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We describe a new efficient mechanism of reheating. Immediately after rolling down the rapidly moving
inflaton field ¢ produces particleg, which may be either bosons or fermions. This is a nonperturbative
process which occurs almost instantly; no oscillations or parametric resonance is required. The effective
masses of thg particles may be very small at the moment when they are produced, but they “fatten” when
the field ¢ increases. When the particlgsbecome sufficiently heavy, they rapidly decay to other, lighter
particles. This leads to an almost instantaneous reheating accompanied by the production of particles with
masses which may be as large a$’200'® GeV. This mechanism works in the usual inflationary models
whereV(¢) has a minimum, where it takes only a half of a single oscillation of the inflaton fieldut it is
especially efficient in models with effective potentials slowly decreasing at lérges in the theory of
quintessencd.S0556-282(99)07912-9

PACS numbds): 98.80.Cq

I. INTRODUCTION which case the parametric resonance does not last long or
does not happen at all. Also, there are some models where
During the last few years we have learned that the firsthe effective potential does not have a minimum, but instead
stages of reheating after inflation are typically governed byslowly decreases at largg [8,9]. In these models the scalar
nonperturbative effects. In particular, the most efficientfield does not oscillate at all after inflation; so neither para-
mechanism of reheating which was known until now wasmetric resonance nor the standard perturbative mechanism of
based on the theory of the nonperturbative decay of the ininflaton decay works there. .
flaton field due to the effect of broad parametric resonance [N this paper we will try to turn these potential problems
[1]. To distinguish this stage of nonperturbative particle proNt© an advantage. We will describe a new mechanism of
duction from the stage of particle decay and thermalizatiofPréheating, which works even in models where parametric

which can be described using perturbation theldy (see res?n?)nc{‘.e catt)n?ot de"‘?'opl- TTteIne(\jN Techan;sm |ts_alsto r:on-
also[3]), it was calledpreheating perturbative but very simple. It leads to an almost instanta-

neous reheating accompanied by the production of super-

This process can rapidly transfer the energy of a COherﬁeavy particles with masses which may be as great as

ently oscillating scalar field to the energy of other fields 010710 GeV. In some cases it may even lead to the pro-

elementary particles. Because of the nonperturbative Nature tion of black holes of a Planckian mass. which immedi-
of the process, it may lead to many unusual effects, such aa°tely evaporate. '

nonthermal cosmological phase transitigdé Another un-

usual feature of preheating discoveredinis the possibility

of_ the production of a large amount of _superheavy particles II. INSTANT PREHEATING: THE BASIC IDEA

with masses one or two orders of magnitude greater than the

inflaton mass. In the simplest versions of chaotic inflation To explain the main idea of the new scenario we will

with the inflaton massn~10* GeV this can lead to the consider the simplest model of chaotic inflation with the ef-

copious production of particles with masses up tofective potential (h?/2)¢* or (\/4)¢* and assume that the

10*-10"° GeV[1,5-7. This issue is rather important since inflaton field ¢ interacts with some other scalar fiefdwith

interactions and decay of superheavy particles may lead téhe interaction term-3g2¢?x In these models inflation

baryogenesis at the grand unified the¢@UT) scale[5]. occurs af¢|=0.3M, [10]. Suppose for definiteness that ini-
However, GUT baryogenesis was only marginally pos-tially ¢ is large and negative, and inflation ends ¢

sible in the models of preheating studied until now because-0.3M . After that the fielde rolls to ¢=0, then it grows

the masses of produced particles just barely approached thgp to 10 'M,~10'® GeV, and finally rolls back and oscil-

GUT scale. Moreover, in some models the particles createthtes about$p=0 with a gradually decreasing amplitude. If

by the resonance strongly interact with each other, or rapidlghe coupling constang is large enough =10 %), then,

decay. This may take them out of the resonance band, iaccording td1], the production of particleg occurs for the
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first time when the scalar fiel¢p reaches the poinh=0  We should emphasize that instant preheating is a completely
after the end of inflation. With each subsequent oscillationnonperturbative effect, which can lead to the production of
particle creation occurs ag crosses zero. This mechanism particles with momenta and masses many orders of magni-
of particle production is described by the theory of preheattude greater than the inflaton mass. This would be impossible
ing in the broad resonance regirffd. But now we concen- in the context of the elementary theory of reheating devel-
trate on the first instant of this process. Remarkably, in ceroPed in[2]. In what follows we will give a more detailed
tain cases this is all that we need for efficient reheating. ~ description of the instant preheating scenario.

