The requisite flatness of the inflatoneventual “reheat” temperaturéry may be created by the
potential suggests a weak coupling of the inflaton field tothermalized decay products of the inflaton. As an example,
other fields since the potential is renormalized by the inflatorwe demonstrate that a stable particle spe¥ies massM y
coupling to other field1]. However, this restriction may be would be produced in the reheating process in sufficient
evaded in supersymmetric theories where the nonrenorma&bundance that its contribution to closure density today
ization theorem ensures a cancellation between fields ang approximately M(o|v|)(g,/200)~ 3% 2000Tg,/My)”,
their superpartners. A second reason to suspect weak cowhereg, is the number of effective degrees of freedom of
pling is that in local supersymmetric theories gravitinos arethe radiation energy density afd|v|) is the thermal aver-
produced during reheating. Unless reheating is delayedge of theX annihilation cross section times the/Mw flux
gravitinos will be over produced, leading to a large undesiredactor. Thus, particles of mass as large as 2000 times the
entropy production when they decay after big-bang nucleoreheat temperature may be produced in interesting abun-
synthesid4]. dance.

Of particular interest is a quantity known as the reheat Other applications of the effect include production of
temperature, denoted dgy. The reheat temperature is cal- massive Higgs bosons which could decay and produce the
culated by assuming an instantaneous conversion of the eparyon asymmetry, or massive particles that could decay and
ergy density in the inflaton field into radiation when the de-produce high-energy cosmic rays.
cay width of the inflaton energyl’,, is equal toH, the In the next section we develop a system of Boltzmann
expansion rate of the universe. equations describing the evolution of the energy densities of

The reheat temperature is calculated quite e@SilyAfter  the inflaton field, radiation, and a massive particle species. In
inflation the inflaton field executes coherent oscillationsSec. Ill we find analytic approximations to the system and
about the minimum of the potential. Averaged over severakstimate the contribution to the present critical density from
oscillations, the coherent oscillation energy density redshiftg, stable, massive particle produced in reheating. Section IV
as matterp,oca~°, wherea is the Robertson—Walker scale contains some numerical results which illustrate several ge-
factor. If we denote ag, and a, the total inflaton energy neric features. We conclude in Sec. V by discussing some
density and the scale factor at the initiation of coherent osapplications of our results. The assumption of local thermo-
cillations, then the Hubble expansion rate as a functioa of dynamic equilibrium for the light degrees of freedom is ad-
is (Mp, is the Planck mags dressed in an appendix.

8w p [a)®
H@)=1/53 Wz lal (1) 11 BOLTZMANN EQUATIONS DESCRIBING REHEATING
Pl

Let us consider a model universe with three components:
EquatingH(a) andI'; leads to an expression fay/a. Now  inflaton field energyp,, radiation energy densityig, and
if we assume that all available coherent energy density |$he energy density of a nonrelativistic partide Spec}g@_’
instantaneously converted into radiation at this value ofye will assume that the decay rate of the inflaton field en-
8 /a, we can define t.he reheat terr;perature by setting th@rgy density id" 4, with a branching fraction intX X of By,
coherent energy (_jensnm=2p,(a| /a)4, equal to the radia- a4 5 pranching fraction 4By into light degrees of free-
tion energy densitypr=(7/30)9, Try, Whereg, is the  gom generically referred to as radiation. We will denote the
effective number of relat_|V|st|c degrees of freedom at tem'decay width of theX asT'x. We will also assume that the
peratureTgy. The resultis light degrees of freedom are in local thermodynamic equilib-
14 va rium. This is by no means guaranteed, and we will return to

90 = 20077 —— the question in the Appendix. A final assumption is that the

8739, Os equilibrium distribution function of the heav-particles is

well approximated by the non-relativisitic one throughout the
The limit from gravitino overproduction i§g4<10° to 10:°  reheating process. As we shall see, this approximation is well
GeV. justified.

