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We investigate the possibility of preheating in hybrid inflation. This scenario involves at least two scalar
fields: the inflaton fieldp, and the symmetry breaking fietd We found that the behavior of these fields after
inflation, as well as the possibility of preheatifparticle production due to parametric resonandepends
crucially on the ratio of the coupling constant(self-interaction of the fieldr) to the coupling constarg?
(interaction of¢ and o). For \>g?, the oscillations of the field- soon after inflation become very small, and
all the energy is concentrated in the oscillating fieldFor A~g? both fieldso and ¢ oscillate in a rather
chaotic way, but eventually their motion stabilizes, and parametric resonance with producfigradicles
becomes possible. Far<g? the oscillations of the field) soon after inflation become very small, and all the
energy is concentrated in the oscillating fietdPreheating can be very efficient if the effective masses of the
fields ¢ and o are much greater than the Hubble constant at the end of inflation, since those fields can then
oscillate many times pee-fold, with a large amplitude. Preheating can also be efficient if these fields are
coupled to other light scaldor vectoy fields y. In the recently proposed hybrid models with a second stage of
inflation after the phase transition, both preheating and usual reheating are inefficient. Therefore for a very long
time the universe remains in a state with vanishing pressure. As a result, density contrasts generated during the
phase transition in these models can grow and collapse to form primordial black holes. Under certain condi-
tions, most of the energy density after inflation will be stored in small black holes, which will later evaporate
and reheat the universg50556-282(98)04510-X]

PACS numbes): 98.80.Cq

I. INTRODUCTION most unavoidable. This scenario is also interesting from the
point of view of microwave background anisotropies and
In most inflationary models the energy density at the endarge scale structure because it provides natural models for
of inflation is released when the scalar field oscillates neatilted primordial spectra of density perturbatigrig].
the minimum of its potential, creates elementary particles, Hybrid inflation models describe at least two classical
which later collide, decay into other particles, and eventuallyscalar fields¢ ando. After the end of inflation both of these
thermalize via various interactioi4]. The original version fields oscillate, and the energy of their oscillations can be
of the theory of reheating of the universe was based on th&ansferred to the production @ and o particles, or to the
idea that the oscillating scalar field can be considered as energy of other particles interacting with these fields.
collection of scalar particles, each of which decays indepen- The investigation of reheating in these models should
dently[2]. This simple picture, based on perturbation theory,consist of several steps. First of all, one should study the
is indeed valid in many inflationary models. However, re-oscillations of the fieldsp and o after inflation, neglecting
cently it was shown that in many versions of chaotic inflationparticle production. Until now, this important question was
there is an additional stage when the oscillating scalar fielenly partially analyzed in some special situations. As we will
produces other fields in a regime of parametric resonanceshow, the behavior of these two fields after inflation crucially
This regime was called “preheating['3]. The process is depends on the relation between coupling constants in the
nonperturbative and in certain cases it can be extremely etheory. In some cases soon after inflation one of these fields
ficient. It may change the final value of the temperature ofrapidly relaxes near the minimum of the effective potential,
the universe after reheatif@,4], it may lead to specific non- whereas the other one continues to oscillate. Then all the
thermal phase transitionjg], and it may provide a new energy after inflation is concentrated in this one field, and
mechanism for the generation of the baryon asymmiéty reheating occurs due to its decay. We will show how to find
For a detailed discussion of the theory of preheatind 8¢#  which of the two fields will play this role. In some other
and references therein. cases, the motion of these two fields becomes chaotic. Both
In this paper we will discuss preheating in the context ofof these fields oscillate simultaneously, and their energy
hybrid inflation models[9]. These models became rather transfers from one field to another many times during these
popular lately because they can be relatively easily formuescillations. Without investigation of this issue one cannot
lated in the context of supersymmetric theories. They allonachieve a proper understanding of reheating in hybrid infla-
inflation to occur at very small values of scalar fields, and ation.
a relatively small energy density, which removes some re- The second issue to study is the possibility of a parametric
strictions on inflationary models that previously seemed alresonance which would transfer energy of the homogeneous
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oscillating classical fieldgb and o to the energy of elemen- the field ¢, the potential has a maximum &t=0=0 and a
tary particlesp ando. As we will see, this process in general global minimum at¢=0,0=o0y=M/\/\, where the above

is possible, but typically it is not very efficient. Then one symmetry is broken.

should analyze a possibility of a resonant decay of the fields The complete equations of motion for the homogeneous

¢ and o to some other scalar or vector particles. fields are
When this investigation is completed, one should study
other channels of decay of the classical fiefland o, such d+3Hp=—(m*+g%c?) &, 2
as the usualnon-resonantdecay to their own quanta and
into other particles in accordance to the elementary theory of o+3Ho=(M2=g2¢?—\a?) 0, 3)

reheating(2]. Indeed, as it was shown in Rdf/], this is a
separate process, which differs from the resonant decay ié‘ubject to the Friedmann constraint,
the limit when parametric resonance becomes inefficient.

Until now, investigation of reheating in hybrid inflation 87 1 .
concentrated on the non-resonant decay of the figldsd o, ZZW 5 ¢
see e.g[11]. The results obtained by this method may be P
quite correct in some models where there is no parametri‘\:/I
resonance, but if parametric resonance is possible, then tl?
theory of reheating becomes completely different.

The purpose of this paper is to investigate this issue. O
paper is not going to be a complete study of preheating i
hybrid inflation. We will restrict ourselves to the investiga- ; . :
tion of the first stages of preheating in hybrid inflation, which , DUrnd the slow-roll of the fields, the effective mass of
) ey : . ) the triggering field ism,=g“¢“—M*. When the field¢
is sufficient to identify the models where preheating mayaC uires the critical vgluazs _M/qg. fluctuations of the
occur. A complete investigation of preheating in hybrid in- q | field i h c— tg, breaki h ; .
flation can be achieved using the analytical methods deve(lassiess field ngger thé Symmetlry bréaking phase transi

oped in[7], together with numerical lattice simulations along ;uon that ends (ljnflz;ttrl]otr;]. If ﬂt]e t:care mab;offttrr]]eo f'.GId IS
the lines of Refs[12], arge compared wi e rate of expansldrof the universe,

