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We describe a new efficient mechanism of reheating. Immediately after rolling down the rapidly moving
inflaton field f produces particlesx, 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 thex particles may be very small at the moment when they are produced, but they ‘‘fatten’’ when
the field f increases. When the particlesx become 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 as 1017–1018 GeV. This mechanism works in the usual inflationary models
whereV(f) has a minimum, where it takes only a half of a single oscillation of the inflaton fieldf, but it is
especially efficient in models with effective potentials slowly decreasing at largef as in the theory of
quintessence.@S0556-2821~99!07912-6#

PACS number~s!: 98.80.Cq
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I. INTRODUCTION

During the last few years we have learned that the fi
stages of reheating after inflation are typically governed
nonperturbative effects. In particular, the most efficie
mechanism of reheating which was known until now w
based on the theory of the nonperturbative decay of the
flaton field due to the effect of broad parametric resona
@1#. To distinguish this stage of nonperturbative particle p
duction from the stage of particle decay and thermalizat
which can be described using perturbation theory@2# ~see
also @3#!, it was calledpreheating.

This process can rapidly transfer the energy of a coh
ently oscillating scalar field to the energy of other fields
elementary particles. Because of the nonperturbative na
of the process, it may lead to many unusual effects, suc
nonthermal cosmological phase transitions@4#. Another un-
usual feature of preheating discovered in@1# is the possibility
of the production of a large amount of superheavy partic
with masses one or two orders of magnitude greater than
inflaton mass. In the simplest versions of chaotic inflat
with the inflaton massm;1013 GeV this can lead to the
copious production of particles with masses up
1014–1015 GeV @1,5–7#. This issue is rather important sinc
interactions and decay of superheavy particles may lea
baryogenesis at the grand unified theory~GUT! scale@5#.

However, GUT baryogenesis was only marginally po
sible in the models of preheating studied until now beca
the masses of produced particles just barely approached
GUT scale. Moreover, in some models the particles crea
by the resonance strongly interact with each other, or rap
decay. This may take them out of the resonance band
0556-2821/99/59~12!/123523~7!/$15.00 59 1235
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which case the parametric resonance does not last lon
does not happen at all. Also, there are some models w
the effective potential does not have a minimum, but inste
slowly decreases at largef @8,9#. In these models the scala
field does not oscillate at all after inflation; so neither pa
metric resonance nor the standard perturbative mechanis
inflaton decay works there.

In this paper we will try to turn these potential problem
into an advantage. We will describe a new mechanism
preheating, which works even in models where parame
resonance cannot develop. The new mechanism is also
perturbative but very simple. It leads to an almost instan
neous reheating accompanied by the production of su
heavy particles with masses which may be as great
1017–1018 GeV. In some cases it may even lead to the p
duction of black holes of a Planckian mass, which imme
ately evaporate.

II. INSTANT PREHEATING: THE BASIC IDEA

To explain the main idea of the new scenario we w
consider the simplest model of chaotic inflation with the
fective potential (m2/2)f2 or (l/4)f4 and assume that th
inflaton fieldf interacts with some other scalar fieldx with
the interaction term2 1

2 g2f2x2. In these models inflation
occurs atufu*0.3M p @10#. Suppose for definiteness that in
tially f is large and negative, and inflation ends atf;
20.3M p . After that the fieldf rolls to f50, then it grows
up to 1021M p;1018 GeV, and finally rolls back and oscil
lates aboutf50 with a gradually decreasing amplitude.
the coupling constantg is large enough (g*1024), then,
according to@1#, the production of particlesx occurs for the
©1999 The American Physical Society23-1
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GARY FELDER, LEV KOFMAN, AND ANDREI LINDE PHYSICAL REVIEW D 59 123523
first time when the scalar fieldf reaches the pointf50
after the end of inflation. With each subsequent oscillati
particle creation occurs asf crosses zero. This mechanis
of particle production is described by the theory of prehe
ing in the broad resonance regime@1#. But now we concen-
trate on the first instant of this process. Remarkably, in c
tain cases this is all that we need for efficient reheating.

