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Thermalization after inflation and production of massive stable particles
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We discuss thermalization through perturbative inflaton decay at the end of inflation. We find that a thermal
plasma should form well before all inflatons have decayed, unless all gauge symmetries are badly broken
during that epoch. However, before they thermalize, the very energetic inflaton decay products can contribute
to the production of massive stable particles, either through collisions with the thermal plasma, or through
collisions with each other. If such reactions exist, the same massive particles can also be produced directly in
inflaton decay, once higher-order processes are included. We show that these new, nonthermal production
mechanisms often significantly strengthen constraints on the parameters of models containing massive stable
particles; for example, stable charged particles with mass below the inflaton mass seem to be essentially
excluded.
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. INTRODUCTION gaugino quantg3]. This results in the bouRdTr=10’
—10° GeV, in order to avoid gravitino overproduction

. . . . i which would destroy the successful predictions of nucleo-
According to inflationary model$l], which were first synthesis by its late decdy].

considered to address the flatness, isotropy, (@egending It has been noticed in recent years that the initial stage of

on the particle physics model of the early Universeono-  jnfaon decay might occur through a complicated and non-
pole problems of the hot big bang model, the Universe hagertyrhative process called parametric resondreading to
undergone several stages during its evolution. During inflagn out-of-equilibrium distribution of final state particles with
tion, the energy denSity of the Universe is dominated by th%nergies Considerab|y h|gher than the inflaton mm pre-
potential energy of the inflaton and the Universe experiencegeating stage{9,10]. Parametric resonance is particularly ef-
a period of superluminal expansion. After inflation, coherenfficient for decays to bosonic degrees of freedom. For an in-
oscillations of the inflaton dominate the energy density of theflaton, ¢, coupling to scalarsy via four-leg interactions
Universe. At some later time these coherent oscillations deh?$?y? or three-leg interactionsmy¢x?, parametric reso-
cay to the fields to which they are coupled, and their energyance occurs if the couplinig satisfieq 10]
density is transferred to relativistic particles; this reheating _
stage results in a radiation-dominated Friedmann-Robertson- h¢>m,, (1)
Walker (FRW) universe. After the inflaton decay products — ) o )
thermalize, the dynamics of the Universe will be that of theWhere ¢ is the amplitude of the oscillations of the inflaton
hot big bang model. field, andm, is the frequency of oscillations, which is equal
Until a few years ago, reheating was treated as the pertur-
bative, one particle decay of the inflaton with decay iage

(depending on the microphysicdeading to the simple esti- 2This bound does not hold in models with gauge-mediated super-

symmetry breaking, where the gravitino is much lighter than spar-

- 12 1
mﬁteTR (I'aM pianci hforldths r(Ieheat tempheratu[f]' -:;he ticles in the visible sector, so that the decay of the lightest visible
reneat temperature shou e low enough so that the gra@‘garticle into the gravitino occurs well before nucleosynthesis; nor

unified theory(GUT) symmetry is not restored and the ONgl- does it hold in models with anomaly-mediated supersymmetry
nal monopole problem is avoided. In many supersymmetrigreaking, where the gravitino mass exceeds visible-sector sparticle
models there are even stricter bounds on the reheat temperaasses by an inverse loop factor, so that gravitino decays are suf-
ture. Gravitinos(the spin-3/2 superpartners of gravitdns ficiently rapid. We will comment on this second scenario later.

with a mass in the range of 100 GeV to 1 Téds expected 3Recently, nonthermal production of helicity3/2 gravitino[5],

for “visible-sector” superparticlesdecay during or after big and helicity = 1/2 gravitino[6] from inflaton oscillations has been
bang nucleosynthesis. They are also produced in a therm&pnsidered. For models with a single chiral supermultiplet, the he-

bath, predominantly through-22 scatterings of gauge and licity =1/2 component of the gravitino is the superpartner of the
inflaton known as an inflatino. The decay channels of the inflatino

have been discussed in REf]. Also, it has been suggestgd, and
explicitly shown[8] that in realistic models with several chiral mul-
tiplets helicity == 1/2 gravitino production is not a problem, so long
as the inflationary scale is sufficiently higher than the scale of su-
1From now onM ppa=2.4X 108 GeV represents the reduced persymmetry breaking in the hidden sector and the two sectors are
Planck mass. coupled only gravitationally.
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to the inflaton mass during oscillatioh3he explosive decay Even before all inflatons decay, the decay products form a
of the inflaton oscillations via such couplings comes as glasma which, upon a very quick thermalization, has the in-
result of two effects,y quanta with physical momentutn  Stantaneous temperature

= hgmd, are produced during a very short interval each T~(g; Y2HT M2 N 3)
time that¢ passes through the origin. These quanta subse- * T Plancke

quently result in an even faster particle production once theijyhereH is the Hubble parameter ang denotes the number
occupation number exceeds unity. The combined effect deof relativistic degrees of freedom in the plastghis tem-
stroys the coherent oscillations of the inflaton very rapidlyperature reaches its maximufi,,, soon after the inflaton
and brings degrees of freedom which are coupled to the infield starts to oscillate around the minimum of its potential,
flaton to local equilibrium with it and among themselves which happens for a Hubble paramekér<m, . If inflaton
[11]. After some time the momentum of particles in thig-  decays at this early time are to be described by perturbation
heat plasmais redshifted below the inflaton mass and an-theory in a trivial vacuum, the constraif®) should be sat-
other stage of inflaton decay will occur. The nature of infla-isfied already atH,. This implies Ty<my, ie. I'y
ton couplings determines what exactly happens at this stagezm3/M3,,.. Note that in chaotic inflation, wherep
It is known that four-leg interactions?¢?x? alone do Not  ~M pysc initially, the same bound follows from the con-
result in complete decay of the inflaton and hence interacstraint(1), sincel“d~h2m¢. We note in passing that requir-
tions which are linear in the inflaton field will be required. If ing (2) to hold only atH~T4, where the bulk of inflaton
such interactions have a large coupling, so tiatis satis- decays take place, leads to the considerably weaker con-
fied, the final stage of the inflaton decay will be very quick. straintl" 4< mfb/ M pianck- INdeed, this weaker constraint is sat-
This usually results in a high reheat temperature which couldsfied in all potentially realistic inflationary models we know
be problematic in supersymmetric models. Moreover, theof that satisfy(1). If mfb/Mp,anCPFd>mf;/M§|anck, the dy-
bulk of the energy density may remain in coherent oscilla-namics of the Universe fad <T"4 will be as in the standard
tions of the inflaton until the final decaying stage even if thehot big bang scenario. However, for some period of time
inflaton coupling satisfies the condition (). This happens with H<m,,, the thermalization of inflaton decay products
for resonant decay to fermiorid2] where decay products would have tareducethe number of particles. This indicates
cannot attain occupation numbers larger than 1. It can also ltdat in fact one-particle decay may not have been the domi-
the case for bosonic parametric resonance once one goaant mode for reducing the number of inflatons during that
beyond the simplest toy models. For example, inittetant  period. For the remainder of this article we will assume that
preheatingscenario[13] the x quanta may not build up a T, is indeed smaller tham,, .
large occupation number, if they quickly decay to other fields In addition to the thermalized plasma with temperature
after each interval of production. Also, moderate self-given by Eq.(3), there will be inflaton decay products that
interactions of final state bosons render resonant decay mudtave not been thermalized yet, with EHEFQW¢,/2.6 During
less efficien{14,15. this era the energy density of the Universe is still dominated
It is therefore generally believed that an epochp#rtur- by the (nonrelativistig¢ inflatons that have not decayed yet.
bative) reheating from the decay of massive partidlesco-  The scale factor of the Universethen varies ago«T 83
herent field oscillations, which amounts to the same thisg [18]. The Universe remains in this phase as longHas
an essential ingredient of any potentially realistic cosmologi=>T",. This can have various cosmological implications, for
cal model[16]. In what follows we generically call the de- example for Affleck-Dine baryogenes[49,2(] and elec-
caying particle the “inflaton,” since we ar@lmos} certain  troweak baryogenesi@1]. Here we discuss the production
that inflatons indeed exist. Note also that in a large class off massive long-lived or stable particlgz2—235.
well-motivated models, where the inflaton resides in a “hid-  Particles with mass, <Tg, and not too small coupling
den sector” of a supergravity theof\t7], its couplings are to the thermal bath of inflaton decay products, are in thermal
suppressed by inverse powers\dfianq, and hence so weak equilibrium and their abundance satisfies T3 at H=T.
that inflaton decays are purely perturbative. However, itOn the other hand, once all inflatons have decayed, stable
should be clear that our results are equally well applicable tarticles with massn,>Tg can only be pair-produced by
any other particle whosgate) decay results in entropy pro- \wien’s tail of the thermal spectrum; one might thus naively
duction. expect their abundance to be suppressed by the Boltzmann
Inflaton decays can only be described by perturbatiofactor exp(-Tg/m,). This need not be true if these particles
theory n a Ferlal vacuum If the denSIUy of pa”.]CIeS pro_— _are produced aﬂ>[‘d Particles with mas§R< mX<TmaX
duced from inflaton decay is less than the particle density ilynd not too small coupling have an abundand@ at early

a thermal plasma with the same energy dengity.e. times. Once the plasma temperature drops befpyair an-
nlB< 14 2) ) . )
P SWe assume that this number remains essentially constant for all
T>Tg.