Usually only a small fraction of the energy of the inflaton
field ~1072g? is transferred to the particleg at that mo- lll. SIMPLEST MODELS
men'F[see Eq(7) in the ne>_<t sectioh T_he role of the para- Consider first the simplest model of chaotic inflation with
metric resonance was 1o increase this energy exponent|a|l[¥]e effective potentiaV/(¢)=(m?/2)¢?, and with the inter-
within several oscillations of the inflaton field. But suppose . _ 12422 .
that the particlesy interact with fermionsy with the cou-  2CHOM Lagrangian—zg“¢“x"—hix. We will take m

. — i o =10""M,, as required by microwave background anisot-
pling hy¢rx. If this coupling is strong enough, theppar- 5,y 110], and in the beginning we will assume for simplicity
ticles may decay to fe_rmlons before thg oscnlatmg field _ thaty particles do not have a bare mass, imx(¢)=g|¢|.
returns back to the minimum of the effective potential. If this Reheating in this model is efficient only ¢f=10"* [1,11],

happens, parametric resonance does not occur. However, @hich impliesgM,=10°m for a realistic value of the mass
we will S_hOW, something eql_JaIIy Interesting may occur in-m-~ 10*6Mp. Thus, immediately after the end of inflation,
stead of it: The energy density of theparticles at the mo- when ¢~M/3, the effective masg|¢| of the field y is

ment of their decay may become much greater than theifuch greater tham. It decreases when the fiell moves

energy density at the moment of their creation. down, but initially this process remains adiabat|cy
Indeed, prior to their decay the number densityyobar- <m?

ticles, n, , remains practically constafit], whereas the ef The adiabaticity condition becomes violated and particle

fective mass of eacly particle grows asn, =g¢ when the . . .
field ¢ rolls up from the minimum of the effective potential. production occurs wheim,|~g|¢| becomes greater than

Therefore their total energy density grows. One may say thdmngzfﬁz- For a harmonic oscillator one hagg|=m®,
X particles are “fattened,” being fed by the energy of the where| ¢| is the velocity of the field in the minimum of the
rolling field ¢. The fattenedy particles tend to decay to effective potential, an@[)~10*1Mp is the amplitude of the
fermions at the moment when they have the greatest masfirst oscillation. This implies that the process becomes nona-
i.e., wheng reaches its maximal value 10*1Mp, just be-  diabatic forggp?=md, i.e., for — ¢, <p=<d, , Where o,
fore it begins rolling back tap=0. ~+ym®/g [1]. Here<I>~1O‘1Mp is the initial amplitude of

At that momenty particles can decay to two fermions the oscillations of the inflaton field. Note that under the con-
with mass up tom¢~(g/2)X10_1Mp, which can be as dition g>10* which is necessary for efficient reheating, the
large as 510" GeV forg~1. This is two orders of mag- interval — ¢, < ¢=< ¢, is very narrow:¢, <®. As a result,
nitude greater than the masses of the particles which can ke process of particle production occurs nearly instanta-
produced by the usual mechanism based on parametric reseeously, within the time
nance[l]. As a result, the total energy density of the pro-

N

duced particles also becomes two orders of magnitude by
greater than their energy density at the moment of their pro- At, ~ ——~(gmd) 2 (0]
duction. Thus the chain reactiah— y— ¢ considerably en- | ol

hances the efficiency of the transfer of energy of the inflaton_ = _ ) _
field to matter. This time interval is much smaller than the age of the uni-

More importantly, superheavy particlés(or the products ~ VETS€; SO all effects related to the expansion of the universe
of their decay may eventually dominate the total energy €&" be neglected during the process of particle production.

density of matter even if in the beginning their energy den-The uncertainty principle implies in this case that the created
articles will have typical momenta k~(At,) !

sity was relatively small. For example, the energy density of 2 ; i )
the oscillating inflaton field in the theory with the effective ~(9M®)™". The occupation number, of x particles with
potential (\/4)¢* decreases aa “ in an expanding uni- momentumk is equal to zero all the time when it moves
verse with a scale facta(t). Meanwhile the energy density oward¢=0. When it reacheg =0 (or, more exactly, after

stored in the nonrelativistic particle (prior to their decay 't moves through the small region ¢, < = ¢,) the occu-
decreases only a@s 3. Therefore their energy density rapidly Pation number suddenlfwithin the timeAt,) acquires the

becomes dominant even if originally it was small. A subse-value[1]

guent decay of such particles leads to a complete reheating of

the universe. n =exp( .
Since the main part of the process of preheating in this k

scenario(production ofy and ¢ particles occurs immedi-

ately after the end of inflation, within less than one oscilla-and this value does not change until the figldolls to the

tion of the inflaton field, we will call itinstant preheating  point ¢=0 again.