Usually only a small fraction of the energy of the inflato
field ;1022g2 is transferred to the particlesx at that mo-
ment @see Eq.~7! in the next section#. The role of the para-
metric resonance was to increase this energy exponent
within several oscillations of the inflaton field. But suppo
that the particlesx interact with fermionsc with the cou-

pling hc̄cx. If this coupling is strong enough, thenx par-
ticles may decay to fermions before the oscillating fieldf
returns back to the minimum of the effective potential. If th
happens, parametric resonance does not occur. Howeve
we will show, something equally interesting may occur
stead of it: The energy density of thex particles at the mo-
ment of their decay may become much greater than t
energy density at the moment of their creation.

Indeed, prior to their decay the number density ofx par-
ticles, nx , remains practically constant@1#, whereas the ef-
fective mass of eachx particle grows asmx5gf when the
field f rolls up from the minimum of the effective potentia
Therefore their total energy density grows. One may say
x particles are ‘‘fattened,’’ being fed by the energy of th
rolling field f. The fattenedx particles tend to decay to
fermions at the moment when they have the greatest m
i.e., whenf reaches its maximal value;1021M p , just be-
fore it begins rolling back tof50.

At that momentx particles can decay to two fermion
with mass up tomc;(g/2)31021M p , which can be as
large as 531017 GeV for g;1. This is two orders of mag
nitude greater than the masses of the particles which ca
produced by the usual mechanism based on parametric
nance@1#. As a result, the total energy density of the pr
duced particles also becomes two orders of magnit
greater than their energy density at the moment of their p
duction. Thus the chain reactionf→x→c considerably en-
hances the efficiency of the transfer of energy of the infla
field to matter.

More importantly, superheavy particlesc ~or the products
of their decay! may eventually dominate the total energ
density of matter even if in the beginning their energy de
sity was relatively small. For example, the energy density
the oscillating inflaton field in the theory with the effectiv
potential (l/4)f4 decreases asa24 in an expanding uni-
verse with a scale factora(t). Meanwhile the energy densit
stored in the nonrelativistic particlesc ~prior to their decay!
decreases only asa23. Therefore their energy density rapid
becomes dominant even if originally it was small. A subs
quent decay of such particles leads to a complete reheatin
the universe.

Since the main part of the process of preheating in
scenario~production ofx and c particles! occurs immedi-
ately after the end of inflation, within less than one oscil
tion of the inflaton field, we will call itinstant preheating.
12352
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We should emphasize that instant preheating is a comple
nonperturbative effect, which can lead to the production
particles with momenta and masses many orders of ma
tude greater than the inflaton mass. This would be imposs
in the context of the elementary theory of reheating dev
oped in @2#. In what follows we will give a more detailed
description of the instant preheating scenario.

III. SIMPLEST MODELS

Consider first the simplest model of chaotic inflation wi
the effective potentialV(f)5(m2/2)f2, and with the inter-
action Lagrangian2 1

2 g2f2x22hc̄cx. We will take m
51026M p , as required by microwave background anis
ropy @10#, and in the beginning we will assume for simplicit
that x particles do not have a bare mass, i.e.,mx(f)5gufu.
Reheating in this model is efficient only ifg*1024 @1,11#,
which impliesgMp*102m for a realistic value of the mas
m;1026M p . Thus, immediately after the end of inflation
when f;M p/3, the effective massgufu of the field x is
much greater thanm. It decreases when the fieldf moves
down, but initially this process remains adiabatic,uṁxu
!mx

2 .
The adiabaticity condition becomes violated and parti

production occurs whenuṁxu;guḟu becomes greater tha
mx

25g2f2. For a harmonic oscillator one hasuḟ0u5mF,

whereuḟ0u is the velocity of the field in the minimum of the
effective potential, andF;1021M p is the amplitude of the
first oscillation. This implies that the process becomes no
diabatic forgf2&mF, i.e., for 2f* &f&f* , wheref*
;AmF/g @1#. HereF;1021M p is the initial amplitude of
the oscillations of the inflaton field. Note that under the co
dition g@1024 which is necessary for efficient reheating, th
interval 2f* &f&f* is very narrow:f* !F. As a result,
the process of particle production occurs nearly instan
neously, within the time

Dt* ;
f*
uḟ0u

;~gmF!21/2. ~1!