The main part of our paper will be devoted to the standarc}he transition will be instantaneous and inflation will end
version of hybrid inflation with one stage of inflation. One abruptly, as in the original hybrid inflation modg,17]. If

may also consider inflationary models with two stages ofohn the cqr_wtrary_ltlhs bare mlaMs IS gf 'Lhe O(der ofH, then f
inflation [13]. We will show that in such models both pre- the transition will be very slow and there is a possibility o

heating and usual reheating are inefficient. However, undetPaV'ng. yet a few more-folds of inflation after the phase
some conditions reheating in such models may be rather effansition, see Ref$13214]|. .
ficient, but it occurs in a rather unusual way. In a recent V\{lhen =0 the inflaton potential becomes/()
paper[14] we have shown that large density perturbations— M /4A+m°é 2/2' Szmge the scalar field is of the order of
could be produced in such models at the time correspondine=M/9, for m“<g“M</\ the energy density is dominated
to the beginning of the second stage of inflation. In that casé?y the vacuum energy,
large density contrasts re-enter the horizon during the radia- o M4
tion era and can collapse to form black holes. Radiation pres- (2):_77 —,
sure may prevent the formation of primordial black holes, 3\ Mp
unless their density contrast is of order one. However, if the
process of reheating after inflation is very inefficient, thento very good accurachl6]. At that imeo =0, and one can
pressure after inflation will be negligible, and nothing will neglecté in the equation of motion for the fielg, so that
prevent the formation of primordial black holes. If these
black holes have a mass of order 2610°° g, they will 3Hop=—m’e. (6)
evaporate very early and reheat the univédst, producing
all the entropy we observe today. This is a very interestingt is then possible to integrate the evolution equationppf
possibility which needs to be further explored.

H(N)= dpcexp(rN),

2+%&2+V(¢,U) . (4

otion starts at largep, where the effective mass of the
fld is large and the field is sitting at the minimum of the
otential ato=0. As the field¢ decreases, its quantum fluc-
uations produce an almost scale invariant but slightly tilted
r%pectrum of density perturbatiof8,15,16.

©)

IIl. THE STAGE OF HYBRID INFLATION m2
The simplest realization of chaotic hybrid inflation is pro- r= 3H2’ @

vided by the potentigl9]

whereN=Hg(t.—t) is the number oke-folds to the phase
transition.
Quantum fluctuations of the inflaton fieltl produce long

wavelength metric perturbation®=H 8¢/ ¢, where 8¢ is
The bare massan and M of the scalar fieldsp and o are  the amplitude of the field fluctuation when it crosses outside
“dressed” by their mutual interaction. At large values of the the Hubble scale. These fluctuations give rise to a continuum
fields, their effective masses squared are both positive angpectrum of metric perturbations which can be computed ex-
the potential has the symmetoy— — o. At small values of actly in the case of hybrid inflatiofiL6]

1 1 1
V(o)== (M?=0o?)?+ M2+ Sg?¢%0%. (1)
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whereC(r)=T"[3/2—r]/2" T'[3/2], and the spectral tilt can
be evaluated as

_dInPr(k)
~ dInk

9

Note that the tilt is always greater than one in this model
Observations made on a wide range of scales, from Cosm
Background Explore(COBE) Differential Microwave Radi-

ometer (DMR) to CAT experiments, impose strong con-
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However, in our case we have an additional complication:
the effective mass squaredu?(¢)=g?($>— ¢2) changes

in time. In order to estimate a typical scale on which the
growth of the fieldo remains relatively homogeneous we
will do the following. We will find x? as a function of time
At from the moment whep= ¢.. The exponential growth
becomes efficient whem.~At~1. Later, u(t) continues
growing, and all modes, which began growing at the mo-
mentAt, will continue growing exponentially with approxi-

mately equal speed, and eventually trigger a more rapid mo-

idon of the field o, see the next two sections. This motion
will preserve initial homogeneity on a scale smaller than
w~1~At, which we are now going to determine.

straints on the amplitude and tilt of the primordial spectrum The motion of the fieldr during this stage occurs due to

[18]
PH2=5X10"5(0.99+0.06), (10)
n=0.91+0.10. (11

In the limitm<H,, we haver =m?/3H2, see Eq(7), and
C(r)=1. This means that the amplitude of the curvature per
turbation spectrum should satisf$6]

5

%/X W:?)SX 10—5’ (12)
P
while the tilt of the spectrum is bounded b¥5]
A m2M3
— 7 <0.25. (13)

Ill. THE END OF INFLATION AND THE ONSET
OF THE STAGE OF OSCILLATIONS

As we already mentioned, in the simplest version of th
hybrid inflation scenario described above inflation ends a
soon as the scalar field decreases below.=M/g. It will

be important for us to investigate this process in a more

detailed way, because it prepares the stage for the process

reheating which we are going to study. In particular, we,
should understand whether or not the “waterfall” process of

symmetry breaking frono-=0 to|o|=M/\/\ can be consid-
ered as a rolling down of homogeneougeld o.
According to the classical equations of motion, the field

=0 cannot change its value because the first derivative of

the effective potential ab=0 vanishes. The process of
spontaneous symmetry breaking in this case occurs due

ego specific inflationary fluctuations of the fietd with the

the negative curvature of the effective potential,

w?=g%(p2— ¢?) ~29%de| | At=2M2m2At/3H
= V2\/37m?M5 At.

Perturbations of the field begin to grow exponentiallyAat
~ w1, which gives

wi~ \Nm?Mp. (14)

Comparison ofu with H~M?/Mpy/A shows thatu>H un-
der the “waterfall condition”AxmM3>M?2 which should be
satisfied in ordinary hybrid inflatiofi9]. This is violated,
however, in hybrid models with two stages of inflation
[13,14.

This means that within the timg '<H™! the mass
squared of the field- changes from being much greater than
H? to being much smaller than H2. Therefore there will be

wavelengthH 1, but instead we will have fluctuations of
this field with the wavelengtix~*, which will give us the
fypical scale of homogeneity~ =t~ (M2Mpy\) ~ 3,

Now we should compare this length with other character-
istic parameters which we will consider in our study of pre-
heating. There are two orthogonal modes of oscillation near
the minimum of the effective potential, which we will en-
counter in our discussion. The first mode corresponds to the

scillation of the fieldo at ¢=0; the corresponding fre-
guency is given bym,=v2M. One can easily verify that

<M for A\M2>m?, which is satisfied in all hybrid infla-

the exponential growth of quantum fluctuations. Indeed, thdion models. The only possible exception known to us is the

field o has a(negative effective mass squared u?(¢)
=g%($?— ¢2), which vanishes at the critical point, but be-
comes large and grows up 16(0)=M as the fieldg slides
towards ¢=0. Quantum fluctuations of the scalar fiedd
with momentunk grow as expyt, wherew, = \u?—k? and
k=|k|. Symmetry breaking occurs due to the growth of fluc-
tuations withk<<w. This process produces an inhomoge-
neous distribution of the field with (a)=0.