k2
) : 2

gmd
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A detailed description of this process including the deri-the inflaton massn in the theory m?/2)#2. The same result
vation of Eq.(2) was given in the second paper of REf];,  can be obtained in the theorxf4)#* independently of the
see in particular Eq(55) there. This equatiorf2) can be value of\.
written in a more general form. First of all, the shape of the  An interesting possibility appears if one ha§~g|¢o|.
effective potential does not play any role in its derivation.Then the probability of the production of such particles is not
The essential point of the derivation of E®) is that x  exponentially suppressed during the first oscillation, but it is
particles are produced in a small vicinity of the poi=0,  exponentially suppressed during all subsequent oscillations

when¢(t) can be represented g&t) ~ ¢o(t—to). The only  pecausd | decreases due to the expansion of the universe,
ﬂ:E?C-\{Vhffhtﬁgi-gﬁjedsattotﬁgiwz m:fe(ﬁn) ,'tm,;srsq;é ?ﬁ;thi.m and the conditiormisg|<'j>| becomes violated. In this case
velocity leld ¢ ime W tp POINt ew particlesy are not created. However, as we already

¢=0. Therefore one can replace® by |¢| in this equa-  explained, these new particles may not even be necessary.
tion. Also, the same equation is valid for massive partigles gqy example, in the theor\\(4) ¢* the energy density of the

as well, if one replacek? by k?+m?’ , wherem, is the bare  inflaton fieldp, decreases as “, whereas the energy den-
mass of the particleg at ¢=0. (A similar result is valid for  sjty stored in the nonrelativistic particleg (prior to their
fermions and for vector particlgsTherefore Eq.(2) in @  decay decreases only @ 3. Therefore their energy density
general casgfor any m, andV(¢)] can be written as fol-  rapidly becomes dominant even if originally it was small.

lows: Their subsequent decay makes the process of reheating com-
plete.
_ _ m(k>+ m)z() 3 But preheating in our model becomes much more efficient
M= €ex 9|¢o| ' 3) if we use the mechanism described in the beginning of this

paper. Indeed, let us assume that the partiglesrvive until
This can be integrated to give the densityyoparticles: the field ¢ rolls up from¢ =0 to the pointe; from which it
returns back top=0. In the theory (?/2)$? one haseg,
b0)¥? wmf( ~0.0M,, whereas in the theory\(4)¢* one has ¢,
——— . (4 =0.12M,. We will take ¢;~0.0M, in our estimates. At
9l ol that time the mass of each particlg will be g¢,
. L . L 2 ~10‘1gMp, they will be nonrelativistic, and their total en-
Ngmencal |rj\éest|ga.t|on Of. |nflat|oI17|n 2the theorm(/?)gb ergy density{for the case of the theoryn?/2)¢?] will be
with m=10"°M, gives |¢o|=10"'M, whereas in the
theory (\/4)¢* with \=10"13 one has a somewhat smaller

4 \312
value,| ¢po|=6x 10"°M> . This implies, in particular, that if p,=mn, ~ 1o*lg|v|p(g¢°) ~
one takesg~1, then in the theory ri?/2)¢? there is no g’
exponential suppression of the productionyoparticles un-
less their mass is greater thamn,~2X 10" GeV. This  Therefore the ratio of the energy densityyoparticles to the
agrees with a similar conclusion obtained[in5-7. energy density of the inflaton fielet $3/2 will be

Let us now concentrate on the caa§Sg|¢o|, when the
number of produced particles is not exponentially sup-

1 (- (g
nx=ﬁf0 dkkznk= 3

8

10~ 14g5/2M g . (8)

p ot
pressed. In this case p—;i~10 3 b ~M2M ,g°%~ 292, 9)
(990 - . .
g3 The last result follows from the relatiofpo|~10"'mM,

~10 'Mj for m~10"°M,. Under the conditiong=
104, which is the standard condition for efficient preheat-
ing [1], this ratio is much greater than the one in Eg.

The source of energy which allows the mass of egch
particle to grow agj¢ and the energy density of particlpg
L to increase from %10 3g%p, to 29°%, is the kinetic en-
~ (o) ) (6) ergy of the oscillating scalar field. Back reaction of created

8m’? particles slows down the motion of the scalar figida bit,

but in our case this effect is insignificant because the energy
The ratio of this energy to the total energy density  of the created particla;5’2p¢ remains much smaller than the
= ¢§/2 of the scalar fieldp at this moment gives energy of the scalar field,, .