This time interval is much smaller than the age of the u
verse; so all effects related to the expansion of the unive
can be neglected during the process of particle product
The uncertainty principle implies in this case that the crea
particles will have typical momenta k;(Dt* )21

;(gmF)1/2. The occupation numbernk of x particles with
momentumk is equal to zero all the time when it move
towardf50. When it reachesf50 ~or, more exactly, after
it moves through the small region2f* &f&f* ) the occu-
pation number suddenly~within the timeDt* ) acquires the
value @1#

nk5expS 2
pk2

gmF D , ~2!

and this value does not change until the fieldf rolls to the
point f50 again.
3-2
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INSTANT PREHEATING PHYSICAL REVIEW D59 123523
A detailed description of this process including the de
vation of Eq.~2! was given in the second paper of Ref.@1#;
see in particular Eq.~55! there. This equation~2! can be
written in a more general form. First of all, the shape of t
effective potential does not play any role in its derivatio
The essential point of the derivation of Eq.~2! is that x
particles are produced in a small vicinity of the pointf50,
whenf(t) can be represented asf(t)'ḟ0(t2t0). The only
thing which one needs to know is notV(f), m, or F, but the
velocity of the fieldf at the time when it passes the poi
f50. Therefore one can replacemF by uḟ0u in this equa-
tion. Also, the same equation is valid for massive particlex
as well, if one replacesk2 by k21mx

2 , wheremx is the bare
mass of the particlesx at f50. ~A similar result is valid for
fermions and for vector particles.! Therefore Eq.~2! in a
general case@for any mx and V(f)] can be written as fol-
lows:

nk5expS 2
p~k21mx

2!

guḟ0u
D . ~3!

This can be integrated to give the density ofx particles:

nx5
1

2p2E
0

`

dk k2nk5
~gḟ0!3/2

8p3
expS 2

pmx
2

guḟ0u
D . ~4!

Numerical investigation of inflation in the theory (m2/2)f2

with m51026M p gives uḟ0u51027M p
2 , whereas in the

theory (l/4)f4 with l510213 one has a somewhat small
value,uḟ0u5631029M p

2 . This implies, in particular, that if
one takesg;1, then in the theory (m2/2)f2 there is no
exponential suppression of the production ofx particles un-
less their mass is greater thanmx;231015 GeV. This
agrees with a similar conclusion obtained in@1,5–7#.

Let us now concentrate on the casemx
2&guḟ0u, when the

number of produced particles is not exponentially su
pressed. In this case

nx'
~gḟ0!3/2

8p3
. ~5!

According to Eq.~3!, a typical initial energy~momentum!
of each particlex at the moment of their production i
;(guḟuu/p)1/2; so their total energy density is

rx;
~gḟ0!2

8p7/2
. ~6!

The ratio of this energy to the total energy densityrf

5ḟ0
2/2 of the scalar fieldf at this moment gives

rx

rf
;531023g2. ~7!

This result is practically model independent, given the int
action term2 1

2 g2f2x2. In particular, it does not depend o
12352
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the inflaton massm in the theory (m2/2)f2. The same result
can be obtained in the theory (l/4)f4 independently of the
value ofl.

An interesting possibility appears if one hasmx
2;guḟ0u.

Then the probability of the production of such particles is n
exponentially suppressed during the first oscillation, but i
exponentially suppressed during all subsequent oscillat
becauseuḟu decreases due to the expansion of the unive
and the conditionmx

2&guḟu becomes violated. In this cas
new particlesx are not created. However, as we alrea
explained, these new particles may not even be neces
For example, in the theory (l/4)f4 the energy density of the
inflaton fieldrf decreases asa24, whereas the energy den
sity stored in the nonrelativistic particlesx ~prior to their
decay! decreases only asa23. Therefore their energy densit
rapidly becomes dominant even if originally it was sma
Their subsequent decay makes the process of reheating
plete.

But preheating in our model becomes much more effici
if we use the mechanism described in the beginning of
paper. Indeed, let us assume that the particlesx survive until
the fieldf rolls up fromf50 to the pointf1 from which it
returns back tof50. In the theory (m2/2)f2 one hasf1
'0.07M p , whereas in the theory (l/4)f4 one hasf1
'0.12M p . We will take f1'0.07M p in our estimates. At
that time the mass of each particlex will be gf1
;1021gMp , they will be nonrelativistic, and their total en
ergy density@for the case of the theory (m2/2)f2] will be

rx5mxnx'1021gMp

~gḟ0!3/2

8p3
;10214g5/2M p

4 . ~8!