The resulting distribution of the scalar fieddis relatively
homogeneous on a scdle u~ ! or even somewhat greater

model of Refs[13, 14 with two different stages of inflation;
we will discuss reheating in this model separately.

Another, orthogonal mode, corresponds to the frequency
m(,,ng/\/X, see the next section. One can show tpat
<m, if m<103*Mp\Y3g~ % This condition is also satis-
fied in most versions of the hybrid inflation model.

The typical wavelength of perturbations produced by
parametric resonance usually is not much different from the
frequency of oscillations. Therefore our estimates indicate
that in our investigation of preheating in the usual hybrid

[19] because the rate of exponential growth is maximal ainflation one can treat the oscillating fieldsand o as ho-

k=0, and the fluctuations wittk>u do not grow at all.

mogeneous.
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IV. PREHEATING of the slowly changing fields. Most of the energy of these

Here we are interested in the behavior of the fields afteFWO fields will be concentrated in the oscillations of the field
. . . . -~ ¢. Thus the theory of reheating in this regime should de-
the end of inflation, as the fields oscillate around their

o ) : o . scribe decay of the fielg.
minima, producing particles. The qualitative behavior is very R ) —
In the opposite limit,A<<g“, one hasoy> ¢y and m,

different in two opposite limits, depending on the relation
between the couplings and g?, and independently of the <my. In this case the situation is reversed. Oscillations of
relation among the bare massasgH <M. the field ¢ tend to be insignificant. This field tend to follow
We will show that explosive preheating ¢f and o par- ~ adiabatically the position of the minimum of its instanta-
ticles is not very efficient in hybrid inflation. However, we neous effective potential depending on the value of the

will consider an extra scalar field coupled to bothp ando,  slowly changing fieldo. Most of the energy of these two
fields will be concentrated in the oscillations of the fietd

1, ,,1,,, and the theory of reheating should describe decay of this
V(x)=5h1 "X+ 5hoo"x", 19  field.

The situation\ ~g? is more complicated. Both fields will
which will allow explosive production of particles in hy-  oscillate with a comparable amplitude, transferring energy to
brid inflation models for certain values bf andh,. each other in a rather chaotic way.

In order to study the production of particles of all fields The constantg and\ could have in principle any value,
we should analyze the equations of motion for the quantunas long as they satisfy the constraint®) and (13) put to-
fluctuations of the scalar fields. In linear perturbation theorygether:

we find
g M s
S+ 3H Sy + gz+m¢)5¢k=0, (16) VA M
For M~10 3Mp, we haveg?<A\, like in the usual hybrid
. : k> B inflation [9], while for M~10 ®*Mp, we can havey®>\,
doy+3H doy+ 2 My 60y=0, 17 ke in some hybrid models with two stages of inflation

[13,14. Finally there is a limiting casg®~X, which ap-
k2 pears in the simplest models of hybrid inflation based on
27 m)z() xk=0, (18)  supergravity, see e.g. Refd7,20,21,1]. Reheating in these
cases is completely different from each other. We will ana-
lyze the three different cases in the following sections.

Xkt 3H i +

where the effective masses are

m(2b=m2+gzaz+ h2y?, (19 A. Caseg?<\
There are two well-differentiated regimes, depending on

the ratiom,,/H=gM/\AH. Form,/H>1, the amplitude of
oscillations of the inflaton field) after inflation is large, of
m2=h2$?+h3g2. (21)  order one, while fom,/H=1, the amplitude could be very
X . .
small. For both large and small ratios, the motion after the
The rate of expansion of the universe is important only inphase transition goes along the ellipse
the first few oscillations. However, it does play a role in 2 2.2 xs2
ending the parametric resonance regime, since modes with Ao+ g g =M, (23
physical momentunk/a in a resonance band will be red-
shifted by the expansion and fall out of the band, shutting o
particle production in that mode. It is possible to take into
account the rate of expansion by redefining the fieids
=a®25¢, y=a%?60 and X=a*?y. Since the scale factor
soon goes likeaxt?3, the equations of motion for these
fields are the same as Eq$6)—(18) but without the friction b o
term proportional to Bl. This will greatly simplify the ¢T=<I>(t)sin myt. (29
analysis, while still taking into account the rate of expansion. ¢

As we mentioned In the previous section, therg are W9, he case of Fig. 1, Eq24) is a good approximation for the
fundamental frequencies of oscillations near the minimum o

. = > scillations of the inflaton field, wher®,=1/15 and®(t)
the effective potentialm,=vZM and m,=gM/\X. Also,  «1f, see Fig. 2. During the field's oscillations, the rate of
there are also two different scales of the fiellsndo: ¢.  expansion satisfies (t) =2/3t, which corresponds to a
=M/g, andao=M/\A. o dustlike eraa(t)«t?3.

If \>g? one hasoy<¢, and m,>m,. In this case One should note that the details of the behavior of the
oscillations of the fieldr tend to be insignificant. This field fields ¢ and o may vary, depending on relations between
tends to follow adiabatically the position of the minimum of different parameters of the theory. The results shown in Figs.
its instantaneous effective potential depending on the valué and 2 correspond ta =1, g=8x10"4, M=10 3M;

m;=3No?+g%p?—M2+h3x?,
(20

H’n the plane(o,¢), see Fig. 1. As the field- grows towards
its minimum atog, the field ¢ starts oscillating around zero,
always along the ellipse. The main part of the oscillation
comes from thep field (perpendicular to the- direction, at

o=0y.
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before the back reaction and the expansion of the universe
! shifts the modes away from the resonance, see [Rgaind
0.8 below.
’ It is possible to compute the production of particles of
0.6 ] both fields during these oscillations. Let us start with the
2 ' production of ¢-particles. The effective masd9 of the
dc 0.4 ] field ¢ along the trajectory23) becomes
2M2 2
0.2 m(225=m2+g (1—% +h2y?,
)\ Cc
0
’ 2 2 n2_
=mj(1—P“sinmyt), (25

0.2 0.4 0.6 0.8 1
where we have neglectad?<g?M?/)\, see the discussion
‘7/00 before Eq.(5), and defined‘nd,EgM/\/X. Initially (x?)=0,
while the field ¢ oscillates around zero, see EG4). Sub-
stituting into Eq.(16), we arrive at the Mathieu equation for
the production of¢ particles,

FIG. 1. The trajectory in field spade,¢) after the end of in-
flation, along the ellipsed/ ¢¢)2+ (o op)?=1. Oscillations occur
around¢=0 ando=o0y. This figure corresponds th=1, g=8

4 M _10-3 - -7
X1074, M=10"3 Mp, m=1.5x10"7 Mp. ol +[Ay(K) — 20,€052] =0, 26

~10' GeV, m=1.5x10 'Mp~2x10* GeV. In this case

— L o where primes denote derivatives with respecﬁaﬂﬁt and
m, is of the same order a3 at the beginning of oscillations.