®Here we consider two body decays of the inflaton. The average
“4In this article we assume that, is essentially constant between energy of decay products will be of the same order even if the
t, andty. inflaton dominantly decays to three body, or higher, final states.
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nihilation to and pair creation from lighter species keeps thevherea is the scale factor in the FRW metric. The thermal-
particle abundance at equilibrium so long Bg,=H. Fi- ization of the inflaton decay products then sets the stage for
nally, atT=T;, the comoving number density of the particle the familiar hot big bang universe.
freezes at its final value. The physical number density of the However, inflaton decay does not suddenly happety .at
particle atT =Tk is redshifted by a factor ofTzr/T;)®. This  Rather, it is a prolonged process which starts once the infla-
suggests that the thermal abundance of particles with magen field oscillations commence dt=t;, when H=H,
Tr<m, <Tnais in general only power-law suppressed. This~m,. The comoving number density of zero-mode inflaton
has important consequences for the production of héay quanta at timet, ng(t), obeys the relationnt)
m,>Tg) stable particle$22] in general, e.g. for the lightest =nexgd—T'y(t—t;)], wheren, is the inflaton number den-
supersymmetric particleLSP) [23] and charged stable par- sity att,. Fort,<t<t, the Universe is matter-dominated,
ticles[24] in models with low reheat temperature. which impliesax=t?3, i.e. H 1= (3/2)t. In the time interval

To date, almost all studies have considered the creation dfetweert andt+ (2/3)H 1= 2t, decay products with energy
heavy particles from the scattering of two particles in the~m /2 are produced and their physical number densjtpt
thermal distribution. On the other hand, particles producedhe end of this interval isassuming,<tg):
from inflaton decay have an energy=m,/2 before they
thermalize; as already noted, such very energetic particles o H \2
will exist until inflaton decay completes &t=1I"4. We ar- nhzm[exq—th)—exp(—Zth)](ﬂ) , (4)

L |

gued above that for perturbative inflaton decay>T . It
;?Otr:]]utshgoss(:s;kt)!srit:g tof;es;/cyhp;i rzf{;z,,agzrfig;&?t%ﬂér?é?;yuce(\j/vhere the last fac_tor comes from the expansion of the physi-
==m/2) of it parilesn th hermal batwih en. 2 OITE, PO e nere prochces sl vt o
ergy E~1), or off another *hard” particle. Note that this flaton deca rggucts has been derivéﬁﬂﬁ 217 F;md it has
allows to produce particles with masg,> T, Of course, yp ’

the hard particles eventually come into equilibrium with thebeen shown that, if the infiaton decay products do not inter-

thermal bath; the competition among different interactionsaCt with each other, the number density and energy density of
' e plasma are dominated by particles with energy,/2 in

thus determines the abundance of heavy particles produc%ﬁ
through this nonthermal mechanism. Another possibility is e spectrum. = . .
that the heavy particles are themselves produced directly in. Thermahzgugn IS & process during Wh'Ch the energy dgn—
inflaton decayg25], in which case their abundance can bes'ty. pofa dlstrlbu.tlon of parthles remains constant, while
even higher. their nlﬂnber density changes in such a way that the mean

In this article we study these issues. We begin by a reviev@nergyE of particles reaches its equilibrium valueT. For
of thermalization of the perturbative inflaton decay products@ distribution of relativistic particles which consists 10§
and verify that a thermal plasma can indeed build up wellPosonic andng fermionic degrees of freedom in thermal
before the completion of inflaton decay, if the inflaton decayequilibrium, and with negligible chemical potential, we have

. 2 7 4 — 2 3 3

products couple to some ligifor masslessgauge bosons. p=m/30(g+gnE) T and n={(3)/7*(ng+zne) T [18].
We then turn to particle production from hard-soft and hard-Therefore, the ratiop¥/E andn*3/E are measures for the
hard scatterings, and from inflaton decay, estimating theleviation from thermal equilibrium. For perturbative inflaton
abundance of produced particles in each case. It is showtkecay these ratios are initially less than 1, so that thermali-
that heavy particles may be produced more abundantly thazation increases the number density and reduces the mean
previously thought, in particular directly from inflaton decay. energy. Complete thermalization therefore requires interac-

We will finally close with some concluding remarks. tions which change the number of particles to be in equilib-
rium.
Il. THERMALIZATION AFTER INFLATION There are three types of interactions which help to build

up and maintain fulli.e. both kinetic and chemicaéquilib-

After inflation the inflaton field starts to oscillate coher- rium: 2—2 scatterings, 2:N scatterings Kl=3), and par-
ently around the minimum of its potential; at some later timeticle decays. Elastic 2 2 scatterings redistribute the energy
it will decay to the fields to which it is coupled. In the per- between the scattered particles, but play no role in achieving
turbative regime the decay occurs over many oscillations o€hemical equilibrium. Inelastic-2 2 (annihilation reactions
the inflaton field, sincd’y<m,. This means that the oscil- can help to maintaimelative chemical equilibrium between
lating inflaton field behaves like nonrelativistic matter con-different particle species, but again leave the total number of
sisting of a condensate of zero-mode bosons with mass  particles unchanged. For particles with enefgy T and
The decay ratd’y of the oscillating inflaton field is then number densityn(E), the rate of 2-2 reactions with an
identical to the total decay rate of free on-shell inflatonenergy exchangeAE~E is typically given by T
quanta[2]. Most inflatons have decayed hly=(2/3)1“d_1. ~a®n(E)/E?, wherea is the relevant coupling constant. On
By that time the bulk of the energy density in the coherentthe other hand, 2>N scatterings and particle decays increase
oscillations of the inflaton field has thus been transferred taghe number of particles and hence play a crucial role in
relativistic particles with an initial energy of orden,/2. reaching full equilibrium. The rate of-2 N reactions is sup-
From then on the Universe is radiation-dominated, and th@ressed by additional powers af Therefore inelastic scat-
energy of relativistic particles is redshifted as't~2  terings with a large squared 4-momentum exchanigeE?
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come to equilibrium later than 22 reactions do. This pointed out in Ref[31].2 Inelastic 22 reactions then rap-
would result in a late thermalization and a low reheat tem4dly build up full kinetic equilibrium. This suggests thht,
perature, if these were the most important reactions whicl§an in fact be considered as the thermalization rate, with
increase the total number of particfe8,29. One possibility being ~the original ~(prethermalization density, n
to achieve chemical equilibrium more quickly is through the ™9« T /(3my), whereg, is the effective number of relativ-
“catalyzed thermalization” scenarif26]. As shown in Refs. istic degrees of freedom; he?l’els the temperaturé:%) which
[26,27, in the absence of interactions(E)/E? increases the plasma would have if it were thermalized.

it d i in th ( f inflaton d duct This argument assumes that-3 scattering can effi-
with decreasing: in the spectrum of inflaton decay products, ciently produce “soft” particles with energT. The pro-

due to redshifting of “early” inflaton decay products. This qction of even softer particles would not help in thermaliz-
suggests that a seed of particles with endfgym,,, which g the plasma, since it would not slow down the parent
constitute a tiny fraction of the number density and the enparticle appreciably, and might even lead to a density of such
ergy density of the plasma, may thermalize much earlier thanery soft particles which exceeds their thermal density. 2
the bulk of the plasma. The large number of created soft-3 reactions with all virtual particleén propagatorshav-
particles can then act as targets triggering a rapid thermaling virtualities of ordem™ can indeed produce “soft” par-
zation of the bulk. However, as pointed out[@7], elastic  ticles with energyEs>n'?, if these “soft’ particles are
22 scattering of particles in the bulk off particles in the Nearly collinear with an incident hard particle, the emission

seed is efficient; it destroys the seed by bringing it into ki-2nglé being of orderyn®~/(myEs). One might wonder

netic equilibrium with the bulk. Nevertheless, catalyzed therWhether the emission of such a very collinear particle is in

o . P fact physically distinguishable from no emission at all. We
malization can still take pIace_lf |r_1flaton. de.cay pr.c.)du.CtSbeIieve this is the case. Note first of all that the lower cut on
themselves decay before coming into kinetic equilibrium

) X the virtualities of all propagators implies that the “collinear”
with the bulk[27]. However, it does not seem very probable haticle is in fact not that close to the emitted one in full

the}t Qecays of on-shell pqrtiples alone will be enough forphase space. Moreover, after a time of ordér, Lthere will
building the chemical equilibrium. be many such soft particles. Scattering of an almost collinear

In general, inelastic scatterings which produce relatively«goft + hard” pair on a soft particle can vyield a final state
soft particles are the most important processes leading to fullith soft particles being emitted at a large angle only if the
equilibrium. This has recently been illustrated in RF0]  “soft” particle in the initial state participates; the “hard”
where thet-channel scattering of two matter fermions with particle in the initial state can only scatter at a very small
energy=m,/2 (from inflaton decayto two fermions, plus angle. In other words, even before full thermalization, the
one gauge boson with typical enerfy<m,, has been con- plasma allows to physically detect the presence of soft, col-
sidered. The key observation is th@r T=0 and in a flat linear particles in the “beam” of hard particles; the process
space-timgt-channel scattering is divergent A&E —0. One  that “detects” these particles also removes them from the
thus has to choose a physical infrared cutoff in order to es-Peam.” This happens at a time scale significantly shorter
timate the thermalization rate. A reasonable choice is théhanl'i;, since one only needs-22 reactions here.

inverse of the average separation between two particles in In order to check whether the inflaton decay products can
3 thermalize before the completion of inflaton decay, we com-

ute the maximum temperatuiig,,, of the thermal plasma;

ermalization occurs before inflaton decay completes if
Tma>Tr- We use Eq(3), with H=T};, from Eq. (5), and
I'y=9gY*T2/ Mpjancie resulting in

3/8
3( Oy ) v M Planckl
a 5 ’

the plasmaron~%3 wheren is the number density of the
plasma. This leads to a thermalization rate for hard particle
(with E~m,/2) of the ordef

Ijp~n-o(2—3)~a’n'® (5 T~ T (6)