The reheat temperature is best regarded as the temperatureWith the above assumptions, the Boltzmann equations de-
below which the universe expands as a radiation-dominategcribing the redshift and interchange in the energy density
universe, with the scale factor decreasingggd’®*T~%. In ~ among the different components is
this regard it has a limited meanifd,5]. For instanceTgy
should notbe used as the maximum temperature obtained by .
the universe during reheating. The maximum temperature is, pget3Hpys+T4py=0 3
in fact, much larger thaig,;. One implication of this is that
it is incorrect to assume that the maximum abundance of a

Tru=

massive particle species produced after inflation is sup- - e _<U|V|> 2. EQ\2

pressed by a factor of expM/Tgy). prt4Hpr—(1-Bx)['ypy My [px—(px~)7]
In this paper we illustrate this effect by calculating the -

abundance of a massive particle species produced in reheat- —Ix(px—px*)=0
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) (alvl) - The temperature depends upRandg, , the effective num-
px+3Hpx—BxI ypys+ M—X[px—(Px )] ber of degrees of freedom in the radiation:
/
+Tx(px=pK9=0, T _[ 30 )My R ©
MX O, 77-2 MX X

where the dot denotes time derivative As already mentioned,
(a|v]) is the thermal average of th¥ annihilation cross
section times the Mer flux factor. The equilibrium energy
density for theX particles,p5?, is determined by the radia-
tion temperatureT.

It is useful to introduce two dimensionless constantg,
and ay, defined in terms of" , and(o|v|) as

It is straightforward to solve the system of equations in
Eg. (6) with initial conditions atx=x; of R(x;)=X(x;)=0
and ®(x)=®,. It is convenient to expresg,(x=x;) in
terms of the expansion rate @t, which leads to

o 3 MEHE .
Ly=agMg. (olvh)=axMx®. @ e mEmz (10

For a reheat temperature much smaller thap, I', must be The numerical value of is irrelevant

sm;ll. Frpm Eq£2),l}2he reheat temperat_ure01|g1 terms af Before numerically solving the system of equations, it is
and My is Try=a,"V\MyMp. For M,=10" GeV, @y sefy| to consider the early-time solution f& Here, by
must be smaller than of order 18. With the parametriza- early time, we meam>T ,, i.e., before a significant frac-
tion of {a]v[) in Eq. (4), unitarity requiresay to be smaller o0 of the comoving coherent energy density is converted to
than of order unity. Of course, it may be much smaller than;yiation. At early timesb=®, , andR=X=0, so the equa-

unllty. hat foll il make the simplifvi . tion for R’ becomesR’ =c;x*?®2, Thus, the early time
n what follows we will make the simplifying assumption ¢ vion forR is simple to obtain

thatBx=0. Since we are interested in a stable particle relic,

we will assume thal’y=0. It is also convenient to work 2

with dimensionless quantities that can absorb the effect of R=—c;(xX*?=x??) @2 (H>T). (12)

expansion of the universe. This may be accomplished with °

the definitions . . .
Now we may express$ in terms ofR to yield the early-time

d=p,M, %% R=ppa’; X=pMy'a® (5 solution forT:
1’8[()( —312 [y \ —4]1/4
6

1/4
12 ) | Pt
Wzg* ' XIS

It is also convenient to use the scale factor, rather than time, T
for the independent variable, so we define a variable M_(,,z
=aM,. With this choice the system of equations can be

written as(prime denotesl/dx)

(H>T,). (12
d'=-c, X 1) Thus, T has a maximum value of
VOX+R
TMAx 12 1/4 » q)l 1/8
x2 X’l ) 5 M =0.7 > C3 —
R'=¢c; ——= ®+c, ———=(X"—Xgp) ¢ 0y X
! VOX+R 2 VOX+R EQ T va
9 Mg H
B :o.77a;’4< - ] @3
X'=—c5 ——=(X2-XZ,). 6) 7 O ¢
* VOX+R EQ
which is obtained ax/x, = (8/3)%°=1.48. It is also possible
The constants,, c,, andc; are given by to expressy, in terms of Tgy and obtain
3 MP| quax Md) TMAX 7( 9 e H|Mp| 4
Ci= \ g @ C2=Cig— —, C3=Copr—. =07 (14)
87 M, Mx ay Mx R TrH 5730, ngH
Xgq is the equilibrium value ofX, given in terms of the For an illustration, in the simplest model of chaotic infla-
temperatureT as (assuming a single degree of freedom fortion H;~M, with M /31013 GeV, which leads to
the X species Tuax/Tru~10°(200h, ) ¥ for Tpy=10° GeV.