Therefore the ratio of the energy density ofx particles to the
energy density of the inflaton field;ḟ0

2/2 will be

rx

rf
;1023uḟ0u21/2M pg5/2;2g5/2. ~9!

The last result follows from the relationuḟ0u;1021mMp

;1027M p
2 for m;1026M p . Under the conditiong*

1024, which is the standard condition for efficient prehea
ing @1#, this ratio is much greater than the one in Eq.~7!.

The source of energy which allows the mass of eachx
particle to grow asgf and the energy density of particlesrx

to increase from 531023g2rf to 2g5/2rf is the kinetic en-
ergy of the oscillating scalar fieldf. Back reaction of created
particles slows down the motion of the scalar fieldf a bit,
but in our case this effect is insignificant because the ene
of the created particlesg5/2rf remains much smaller than th
energy of the scalar fieldrf .

If the particlesx do not decay when the fieldf reaches
f1, then their energy will decrease again in parallel withufu,
until it reaches the value given by Eq.~7!. Thus, preheating
is most efficient if all particlesx can decay at the momen
when the fieldf reaches its maximal valuef1. This is pos-
sible if the lifetime of the particlesx created at the momen
3-3
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GARY FELDER, LEV KOFMAN, AND ANDREI LINDE PHYSICAL REVIEW D 59 123523
t0 is close toDt;pm21/4. Particlesx in our model can
decay to fermions, with the decay rate@1#

G~x→cc!5
h2mx

8p
5

h2gufu
8p

. ~10!

Note that the decay rate grows with the growth of the fi
ufu; so particles tend to decay at largeufu. One can easily
check that the particlesx decay when the fieldf reaches its
maximal valueufu'0.07M p if

h2g;
500m

M p
;531024. ~11!

At the moment whenufu reaches 0.07M p , the particlesx
have effective massmx5gufu;0.07gMp . Such particles
can decay to two fermionsc if mc,0.035gMp . This im-
plies that after the first half of an oscillation, the scalar fie
f can produce fermions with mass up to 0.035gMp . For
example, in the theory withg;1021, h;731022 one can
produce fermions with mass up tomc;431016 GeV, and
in the theory withg;1, h;231022 one can produce par
ticles with mass up to 431017 GeV.

As we have found, initially the ratiorx /rf is suppressed
by the factor 2g5/2; see Eq.~9!. But this suppression is no
very strong, and if the energy density of thec particles dur-
ing some short period of the evolution of the universe
creases not as fast as the energy density of the inflaton
and other products of its subsequent decay, then very s
the universe will be dominated by the products of decay
the particlesc, and reheating will be complete.

If h2g@531024, the x particles may decay before th
oscillating field f reaches its maximal valuef1
;1021M p . This can make our mechanism somewhat l
efficient. However, the decay cannot occur untilmx5gufu
becomes greater than 2mc . If, for example, the fermions
have mass;0.03gMp , then the decay occurs only when th
field f reaches its maximal valuef1 even if h2g@5
31024. This preserves the efficiency of our mechanism ev
for very largeh2g.

On the other hand, forh2g!531024, the particlesx do
not decay within a single oscillation. In this case the pa
metric resonance regime becomes possible, which a
leads to efficient preheating according to@1#. Moreover, su-
perheavy fermions still will be produced in this regime, b
cause the oscillating field will spend a certain amount of ti
at f;f1. During this time superheavy particles will be pr
duced, and their number may not be strongly suppresse

The mechanism of particle production described ab
can work in a broad class of theories. For example, one
consider models with the interaction (g2/2)x2(f1v)2. Such
interaction terms appear, for example, in supersymme
models with superpotentials of the typeW5gx2(f1v)
@12#. In such models the massmx vanishes not atf150, but
at f152v, wherev can take any value. Correspondingl
the production ofx particles occurs not atf50 but atf5
2v. When the inflaton field reaches the minimum of its e
fective potential atf50, one hasmx;gv, which may be
very large. If one takesv;M p , one can getmx;gMp ,
12352
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which may be as great as 1018 GeV for g;1021, or even
1019 GeV for g;1. If, however, one takesv@M p , the den-
sity of x particles produced by this mechanism will be e
ponentially suppressed by the subsequent stage of infla
This possibility will be discussed in the next section.