3 mg 213

Oncel';,>H, relatively soft gauge bosons with energymT

are efficiently created. This increasesand hence the ther-  ®The situation is slightly more subtle if the soft gauge boson be-
malization rate(5). Note that the increased target densitylongs to an Abelian gauge group.g. photoh As we will show
over-compensates the increase of the thd)rﬁin- From then  shortly, only inelastic scatterings with gauge boson exchange in the
on the number of particles with energyT increases faster toruchannelresults in the estimate in Ef). Such diagrams exist

than exponentially and quickly reaches its final value, ador scattering of a fermior{e.g. quark from a soft non-Abelian
gauge boson(e.g. gluon [31]. On the other hand, in inelastic

electron-photon scattering thiehannel diagram has an electron as
exchanged particle, and hence has a rate much smaller than that of
"We ignore factors of order log/T~log m,/T where T is the  electron-electron scattering. However, soft photons \EthT an-
temperature of the plasma, which could increase the rate by a fact@ihilate into softe*e™ pairs at a rate which exceet® by a factor
of a few. Note also that the authors of RES0] took |t| min~T2, but of 1/a. These softe® can then serve as targets for subsequent
estimated the target densityfrom the density of particlebefore  scatterings of hard electrons. The thermalization rate, which is set
thermalization,n~T4/m¢. This results in a lower estimate of the by the rate of the slowest relevant reaction, is then still approxi-
thermalization rate. mately given by Eq(5).
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which is somewhat high&than the estimate in Ref30]: fi fa

1/2
To~T a393/4M Planck
max R *  3m :

(@)

¢-------9

In any case it is reasonable to expect that the largest tem-
perature of the Universe after inflation is between the values f2 fa
estimated in Eq(6) and Eq.(7). An interesting observation is a)
that T e, from Eq.(6), grows=Tg*. Even ifm, is near its

Cosmic Background ExplordiCOBE) derived upper bound o3
[32] of ~10' GeV, for a chaotic inflation model, artk is &1 JUPPEE o
around 18 GeV (which saturates the gravitino bound | el &
will exceedTg if the couplinga®=10"8. This is easily ac- E 4
commodated for particles with gauge interactionswawill !

be the gauge fine structure constant. For inflationary models » b5
with smallerm,, early thermalization can be realized with Po . .::——”"
even weaker couplings. Recall also that we assume perturba- TTeeee L b6
tive inflaton decays, which requir&,<my2. Together

with Eq. (6), taking a=<0.1, this implies Tyq=10 b)

(10°) GeV forTg=10 (1) GeV; this bound is saturated for _ _ _ _
My=2Tmax. This implies in particular that there will be no _ FIG- 1. Typical scattering diagrams with scalar boson exchange
“wimpzilla” ( m,~ 10'2 GeV) [22] production fromther- :‘n the t-channgl for(a}) fermions or gntlfgrmlons in the initial and
malizedinflaton decay products, even if we use the higher!nal state,(b) inelastic 2—4 scattering involving only scalar par-
. ticles.
estimate(6) for T pax-
ForT';,=H=Ty, fresh inflaton decays will keep produc-
ing particles with energyE=m,/2, but these particles spin flip; this is forbidden by angular momentum conserva-
quickly thermalize by scattering off a large number of softtion for forward scattering, where—0. As a result, the dia-
particles in the thermal plasma. The time scale for this program of Fig. 1a) has not-channel singularity at af®
cess is again given by E¢5), where nown*~T. Inflaton Finally, it is also possible to have inelastic-24 scatter-
decay effectively completes at=1I"; when the plasma tem- ings, shown in Fig. (b), with only scalar particles in external
perature isTg. From then on the Universe is radiation- and internal lines. A vertex comprising four scalars can for
dominated and its temperature will be redshiftechas. example arise from the Higgs self-coupling in the standard
Since the estimate fdF ., crucially depends on the rate model (SM), or from theF- and D-term parts of the scalar
for inelastic scatterings it is instructive to explore this issue gpotential in supersymmetric models. However, in this case
little more deeply. As mentioned earlier, for processes with dntegration over the total allowed phase space only leads to
t-channel singularity, e.ge*e” —e*e™ y via thet-channel logarithmic divergences in the limit of vanishing external
exchange of a photon, one finds,x|t| " rather thano;, masses. Including the squaredhannel propagator in Fig.
xs™ 1, In fact this is the very same singularity which exists 1(b), the integral in question can be written as
in e"e”—e*e” scattering in the channel. The appearance fdtd M3,dMZ112, whereMﬁ =(p;+ pj)2 is the squared in-
of |t| ¥ in the cross section can be understood in the follow-variant mass of the pairj = 3,4 or 5,6.]t| reaches its mini-
ing way. o receives a factor dt| =2 from the photon propa- mum for smallM{, in which caset|,~(M3,MZg)/s; the
gator while the contribution from the phase space integratiofintegrals ovell\/I§4 andMg6 then only give rise to logarithmic
is «c|t|, thus resulting incoc|t|~*. This implies that boson singularities, as advertised. Ignoring such logarithmic fac-
exchange in the channel is required in order to have tors, the total cross section will thus again behavesas
«|t|~! since the contribution of diagrams with a fermion o«cs 1,
propagator will bexs™! (after phase space integratjon The fact that only diagrams with light gauge bosons as
Moreover, it can be shown that for essentially massless exnternal and/or external lines give rise 4, |t| ! can have
ternal particles the contribution from scalar boson exchangeteresting implications for thermalization, in scenarios
is also suppressed. For example, considet-itieannel scat- where the gauge group is completely broken in the early
tering of two fermions via scalar exchange, as shown in Figuniverse. This may for example happen in supersymmetric
1(a). A fermion-fermion-scalar vertex naturally arises from amodels where flat directions in the scalar poter{t&d] can
Yukawa coupling or, in supersymmetric models, from theacquire a large vacuum expectation val(0&=V) during
D-term part of the action. Note that scalar interactions flip
the chirality of the fermion line. However, for massless fer-
mions a flip of chirality also implies a flip of helicity, i.e. @  107his can also be seen easily by computing the relevant Dirac
traces. Each fermion line gives rise to a separate trace, which is
proportional to the scalar product of the 4-momenta of the two
%The two estimates coincide Iy saturates its upper bound of fermions involved. For massless particles these exactly cancel the
ALY E 1/t? of the squared scalar propagator.
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inflation [34]. If gauge bosons have a masg such that eventually drops below the Hubble expansion rate, mostly
a 'n¥<my<m,, then the most important diagrams are due to the fact than”is exponentially suppressed. Then the
those with resonant gauge boson exchange irsttigannel, comoving number density of will be frozen at its final
with o~ amg . Moreover, formy>m,, we will have o, value n,~(Tim,)¥%exp(-m,/T;), where T; denotes the
~a3m;2. This affects the estimate for the thermalization freeze-out temperature. In the post-inflationary era, i.e. for
rateT';, and may indeed result in @uch smallerT,,,. As  H<Iy, typically Ty~ (m,/20) if a,~a, up to logarithmic
one consequence, thermal effects on the flat direction dyeorrections[37]. Taking «,~a(m, /Mz)? gives a lower
namics[19,20 may be alleviated. Once flat directions startbound of a few GeV on the mass of heavy, stable neutrinos,
oscillating, their VEV is redshifted, due to the expansion ofknown as the Lee-Weinberg bound. In the other extreme, the
the Universe, and the induced mass for the gauge bosonsitarity bounda()()(—>anything)<47rm;2 provides a firm
rapidly decreases. The flat direction oscillations start whempper bound of about 100 TeM38] on any stable particle
H~V", the second derivative of the scalar potential. In mod-that was in thermal equilibrium at any temperatiirs T .2

els where supersymmetry breaking is communicated to the The upper bound om, might be relaxed considerably if
visible sector through gauge interactions at a relatively lowthe initial thermal equilibrium condition foy is relaxed, i.e.
scale(of order tens of TeYthe potential at high field values if T;>Tg. Even in that case thg particles can have been in

is exceedingly flat. It is therefore conceivable that the flatthermal equilibrium with the plasma of SM particles, whose
direction induced masses for the gauge bosons, if they comemperatureT can significantly exceedy at sufficiently
pletely break the gauge group, could delay thermalizatiorearly timest<1/I'y. However, we saw above that at those
until late times. This might allow to construct models with times the thermal bath did not dominate the energy density of
low reheat temperature even if the inflaton decay wildghs  the Universe. This gives rise to a significant difference from
not very small. In the remainder of this article we ignorethe freeze-out situation discussed above, due to the different
such possible effects and use tiather generoysestimate T dependence of the redshift factor. In this caspair anni-

in Eq. (6) for Trha. This allows us to study the most efficient hilation reactions freeze out at a higher temperature, since
production of massive particles which is possible from theH~@T4/(T§M Planch > @Tz/Mpmnck for H>Ty4. Also,

plasma of inflaton decay products. n, is now redshifted<T®, which is much faster than in a
radiation-dominated Universe. The situation in this case has
. HEAVY PARTICLE PRODUCTION been investigated in detail in Ref22-25 where the rel-

) ) evant Boltzmann equations governing the production and an-
We now move on to the issue of heavy particle produCyinilation of y's are solved both numerically and analyti-

tion. In recent years several mechanisms have been.put f%‘ally. In Ref.[22] out of equilibrium production of¢ from
ward for creating very heavy, even superheavy, particles icatterings in the thermal bath is studied and the final result

cosmologically interesting abundances. For instance particlg 5,nd to be(the superscript “ss” stands foy production
production could take place in a time-varying gravitational¢.ym «soft-soft” scattering; see below

background during the phase transition from inflationary to

the radiation-dominated or matter-dominated pia&& An- s [200,%2 20007\’ , o
other possibility is to create supermassive particles from pre- Q3 ~| —| a; - (x notin equilibrium.
heating[36]. Here we will focus on the production of very * X ®)

massive particles from various processes, including a ther-
mal bath, during perturbative reheating. Note that particleHere ) is thexy mass density in units of the critical density,
production from other sources, if present, would furtherandh is the Hubble constant in units of 100 kKigMpg). We
strengthen the bounds which we will derive as they simplyhave taken the cross section fpipair production or annihi-
add to production from mechanisms discussed here. lation to beo= a)z(/m)z(. Most y particles are produced at