This is one of the main reasons why the amplitude of oscil- k2

lations is so small. Note that the Hubble constant at the be- Ay(K)= —= +1+2qy, (27)
ginning of oscillations is approximately ten times smaller army

than Hy. It is a very important circumstance, because it 5

means that even before reheating begins, the energy density _ Ci 29)
drops down by about two orders of magnitude. There are ¢ 4

essentially no oscillations of the fiele] and the amplitude of
oscillations of the fieldp is relatively small. To investigate parametric resonance which leads to the

However, one may consider models with different param-production of ¢ particles one should find exponentially

eters, such thamn,>H. For example, one may consider a growing solutions of the Mathieu equatig@6) in an ex-
model with A\=1, g=0.035, M~10GeV and m panding universe. A detailed explanation of this approach to

—10° GeV. In this caseﬁ,p 10° H and the figures look preheating can be found in Rdf7]; we will not repeat it

somewhat different: The amplitude of oscillations of the fleldhe.re.' We. will only r.ecall that preheating can be especially
: . . gfficient in the regime whemA ,(k)=<2q, and q,=1/4,
o becomes noticeable, but still remains very small, whereas | . .
T ! I : Which corresponds to a broad parametric resonance. The
the initial amplitude of oscillations of the fielgp becomes

very large, comparable té, . This allows for a long stage of resonance appears not for &Jl but only for thosek belong-
ylarge, parat ¢ g stage ing to the instability bands of the Mathieu equation. The
production of ¢ particles in the narrow resonance regime,

concept of stability/instability bands is very useful if one can
neglect the role of expansion of the universe; in a more gen-
eral case one should solve E@6) numerically and find out
0'/00 the modes which will grow specially fast. These modes will
dominate particle production.

For a complete investigation of preheating one also needs
to investigate those effects related to back reaction of pro-
duced particles and their rescatter{iig8,12. We will make
some comments on this issue later, but we will mainly con-
centrate on the first stages of preheating, where the corre-
sponding effects can be neglected. This approach will allow
us to identify those versions of hybrid inflation where pre-
heating may be efficient.

For the model described by Figs. 1,(&ith A\=1, g=8
X104 M=10"2 Mp, m=1.5x10 7 M) the initial value
of q is extremely smallq¢=d>§/4: 10 3<1. Fork=0, we

N are in the narrow region of the first resonance bakd,1. In
this case there are solutions of E@6) that correspond to

FIG. 2. The evolution after the end of inflation BffH,, ¢/¢.  exponential instabilities with occupation numbers of quan-
ando/ oy, as a function of the number of oscillations of the figld  tum fluctuations given byn,(t) <xexp(2w:2), which can be
N:n7¢t/27r. interpreted as particle producti¢p8]. However, the effective




6080 JUAN GARCIA-BELLIDO AND ANDREI LINDE 57

parameter 2~ q will be extremely small and particle pro- Moreover,o particles can neither be produced at the next
duction will not be very efficient. (perturbative stage of the decay of the field. Indeed, the

It is possible to evaluate the time it takes for a particulareffective mass ofqg_partides,rﬁ(/)wg,\ﬂ/\/fy in the caseg?
modek to cross out of the resonance badd~ uH ™!, see <\, is much smaller than the mass of tearticles,VZM,
Ref. [3]. The occupation number then becomeg  so the decay o particles is kinematically impossible. Thus,
~exp(2uﬁm¢/H). Explosive production shuts down when in this regime the field$ cannot transfer its energy to

®*<32H/m,. In our model, this is true from the very be- particles. _ _
ginning, and so we are confident that very little production of It is possible, however, to parametrically amplify fluctua-
¢-particles will occur. tions of another scalafor vecto) field y, which interacts

In the models where the initial amplitude of the figkds ~ With the fields¢ and o in accordance with Eq15). Since
large (of the same order ag,), production of¢ particles can  0Scillations will occur arounds=0, while o=y, in order
be much more efficient. For example, in the model with © have particle production in this field we require that the
=1,9=0.035,M ~ 10'2 GeV andm= 10° GeV one has case induced mass from the symmetry breaking fielde much
@)N 10° H, which means that the field can make about 10 smaller than the corresponding oscillations from the inflaton

; 2 2 2 ; P ;
oscillations before expansion of the universe becomes impoJ1e|d ¢, h1¢”>h;o5, which at the beginning of preheating
tant. The initial value of the parametgiis about 1/4, see Eq. corresponds to
(28). This corresponds to the narrow resonance regime in the

second instability band of the Mathieu equation.

The resonance in the second instability band at sigall
typically is very narrow and inefficient. Moreover, one
should check carefully whether this band actually exists, be
cause Eq(26) is correct only when one neglects oscillations
of the field o. Meanwhile these oscillations are not entirely

o : hag
negligible, so they may affect the narrow resonance in the D(t)<———, (34)
second instability band. Indeed in our numerical investiga- hl\/f
tion of the resonance in the coupled system of the figlds
ando we did not find any evidence af particle production. the explosive production of-particles will end. This may
Even if this process happens, it is not really reheating; parabappen before or after backreaction sets in, depending on the
metric resonance breaks the coherently oscillating figld parameters of the model.
into a collection of¢ particles. A subsequent perturbative ~ The corresponding Mathieu equation for the production of

AhZ>g2h3. (33

It is always possible to find couplinds ,h, that satisfy this
constraint. Eventually, when the amplitude of oscillations of
the ¢ field becomes

decay of¢ particles is necessary. x-particles is given by
Let us consider now the production ofparticles. The
effective masg20) along the trajectory23) becomes Xi+[A(k)—2q cos Z]X,=0, (35
) 2M2(1 2 h2.2 where
ma ¢§ + 2X s k2
=mZ(1— dsirPmyt), (29) am
L — o h2M2 (DZ
where initially (xy?)=0 and m,=v2M. Substituting back q= 1= = (37)
into Eq. (17), we arrive at the Mathieu equation for the pro- gzn_fb 4
duction of o particles,
Initially, qo=(\h2/g*)®3/4=(\h?/g*) 1073, where we
P+ [AL(K)—2q,c0s 2], =0, (300  have assumeth, satisfies Eq(33) and can be neglected.
. Sincex>g?, it is possible to find natural values of the pa-
wherez=mt and rameterh, that ensureg,>1. We are therefore in the broad
parametric resonance region and explosive productiog of
k2 m2 particles will occur. In this case there are solutions of Eq.
A, (k)= =+ % +29,, (31 (35) that correspond to exponential instabilities with occupa-
arm, - my tion numbers of quantum fluctuations given by
m’ @2 [ X2 1
qum%(bj. (32 nk(t):?(w_ﬁ+ sz _E
The ratio n_ﬁ/rﬁffZ)\/gz, while g=(\/g?) ®?/2. Since® ZEeX[XZ,ukZ), 39
<2./2\Ig in our case, we have tha&—2g>/q, i.e. far 2