Since parametric amplification of particle production
not important in the context of the instant preheating s
nario, it will work equally well if the inflaton field couples
not to bosons but to fermions@13,14#. Indeed, the creation o
fermions with massgufu also occurs because of the nonad
baticity of the change of their mass atf50. The theory of
this effect atg*1024 is very similar to the theory of the
creation ofx particles described above; see in this resp
@14#. The efficiency of preheating will be enhanced if th
fermionsc with a growing massgufu can decay into other
fermions and bosons, as in the scenario described in the
vious section.

It is amazing that oscillations of the fieldf with mass
m51013 GeV can lead to the copious production of sup
heavy particles with masses four to five orders of magnitu
greater thanm. The previously known mechanism of pre
heating was barely capable of producing particles of m
;1015 GeV, which is somewhat below the GUT scale, a
even that was possible only in the strong coupling limitg
5O(1). Our newmechanism allows for the production o
particles with mass greater than 1016 GeV even if the cou-
pling constants are relatively small. This fact may play
important role in the theory of baryogenesis in GUTs.

IV. FAT WIMPZILLAS

Until now we have discussed a new mechanism of p
heating. However, recently there has been a growing inte
in the possibility of the production of superheavy weak
interacting massive particles~WIMPs! after inflation @15–
17,7#. Such particles~which have been proudly calle
WIMPZILLAs @18#! could be responsible for the dark matte
content of the universe, and if they have very large but fin
decay time, they can also be responsible for cosmic rays w
energies greater than the Greisen-Zatsepin-Kuzmin li
@19#. The focus of these works in a certain sense was op
site to that of the theory of preheating: It was necessary
find a mechanism for the production of stable~or nearly
stable! particles which would survive until now. For tha
purpose, the mechanism of their production must be
tremely inefficient, since otherwise the present density
such relics would be unacceptably large.

As one could expect, it is much easier to make the mec
nism inefficient rather than the other way around. For e
ample, our equation~4! implies that the probability of pro-
duction of superheavyx particles is suppressed by a factor
exp(2pmx

2/guḟ0u). In the theory (m2/2)f2 with m

51026M p we haveuḟ0u51027M p
2 ; so this suppression fac

tor is given by exp(2107pmx
2/gMp

2). This implies that for
g;1 the production of particles withmx;1016 GeV is sup-
pressed approximately by 10210, and this suppression be
comes as strong as 10240 for mx5231016 GeV. This same
level of suppression can be achieved, for example, withg
3-4
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INSTANT PREHEATING PHYSICAL REVIEW D59 123523
51022 andmx5231015. Thus, by fine-tuning of the param
etersmx and g one can obtain any value of the density
WIMPs at the present stage of the evolution of the unive
This result agrees with the result obtained in@7# by a differ-
ent method.

This suppression mechanism is equally operative for
processf→x→c discussed in our paper. If the particlesx
are heavy atf50, their number will be exponentially sup
pressed. When the fieldf grows, their masses grow as fo
lows: mx

2(f)5mx
21g2f2. At the moment of their decay

these particles can have mass of the order 1017–1018 GeV.
The main advantage of this new mechanism is that the
cess of fattening the particlesx described above allows fo
the production of particlesc which can be 102 times heavier
than their cousins discussed in@15–17,7#. In the absence o
established terminology, one can call such superheavy
ticles FAT WIMPZILLAs.

Another way to produce an exponentially small number
superheavy WIMPs is to produce them at the last stage
inflation. This is possible in theories with the interactio
term (g2/2)x2(f1v)2, as described in the previous sectio
If one takesv*M p , then the particlesx will be created
during inflation. The number ofx particles produced during
inflation in the simplest theory withV(f)5(m2/2)f2 does
not depend onv becauseḟ does not depend onf and onv
in this scenario:ḟ5mMp /2p @10#. However, their density
will subsequently be exponentially suppressed by inflati
This is exactly what we need if thex particles or the prod-
ucts of their decay are WIMPs. For example, in the the
with V(f)5(m2/2)f2 the universe inflates by a factor o
exp(2pv2/Mp

2) after the creation ofx particles@10#; so their
density at the end of inflation becomes smaller by a facto
exp(6pv2/Mp

2). This leads to a desirable suppression forv
;2M p . ~The exact number depends on the subsequent t
mal history of the universe.! Meanwhile the masses o
WIMPs produced by this mechanism can be extremely la
of the order ofgMp . If the x particles are stable, they them
selves may serve as superheavy WIMPs with nearly Plan
ian mass. If they decay to fermions, then the fermions m
play a similar role.