If the particlesy do not decay when the fielg reaches
¢4, then their energy will decrease again in parallel With,
until it reaches the value given by E(). Thus, preheating
is most efficient if all particlesy can decay at the moment
This result is practically model independent, given the interwhen the field$ reaches its maximal valug,. This is pos-
action term—1g?¢2x2. In particular, it does not depend on sible if the lifetime of the particleg created at the moment

According to Eq(3), a typical initial energy¥momentum
of each particley at the moment of their production is

~(g| ¢||/) Y% so their total energy density is

Px

Px__gx 10 3g2. (7)
P
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t, is close toAt~mm~ /4. Particlesy in our model can which may be as great as f0GeV for g~1071, or even

decay to fermions, with the decay rdtH 10" GeV forg~1. If, however, one takes>M,, the den-
5 ) sity of y particles produced by this mechanism will be ex-
Ty ) = h"m, _h al gl (10 ponentially suppressed by the subsequent stage of inflation.
8 87 This possibility will be discussed in the next section.

Since parametric amplification of particle production is
Note that the decay rate grows with the growth of the fieldnot important in the context of the instant preheating sce-
|¢|; so particles tend to decay at laryyg|. One can easily nario, it will work equally well if the inflaton field couples
check that the particleg decay when the fielgh reaches its  not to bosons but to fermiori43,14. Indeed, the creation of

maximal value| ¢|~0.0M,, if fermions with masg| ¢| also occurs because of the nonadia-
baticity of the change of their mass @t=0. The theory of
h2g~ 500m~5><1074. (11) this effect atg=10* is very similar to the theory of the

My creation ofy particles described above; see in this respect

. [14]. The efficiency of preheating will be enhanced if the
At the moment wherj$| reaches 0.0M, the particlesy  fermionsy with a growing masg| ¢| can decay into other

have effective massn,=g|¢|~0.0M,. Such particles fermions and bosons, as in the scenario described in the pre-
can decay to two fermiong if m,<<0.03gM,. This im-  yjous section.

plies that after the first half of an oscillation, the scalar field |t jg amazing that oscillations of the field with mass

¢ can produce fermions with mass up to 0.98%,. For  m=10'3 GeV can lead to the copious production of super-

example, in the theory witlg~10"*, h~7x 1072 one can  heavy particles with masses four to five orders of magnitude

produce fermions with mass up to,~4x10'° GeV, and  greater tharm. The previously known mechanism of pre-

in the theory withg~ 1, h~2x10"2 one can produce par- heating was barely capable of producing particles of mass

ticles with mass up to % 10" GeV. ~10'® GeV, which is somewhat below the GUT scale, and
As we have found, initially the ratip,/p, is suppressed even that was possible only in the strong coupling ligit

by the factor 3> see Eq.(9). But this suppression is not —0(1). Our newmechanism allows for the production of

very strong, and if the energy density of tieparticles dur-  particles with mass greater than'$0GeV even if the cou-

ing some short period of the evolution of the universe depling constants are relatively small. This fact may play an

creases not as fast as the energy density of the inflaton fieighportant role in the theory of baryogenesis in GUTSs.
and other products of its subsequent decay, then very soon

the universe will be dominated by the products of decay of

the particlesy, and reheating will be complete. IV. FAT WIMPZILLAS
If h?g>5%10 4, the y particles may decay before the

oscillating field ¢ reaches its maximal valueg,

~1O*1Mp. This can make our mechanism somewhat les

efficient. However, the decay cannot occur umii}=g| ¢|

becomes greater tham®,. If, for example, the fermions

Until now we have discussed a new mechanism of pre-
Qeating. However, recently there has been a growing interest
in the possibility of the production of superheavy weakly
interacting massive particle@VIMPs) after inflation [15—
17,7]. Such particles(which have been proudly called
have mass-0.03gM,, then the decay occurs only when the WIMPZILLASs [18]) could be responsible for the dark matter

field reaches its maximal valu even if h’g>5 ; : e

% 10_(4ﬁ This preserves the efficiencyel())lf our mechan?sm eversontent of the universe, and if they have very large but finite

for ver. largeh? decay time, they can also be responsible for cosmic rays with
on i/he ogthergﬁand fo?g<5x 104, the particlesy do energies greater than the Greisen-Zatsepin-Kuzmin limit

o . o . [19]. The focus of these works in a certain sense was oppo-
not decay within a single oscillation. In this case the para~. .

: > ; . site to that of the theory of preheating: It was necessary to
metric resonance regime becomes possible, which agai

leads to efficient preheating according[fd. Moreover, su- find a mec_hamsm _for the p'Od“CF'O” of _stat(ha” nearly
. SO A . stablg particles which would survive until now. For that
perheavy fermions still will be produced in this regime, be-

S T . . : urpose, the mechanism of their production must be ex-
cause the oscillating field will spend a certain amount of tim L ; . .