The situation for a weakly interacting massive particle=m,/4 [23]. The density of earlier produced particles is
(WIMP) x with massm, <Tg is very well establishe@37].  strongly redshifted, while¢ production at later times is sup-
Such a species is at equilibrium with the thermal bath forpressed by the Boltzmann factor. It is important to note that
T>m, and its number density foIIowoncTs. Once the Q, is only suppressed byT@/mX)7 rather than by exp
temperature drops belom, , the particle becomes nonrela- (—m, /Tg). We thus see that a stable particle with m
tivistic and its equilibrium number density becoma§! =100 TeV might act as the dark matter in the Univefise:
~(Tm,)¥%exp(~m,/T). Pair annihilation ofy’s to light par- € ~0.3), if m,~2000Tg- a>". Recall that form,<20T
ticles, occurring at a rate approximately given by,, the standard analysis holds as the freeze-out occurs in a
~a)2(nxm;2, preserves its chemical equilibrium with the radiation-dominated Universe.
bath so long ad’,,=H. Herea, is the effective coupling Equation(8) predicts a relic density that increases with
constant ofy to particles in the plasma. The annihilation ratethe y coupling strength. However, this is true only if tiye

density is always smaller than its equilibrium density, which
requires[23]
ror a perturbative decay, inflaton couplings to other fields are so

small that the mass induced by the inflaton VE¥any) will be
much smaller than the inflaton mass. Therefore scalar fields can*?Provided the comoving entropy of the Universe remained essen-
indeed acquire a large VEV during inflation. tially constant forT <T;.
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g 12 53 A. Particle production from hard-soft scatterings

2_"72 * X

A= “x:204 ﬂ)) 2" © It is seen from Eq(4) that the energy density in inflaton
M PIanckTR

decay products created in the time interval
[(3/2H 1,3H 1], for H>Ty, is comparable to the energy
density in the existing thermal plasma which has a tempera-
ture T~ (HI yMpjancd Y% This implies that thermalization of

If this condition is violated, today'g relic density is given
by

200 V2T x4+ T 2 these hard particles will increase the comoving number den-
sthz~(—) R ( R sity of the thermal bath, roughly speaking by a factor of 2, in
X Ox mxai 8x10° GeV addition to bringing the decay products into kinetic equilib-

rium. To the accuracy we are working in, we can therefore
(x in equilibrium), (10) set the density of “hard” inflaton decay products produced
_ o during that time intervaf to n,~p/m,~0.33, T*/m,. In
where the exponena=0(1) if xx annihilation proceeds qrder to estimate the rate of heavy particle production from
from anS(P) wave initial state. The freeze-out temperaturethese “hard” inflaton decay products, we also have to know
is now given by X)=m, /Ty the time needed to reduce the energy of these hard particles
. —1/2 2,25-a 2,3 .
=109(0.08y, ““a} X "Mpiancl /M, ), as compared t&;  from a value~m,/2 to a value neaf. As shown in Ref.
~log(0.20, "2 x{"* *Mpianad/m,) if freeze-out occurs at [30], 2—2 scattering reactions aneot very efficient. The
T<Tg. reaction rate is large, but the average energy loss per scatter-
Of course, Eqs(8) and (10) are only applicable ifm, ing is only O(T2/m¢), giving a slow-down time of order
=2Tnax Cf. EQ.(6) and the subsequent discussion. This re-[azTZ/mq;]‘1 (up to logarithmic factons On the other hand,

quires we saw at the end of Sec. Il that inelastie~3 reactions
allow large energy losse# nearly collinear particleseven
m, oel 9% 18 Mg’lgnck if all virtual parti_cles only hc_";lve _virtuality of ordeT. The
T—<4a 200 -I-:LT]./S slow-down rate is thus again given by E@), where the
R R My “target” density is nown=0.2g, T3:%
1/9 1/3 1/3

O M pjanck Ox

< — ~3a°T| —
4a(200) ( T ) ; (11 Igow=3a°T 200 - (13
in the second step we have used the condiligp,<m,/2. Next let us estimate the rate fgr pair production from

For example, fore=0.05, T,,,=1000TR is only possible if  hard-soft scatterings. This process is kinematically allowed
Tr<2X10 M panek. Equation(9) shows that equilibrium so long asET>4m)2(, where E is the energy of the hard

is more difficult to achieve for largem, ; this is not surpris-  particle so that the square of the center-of-mass energy is
ing, since the cross section fgrpair production scales like typically a few timesET. The hard particle initially has en-
m;z. This means that Eq8) will usually be applicable in ergy E=m,/2 and averagésee abovenumber densiterh
models with largem, and comparatively smalleFg, while  —g, T4/(3m,), just after its production from inflaton decay.

in the opposite case E¢L0) may have to be used. We will |t |oses its energy at the rate given in Eg3). Note that the
see shortly that both situations can arise in potentially intertime required for the hard particle to drop below the kine-
esting scenarios. Finally, for fixélz andm, , x production  matical thresholdE ,,~n%/T depends only logarithmically
from the thermal plasma is maximized if the conditi@®is  on this threshold. We ignore this logarithmic factor, and sim-

saturated. This gives ply estimate the slow-down time asIl,,. On the other
5 hand, the rate fof production from hard-soft scatterings is
200 T i i
Qis,maﬁzng 18 - R 12) approximately given by
* mXM Planck o2 o
hs__ X X 3
So far we have only discussed production from the Iy (de,+ _m)z( 0.2T%, (14)

scattering of “soft” particles in the thermal distribution.

However, “hard” particles with energye=my/2>T are  where we conservatively assume tha can be produced

continuously created bytwo body inflaton decay forH  from scatterings of just one specig@sg. electrons The two
=1"y. These particles eventually thermalize with the bath,

but this takes a finite amount of time. The presence of hard———
|nflaton_degay products can the'refore affect heavy particle 1340, exactly, n, = f2'dn, /dt, where only theproduction of
production in two ways. Firstlyy’s can be produced from par4 particles from inflaton decay is included in,/dt, i.e.
2—2 scatterings of a hard particle off either soft particles ingn_/dt=T 4 (1)

. . . h dig\t/)-
the thermal battif kinematically allowed, or off other hard ~ 14we note in passing that the logarithmic factors cancel in Eq.
particles. Moreovery’s might be directly produced from in-  (13). We included they, factor in the cutofft|, Since(almosj all
flaton decay. In both caseg production may be enhanced particles in the plasma have non-Abelian interactions with the ex-
and this is the issue to which we now turn. changed particles in the-23 scattering diagram.
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contributions in EqQ.(14) describe 2-2 re_ac_tions with ) 200\ Y3« 2 Tw 210" GeVv
squared center-of-mass energyn, T and “radiative return” Sh2
2—3 reactions, respectively; in the latter case the hard par- 9/ a?10° Gev Mg

ticle emits a collinear particle prior to the collision, thereby

2
reducing thg effective.cms energy of the collision to a value % 100TR( 1+ Mx ) (To<Tr) (18
nearm, . This results in the estimafe my aTrm,
where the second term in the last round parentheses comes
Fhs from 2—2 processes. In the opposite situation, we have
hS(T) nh T 2
slow hshz ( 200) 1/3 de 3000TR) 5
g, |25 T8 T® 9/ a®10 Gev\ my |’
~4| — 200 2 2+— , (15
o am¢ m¢ %

(To>Tr) (19

where we have again ignored the contribution from:2
processes.

Two conditions have to be satisfied for our estimates
(15—(19) to be applicable. First, we ne€th<<T,.,. Note
that this constraint is weaker by a factor, /m, than the
analogous constraint for the applicability of EdS),(10).
Second, at temperatuiie= max(Tg,To), n, should be suffi-
ciently small thatyy annihilation reactions can be ignored.
This is true if theyy annihilation rate is smaller than the
expansion ratea’n, /m2<H(T)=\0, TY(Mpancd d). If
To<Tg, xx annihilation is thus negligible if

for x’s produced at temperatufie It is clear that because of
the redshift factor Tg/T)® production close tdTy,, makes
the dominant contribution, whefEhrE4m)2(/md,. In order to
make a safdundejestimate we choose the temperatiige
=2Ty, for presenting our results; note that tkepair pro-
duction cross section at thresholsk 4m)2(, is suppressed
kinematically. If To<Tg, the physicaly density atH=T"4,
i.e. atT=Tg, is simply given by Eq(15) with T=Tg. In
this case the maximal cms energyTat is still above 8n)2(.
This means that the total production cross section will be
dominated by 2- 3 “radiative return” reactions, i.e. the sec-

ond, T® contribution in Eq.(15) will usually dominate. On m.\4 9 2 szl )
the other handT,>Tr leads to a physicay density atH (T—X) 3<260 (—X) A (To<Tr). (20
=T4 of order R al My
Recall that we needh, > 20T, since otherwisey's would
213 2 T8m have been in equmbnum alg. Moreover, typlcallyazla
hS(TR) 10” ( e |77 X R (16) <10 2 for weakly interacting particles. The cond|t|c620)
2000 o® md will therefore always be comfortably satisfied in chaotic in-

flation, wherem ~10""Mppanek. If To>Tg, the condition
for xx annihilation to be negligible is
In this case the contribution from-23 processes is sup-
pressedby an extra power of). 1/9, 1’6aj‘( mf;
In order to translate thee density atT=Tg into the §(ﬁ)