above the resonance band, and therefore we expect no explo-
sive production ofo-particles from the oscillations of the which can be interpreted as particle producti8h where the
field ¢. frequencyw, is given by
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80 Even after back reaction there is still production yaf
70 particles in the broad resonance regime until the parangeter
falls below 1/4, see Ref7]. At that time,
60
492M2
% (%)= de@2(t) = — 7 a1, (43)
Inn, 40 !
30 where we have used the relatidn,=®,q; Y* between the
20 amplitude of oscillations at both times, sgf. At this time

the energy density is equally distributed between the kinetic
10 energy of they particles and their interaction energy with the
field . In that case((Vx)?),=m3¢2®3501 %= m;p2d7,
see Ref[7]. This result gets modified when including rescat-
N tering of y particles with particles of the fielgh. The end of
_ _ preheating occurs slightly earlier, wheh,=2.50,q; >4,
FIG. 3. The exponential growth of the occupation numieof 4 the energy density is predominantly in the interaction
Xx-particles, fork=m£, as a function of the number of oscillations energy between y particles and the field ¢, Py
of the field ¢, N=myt/27. One can distinguish here the broad ~10—292¢§q)f_
stochasti.c resonance .regime. The typical value of.the growth pa- A relevant question in the presence of preheating is
rameter isu=0.13 during the last stages of preheating. whether non-thermal effects due to large occupation numbers
of particles can restore the symmetry in thdield, see Ref.

10 20 30 40 50 60

w2=k—2+h2<;b2 (39 [7]. For this to occur, we need that the effective_ mass in the
kg2 v false vacuum be positive at the end of preheating,
We have shown the exponential growth of the occupation Vi(0)=—M?+h3 (x*), (44)

numbern, of y-particles in Fig. 3, which determines the
effective growth parameter, in the broad resonance region, —m2l —1+ 4g°h; 12|
see EQ.(38). The model parameters used are1, h;=g N N :
=8x104 M=10 3 Mp, m=1.5x10"" Mp, for the typi- (45)

cal momentunk=m,,. In this case, the typical growth pa- » L
rameter is relatively largez=0.13, and particle production We see tha_lt the condition for symmetry restoration in this
will be very efficient. Furthermore, for a large range of cou-Model requires

2|2

plings we will enter the region of stochastic resonance, see U2 2
q Ah
Ref.[7]. 1/2_ 10 1
. . 1 2112 > 1 ) (46)
The present case is analogous to the case foufif] ifor 4N; 4g°h;

a massive inflaton field, where we substitue—m,
=gM/\\ andg—h; . All features found in that case will be
present here, for a certain range of parameters. For instan
back reaction will set in at the timig given by[7]

see Eq(33). Unless the initial valug, is very large indeed,
Ciéis very difficult to satisfy this condition. There is however
nd fundamental reason why this should not happen, and, as a
consequence, non-thermal symmetry restoration could in
— principle be possible in this model for certain relations be-
_Mmgts 5 15 tween coupli tants. If this h the description of
= = In—=15, (40) oupling constants. is happens, the description o
2m 8mp  hy preheating given above will need to be modified.
_ ) o Let us now study the opposite limit,<g? and see
when the expectation value of created particles satisfies  \yhether there is parametric resonance production of particles

—, - in that case.
(X1= s % (4D
hi Ah7'’ B. Caseh<g?

For A<g?, the most important mode of oscillations is the
oscillation of the fieldo near the minimum of the effective
potential atoy=M//\. The initial stages of oscillations can
a2 NN be very complicated. Depending on the relations between the
va_ 0 04 (420  parameters of the theory, the first motion of the fieldsr)

4N; 49 may occur either in the~direction, as in the standard hybrid
inflation scenarid9], or in ¢ direction, as in Refd.13,14].
The efficiency of preheating at this stage is determined byjowever, in both cases the oscillations of the figdaven-
the fraction of energy density in kinetic energyoparticles,  tyally become small, and all energy becomes concentrated in
((Vx)?)1=m3$2®3q; 2, see Ref.[7], which could be the oscillations of the fieldr, see Fig. 4.
very small compared with the energy density remaining in  Thus, just as in the case>g?, the motion of the fields
the oscillations of the inflaton field, dj;>1. eventually becomes essentially one-dimensional, but now it

and the oscillating fields acquires a large effective mass. At
that time the parameter becomes
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10

FIG. 4. The evolution after the end of inflation BfH,, ¢/ ¢,
anda/ oy, as a function of the number of oscillations of the field
N=m,t/27. This figure corresponds ta=2x10"16 g=1.4
x107% M=m=108 Mp.

occurs in theo direction. The corresponding process is very
similar to the one which occurs in new inflation. The oscil-
lations of the fieldo can be represented in the following
way:

T _1+3(t)sinmt. 47)
0o

This is a good approximation for the oscillations of the
field with a small amplitud& <1, 2 (t) =1/, see Fig. 4.
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of the second resonance bamil=4. There will be some
production ofo-patrticles but very soon the modes will red-
shift away and production will shut down.

The effective mass o particles(19) for small ¢ and
m<m, becomes

2\ 2

mi=m’+ =—— +g(¢”— o5) +hi(x*),

=m3(1+23 sinm,t), (52)

where( x?)=0 initially, andﬁS:gM/\/X. This corresponds
to the Mathieu parameters

k> 292
Ay(k)= 2M2 TN (53
292
qe= ~ 3. (59

Therefore, for> <1 one hagy,<A,(k). In this regime the
resonance is very narrow, and one does not expect a large
production of¢ particles.