: 0 . . tremely inefficient since otherwise the present density of
at ¢~ ¢4. During this time superheavy particles will be pro-

duced, and their number may not be strongly suppressed such relics would be unacceptably large.
' . ay rongly supp *  As one could expect, it is much easier to make the mecha-
The mechanism of particle production described above

. s hism inefficient rather than the other way around. For ex-
can work in a broad class of theories. For example, one Cagmple our equationd) implies that the probability of pro
. . . . 2 2 y =
pon&dgr models with the interactiog2) x .(¢+U) - Such .duction of superheavy particles is suppressed by a factor of
interaction terms appear, for example, in supersymmetric

models with superpotentials of the typ&'=gy?(¢+v) exp-m/gl). In the theory (%2)¢? with m

[12]. In such models the mass, vanishes not app, =0, but = 10" °M, we have| dol= 10*7M,23; so this suppression fac-
at ¢,=—v, wherev can take any value. Correspondingly, tor is given by exp&lO%mi/gMS). This implies that for
the production ofy particles occurs not ap=0 but at¢p= g~ 1 the production of particles wit, ~ 10'® GeV is sup-

—v. When the inflaton field reaches the minimum of its ef-pressed approximately by 1€, and this suppression be-
fective potential at$p=0, one hasm ~gv, which may be comes as strong as 16 for m, =2X 10'® GeV. This same
very large. If one takes ~M,, one can geim ~gM,, level of suppression can be achieved, for example, wgith
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=10"% andm,=2x 10". Thus, by fine-tuning of the param- ficient and may lead to several cosmological problems, such
etersm, and g one can obtain any value of the density of as the production of large isocurvature perturbations and
WIMPs at the present stage of the evolution of the universepverproduction of gravitinos and moduli fielfi1,22. For-
This result agrees with the result obtained 7 by a differ-  tunately, our mechanism works in these theories as well. In-
ent method. _ o _ deed, the theory of the production of partichesn our sce-
This suppression mechanism is equally operative for th@ario is applicable to theories with aiW(); the number of
processg— y— i discussed in our paper. If the particles o4 particles depends only orand | ¢|. In the theo-
are heavy atp=0, their number will be exponentially sup- . . .
) . ries whereV(¢) gradually vanishes at largé, the field ¢
pressed. When the field grows, their masses grow as fol- .
AT P Y . rolls at least up top~M , before it stops(or turns back
lows: m?(4)=m;+9g°¢$“. At the moment of their decay . b
Xt X 8 Then the particleg acquire masses, ~gM,. If the cou-
these particles can have mass of the ordéf410'® GeV. : : - x JP
Or_)lmg constang is sufficiently large ¢~10" "), the decay of

The main advantage of this new mechanism is that the pr e d h . ith
cess of fattening the particleg described above allows for X partic e7s magy produce superheavy partloje\s_nt Masses
up to 137-10'® GeV. Since the value of the field at that

the production of particleg which can be 1dtimes heavier Y g ) ) )
than their cousins discussed[it5—17,7. In the absence of time is approximately one order of magnitude greater than in

established terminology, one can call such superheavy pafie usual model with the potentiain(/2)¢?, whereas the
ticles FAT WIMPZILLAS. energy density , will decrease due to the expansion of the
Another way to produce an exponentially small number ofuniverse, the energy density of particlesit that time will be
superheavy WIMPs is to produce them at the last stages dhuch greater thang®p,,. . _
inflation. This is possible in theories with the interaction It is instructive to compare the density of particles
term (@%2)x%(¢+v)?, as described in the previous section. Produced by this mechanism to the density of particles cre-
If one takesv=M,, then the particlesy will be created ated during gravitational particle production, which is given
during inflation. The number of particles produced during bY p,=O(H*)~py(p4/Mp) . In the simplest models of cha-
inflation in the simplest theory witN'( ) =(m%2)¢2 does  ofic inflationp, /p,~p4/M;~10~'*at the end of inflation,
not depend ow becausep does not depend o and ony ~ @nd in hybrid inflation models it is even much smaller. Thus,

i 76 . . .
in this scenariogy=mM, /24 [10]. However, their density for g=10~° the number of particles produced during instant

will subsequently be exponentially suppressed by inflation.prehe"’ltlng is much greater than the number of particles pro-

T ; : duced by gravitational effects. Therefore one may argue that
Ist': gﬁﬁgﬁtge\gg;tavrv: Vr\]/?l\e/ﬁ:,'sf t't;;g rp:)r(g(r:rl]%sl‘eori;ht?]gr&de'oryreheating of the universe in theories with quintessential po-
with V() =(m?/2)¢2 the universe inflates by a factor of tentials should be described using the instant preheating sce-

50 o . ) ) i nario. As for the gravitational particle production studied in
exp(2mv*/My) after the creation ok particles{10], so their ES], it still can be useful, perhaps not as a mechanism of

density at the end of inflation becomes smaller by a factor o eheating, but as a source of WIMPs. Indeed, as we already

2 . . .
exp(6m*/My). This leads to a desirable suppression gor mentioned, the number of WIMPs must be extremely small;

~2M,. (The exact number depends on the subsequent theg, the relative inefficiency of the gravitational particle pro-
mal history of the universg.Meanwhile the masses of §ction is quite appropriate in this contess].