We can see from Eq11) that for x/x,>1, in the early-
Mi 1 )32 312 time regimeT scales as~ %8, which implies that entropy is
XEQ:W(E) x3(M—) exp(—My/T). (8) creatgd in thg early-t_ime reginﬁﬁ]. So_ if one is producing a
) massive particle during reheating it is necessary to take into
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account the fact that the maximum temperature is greater Xe 4.21x10°° aXleMnggH
than Tgy, and that during the early-time evolutiofd, —= = - T (19

g 38 XP  (0,/200%% MMy

Ill. PRODUCTION OF A MASSIVE, STABLE PARTICLE _Note that this approximation should be valid as long as

SPECIES vy >y s satisfied. If the condition is not satisfied, the
suppression will be exponential My /T. Since one can ex-
A. Freeze out of the comovingX energy density pressv, as
In this section we develop the equation for tkg, the

final value of X, which can be found from the early-time _[1Tmax (20)
behavior. Yo 3M,

At early times®=®, and R=0. We will here also as-
sume thaX<Xgq . Numerical results confirm the validity of the breakdown of the approximation simply indicates that the
this approximation and show that the massive particles armaximum temperature reached during reheatwbich is
never in chemical equilibriurtalthough presumably they are much larger than the reheating temperatunas become
in kinetic equilibrium. The early-time equation for the de- much smaller than the mass of tie
velopment of theX energy density is

B. Q4h? in terms of X

After freeze out of the comoving energy density of the
Xeq is given in terms oMy and the temperature, which may stable particle, X remains constant, Ssopx(X>Xg)
be found from the early-time solution fdt. =XeX *MyxM3(x,/x)°. For delayed reheatingI'(,<H,)

We can integrate Eq15) by approximating it as a Gauss- freeze out will be well before reheating. After reheating,
ian integral. First we rearrange E@5) by making appropri-  py(x>Xgrp) = px(Xru) (Xru/X)3. The comoving entropy
ate redefinitions. Define the quantitigsand v by y=X/x?  density is constant after reheating, so the radiation energy
and v=(x/x,)¥*. Now, using Eq.(12), we can rewrite Eq. density scales as pr(X>Xgry)=pr(Xru)[ s (TrH)/

(15) as 9. (T 1¥3(xgu/x)%. Using these facts, we can express the
present contribution of the massive particle species to the

X' =cad; VX 2XE, . (15)

v, , critical density in terms of the ratio of the energy densities at
y(»)=Q L dv’exgd —H(»")] (16 freeze out:
where we have defined Qxh? _ Px(Trp) (g*(todaw ¥ xo.
Qgh?  PrR(TrRA)\ 94 (Trp) XRH
31/22 1/4 M :;/|2M X
QEai/“aX( 21/4 314 | |y 14y 1 9/4 (17 Px(Tru) Tra

=————— (for x>Xgn), 21
m Ox H| M¢ pR(TRH) TO ( RH) ( )

wherex, is the present value ofandT,=2.37x 10 1 GeV
is the present temperatuteloday, Qgh?=4.3x 10 °, and
the contribution ta2h? from the massive particle is

3
H(v)=N(p 8—p 84314 Z|n(v—8— v~ 843 231y

25/4773/49 7ZI‘:/4 a:/) 1/4M N

A= :
32 MPHIME? Qyh?=1.5x 10

Tru | Xe MyM3
10°GeV/ x; HZM3,

(22)