V. QUINTESSENCE, INSTANT PREHEATING, AND
BLACK HOLE PRODUCTION

The mechanism of instant preheating works even bette
models with potentials of a ‘‘quintessential’’ type. For e
ample, one may consider potentialsV(f) which behave~ap-
proximately! as (m2/2)f2 or (l/4)f4 at f,0, and~gradu-
ally! vanish whenf becomes positive. Models of this typ
were first proposed by Ford and Spokoiny, and recently t
have been revived by several other authors@8#. These models
for a long time were unpopular because the fieldf in these
models does not oscillate and therefore the old mechanis
reheating based on the perturbative decay of the inflaton
@2# in such models cannot work. The only known way
reheat the universe in this scenario was to invoke the gr
tational creation of particles due to the expansion of the u
verse@20,8#. This mechanism of reheating is relatively ine
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ficient and may lead to several cosmological problems, s
as the production of large isocurvature perturbations
overproduction of gravitinos and moduli fields@21,22#. For-
tunately, our mechanism works in these theories as well.
deed, the theory of the production of particlesx in our sce-
nario is applicable to theories with anyV(f); the number of

produced particles depends only ong and uḟ0u. In the theo-
ries whereV(f) gradually vanishes at largef, the fieldf
rolls at least up tof;M p before it stops~or turns back!.
Then the particlesx acquire massesmx;gMp . If the cou-
pling constantg is sufficiently large (g;1021), the decay of
x particles may produce superheavy particlesc with masses
up to 1017–1018 GeV. Since the value of the fieldf at that
time is approximately one order of magnitude greater than
the usual model with the potential (m2/2)f2, whereas the
energy densityrf will decrease due to the expansion of th
universe, the energy density of particlesx at that time will be
much greater than 2g5/2rf .

It is instructive to compare the density of particle
produced by this mechanism to the density of particles c
ated during gravitational particle production, which is giv
by rx&O(H4);rf(rf /M p

4) . In the simplest models of cha
otic inflation rx /rf;rf /M p

4;10214 at the end of inflation,
and in hybrid inflation models it is even much smaller. Thu
for g*1026 the number of particles produced during insta
preheating is much greater than the number of particles
duced by gravitational effects. Therefore one may argue
reheating of the universe in theories with quintessential
tentials should be described using the instant preheating
nario. As for the gravitational particle production studied
@8#, it still can be useful, perhaps not as a mechanism
reheating, but as a source of WIMPs. Indeed, as we alre
mentioned, the number of WIMPs must be extremely sm
so the relative inefficiency of the gravitational particle pr
duction is quite appropriate in this context@16#.

In theories with quintessential potentials the energy d
sity of the inflaton fieldf rolling along the flat direction of
the effective potential decreases asa26, i.e.,muchfaster than
the energy density of other particles. Thus, in such theo
instant preheating is amazingly efficient. Even if the partic
x decay to relativistic particles immediately after they a
produced, so that the fraction of energy transferred to p
ticles from the inflaton field initially is only 531023g2, still
their energy density will dominate as soon as the size of
universe grows by a factor of 15g21. Meanwhile, if one uses
our favorite mechanism by which thex particles ‘‘fatten’’
before decaying, then the energy density of produced p
ticles becomes much greater, and the period of their do
nance with respect to the energy density of the classica
flaton field begins even much earlier, when the scale fac
grows by only a factor ofO(g25/6).

Note that in this scenario we still assume thatx particles
eventually decay to some other particles. Otherwise the b
reaction of the createdx particles can stop the growth of th
field f and return it back tof50. However, since the num
ber of produced particles and their interaction with the fie
f are suppressed for smallg, the back reaction of the create
particles becomes significant only after a time interval mu
3-5
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greater thanm21 @21#. As a result, this scenario will work
under much milder constraints ong andh than the scenarios
in which f oscillates about a minimum ofV(f).

One can avoid this problem altogether ifV(f) becomes
flat not atf50, but only atf*M p . In such a case the bac
reaction of created particles never turns the scalar fieldf
back tof50. Therefore the decay of the particlesx may
occur very late, and one can have efficient preheating for
values of the coupling constantsg andh.