WIMPs produced by this mechanism can be extremely large, | theories with quintessential potentials the energy den-
of the order ofgM,, . If the x particles are stable, they them- gy of the inflaton fieldg rolling along the flat direction of
selves may serve as superheavy WIMPs with nearly Planckye effective potential decreasesaad, i.e., muchfaster than
ian mass. If they decay to fermions, then the fermions mayhe energy density of other particles. Thus, in such theories
play a similar role. instant preheating is amazingly efficient. Even if the particles
x decay to relativistic particles immediately after they are
produced, so that the fraction of energy transferred to par-
ticles from the inflaton field initially is only &% 10~ 3g?, still
their energy density will dominate as soon as the size of the
The mechanism of instant preheating works even better iminiverse grows by a factor of §5*. Meanwhile, if one uses
models with potentials of a “quintessential” type. For ex- our favorite mechanism by which the particles “fatten”
ample, one may consider potentidép) which behavdap-  before decaying, then the energy density of produced par-
proximately as (m?/2)¢? or (\/4)¢* at $<0, and(gradu- ticles becomes much greater, and the period of their domi-
ally) vanish when¢ becomes positive. Models of this type nance with respect to the energy density of the classical in-
were first proposed by Ford and Spokoiny, and recently the§laton field begins even much earlier, when the scale factor
have been revived by several other auti8isThese models grows by only a factor oD(g~ ).
for a long time were unpopular because the figldin these Note that in this scenario we still assume tlyaparticles
models does not oscillate and therefore the old mechanism @ventually decay to some other particles. Otherwise the back
reheating based on the perturbative decay of the inflaton fielteaction of the created particles can stop the growth of the
[2] in such models cannot work. The only known way to field ¢ and return it back tap=0. However, since the num-
reheat the universe in this scenario was to invoke the gravieer of produced particles and their interaction with the field
tational creation of particles due to the expansion of the uni< are suppressed for smallthe back reaction of the created
verse[20,8]. This mechanism of reheating is relatively inef- particles becomes significant only after a time interval much

V. QUINTESSENCE, INSTANT PREHEATING, AND
BLACK HOLE PRODUCTION
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greater tharm™! [21]. As a result, this scenario will work inflation. As we have shown in this paper, preheating may
under much milder constraints @nandh than the scenarios occur in a different way. It may be sufficient to consider a
in which ¢ oscillates about a minimum &f(¢). single act of creation, especially if one takes into account the

One can avoid this problem altogethen{$) becomes relative increase of energy of produced particles during the
flat not at¢=0, but only at¢=M . In such a case the back subsequent evolution of the classical inflaton field, and the
reaction of created particles never turns the scalar figld possibility of the chain reactiogp— x— . This new mecha-
back to ¢=0. Therefore the decay of the particlgsmay nism is capable of producing particles of nearly Planckian
occur very late, and one can have efficient preheating for angnergy, which was impossible in the previous versions of the
values of the coupling constargsand h. theory of reheating.

One may also consider a scenario in which the partigles ~ One of the key ingredients of the nonperturbative mecha-
are stable, and have bare masg~ 10'® GeV. The probabil- nism of preheating described above is a nonadiabatic change
ity of the production of such particles will be exponentially of the massm, (¢) near the point where it vanishésr at
suppressed, but then their masses will increaseglag, least strongly decreasesSuch situations occur very natu-
which can be very large. This allows us to produce superfally in supersymmetric theories of elementary particles if
heavy WIMPs of masm, > 10' GeV without assuming that one identifies) and y with moduli fields which correspond
X particles must decay t¢ (see also the previous section to flat directions of the effective potential. Indeed, in super-