=< (To>Thw). (21
presenty relic density, we use the relatidi8]

o TRM Planck

Again, this condition can only be violated ifm,

mn(Te T <10™ GeV. We thus conclude that in most scenarios with
Q.h2=—22X R R _(Q.h? rather heavy inflatons the estimaté$)—(19) are indeed ap-
X T ) T R now .
Pr(Tr now plicable.
200 - Finally, unlessm, is quite close tan,, in which caseT,
—6.5% 10_7'_'anX( R), (17) is likely to exceedT ., To is well below m ; if m,
O« T3Thow >20Tg, Ty is then also well below the freeze-out tempera-

ture T; even if y’s once were in thermal equilibrium with the
plasma. They density from hard-soft scattering can thus
where pg is the energy density in radiation, and we havesimply be added to the contribution from soft-soft scattering.

used Qgh?)0w=4.3x10"° [22]. Our final results for the For a first assessment of the importance of the contribu-
contribution of hard-soft collisions to the relic density are  tion from hard-soft scattering, we compare Etg) with the
thus as follows: folT(<Tg, maximal contribution(12) from soft-soft scattering. We find

that the contribution from hard-soft scattering would domi-
nate if m,/m,<5x10 °-(a,/a)? (m,/Tg)?, where we
BMore precisely, this is the density of particles produced be- have takery, =200[as in the minimal supersymmetric stan-
tweent and 2, i.e. during one Hubble time, during whichre-  dard mode(MSSM)]. This condition can only be satisfied if
mained approximately constant. m,>Tg is not too far belowm,, in which case Eq(12) is
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not applicable anyway, sincé&,<m,. In other words, 2 aa?
whenever the soft-soft contribution is near its maximum, it Oyx™ —)2(+min —ZX aianr};fé?n . (23
will dominate over the hard-soft contribution. On the other ¢ my

hand, the hard-soft contribution will often dominate over the
soft-soft one ify never was in thermal equilibrium. FGfy,  The first term is again the perturbative—2 production
<Tg, this is true ifa®m,/m <(m, /TR)*(m, /10'® GeV),  cross sections, whereas the second term cuts oft¢hannel
which is satisfied unles$g and m, are both rather small. propagator at the appropriate power of the density of relativ-
Similarly, for To>Tg, Eq.(19) will dominate over Eq(8) if  istic particles. This second term is needed since @8)
m,>10" GeV a®(700Tz/m,)*. Recall that the last term shows thaty production from hard-hard scattering is domi-
must be=<0.1, since otherwise the soft-soft contribution by nated byearly times, i.e.high temperatures. In particulaf,
itself would overclose the Universe. In this case the hard-sofbmx is possible, in which case no propagator should be
contribution will thus dominate in models with rather large allowed to be as large asmi.
inflaton mass. Of course, this means that cosmological con- The fact that the highest temperatures give the biggest
straints on the model parametefg and m, will often be  contribution in Eq(22) raises the question of what happened
considerably stronger than previously thought. We will comepefore thermalization. In this epoch the hard particles by
back to this point when we present some numerical eXdefinition did not have time to slow down apprecialogx-
amples. cept by redshiftingg Moreover, the co-moving inflaton den-
sity remained essentially constant during that period. Hence
now nh(t)=2rd(t—t|)n¢(t), W|th n¢(t):n¢(t|)(t|/t)2
~n4(TR)/ (L) ?>=14 MB .,/ (6my). In the last step we

If To>Tg, we should also considey production from have usedq¢(TR):g*T‘F§/(3m¢) andTI' 4= @Té/MPlanck-
scattering of two hard particles. Recall that “hard” particles |ntroducing xX:thX (so thatX, is not affected by the

are continuously created as long Hs>T'y. Collisions of  Hubble expansion the production oy particles before ther-
these particles with each other can prodyceairs if m, malization is described by

<m,/2. Note that this constraint is independent of the tem-
perature. On the other hand, once a thermal plasma has been ) 4 5
established, the density of “hard” particles will always be dXy _  9«Mbianadr (t—1)
much smaller than the density of particles in the plasma. If dr T m2 t2
hard-soft scattering &t= Ty can still producey pairs, it will ¢
certainly dominate over hard-hard productionyd$. On the 4 5 ) )
other hand, it is also possible thig> Ty in Which case wzhere the factoflr comes from the factofy contained in
hard-soft scatteringand soft-soft scatteringdoes not pro- Ny(t). Fort>t,, X, will thus grow linearly witht, which
duce anyy particles. means that the physical density=1/t. Of course, this be-
Note that the rate of production from hard-hard scatter- havior persists only until the onset of thermalization, i.e. for
ing is quadratic in the density of hard particles. We can nd<1/T',, see Eq.(5). Using Eq.(6) together with the re-
longer use our earlier approximate solution of the BoltzmanrfiuirementT ,,,,<m,/2, it is easy to see that the solution to
equation in terms of the density, of hard particles produced Ed- (24) att=11T';, always exceeds the resul2). In other
in the time interval fromt to 2t, since the actual density WOrds, x production through hard-hard scattering is most
nn(t) at any given time will be much smaller than this. Let efficientbeforethermalization. This is perhaps not so surpris-
us first consider the era after thermalization, where a plasmi29: Since during this early epoch, the hard particles have a

with temperatureT already exists. As noted earlier, a hard Nigher physical densitfoncet>1) and survive longer than
particle will then only survive for a time- 1y, see Eq after thermalization has occurred. Including the redshift from
slow "

(13). During that era, i.e. fol a>T>Tg, the production of  Tmax{0 Tr @nd using Eq(17) we arrive at our final estimate
hard particles from inflaton decays and their slow-down will

be in equilibrium, i.e. the instantaneous density(t)

= 204N 4(1)/T 0w, Wheren,, is the density of inflatons. This Q2 ~6x 107" (
latter quantity is given by Edn¢~Hg*T4/(3m¢), where

we have made use of the fact thatdoes not change too

much over one Hubble time. This leads to a physjcalen-  \where oy IS given by Eq. (23 with nNyasma

;ity atT=Tg, for X p_articles produced during one Hubble ~g*Tﬁ1a>!(3m¢)- We have checked that fom, near
time after thermalization, of order 10" GeV the y density from hard-hard scattering always
> 6 16 stays sufficiently small fog annihilation reactions to be neg-

20001 Troy (9_*) (22 ligible. Itis also easy to see that fBp< T, the contribution
a6MP|anc|In<2/; 200 (25) is less than the hard-soft contributi¢iB). However, the
hard-hard contribution will exceed the hard-soft contribution
(19) if To>Tg andm,=0.1(M TEM pianed V%, this could in-
We make the following ansatz for the production cross deed be the case ifi, is rather close tan, but well above
section: TR.

B. Particle production from hard-hard scatterings

, (29)

0. )1/20- m)(T7R
200 TxRrd

max

(25

nf(Tg)~
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C. Numerical examples 10% p——r—rrrm L NI
) ) ) 107 E a) T, = 108 GeV 3
As is well known, any stable particle must satisfy, %8:: k
<1, since otherwise it would “overclose” the Universe. 104 . r
However, in some cases other considerations give stronger 1000 E 2
constraints on the abundance yaf This can happen, for ex- 10 | 1
ample, for unstable massive particles whose lifetimeis = o.% : 1
comparable to the age of the Universg. Radiative decays o 0068% r o5t hsh E
. . . Y. . r % \ b
of such relics which take place after recombinatioe. at 0.0001 i \ :
t=10'% s) are tightly constrained by astrophysical bounds on ek :
the gamma-ray backgrouri®9]. The tightest bound arises 1077 | \ E
for decays around the present ep¢8h]: %813 4 E
10-1° | ! 1
Qxhzslo’s. (26) 107 o0 "'i'(')il — ""'1'(',12 ' Tot
m, [GeV]
Another interesting example is that of charged stable par- "
ticles whose abundance is severely constrained from 104 gr—rrremy - Ty
searches for exotic isotopes in sea wiel. The most strin- 1000 b) T, = 105 GeV 1
gent bound on the abundance of such particles with electric 1?8 3 E
charge —1 is derived for massesn,=100-10000 GeV 1l 1
[24]: 01k E
0.01 r x
Q,h?<10"%, (27) E G0t b - i
L S
for heavier particles this bound becomes weaker. e 1
Having mentioned the different cosmological and astro- 10-8 : \\\";\\ bh :
physical constraints on long-lived or stable massive particles, 10 N r
in Fig. 2 we present three numerical examples to compare 18::‘: r 3
the significance of hard-soft and hard-hard scatterings with 10-12 B b vl Sl 0
that of soft-soft scatterings. We plét,h? as a function of 107 10°  10° 107 10% 10% 10%
m, [GeV]
m, for «,=0.01 anda=0.05. The parameter§ g,m,) are X
chosen as (f0GeV,103 GeV) (a), (10° GeV, 103 GeV) 100
(b) and (3 MeV, 16 GeV) (c), respectively. 10-10 o ' ' C)'T 3 MoV 1
In Fig. 2a, Tya=2X10 GeV; this explains the very 10711 f ? 3
rapid fall of soft-soft contributiongwhich are never in equi- 107 x 1
librium for the range ofm, shown for m,>3x 10" GeV. 18_14 : k
We have multiplied the result of EQ.(8) with 10-15 x
exp(—2m, /Tyad-€XP(2) if M, > T 4, Since this contribution v, 1071 .
needs two factors of the “soft” particle density. The exact o }8::; 3
form of this exponential cutoff is debatable, but it is clear 10-10 | !
that the soft-soft contribution should decrease exponentially, 10-2 § x
and hence quickly become irrelevant, omeg>T .. In the 107 & 3
present case, the soft-soft contribution is overwhelmed by 18_23 :
the hard-soft one even prior to this sharp decre@ggch 102+ | - 4
makes the exact form of the cutoff0|rrelev;_1nTh|§ is be- 107 — "'"'1"0' ""1"'(')0'*“1'3'06 "'"1"64' ""'1'65' e
causel,<Tg as long asn, <1.1X 10'° GeV, in which case m, [GeV]
hard-soft scatterings which occur at the very last stage of .
inflaton decay are the dominant source yfproduction. FIG. 2. The relic densityy particles would currently have if
However, the hard-soft contribution itself drops very quickly they are absolutely stable is shown as a functiomgffor cou-
for m,>10" GeV, since T, exceeds T in this  plings ~ «=005  «,=0.01, and (@  (Tr.my)
mass range. We have multipied Eq(19) by =(10®GeV,10°Gev), (b  (10° GeV,10°GeV), (¢

exp(—To/Tmad-€xp(1) if To>Ta. Once again the exact (3 MeV,1¢ GeV). The soft-soft, hard-soft and hard-hard contribu-
form of this cutoff is not very important, since the hard-hardtions are shown by the dotted, short dashed and long dashed curves,
contribution becomes dominant above this point until it isrgspe_ctively, while the solid curves show the sum of all three con-
kinematically suppressed, and then forbidden, fiop~5  tributions.