One may also consider a scenario in which the particlex
are stable, and have bare massmx;1016 GeV. The probabil-
ity of the production of such particles will be exponentia
suppressed, but then their masses will increase bygufu,
which can be very large. This allows us to produce sup
heavy WIMPs of massmx@1016 GeV without assuming tha
x particles must decay toc ~see also the previous section!.

Finally, let us assume that thex particles are stable, an
have bare massmx!1016 GeV. Then the probability of the
creation of such particles will be large, and if they cann
decay to other particles, we will eventually end up with t
universe filled by an unacceptably large number of sup
heavy WIMPs. However, if the fieldf continues rolling for
a very long time, it may reach values much greater thanM p .
In such a scenario, the particle massesgufu at some momen
may become even larger thanM p .

The possibility of producing superheavy particles w
masses exceedingM p should be addressed in the framewo
of superstring theory. It is rather interesting that superstr
theory in certain cases may be important for the descrip
of reheating after inflation, which was viewed as a lo
energy phenomenon.

In conventional quantum field theory, an elementary p
ticle of massM has a Compton wavelengthM 21 smaller
than its Schwarzschild radius 2M /M p

2 if M.M p . Therefore
one may expect that as soon asmx5gufu becomes greate
thanM p , eachx particle becomes a Planck-size black ho
which immediately evaporates and reheats the universe.
is a very unusual~and admittedly very speculative! version
of the instant preheating scenario which deserves more
tailed investigation.

VI. CONCLUSIONS

The theory of reheating after inflation is already rath
old. For many years we thought that the classical oscillat
inflaton field could be represented as a collection of sc
particles of massm&1013 GeV, that each particle decayed
particles of smaller mass, and that our final goal was to
culate the reheating temperatureTr .

During the last few years we have learned that this sim
picture in certain cases can be very useful, but typically o
must use the nonperturbative theory of reheating for the
scription of the first stages of reheating. The main ingredi
of this theory was the theory of broad parametric resonan
Particle production in this scenario could be represented
series of successive acts of creation, during which the n
ber of produced particles increased exponentially. It see
now that this was only a first step towards a complete und
standing of nonperturbative mechanisms of reheating a
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inflation. As we have shown in this paper, preheating m
occur in a different way. It may be sufficient to consider
single act of creation, especially if one takes into account
relative increase of energy of produced particles during
subsequent evolution of the classical inflaton field, and
possibility of the chain reactionf→x→c. This new mecha-
nism is capable of producing particles of nearly Planck
energy, which was impossible in the previous versions of
theory of reheating.

One of the key ingredients of the nonperturbative mec
nism of preheating described above is a nonadiabatic cha
of the massmx(f) near the point where it vanishes~or at
least strongly decreases!. Such situations occur very natu
rally in supersymmetric theories of elementary particles
one identifiesf andx with moduli fields which correspond
to flat directions of the effective potential. Indeed, in sup
symmetric theories the effective potential often has sev
flat directions, which may intersect. When one of the mod
fields ~the inflaton! moves along a flat direction and reach
the intersection, the mass of another field vanishes. A s
plest example of this situation was described in Sec. III. T
change of the number of massless degrees of freedom
generic phenomenon which is under intense investigatio
the context of supersymmetric gauge theories, supergra
and string theory, where it is associated with the points
enhanced gauge symmetry; see, e.g.,@23,24#.

Masses of elementary particles may also change nona
batically during cosmological phase transitions. At the m
ment of a phase transition masses of some particles va
and may even temporarily become tachyonic. In this c
particle production may become even more intense.

Our main conclusion is that with an account taken of t
new possibilities discussed above the scenario of prehea
becomes more robust. In the cases where parametric r
nance may occur, it provides a very efficient mechanism
preheating. Now we have found that efficient preheating
possible even in models where parametric resonance
not happen because of the rapid decay of produced parti
Instant preheating occurs in the usual inflationary mod
where the inflaton field oscillates near the minimum of
effective potential. But this mechanism works especia
well in models with effective potentials which slowly de
crease at largef, as in the theory of quintessence. The co
version of the energy of the inflaton field to the energy
elementary particles in these models occurs very rapidly,
it is always 100% efficient. A preliminary investigation ind
cates that in some versions of such models preheating
even produce particles of mass greater thanM p which be-
come black holes and immediately evaporate. It would
very interesting to investigate this possibility in the conte
of string theory.
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