To proceed with the Gaussian integral approximation, we
assumer, 8> vy %43 where is the solution toH’(v5)=0.  Using the expression faXg/x? from the previous section,
Then, we can easily solvid’ (v,) =0, finding vo=+17/2»,  we arrive at the final result
which is the point about which we Taylor expaht{v) to
quadratic order. Since the integrand falls to O rapidly away g, | ~%?(2000Txy
from v=v,, and since we desire the freeze out valueyfor 2_00) (M—x

7
I e
the limits of the integrand can be takentoe. We thereby

Qxh2:M>2<<C"|V|>(

find
Xe SSazax leMgl \/1—7 17 . In this subeectlon we make the heretofore criticized approxima-
— =Y 3 5 —| exp(—17/2. tion that the inflaton energy density scales like pressureless matter
X] 8723\ M 2 until it dumps all of its energy into radiation at the instant of “re-

(18 heating.” In this instance, however, it is an appropriate approxima-
tion, as borne out by analytic approximations and the numerical
Using Eq.(2), we rewrite this in a more transparent form  calculations presented in the next section.
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My Gy 20 MyoL16x10%GeY  o=10F deed, if the value of the momentupy of the X-particles of
1= the order of the temperaturg it is clear from Fig. 1 that
E px /My is always smaller than unity. In particular we notice
10-1; that whenT reaches its maximumpy/Myx=0.8. Had we
E chosen a higher value ®fly while keepingTgy (and there-
1o—zEF ! s, // fore Tyax) fixed,. thig ratio would ha\_/e been even smaller.

3 ! tTly A close examination of the behavior dfshows that after
10-3L- X¥a i [ont = 03 ] T the sharp initial rise of the temperature, the temperature de-
E , Tgy=10GeV / creases aa~ ®[as follows from Eq(12)] until H=T",, and
104§ A ) atp, / . thereafterTca ! as expected for the radiation-dominated

E ,/,—— - (arbitrary umts)/ ? era.
10-sL L S TS T (R 0 ‘/1(')-: Th8 105100 For the choices oM 4, «@,, g, , and ax used for the
a/a model illustrated in Fig. 104h?=0.3 for My=1.15x 102
FIG. 1. The evolution of energy densities afitMy as a func- &gvé(;n(g;()cellent agreement with the mass predicted by us-
tion of the scale factor. Also shown ¥/ Xgq. ’ '
IV. NUMERICAL RESULTS V. CONCLUSIONS

An example of a numerical evaluation of the complete Let us now analyze the implications of our findings for
system in Eq(6) is shown in Fig. 1. The model parameters the grand unified theor§GUT) baryogenesis scenario, where
chosen wereM ,=10" GeV, a,=2x10 ' My=1.15 the baryon asymmetry is produced by the baryanlepton
X 10'2 GeV, ax=10"2, andg, =200. The expansion rate at number violating decays of superheavy bosék At the
the beginning of the coherent oscillation period was chosernd of inflation the universe does not contain any matter and,
to beH,=M,. These parameters result Try=10° GeV  even more important, it is perfectly baryon symmetric—
andQyh?=0.3. there is no dominance of matter over antimatter. This means

We have made a particular choice for the reheat temperdghat GUT baryogenesis may be operative only if the super-
ture for the numerical model illustrated in Fig. 1. The actualmassive GUT bosons are regenerated during the stage of
limit on the reheat temperature depends on the gravitinthermalization of the decay products of the inflaton fiehl.
mass in a sensitive way. For instance, in the range 100 Ge¥aive estimate would lead to conclude that that the maximum
to 1 TeV for the gravitino mass, the maximum reheat tem-number density of a massive particle specieproduced
perature ranges from 1o 1 GeV, and for a gravitino after inflation is suppressed by a factor of
mass in the range 1 to 3 TeV it increases frond 10>  (My/Try)¥2exp(—My/Tgy) with respect to the photon num-
GeV. Therefore, the value of the reheat temperature we useuker density. For such a reason, it is commonly believed that
to illustrate the effect (10GeV) seems justified. The previ- GUT baryogenesis is incompatible with models of inflation
ous section contained analytical approximations expressed iwhere the reheating temperature is much smaller than the
term of the reheat temperature that can be applied for anUT scale and, in general, than the mass ofXhgarticles,
value of Try. Tru<<My. In fact, we have seen that the reheat temperature