X 10" GeV. It is interesting to note that hard-hard scatter-

ings can very efficiently produce “wimpzillas” up to this must be bigger tham,/2, otherwise hard-hard scatterings
kinematical cutoff. In fact, for this choice ofg, m, and  will produce x in unacceptably large abundances. Recall,
a,, the overclosure boundor a strictly stabley) and the however, Eq(6) and Eq.(25) which show thalQ;hocTé for
astrophysical boundfor a late decayingy) require thatm,  fixed m,; reducing the reheat temperature by a factor of 2
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would therefore result in an acceptallerelic density ifT, ~ argument is independent of whether or not the LSP is
>T, ... In contrast, even without the exponential cutoff, the Charged. The constraint of Fig(d is not compatible with
soft-soft contribution would have satisfied the overclosuret_hls bound. Indeed, we find that once the hard-soft contribu-

: : is included, even fofg=1 MeV, m =1 TeV is com-
bound form,>5x 10" GeV, i.e. for the parameters of Fig. tion Is inc ' R VRV Ty .
2(a) the hard-hard contribution raises the boundrop by _patyble with the boun'c(27) pnly if m¢s5><105 GeV. Th's.
. indicates that scenarios with a charged LSP would require a
two orders of magnitude.

- model of low le inflation.
The lower reheat temperature in FigbPleads to a lower odel of low scale inflatio

) . One comment is in order before moving on to the next
~ 7 - ) . :
value Ome?X_GX 10" GeV. In th|§ case s'o.ft ,SOft production subsection. The production gfparticles from soft-soft scat-
of x pairs actually was in equilibrium form,

; X N : terings is independent of the main channel through which
<2X10" GeV, but this contribution again falls very sharply jnflaton decays, so long as the decay products thermalize
oncem,>Tm,, Where the hard-soft contribution becomes sufficiently rapidly (i.e. such thatm,<T,,). For example,
dominant. A kink in the hard-soft contribution appears atassume thatfor some reasonthe inflaton mostly decays to
m,=4x10° GeV, whereT, starts exceedindlr,'® The  |eptons whiley can only be produced from the scattering of
curve flattens out just before the kink since here the2  guarks. In this cas@3°remains essentially unchanged since
contribution to the production cross section become imporg|ectroweak gauge interactions bring quarks into equilibrium
tant. The hard-soft contribution decays rapidly far,  \ith a thermal bath created by leptons. On the other hand,

>8%10° GeV, whereTo>Tpa. Then the hard-hard contri- yhs 4 Q" will be suppressed since a hard lepton cannot

H : X
bution naturally takes over and quickly becomes the only, o cey from 2—2 scattering off soft particles in the ther-
source until the kinematical cutoff at>510*? GeV. The

) mal bath and/or off another hard lepton. In this scengrio
overclosure bound now requires,=10° GeV (by a funny  production from hard-soft or hard-hard processes can still
coincidence the soft-soft and hard-soft contributions arep . . R 17
comparable around this lower limitOn the other hand, for 2¢C!" V& %iscatteQ”Q reactions; gq— xy is allowed,
an unstabley the astrophysical bound in E¢26) requires SO ar_elq—>|thX andLhI —aqxx- The corresponding con-
To> Trax, I-€.M,> 101° GeV, if 7,~ 7y (hard-soft and hard- tributions Q" and Q"" will then be smaller than our esti-
hard contributions are again” coincidentally comparablenates in Eqs(18), (19) and(25) by several orders of mag-
around this limii. Notice that the hard-soft contribution has nitude. This possibility may be relevant to the production of
increased this limit by about a factor of 10. It is also ob-exotic electroweak gauge singlet particles with large masses,
served that now the hard-hard contribution does not sufficéhus relaxing constraints on the model parameters in that
to makey an interesting dark matter particle for any value of case. However, the estimates for the LSP and charged stable
m, . This again follows from tha@? behavior of this contri- particle examples will remain unaffected since these species
bution. can be produced from-2 2 scatterings of all standard model

Finally, Fig. 2c) displays the results fofg=3 Mev, particles.
near the lower limit required for successful nucleosynthesis;
we also chose a smaller inflaton masg=10° GeV so that D. Particle production from inflaton decay
this very low reheat temperature will be achieved more natu- , . . . ,
rally. In this caseT,,,=600 GeV. A main difference from W& now discuss the direct production gf particles in
the previous cases is that now the soft-soft contribution idnflaton decay whose importance has recently been noticed
very small even for masses as lowrag=1 GeV. The rea- 40]. Most inflatons decay af=Tg; moreover, the density
son is that the abundance pfparticles, produced from soft- ©f x particles produced in earlier inflaton decays will be
soft scatterings, is determined by their annihilation which isdréatly diluted. Since inflaton decay conserves energy, the
at equilibrium in this case im, <200 GeV. As a result the density of inflatons can be estimated gg=0.39, T/m, .
soft-soft contribution is subdominant for almost all values ofL-€t us denote the branching ratio fgr— y decays(more
m,; as usual, it cuts off sharply onae,>T .. Again a accurately, the average number ,pfpart[cles produced in
kink in the curve depicting the hard-soft contribution is rec-€ach¢ decay by B(¢— x). The x density from¢ decay
ognized atm, =200 GeV, above whici,>Tg. Even the ~can then be estimated 5]
hard-soft contribution essentially vanishes fom

X
>10° GeV, whereT, exceedsT .. The hard-hard contri- Quecan2 oy 1OBB(¢>—>X)E Tr ) (28)
bution is now completely negligible sincg, is very small. X m, 1 GeV

The only meaningful constraint in this case is that from Eq.

(27). Itis seen that the hard-soft contributionjtgoroduction  Equation(28) holds if they annihilation rate is smaller than

again increases the lower boundrop by about one order of  the Hubble expansion rate @t=Tg, which requires
magnitude, to about f0GeV, compared to the bound de-

rived in Ref.[24], which only includes the soft-soft contri-

2 1/2
bution. Naturalness arguments indicate that the mass of the My >SB(¢—>X)a2(E> ( 9% ) (29)
lightest superparticléLSP) should not exceed 1 TeV, this M planck “\m,/ 1200

'8This kink is also barely visible in Fig.(d atm,~10" GeV. 7y =y if y is a Majorana particle.
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This condition will be satisfied in chaotic inflation models  Now let us turn to the case of a gravitationally decaying
with m~ 10 °Mpjancio if m, is large enough to avoid over- inflaton. As a simple example, consider minimal supergravity
closure from thermaly production alone. It might be vio- where the scalar potential is given p47]

lated in models with a light inflaton. In that case the tyue

density atTg can be estimated by equating the annihilation Ve b ﬁ JG B 3 M8 33
rate with the expansion rate: I0i gt —M %lam Planck
5% 10’ m3 200, 12 HereG is the Kaler function defined by
Q= — N (—) . (30
o (1 Ge\/) -M PIanckTR O o aF 2
X @i Pi |W|
G=— I 5 , (34
This maximal density violates the overclosure constraint Mbianck Planc

), <1 badly for the kind of weakly interacting(,<0.1),
massive ,>Tg andm,=1 TeV) particles we are inter-
ested int® For the remainder of this article we will therefore
estimate they density from inflaton decay using E(28).

where ¢; are the scalar fields in the theory. The inflation
sector superpotential looks lik&~ (1/2)m ,(P — v)? around

the minimum of the potential where denotes the inflaton
VEV at the minimunt! The superpotential also includes the
familiar Yukawa couplings for the matter sector, eagH,Qu
\Where Q and u denote the superfields containing the doublet
of left-handed and the singlet of right-handesquarks, re-
spectively, and Hlis the superfield which contains the Higgs

sup(_arpartic_le massegw, will decay into part?cles gnd SUPer= goublet giving mass to the up-type quarks. Then it is easy to
particles with approximately equal probabilfThis can be see that Eq(33) leads to the following ternlamong others
illustrated for two possible cases: when the main inflaton

decay mode is via a superpotential coupling, and for a gravi- om L
tationally decaying inflaton. In the first case consider the hu— ¢ ¢*H,Qu (35
inflaton superfieldP, comprising the inflatorp and its su- M Banck

perpartner inflatinap, and a chiral supermultiplel, which —, yhe | agrangian for inflaton decay to three scalars, includ-

comprises a complex scalar fiefgland its fermionic partner ing two superparticle® This implies that the rate for pro-
, with the superpotential coupling duction of particles and sparticles through inflaton decays
into three light scalars is approximately the same.
1 , 1 ) Once one goes beyond minimal supergravity, the inflaton

W3§m¢CI> + Ehxcpxp ' 3D can also decay to gauge fields and gauginos. Consider the
case where the gauge superfields have nonminimal kinetic
terms, as a result d¥l pj..c SUPPressed couplings to the in-
flaton, in the following form:

eral scenarios. The first, important special case is wiedgse
the LSP. Ifm, is large compared to typical visible-sector