This conclusion remains valid for the perturbative decay
of the oscillating scalar field as well. Indeed, the effective
mass of the fieldp particlesm¢~gM/\/X in the caseg?
>\ is much greater than the mass of thearticlesv2M, so
the decay ofo particles to¢ particles is kinematically im-

It is then possible to compute the production of particlesOOSSible- Thus, in this regime the fietflcannot transfer its

of both fields during ther-oscillations. Let us start with the

production of o-particles. Before the symmetry breaking
field starts oscillating, the field> has negligible amplitude,

so we will assumeb=0. The effective mas0) of the field

o then becomes

m(2,=2M2+ 3)\(0'2—0'5)+h§<)(2),

=m2(1+33 sinm,t), (49)
where (%) =0 initially, and m2=2M?2. Substituting back
into Eqg.(17), we arrive at the Mathieu equation for the pro-
duction of o particles,

Y +[AL(K)+29,sin 2Z]¢, =0, (49
wherez=m,t/2 and
A (k)= ikzz +4, (50
a‘M
g,=62. (52

Initially in our model we haveX=1/12, (x?)=0, soq,
=62=0.5, see Fig. 4. Fd&t=0, we are in the narrow region

We have neglected the? and the®? terms, which would have

energy too particles. This is very similar to what happens in
the caseg®<\, where the energy is concentrated in the os-
cillating field ¢, which (for g?<\) cannot decay ter par-
ticles, see the previous section.

Parametric resonance with production pfparticles in
principle could be possible. In the case where masses of
particles near the minimum of the effective potential are not
much greater thaH, one can ignore the sma# oscillations.
Then they particle production is described by the Mathieu
equation

) k2 —
Xi+| 7 +h3ob+2h5033 (H)sinm,t| X=0, (55

see[7]. A change of variablesn,t=2z— /2 reduces Eq.
(55) to the Mathieu equation

«+[A(k)—2q cos Z]X,=0. (56)
Here A(k) =2k?/a®?M?2+2h3/\, q=(2h3/\)3, z=m,t/2,
and primes denote differentiation with respectzto

Note thatq<A(k)X. In this case the Mathieu plot of
stability/instability bands shows that as soon as the ampli-
tude of oscillations of the field becomes much smaller than
o, one hast <1, which implies thag<A(k). In this re-
gime the resonance is narrow, and preheating is not very
efficient[3]. In our case <1 from the very beginning of the

contributed as higher harmonics and soon be completely irrelevanperiod of oscillations, ang particle production is inefficient.
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It is possible in principle to conceive a scalar field 1.5

which couples not tar but to the differencer— o, /oo
p (o) 1 H/HOI\ [\ /\
m)2(=h§(a'—00)2. (57
In such models production gfparticle can be very efficient. 0.5
Let us analyze this case is more detail here.
Substituting Eqg.(57) into Eq. (18), we arrive at the 0
Mathiequuation for the production gfparticles, Eq(35),
with z=m,t and -0.5 ¢
@ o Pe
A(k):a@_n?+2q’ (58 2.5 5 7.5 10 12.5 15 17.5 20
N
B h%M2 2_2 (59 FIG. 5. The evolution aﬂerme end of inflation BfHy, &/,
a= )\n_fr 4 - anda/ay, as a function oN=m_t/27, in the caseM>H. Note

that the number of oscillations of the fietdis aboutN/3, while the

Initially, <X2>:0’ so q0=(h%/x)(22/8)2(h§/7\)10_3, see amplitude of oscillations of both fields is large. This figure corre-
Fig. 4. Sincex<g? in this case, we can easily ggps>1.  SPonds ta=10"% g=1, m=10° GeV, M=1.3x10" GeV.
This ensures explosivg-particle production with a large ef- o ]
fective growth parametex, . As an example, we considered transfer all energy of the oscillating scalar fieidto o par-
a model withA\=2x10"16 h=10g=1.4x10"%, M=m ticles (thls is the leading procelsThe initial energy density
—10"8 Mp. We have found that the typical growth param- of the f|elgo is M#/4\. Each produced particle carries the
eter is rather largeg=0.13, and particle production is very energy~m,~v2M. This implies that one should hawg
efficient. ~X\"1in order to transfer all energy of oscillations into

Note however that it is rather difficu{though not impos- particles. The total duration of the process in terms of the
sible) to invent a realistic model wherg particles have number of oscillation N follows from the relation
masses given by E@57). We have found that it is possible exp(4muN)~\"%, which givesN~ (4m7u) "t In\"L. For u
in the context of supersymmetric models, but it requires ex—~0.3 and\ ~ 102 one hadN=0(1), i.e. the whole process
plicit fine tuning of the superpotential of the theory. Thus,finishes within one or two oscillations; the part of Figs. 6 and
one may conclude that in a general class of hybrid inflatior7 atN>1 is redundant.
models wherey particles acquire a mass o after sponta- The unusual efficiency of the process @fparticle pro-
neous symmetry breaking, preheating forcg? is ineffi-  duction can be explained by the relatively large value of the
cient. This guestion should be reexamined in the theoriesoupling constank and by the tachyonic instability of the
with flat directions, and in the theories whegeparticles field at the first stages of its rolling down. A detailed theory
have small mass due to an accidental cancellation of twef this process will be considered elsewhgt]. A simple
large contribution. Such a situation may not be entirely undnterpretation of our results is as follows.
realistic; remember that the Higgs doublet of the standard The process of falling down of the field in the regime
model has an extremely small mass as compared to the GUV<g? occurs almost independently of the fiafd The field
scale. ¢ triggers the process, but then the fietdnoves essentially

In the version of the hybrid inflation scenario which we as a field falling down from the poind/=0 in the theory
discussed until now the amplitude of oscillations of the fieldwith the effective potential\/(4)(o?—oo)?. As we dis-
o was relatively small. However, our conclusions concerningcussed in Sec. 1, neglecting expansion of the universe, fluc-
parametric resonance far<g? can change considerably if tuations of the fieldr in the beginning of the process grow as
one finds the models with>H, which induce a quick end expy/k?— MZt. Initially, there was no homogeneous classical
of inflation and a large amplitude of oscillations of the field field o; the whole process of spontaneous symmetry break-
o after inflation. For example, one may consider a modeing occurs due to the growth of quantum fluctuations. The
with g=1, A=10"2, m=10° GeV, M=1.3x10'" GeV. value of the homogeneous mode) vanishes all the time;