Figure 1 serves to illustrate several aspects of the probhas a limited meaning and should not be used as the maxi-
lem. Just as expected, the comoving energy densityp of mum temperature obtained by the universe during reheating.
(i.e.,a3p¢) remains roughly constant unfil,=H, which for ~ The maximum temperature, E¢14), is much larger than
the chosen model parameters occurs arcafaj=5x10%.  Tgy, and particles of mass much greater than the eventual
But of course, that does not mean that the temperature ieheating temperaturézy; may be created by the thermali-
zero. Notice that the temperature peaks well before “reheatzed decay products of the inflatevithout any exponential
ing.” The maximum temperatureTyax=10"2 GeV, is suppression factor. Indeed, the number densityof par-
reached ata/a, slightly larger than unity(in fact ata/a, ticles X after freeze out and reheating may be easily inferred
=1.48 as expected while the reheat temperaturdz,  from Egs.(5) and(19), and reads
=10° GeV, occurs much later, aroursda, ~1C®. Note that a .

Tuax=10°Tgry in agreement with Eq(14). ™ _3v10°4 1_00) (E) (%) 24)

From the numerical results we can justify one of the as- n, Ox Mx My )
sumptions in deriving the analytical approximations. From ) )
the figure it is clear thaX<Xgq at the epoch of freeze outof 1N theories that invoke supersymmetry to preserve the
the comovingX number density, which occurs arouads, fIatng;s of the inflaton potential, the sloyv deca}y rate of the
=12 The rapid rise of the ratio after freeze out is simply agravitinos, thg superpartners of the gravitons, is a source of
reflection of the fact thak is constant whileXgq decreases the cosmological problems because the decay products of the
exponentially. The relevance of the ratio is the justification
of the neglect ofXgq term in Eq.(15).

Our numerical results also justify the assumption that the 3in the case in which reheating is anticipated by a period of pre-
distribution function of theX-particles is well described by heating, superheavy bosons may be produced by the phenomenon
the non-relativistic function during the reheating process. In-of parametric resonandé].

063504-5



CHUNG, KOLB, AND RIOTTO PHYSICAL REVIEW D60 063504

gravitino will destroy the*He and D nuclei by photodisso- [9-11. In order to produce cosmic rays of energies larger
ciation, and in the process destroy the successful nucleosy#han about 1& GeV, the mass of th&-particles must be
thesis predictions. The most stringent bound comes from théery large,My=10'> GeV, and their lifetimery must be
resulting overproduction of B3He, which would require Much larger than the age of the Universg=10" yr. With
that the gravitino abundance is smaller than aboat4 ela- the smallest valug of the Ilfetlme, the observe_d flux of ultra-
tive to the entropy density at the time of reheating after in-119h €nergy cosmic rays will Plez reproduced with a rather low
flation. This translates into an upper bound on the reheatin@(ens"t.y ofX-particles {x~ 10 ; It has .been suggested that
temperature after inflatiorg /M p;=<10° [4]. -parltlcles can be produced in the' right amount_ by usual
The calculation of the gravitino abundance is one exampl oII|s_|ons and decay processes taking place during the re-
where the instantaneous reheat approximation works surpri eating stage after |nf|.at|on_|f the rehgat temperature never
ingly well. We have checked both analytically and numeri-€xc€€dedMx [10]. Again, this conclusion was reached as-
cally that the quantity fa/S)/(Naa/S) i gradually in- suming nalve_ly that thgt the maximum nu_mber der_13|ty of a
creases with time whefi; is smaller tharH, but remains massive particle species produ?sed after mﬂatlon. is sup-
always smaller than unity until the inflaton decays tat pressed by a factor oMx/Try)*%exp(~Mx/Tr) with re-