Finally, let us assume that the particles are stable, and Symmetric theories the effective potential often has several
have bare mass, < 10'® GeV. Then the probability of the flat directions, which may intersect. When one of the moduli
creation of such particles will be large, and if they cannotfields (the inflaton moves along a flat direction and reaches
decay to other particles, we will eventually end up with thethe intersection, the mass of another field vanishes. A sim-
universe filled by an unacceptably large number of superplest example of this situation was described in Sec. Ill. The
heavy WIMPs. However, if the fielep continues rolling for ~ change of the number of massless degrees of freedom is a
a very long time, it may reach values much greater thign generic phenomenon which is under intense investigation in
In such a scenario, the particle masgés| at some moment the context of supersymmetric gauge theories, supergravity,
may become even larger thah, . and string theory, where it is associated with the points of

The possibility of producing superheavy particles with €nhanced gauge symmetry; see, ¢23,24. _
masses exceedirld,, should be addressed in the framework ~Masses of elementary particles may also change nonadia-
of superstring theory. It is rather interesting that superstrind?atically during cosmological phase transitions. At the mo-
theory in certain cases may be important for the descriptiofne€nt of a phase transition masses of some particles vanish

of reheating after inflation, which was viewed as a low-and may even temporarily become tachyonic. In this case
energy phenomenon. particle production may become even more intense.

In conventional quantum field theory, an elementary par- Our main conclusion is that with an account taken of the
ticle of massM has a Compton wavelengtil % smaller ~New possibilities discussed above the scenario of preheating
than its Schwarzschild radiud®M?2 if M>M .. Therefore P€comes more robust. In the cases where parametric reso-
one may expect that as soon m§£g|¢| bec%mes greater nance may occur, it provides a very efficient mechanism of
thanM,, eachy particle becomes a Planck-size black hole,Preheating. Now we have found that efficient preheating is
which immediately evaporates and reheats the universe. ThROSSIPIE even in models where parametric resonance does
is a very unusuafand admittedly very speculativerersion not happen because of the rapid decay of produced particles.

of the instant preheating scenario which deserves more ddistant preheating occurs in the usual inflationary models
tailed investigation. where the inflaton field oscillates near the minimum of its

effective potential. But this mechanism works especially
well in models with effective potentials which slowly de-
VI. CONCLUSIONS crease at large, as in the theory of quintessence. The con-

The theory of reheating after inflation is already ratherversion of the energy of the inflaton field to the energy of
old. For many years we thought that the classical oscillatingt!ementary particles in these models occurs very rapidly, and
inflaton field could be represented as a collection of scalalt iS always 100% efficient. A preliminary investigation indi-
particles of massn=< 103 GeV, that each particle decayed to cates that in some versions of such models preheatlng may
particles of smaller mass, and that our final goal was to caleven produce particles of mass greater thap which be-
culate the reheating temperatuFg. come black _holes _and |r_nmed|a§ely evaporate. It would be

During the last few years we have learned that this simple/€ry interesting to investigate this possibility in the context
picture in certain cases can be very useful, but typically on®f string theory.
must use the nonperturbative theory of reheating for the de-
scription of the first stages of reheating. The main ingredient
of this theory was the theory of broad parametric resonance.

Particle production in this scenario could be represented as a It is a pleasure to thank R. Kallosh, S. Shenker, A. Star-
series of successive acts of creation, during which the nunsbinsky, S. Thomas, and A. Vilenkin for useful discussions.
ber of produced particles increased exponentially. It seem$his work was supported by NSF grant AST95-29-225. The
now that this was only a first step towards a complete underwork of A.L. was also supported by NSF grant PHY-
standing of nonperturbative mechanisms of reheating afte8870115.

ACKNOWLEDGMENTS

123523-6



INSTANT PREHEATING

[1] L.A. Kofman, A.D. Linde, and A.A. Starobinsky, Phys. Rev.
Lett. 73, 3195(1994); Phys. Rev. D56, 3258 (1997); P.B.

PHYSICAL REVIEW D59 123523

where the contributions of fermions and bosons nearly cancel

each other.

Greene, L.A. Kofman, A.D. Linde, and A.A. Starobinskyid. [12] A. Berera and T.W. Kephart, hep-ph/9811295.
56, 6175(1997. [13] J. Baacke, K. Heitmann, and C. Patzold, Phys. Re\b&

[2] A.D. Dolgov and A.D. Linde, Phys. Lettl16B, 329 (1982);

125013(1998.

L.F. Abbott, E. Fahri, and M. Wisehid. 117B, 29 (1982; [14] P.B. Greene and L.A. Kofman, Phys. Lett. 428 6 (1999.
A.A. Starobinsky, inQuantum Gravity, Proceedings of the [15] V. Berezinsky, M. Kachelriess, and A. Vilenkin, Phys. Rev.

Second Seminaf' Quantum Theory of Gravity Moscow,
1981, edited by M.A. Markov and P.C. We@tlenum, New

Lett. 79, 4302(1997); V.A. Kuzmin and V.A. Rubakov, Yad.
Fiz. 61, 1122(1998 [Phys. At. Nucl.61, 1028(1998)].