This gives H~2x10* GeV, n_1¢,:5>< 10'H and rﬁg:g spontaneous symmetry breaking occurs Wheaz) created
X 10PH. In such a model the amplitude of the oscillations of by the instability approaches,. As a result, already after
the field o is very large,>~1, see Fig. 5. Moreover, this the quarter of the first oscillation{ o) approachesry, all
amplitude will not be damped by the expansion of the uni-energy will be concentrated not in a homogeneous fibdit
verse during 19 oscillations of this field. As a result, in this in  its  fluctuations ~ with a  wavelength |
model there will be a very efficient production of ¢ andy ~ ~27M 1 In¥2 (47?)/\, which is somewhat greater than
particles in a broad resonance regime, see Figs. 6 and 7. M~ [19]. In this sense one may even say that preheating
These figures illustrate the growth of fluctuation neglect-ends within one quarter of an oscillation. This, however,
ing back reaction. In fact, preheating in this model is sowould be not quite correct because after rolling there will be
efficient that it completes within few oscillations. Indeed, leta stage of resonant production of particles with momenta
us estimate how strong should be the growtingin orderto  comparable tdV.
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FI(;. 6. The top panel shows the expon.ential growth of the oc- £ 7 The top panel shows the occupation numienof y
cupation numben, of ¢ particles, a_safunctlon _oﬂzm(,tlz_rr, for particles as a function oN=m,t/27, for k=0.2M, h,=0.3,
k=0.43 and the pargmeters of Fig. 5. It acquires a_typlcal grOWthh2=1 and the parameters of Fig. 5. It acquires a typical growth
parametequ,=0.3 during the last stages of preheating. The lower ..o eter, ~0.03 during the last stages of preheating. The lower
panel shows the occupation numbeg of ¢ particles, fork panel shows the same as above but ig-h,=1. The growth

=0.2M. The growth parameter is an order of magnitude smaller, arameter is somewhat smallgr=0.013, in this case. The dashed
m=0.023, in this case. The dashed line shows the oscillations Oﬁne showsa/ o

the fieldo. The upper panel shows &0o, while the lower panel
showso/oy. The number of ther field oscillations differs from

N=m,t/27 because the oscillations are not harmonic. strengthg®= k2, see Eq(1). Thus, we have the same cou-
pling, A=g?, as one should expect from supersymmetry
universality?

We should emphasize, however, that here again we deal In this case, the motion is always two-dimensional in the
not with the decay of the field to other particles, but with a (o¢) field space: the fiel@ oscillates around zero while the
rapid process of transformation of the energy of the classicdield o oscillates aroundry, with similar amplitudes but
field o to the energy ofr particles. The subsequent decay of varying frequencies, see Fig. 8. Since the fields are coupled,
these particles occurs in accordance with the elementarg“air effective masses also vary. This induces the chaotic
theory of reheating2]. ehavior of the fields shown in Fig.%8We have taken as

Let us now briefly discuss the case when the two couParameters, A=g’=10"°%  M=10"°M;p, —m=2
p|ings 92 and\ are of similar magnitude_ X 10710 Mp. The amplitude of the fields takes many oscil-

lations to decrease significantly, e.g. afteér 50, the ampli-
tude of theg field is still of order 1/2, although after one
C. Caseg®=\ e-fold (corresponding here tbl=340 oscillations of ther

This case corresponds to the simplest supergravity hybriff€!d) it decays like 1 with amplitude®o~1/5. Meanwhile
inflation model[17,20,21, based on a superpotential of the its frequency is rather chaotic for the filstfold, as one can

type

W= S(K¢¢_,U«2) (60) 2This is not a general rule. For example, it is not necessarily true
in D-term hybrid inflation[22], where the couplingg? and\ come
from the F and the D terms respectively.

which induces a scalar potential with self-coupling «? for 3For a general discussion of chaos hybrid inflation and in preheat-
the triggering field ¢, and couples the two fields with ing, respectively, see Ref23] and[7, 24.
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FIG. 9. The evolution of the parameter=—H/H* after the
s phase transition in the cagg?=\. The dust dominated era
’ C’/UO =3/2, is approached rather chaotically after many field oscillations,
H although in less than onefold.

[y

the initial plateau, as the chaotic behavior @gfprevents a
significant production of-particles. Eventually, the stochas-
n A A ﬂ n n ﬂ ﬂ nﬂ ﬂ tic resonance regime begins, but the growth index
V\}U v v UU“ UU“ VUU Uv U UUUUW =0.03 associated with the modke=M at the last stages of
reheating is not as large as in the previous cases.

¢/¢ Back reaction of the producegparticles on the oscilla-
C

[6,]

L |
”””'”'M""l"’l'l‘l'w‘l'"“'“'““ found explosive production of-particles, see Fig. 10. Note
|

[=)

i
H, l
Il

|
[=]
w

tions of the¢-field will become important at timeg;, given
by Eq. (40), when the expectation value of thefield be-
comes

10 20 30 40 50
N

FIG. 8. The top panel shows the motion of the two scalar fields N
in the plane ¢/oy,d/¢.). The lower panel shows the evolution (X1=
after the end of inflation ofi/Hg, ¢/¢. anda/ oy, as a function of
the number of oscillations of the fieldd N=m,t/2x. Itis clear that  and the field¢ acquires a large mass h§<X2>1- Particle

extremely chaotic, and the amplitude of the fields decreases rathes s the narrow resonance reginges 1/4 [7].

slowly compared to previous cases. These figures correspond to the Symmetry restoration, if it exists, depends only on the
parameters, =g*=10 "%, M=10"° Mp, m=2x10 """ Mp. couplings ofy to ¢ and o, see Eq(46),

M2
-7, 61

1

appreciate in Fig. 8, but eventually regularizes and becomes 60

oscillatory, while the rate of expansion approaches the usua

dust dominated behavioe= —H/H?=3/2. This can be ap- 50 e
preciated in Fig. 9.

Even though initially the chaotic behavior of the fields’ 40
oscillations prevents any particle production, as soon as thei
behavior becomes regulgafter about le-fold) the ampli-  lnmng 30
tude of the oscillations is large enougthanks to the fact
that it has not decreased significantly during the chaotic mo- 20
tion) that one may have some parametric resonance.

Like in the previous casegf>\), a new fieldy could 10
couple too and ¢ with potential(15). Sinceo acquires the

vacuum expectation value,, we have to suppress the cou- 50 100 150 200 250 300 350
pling to o in order to induce parametric resonance xof N
particles. In this case, sinag?=\, the condition(33) be-
comes h;>h,. Eventually the amplitude of the field FIG. 10. The exponential growth of the occupation numter
oscillations will decrease t®(t)<h,/h; and the explosive of y-particles as a function of the number of oscillations of the field
production will end. The Mathieu equation is the same as iy, N=m_t/2s, for k=M and the parameters of Fig. 8. One can
the previous case, see E§5), with occupation numbei38)  distinguish here the chaotic plateau followed by the broad stochas-
and frequency39). tic resonance regime. It acquires a typical growth paramgter
We have taken in this cage=0 andh;=4x103, and  =0.03 during the last stages of preheating.
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5 tion of g-particles, as can be seen in Fig. 11. However, the
effective growth parametesi,=0.01 is never large enough
4 to dominate the decay of the-field. Back reaction will be

dominated by they-particle production, certainly not by-
particle production.
The existence of the regime of chaotic oscillations may be