~F;1. This means that most of the gravitinos are producedSpect to the photon number density. One then would con-

at the last stage of reheating when the inflaton decays and f{; u??otq%g réee(/e F;jagl'tk?i?iz e;artgﬁgrshk}oﬁI(\j,akiselr;::jeézggio
is meaningful to talk aboutzy. We have also checked that ’ 9

to a very good approximatiofand with a very weak depen- the gravitino problem in generic supersymmetric models.

dence upon the inflaton Masn,/s)qa IS equal to the This is one reason alternative production mechanisms of
P . 8/2' >/ final qua ._these superheavi(-particles have been proposgt—14.
usual estimate one obtains neglecting the nontrivial evolution ; TS
o . However, our analysis shows that the situation is much more
of the temperature of the radiation during the periog " ki p 5 he riah f
<H. This is because during the coherent oscillation epoc romising. Ma Ing use o Eq(23), the ng t amount © .
) . C . -particles to explain the observed ultra-high energy cosmic
the entropy per comoving volume is increasing and the abun-_" .
” ; . . rays is produced for
dance of newly born gravitinos is continuously diluted by the
entropy release.
Therefore, although maximumtemperature of 16 GeV
seems to be in contradiction with the upper bound of ttD
10 GeV for Try, it should be clear that what really matters

for the gravitino number density is the reheating temperaturewhere we have assuméd|v|)~M;2. Therefore, we con-

and not the maximum temperature reached by the plasm% ude that particles as massive as°i®eV may be generated
These considerations hold in the case in which the generateéji P yoeg

gravitinos are relativisticms,<Tgy. As the mass of the e;rllr;?nt{]hz ﬁ?rz‘:ﬂn% Ztnaegre Irl;o&;?#ir:;d;ncse:vgﬁf tﬁg?g%gatto
gravitinos is increasefor equivalently, asT g is lowered P 9 9y Y

and they become non-relativistic, the gravitinos will be We”temperature satisfies the gravitino bound.
described by the particle§ with the only difference that the

parameteray will be suppressed by powers of the Planck ACKNOWLEDGMENTS
scale.

It is easy to check that for small values§ the ratio in NA%X.Eﬁcdérag?aﬁfvllllfégi/?e(r)%zsupported by the DOE and
Eq. (24) is always much larger than the equilibrium value, '
nE¥/n,=(My/2Trp) ¥ 7% &(3)]exp(— My /Tgy).  This
result is crucial for the out-of-equilibrium decay scenarios of APPENDIX A: THERMALIZATION OF LIGHT DEGREES
baryogenesis. For instance, in theories whgrel is a spon- OF FREEDOM
taneously broken local symmetry, as suggestedsky10) .
unification, the cosmological baryon asymmetry can be gen(_S)TgisfSrrnrgsOftrrgte tﬁgltﬁn;]?nnaﬁ%Tgtlé)g:awe rlé)?ji’cfs.g('),f Ifr?e
erated by the out-of-equilibrium decay of the lightest heavyinﬂ’aton field are in local t%wrrﬁod namic eyuiFI)ibriu(mTE)
Majorana right-handed neutring{ [8], whose typical mass y q :

. In this appendix we discuss this assumption, and the impli-
0 ’
is about 18° GeV. For reheat temperatures of the order Ofcations if it is not valid.