This superpotential generates the following terms:

h g h m,d* 4, 32
)(¢lr//df X zf;¢ djdf ( ) faﬁ: 1+a ¢ )
. . . . . M Planc
in the Lagrangian. It is easily verified thét decays to both )
of ¢ and (which in turn decay to matter particles plus the +b J + _}5 5. (36)
LSP) at a rate given by’ = (h%/8m)m,. Planc “

Then to the leading order one finds the term

¥BEquation(30) describes the maximal density if y decouples at b
T~Tg. Itis not applicable to WIMPs decoupling at< Tg. a FZVF’W'a: (37)
¥In Ref.[25] simultaneous production gf from the thermal bath M pianck

r the inflaton coupling to gauge fields, whererepresents

branching ratio for such a decay mode is derived. Our aim here is t | t index. Thi its in inflaton d
show that higher order processes naturally provide a decay mod ’e re eyan gauge group Index. 11is results in inflaton decay

even if y is not directly coupled to the inflaton. to a pair of gauge quanta at the rdte- a’m3/ Mianck The
2°The nonthermal production of LSP has also been considered ifOrresponding term from the kinetic energy of the gauginos

other contexts. For a neutralino LSP these include its production

from the decay of Q-ball§41], in cosmic string decays as a pos-

sible solution to the observational conflicts of WIMP cold dark 2Yn the absence of any superpotential coupling to other multiplets

matter[42], in decay of the Polonyi fielf43], and in moduli decay  which provides a linear term ig, a nonzera is required for the

in connection with models of anomaly-mediated supersymmetninflaton decay to take place.

and from direct inflaton decay has been studied and a bound on UE’

breaking[44] and models with intermediate scale unificat{aib]. 22The main mode for decay to three scalars isHg and two
Nonthermal production of axino LSP, as dark matter, from neu-squarks of the third generation, because of the large top Yukawa
tralino decay has been considered 46]. coupling.
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X estimate provides a lower bound Bi¢— x) under the con-
ditions assumed for our calculation ﬂ‘i‘f and Qg‘(h; when-
f X ever a primary inflaton decay product can interact with a
F f particle in the thermal plasma, or with another primary decay
f product, to produce gy pair, — y four-body decays must

exist. It is easy to see that the contributi@8) to the y
density from inflaton decay will exceed the hard-hard contri-
bution (25), if T, can be estimated from Ed6). If T,

results in a derivative coupling and hence a decay rate which>TR’ the decay contribution will exceed the hard-soft con-

< suporessed by a factor2/me . wherem is the aaugino tiPution if m®>0.3m;T¢/a®, which is true in almost all
PP y g ¢ 9 g 9 models that avoid overclosure from thermpal production
mass[44]. However, there exists another term in the La-

- e X ) alone. Even ifT;<Tg, the decay contribution will dominate
grangian[47] which is responsible for gaugino mass from over the hard-soft contribution if
supersymmetry breaking by the inflaton energy density:

FIG. 3. Sample diagram foy production in four-body inflaton
decay.

: (40

It ep 2~ 150 [ 1R 2+ Tr
Fy P NN, (39) “« m,  amy

whereF, is the F term associated with the inflaton super- Where the first and second term in the square brackets de-
field, given by=m,¢. It is easy to see that the term(88), ~ SCribe x pair production from 2-3 and 22 processes,
to the leading order, results in inflaton decay to two gauginogespectively; see Eq14). This condition can be mildly vio-
at the raterwasz;/'\/'%amw which is comparable to that for lated, i.e. in some cases _the hard-soft contr_|but|on may ex-
inflaton decay to two gauge quaria. ceed_ the de_cay _contr|but|on. For example, in the sdcenarlos
Moreover, all superparticles will quickly decay into the considered in F'Q-OZ, as long as,<m, we flnd7QXecay
LSP and some standard partige As long asm,>Tg, the =~ ~6CsX 105m)(/(1017 GeV) in (a); ~0.6C,m, /(10" GeV)
time scale for these decays will be shorter than the superpal? (b); and ~2x10 1°C4mX_/Ge_V in (c). ForC4=1, there
ticle annihilation time scale evendf,=0.1. As aresult, ify IS @ harrow range ofn, in Figs. 2a) and 2b) where
is the LSP, theB(¢— y)=1, independently of the nature of 2 "®<Q7*; however, in this rangé), exceeds the upper
the LSP. bound of 1 significantly. We thus conclude that the decay
Another possibility is that the inflaton couples to all par- contribution to{), will usually dominate over nonthermgl
ticles with more or less equal strength, e.g. through nonproduction from inflaton decay products if four-bogy— x
renormalizable interactions. In that case one exp&gi$ decays exist.
—x)~1/g, ~1/200. However, even i has no direct cou- Occasionally one has to go to even higher order in pertur-
plings toy, the rate(28) can be large. The key observation is bation theory to producg particles from¢ decays. For
thaty can be produced i decays that occur in higher order example, ify has only strong interactions bitonly couples
in perturbation theory whenevey can be produced from to SU(3) singlets,yx pairs can only be produced in six
annihilation of particles in the thermal plasma. In most rea"body final statesp— ffqqy x. A representative diagram can
istic casesgp— ff xyx decays will be possible if has gauge be obtained from the one shown in Fig. 3 by replacinghe
interactions, wheré stands for some gauge nonsinglet with lines by quark lines, attaching an additional virtual gluon to
tree-level coupling tap. A diagram contributing to this de- e of the quarks which finally splits intey. The branching
cay is shown in Fig. 3. Note that the part of the diagrampatig for such six body decays can be estimated as
describingy y production is identical to the diagram describ-

ing xx ff transitions. This leads to the following estimate: Ceaa? am2\ 4 om. | 912
) B(d—x)e~ | 1-— (1— X) . (47
B(dos) Cya’ ) 4m? (1 2mX>5/2 - 1.1x10 m3, My
- -~ - - 1
Y4 06| T me my,

Another example whergy pairs can only be produced i
where C, is a multiplicity (color) factor. The phase space decays into six body final states occurs if the inflaton only
factors have been written in a fashion that reproduces theouples to fields that are singlets under the SM gauge group,
correct behavior fom,—m,/2 as well as fom,—0. This  €.g. right-handeds)neutrinosvg [48]. These(s)neutrinos can
emit a virtual Higgs boson, which can split into a top quark-
antiquark pair; one of which can emit a virtual gluon, which

23Note that moduli decay to gauginos through the ter8B) will  in turn splits into a(strongly interactiny xyx pair. In this
be suppressedi4]. The reason is that the superpotentigleismost  scenario the factow? in Eq. (41) would have to be replaced

linear in the moduli superfield, so that the correspondinterm by the combination of Yukawa couplingﬁ, htzl(16772). If
does not contain the moduli field. In contrast, in almost all infla- R

tionary models the dependence of the superpotential on the inflatodMy <My, XX Pairs can already be produced in four body
superfield is quadratic or higher. final states fromvg decay. The effectivep— y branching
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ratio would then again be given by E(B9), with m, re-  equilibrium belowTg; recall thatB(¢— x) =1 in this case.
placed bymVR in the kinematical factors. Finally, if m,~ 10 GeV a “wimpzilla” with mass m,
Finally, in supergravity models with an explicisuper- ~ 10" GeV will be a good dark matter candidate only if it
symmetri¢ y mass term there in general exists a couplinghas a very low branching ratio, B(¢— x)
betweeng and eithery itself or, for fermionicy, to its scalar ~5x10 8 GeV/Tg, i.e. if its couplings to ordinary matter
superpartner, of the forra(m,m, /Mpjaned #* xx+H.c. in  are very small.
the scalar potentid this term is completely analogous to  Our calculation is also applicable to entropy-producing
the one shown ir{35).% A reasonable estimate for the cou- particle decays that might occur at very late timesy Ifs
pling strength i49] a~v/Mpjaae, Unless arR symmetry  Jighter than this additionad’ particle all our expressions go
suppressea. Assuming that most inflatons decay into otherthrough with the obvious replacemedt— ¢’ everywhere.
channels, so thalf gecay~ v/0x T&/M pianck remains valid, this  More generally our result holds if decays result in a

gives radiation-dominated era witlig>m, . If ¢’ is sufficiently
- 12 long-lived, the Universe will eventually enter a second
B(d— ) arm,mgy ( mX) (42) matter-dominated epoclé’ decays then give rise to a sec-
—x)~ - . . ; e .
167 ’_g*MpmckTﬁ mf,) ond epoch of reheating, leading to a radiation-dominated

Universe with final reheating temperatuirg, and increasing
The production ofy particles from inflaton decay will be the entropy by a factom,, ITg,. This could be incorporated
important for largem, and large ratiam, /Tg, but tends to  hig Eq. (28) by replacingTr—TRTr /My > Tg.