York, 1984, p. 103. [16] D.J.H. Chung, E.W. Kolb, and A. Riotto, Phys. Rev. 9D,

[3] A.D. Linde, Phys. Lett108B, 389 (1982; A. Albrecht, P.J.
Steinhardt, M.S. Turner, and F. Wilczek, Phys. Rev. L48.
1437(1982.

023501(1999; V.A. Kuzmin and l.I. Tkachev, Pis'ma Zh.
Eksp. Teor. Fiz68, 255(1998 [JETP Lett.68, 271 (1998];
Phys. Rev. D(to be publishel hep-ph/9809547.

[4] L.A. Kofman, A.D. Linde, and A.A. Starobinsky, Phys. Rev. [17] D.J.H. Chung, E.W. Kolb, and A. Riotto, hep-ph/9809453.
Lett. 76, 1011 (1996; I.I. Tkachev, Phys. Lett. B376, 35 [18] E.W. Kolb, D.J.H. Chung, and A. Riotto, hep-ph/9810361.
(1996; S. Khlebnikov, L. Kofman, A.D. Linde, and I. [19] K. Greisen, Phys. Rev. Letts, 748(1966; G.T. Zatsepin and

Tkachev, Phys. Rev. Let81, 2012 (1998; I. Tkachev, S.
Khlebnikov, L.A. Kofman, and A.D. Linde, Phys. Lett. 8410,

V.A. Kuzmin, Pis'ma Zh. ksp. Teor. Fiz.4, 114 (1966
[JETP Lett.4, 78 (1966)].

262 (1998. [20] Ya.B. Zel'dovich and A.A. Starobinsky, ZH.kEp. Theor. Fiz.

[5] E.W. Kolb, A.D. Linde, and A. Riotto, Phys. Rev. Left7,
4290 (1996; E.W. Kolb, A. Riotto, and I.I. Tkachev, Phys.
Lett. B 423 348(1998.

[6] S.Yu. Khlebnikov and I.I. Tkachev, Phys. Lett. 890, 80
(1997; B.R. Greene, T. Prokopec, and T.G. Roos, Phys. Rev.
D 56, 6484 (1997; |. Zlatev, G. Huey, and P.J. Steinhardt,
ibid. 57, 2152(1998.

[7] D.J.H. Chung, hep-ph/9809489.

[8] L.H. Ford, Phys. Rev. 35, 2955(198%); B. Spokoiny, Phys.

61, 2161(1971) [Sov. Phys. JETB4, 1159(1972]; L.P. Gr-
ishchuk, Lett. Nuovo Ciment&2, 60 (1975; Zh. Eksp. Teor.
Fiz. 67, 825 (1974 [Sov. Phys. JETRIO, 409 (1975]: S.G.
Mamaeyv, V.M. Mostepanenko, and A.A. Starobinsikyd. 70,
1577 1976[ibid. 43, 823 (1976]; A.A. Grib, S.G. Mamaev,
and V.M. Mostepanenko, Gen. Relativ. Gravif.535(1976);
A.A. Grib, S.G. Mamayev, and V.M. Mostepanenkéacuum
Quantum Effects in Strong Field§riedmann Laboratory, St.
Petersburg, 1994

Lett. B 315 40 (1993; M. Joyce, Phys. Rev. [®5, 1875 [21] G. Felder, L.A. Kofman, and A.D. Linde, “Inflation and Pre-

(1997; M. Joyce and T. Prokopedbid. 57, 6022 (1998;

heating in NO models,” hep-ph/9903350.

P.J.E. Peebles and A. Vilenkiihid. 59, 063505(1999. [22] R. Kallosh, L.A. Kofman, A.D. Linde, and A. Van Proeyén

[9] R.R. Caldwell, R. Dave, and P.J. Steinhardt, Phys. Rev. Lett.

preparation

80, 1582(1998. [23] C.M. Hull and P.K. Townsend, Nucl. PhyB451, 525(1995;

[10] A.D. Linde, Particle Physics and Inflationary Cosmology
(Harwood Academic, Chur, Switzerland, 1990
[11] Note that if one takeg>10 3, radiative corrections to the

E. Witten, ibid. B443 85 (1995; K. Intriligator and N.
Seiberg, Nucl. Phys. BProc. Supp). 45BC, 1 (1996; M.
Shifman, Prog. Part. Nucl. Phy39, 1 (1997.

effective potential may considerably change its shgp@. [24] J. Polchinski, String Theory (Cambridge University Press,

However, this does not happen in supersymmetric theories

123523-7

Cambridge, England, 1998