10° GeV, th_eznumber density of 'Fhe rlght-hgnded neutrino s Before discussing the validity of the assumption, it is use-
about 3<10' “n, and one can estimate the flnalfaryon NUM-f,] to recall why the assumption was made. In the derivation
ber to be of the order @~ (ny¢/n,)(e/9,)=10""¢, where Eq. (3), one starts with an equation for the rate of change
€ is the coefficient containing one-loop suppression factopbf the X number density due to the procegs— XX with
and CP violating phases. The observed value of the baryorfour-momentum conservatiop, + p’,= px+ px:
asymmetryB~ 100 is then obtained without any fine tun- 7
ing of parameters. 3 3

Our findings have also important implications for the con- hx:f d3pyf d°p, dspr d px(z,n_)—854(p T+ ppi

ZEV 2 Y Py

Mx
10" Gev/’

Tru ( O« )3/14
10" Gev/ 1200

(25

jecture that ultra-high cosmic rays above the Greisen- E,J 2BExJ 2E]
Zatsepin-Kuzmin cutoff of the cosmic ray spectrum, may be ) ) 5
produced by decays of superheavy long-living particles —Px— P T (P TP MG et - - (A1)
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Here f;(p) is the phase-space density of particle speties is the one for processes likey— yyy.* Although the ther-
with momentump; , and|M|§/y—>XX is the square of the ma- Mmalization reaction is higher order in perturbation theory, it
trix element for the procesgy— XX. With the assumption 1S @ “softer” process, and radiation of a soft photon has a

; ; : . s large cross section.
that the light particl LTE, th t of the light ! : . . .
at the fight particles are n ~ e produc N e, 9 Without knowing the details of the interactions of the de-
particle  phase-space  densities isf,(p,)f (p;)

, ) y cay products, it is impossible to say with certainty how com-
=exp(—E,/Mexp(~E}/T). This last product is, of course, piete thermalization will be. But if the inflaton decay prod-
simply f$°(px) 5 (pY), which, after some rearrangement of ucts have usual gauge interactions, the thermalization cross
Eq. (A1), leads to a term for the creation ¥fs proportional  section will be larger than th& production cross section,
to (n)E(Q)Z; and thermalization of the inflaton decay products is likely.

Now let us explore the consequences if LTE of the light
degrees of freedom is not obtained. If the light particles are
not in LTE, then the facton%? in Eq. (A2) could simply be
replaced by the more general factoy(E> My).% Now let us
make the extreme assumption that the light degrees of free-
dom neverinteract beforeX production, and that they have
the original (redshifted momentum with which they were
created in inflaton decay. Assume this original momentum is
(for complete details, s€é]). M,/ 7. If M4/7 is greater thaMy, then theX production

The factor h)E(Q)Z in Eq. (A2) is present because not ev- rate actually will be larger than the equilibrium rate since
ery light-particle collision has sufficient center-of-mass en-ny(E>MX)>n)E(Q, while if M,/ 7 is less tharM x , then the
ergy to create aiX pair. If LTE is established with tempera- X production rate will be zero. The most reasonable assump-
ture T<My, the factor expt2My/T) in (n%9)? represents tion is that even if there is a large multiplicity i decay, a
the fraction of the collisions with center-of-mass energyf@ir fraction of M, is carried by a few leading particles. So
above threshold, i.e., withs>2M . the effective value ofy is probably not too large.

A simple indicati f whether th lizati The above analysis leads us to the conclusion that ther-
Simpie indication of whether thermalization 0CCUrs ON &y 5)ization of the light degrees of freedom is likely unless the

timescale shorter than the timescale ¥oproduction is the  jnfaton decay products themselves are very weakly coupled
ratio of the cross section for the thermalization reactions tqg everything. Even if thermalization does not occur, produc-
the cross section foX production. If the ratio is larger than tion of massive particles during reheating is not much differ-
unity, then thermalization of the light degrees of freedom is aent than our simple model suggests.
good assumption.

The process oK production involves a “hard” process,
and the cross section will be, /M, whereay was defined  4Recall thaty represents a light particle, not just a photon,;s0
in Eq (4) In order to produce an equilibrium distribution may carry electric charge, color charge, etc.
from the original decay distribution it is necessary to change °0f course in this cas@r|v|) would not be a thermal average, but
the number of particles. Therefore, the relevant cross sectican average over the actual phase-space density.

nx=(alv))(ng)?+- - -, (A2)
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