tie_?omexlesrsoorlcuels?ganntfrgor; largihﬁmr:gll rSI)é\ .snE{;;ar\]Nillfl rg:é Ina sin_1i_lar vein, co_nsider t.he prodpction of a neutral LSP
subﬁ?)xr,ninant it from gravitino dgcay in grawty—me_dlated models of super-
symmetry breaking; note that in this case the decaying par-
ticle does not dominate the energy density of the Universe.
(43) Gravitinos with masan;,~100 GeV-3 TeV have a life-
My time 7>1 s, which can ruin the success of nucleosynthesis if
gravitinos are produced in large abundanpés This, as is
The first factor on the r.h.s. ¢#3) must be<10"®in order  well known, leads to constraints on the reheating temperature
to avoid over-production of from thermal sources alone. of the Universe Tz [3]. On the other hand, foms,
Even if ¢— x decays only occur in higher orders of pertur- >10 TeV the gravitino decays before nucleosynthesis and
bation theory, the Lh.s. d#3) will be of order 104 (107'°)  has no effect on the light element abundarféedowever,
for four (six) body final states, see Eqg39),(41); if two-  even in this case a significant upper limit @ can be de-
body tree-levelkp— x x decays are allowed, the l.h.s. @?3) rived from the following argument. If the LSP has a mass
will usually be bigger than unity. We thus see that even for=100 GeV, gravitinogas heavy as f0GeV) decay much
m,~10" GeV, as in chaotic inflation models, and for,  after the freeze-out of LSP annihilation. The overclosure
=10’Tg, x production from decay will dominate im,  bound then results in a constraint on the gravitino number to
=107(10'"9 GeV for four (six) body final states; this agrees entropy ratio,ns,/s<4x10 11 even when the gravitinos
with the numerical results shown in Fig. 2. As a seconddecay before the onset of nucleosynthesis. For thermal grav-
example, consider LSP production in models with very lowitino production, whereng,/s=10"{(Tg/10" GeV) [3],
reheat temperature. Naturalness arguments imply that this results in the limitTz<10" GeV; including possible
LSP mass should lie within a factor of 5 or so of 200 GeV.nonthermal production of gravitinofs] will presumably
Recall that in this casB(¢— x)=1. Takinga,~0.01, we  sharpen this limit.
see thaty production from decay will dominate over produc-  Finally, let us point out possible implications of deviating
tion from the thermal plasma ifn,<6x10" GeV for Ty from two major assumptions which we made throughout this
=1 GeV; this statement will be true for afl,=< 108 GeVif article: a significant branching ratio of primary inflaton de-
Tr=100 MeV. cays into known SM particlegpossibly including their su-

In [40] we showed that the decay contributi¢®8) by  perpartners and allowed(pair-)production ofy particles in
itself leads to very stringent constraints on models with masthe scattering of matter particles. First, consider the case
sive stabley particles. In particular, charged stable particleswhen the inflaton exclusively decays to exotic light particles
with mass below~100 TeV seem to be excluded, unlesswhile y is produced through its coupling to matter particles.
m,>m,/2. In case of dneutra) LSP with mass around 200 Assume that these exotic particles only couple with strength
GeV, the overclosure constraint implies,/Tg>4x10',  a'<a to SM particles. This results in a small@f,; de-

i.e. a very low reheat temperature, unlgssvas in thermal pending on the details of the model, one has to replace the
factor o® in Eq. (6) either byaa'? or by a'2. We consider
the latter possibility and assume for simplicity thig re-

B(¢—>X)><1OOTR)6m¢ 1 TeV

2 m m
aX X

2*This term also induces ahterm from supersymmetry breaking
by the inflaton energy density.

2Note that a superpotential mass term for ghenultiplet will be 28A gravitino mass which is much larger than superparticle masses
allowed under &, discrete symmetry. For a continuous symmetry can be naturally found, for example, in models of no-scale super-
one requires two multipletg; and x, with opposite charges. gravity [50].

063513-14



THERMALIZATION AFTER INFLATION AND . . . PHYSICAL REVIEW D 66, 063513 (2002

mains unchanged. The thermal contributi@f® will be sig- ~ massless gauge bosons;>3 reactions where a fairly ener-
nificant|y reduced if the new value dTmaX is below mX by getic, nearly collinear particle is emitted in the initial or final
more than one order of magnitude or so. We therefore requirgtate play a crucial role here. The existence of light gauge
that Tpae=m,. Let us find Q)?ecay by assuming thaﬂff bosons is required since only gauge boson exchange in the
=1. The main difference is that production from inflaton ~ or u channel leads to cross sections that significantly exceed
decay now occurs through six body final state diagrams, witmzlmﬁ,, where « is the relevantgauge coupling strength

a? in Eq. (41) replaced bya'?. The requirement thal ., andm,, the inflaton mass. This indicates that reheating might
=m, results in a bound omx'?, see Eq.(6). For m,  be delayed greatly if some scalar fieddbreak all gauge
=2X 1O3a)2(’7TR, which saturate:ﬂff, and after using the symmetries during this epoch, which may naturally happen

bound ona’? in Eq. (28), we find in the presence of supersymmetric flat directions.
Even if massless gauge bosons exist, thermalization takes
m>"® m finit t of time. As a result, the maximal temperatur
QUeca 5 1 (P 3221 v v (44) a finite amount of time. As a result, the maximal temperature
x X mi’sM blanck L GeV’ of the thermal plasma will usually be well belaw, (but can

exceed the reheat temperaturg significantly); this limits
for x production in six body decay of the inflaton. Even for the region of parameter space whéhermal y production
the most conservative choice,= 10" GeV, Eq.(44) re-  can play a role. On the other hand, it allows the very ener-
quiresm,<7x10° GeV for a,~0.01. Note thaty produc-  getic primary inflaton decay products to prodyeg@articles
tion from hard-soft and hard-hard scatterings also only oceither in collisions with the thermal plasm@hard-soft”
curs through higher order processes, tmj}s and th are  scattering, or with each othef“hard-hard” reactions. We
suppressed by a few orders of magnitude compared to exstimated the rate for these reactions in the simple approxi-
pressiong(18), (19) and (25). Moreover, Ty,<m, if a’ is  mation where the primary inflaton decay products have en-
very small, implying thatQ3* will be exponentially sup- ergym,/2 for one thermalization time, and then have energy
pressed. In this casg production from inflaton decay will  T.If m, is rather close tan, this will probably overestimate
dominate, since it is only suppressed by a fact6f. the true rate, since then the energy of the primary decay

Second, consider the case where the inflaton decays fsroducts will drop below the production threshold faster than

matter buty particles can only be produced from scatteringsin our approximation. On the other hand,nif,>m, , our
of some intermediate partich’ whose interaction with mat- approximation will likely be an underestimate, since in the
ter has a strength’ <a. If ' is not very smally” will be  process of thermalization a single particle with-m /2 can
in thermal equilibrium with matter and, providég,,.>m,,  produce severalmost likely nearly collinearparticles with
Qiswill only be reduced by a statistics factor, since now onlym,/2>E>m, , all of which can contribute to nonthermgl
a small fraction of all soft-soft scatters can producgar-  production; note that this also allowsproduction from the
ticles. On the other hand)"™ and Q""" will decrease much scattering of “hard” particles even if the primary inflaton
more. The hard-soft and hard-hard scatterings now can pralecay products do not couple directly o We found that
duce x’s only in four-body final states, e.gﬁa;’xf;)(, the h_ar_d—_soft _con_trlbutlo_n will dominate over the hard-hard
with cross sectionx a)z(a,z' By using the expression in Eq. "€ if _|t is still kmem_atlcally_allowed affT=Tg, but can

otherwise be subdominant; either of these two new produc-

(3) a bound ona’ is found in order fory’' to be at thermal hani h ¢ v th |
equilibrium for T=m,, which requireSa’ZmXBH. If we UON mechanisms can exceed the rate from purely thegma

X! .
now assume)$*=1, takingg, =200, we have production. o
X 99 We also discusseqy production in inflaton decay. We
m?2 m pointed out that decays of this kind must be allowed, at least
Q=10 X X (45 in four-body final states, ify particles can be produced in

MyMpianci 1 GeV collisions of primary inflaton decay products; in certain

from six body decay of the inflaton. Again taking,=0.01 (somewhat contrivedscenarios one may have to consider
and m.=103GeV. this results in the boundm six-body final states. In fact, in most cases this seems to be
<10L0 C?eV in orde’r not to overclose the Universe. /)A(\S a the most important nontherméut perturbativemechanism
closing remark, we shall notice that such a rather contrived®"0ducing massive particles wit, <m,/2; this contribu-
scenario might be realized for exotig particles (e.g. O also often exceeds thermglproduction by several or-
“wimpzillas” ), but not whery is the LSP or a charged stable d€rs of magnitude, eveniif, is below the maximal tempera-

particle, which have electroweak gauge couplings to ordifuré of the thermal plasma. Nonthermal production
nary matter. therefore significantly sharpens limits on model parameters

that follow from upper bounds on thg relic density. For
example, ifm, is well above visible sector superparticle
masses, each inflaton decay will produce @l) lightest

In this article we studied the thermalization of perturba-superparticléLSP). If these LSPs were not in equilibrium at
tive inflaton decay products, with emphasis on applications'g, the bound}, p<1 then implies that the reheat tempera-
to the production of massive stable or long-lived partigtes ture must be at least ten orders of magnitude below the in-
We found that a thermal plasma should form well beforeflaton mass, i.e. the inflaton decay width must be at least 26
inflaton decay is complete, if the theory contains light ororders of magnitude smaller tham, . This does not seem to

IV. SUMMARY AND CONCLUSIONS
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be very plausible. As is well known, the requireméhts,  Other hand, our estimates of inflaton decay branching ratios

<1 imposes severe constraints on the parameter space ®fould be quite reliable ifn,> T (which is required fory

many supersymmetric models if the LSP was in equilibriumnot to have been in thermal equilibrium @g); even for

at T [51]. Our analysis indicates that it is quite difficult to many-body decays, details of the matrix elements should

evade these constraints by changing the cosmology. SimEhange our estimates only (1) factors. Fortunately we

larly, we found that stable charged particles can only be tolfound that this is often also the most important of the new,

erated if they are too heavy to be produced in inflaton denhonthermal mechanisms for the production of massive par-

cays. ticles at the end of inflation. We therefore conclude that cos-
Many of the results presented in this paper are only semimological constraints on models with stable or long-lived

quantitative. Unfortunately in most cases significant im-massive particles arémuch more severe than had previ-

provements can only be made at great effort. For example, @usly been thought.

more accurate treatment of thermalization would require a
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