Inng important in application to realistic models of hybrid infla-
2 tion. For example, recently it was argued that in hybrid in-
flation scenario based on theU(5) model, spontaneous
1 symmetry breaking has a tendency to occur in the direction

with a “wrong” type of symmetry breakingSU(4)
X U(1), which was considered as a problem of this scenario
50 100 150 200 250 [25]. However, an analogous result is true even for the stan-
N dard high temperature phase transitions in $1d(5) [26],
where the phase transition is typically first order, and the
FIG. 11. The exponential growth of the occupation numiber  bubbles of the phas8U(4)x U(1) form much more often
of o-particles as a function of the number of oscillations of the fieldthan the bubbles of the pha&dJ(3)x SU(2)xU(1) [27].
o, N=m,t/27, for k=M and the parameters of Fig. 8. One can Still, the universe may eventually end up in the proper
only distinguish here the narrow resonance regime. It acquires gacuum stateSU(3)xX SU(2)XU(1), after the bubbles of
typical growth parametes=0.01 during the last stages of preheat- the phaseSU(3)X SU(2)X U(1) “eat” the bubbles of all
ing. other phase$27,1]. Similarly, the phase transition in the
SU(5) version of the hybrid inflation model may be first
order, with several different phases being produced. Then

2

112 1
a1 >4_h§>1' (62) one should study the equilibrium between these phases. But
even if the phase transition is second order, as in the simplest
Although difficult, this condition could still be satisfied. model considered above, one may wonder whether the cha-

In this special case, there is also a small production oftic behavior of the scalar fields and o may split the uni-
o-particles, due to the oscillations of the homogenepasd  Verse into many domains with different types of symmetry
¢-fields. The effective mag®0) of the o-fluctuations in this ~ breaking. Then one should study which of these domains

case is will eventually survive. This process becomes even more

complicated if one studies back reaction yoparticles pro-
m2=m2+g?p2+ 3\ (02— 02), (63)  duced during preheating on the shape of the effective poten-
tial. The best way to investigate this issue is to use lattice

= m%+ M2D2sirPm,t simulations[12,19.
2 [ 2cir2m
+3M2(23 sin m,t+32sitm,t), (64 V. REHEATING IN HYBRID MODELS WITH TWO
where we have used Eqg®4) and (47). STAGES OF INFLATION

Since rﬁszgZMZ/)\: M2 and m2=2M?, the effective So far we have studied the generic behavior of preheating

mass(63) oscillates with various frequencies. In this case,in various hybrid inflation models. We see that in some of
we cannot neglect the terms proportional & and 32, them it is indeed possible to produce large amounts of par-
since they are not small and represent the oscillations of théicles in an explosive way and thus reheat the universe rather
two background fields. Initially, the motion is chaotic and noéfficiently. In all models which we studied so far inflation
parametric resonance is possible. Eventually, oscillations beends at the moment when the fieideaches its critical value
come more regular, when the amplitude of oscillations is still¢. and a phase transition with the generation of the classical
large, 3 ~1/2 and®~1/3. Then the Mathieu equation for field o occurs.

the production ofs particles becomes However, this is not the most general situation. There are
some hybrid inflation models where inflation ends before the
e+ [Ay(K)+2q,Sin 22] ¢4 =0, (650  phase transition, see e.g. Rdf20,21. There is also an in-
teresting class of models where inflation continues for a
Wherez=rﬁ,t/2 and while after the phase transitidi3,14. This happens if the
symmetry breaking field has a vacuum expectation value
4K? o9~Mp, and a mass of ordévl ~1 TeV. This requires an
Ay(k)= 22m2 +4, (66)  extremely small parameter<g?. As a consequence, after
7 the phase transition at= ¢., the symmetry breaking field
12M2 slowly rolls down its potential while still inflating the uni-
U,=—=; S, (67)  verse, until it starts oscillating arouns,, ending inflation.
m The amplitude of oscillations is very small compared with
og, .. 2<1.
Initially we can neglect back reaction, arr_t§=2M2. In this As we already discussed in Sec. IV B, in this case pre-

caseq,=62,=3, see Fig. 8b. There will be a slight produc- heating is inefficient unless there exists a figldstrongly
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coupled too, which, however, does not acquire mass greatedensity perturbations is not very high, it may still lead to a
thanM after spontaneous symmetry breaking. It is especiallycopious black hole formation.
difficult to arrange it in the case under consideration, because If our analysis of reheating in this model is correct, then
the amplitude of spontaneous symmetry breaking- ¢ p, reheating completes at a time which is at least 16 orders of
which is 16 orders of magnitude greater tHgn Thus one magnitude longer than the age of the universe at the end of
may expect that even a very weak interaction of the field inflation. All this time the universe remains matter domi-
with x will make the field y too heavy. In Sec. IV B we nated. In this case we expect a huge number of black holes
mentioned that it is possible to have light particles which arewith a narrow range of masses to be produced soon after
strongly coupled to the fieldr, but it requires either fine inflation, so that most of the matter after inflation will be in
tuning or introduction of flat directions. We will not discuss the form of primordial black holes. If the second stage of
this possibility here. inflation is prolonged, the masses of the black holes will be
Now let us consider a possibility of a perturbative decayextremely large, which will lead to unacceptable cosmologi-
of the oscillations of the fieldr. In general, this process cal consequences. However, for a wide range of the param-
could be efficient if this field has a renormalizable interactioneters the second stage of inflation will be relatively short. In
with some light fields, with a large coupling constamt.  such a case the black hole masses will be very small, and
However, there are two problems associated with this possthey will evaporate before primordial nucleosynthesis. The
bility. First of all, as we just mentioned, such an interactionPeak in the spectrum of density perturbations in this model is
typically makes the fields interacting with the fietd ex- ~ Very narrow. As a result, _all black holes yviII have mass of
tremely heavy, with a mass @oy~aMp. Such particles the same order of magnitude. Evaporation of these black

cannot be produced by perturbative decay of the particleB0!€s will happen almost simultaneously, at the time related
with mass M~1TeV unlessa is extremely small,a to their mass. This process will produce all the radiation and

<10 ' But in this case the decay rate is extremely smaIImatter we see in the universe today.

too.
However, even if one finds a way to have some light
particles strongly coupled to the field its decay still occurs VI. CONCLUSIONS

very slowly. Indeed, suppose that the decay datis very In this paper we considered the initial stages of reheating

large, I'~M. Then naively one coulglexpe_ct that the field j the hybrid inflation scenario. We have found that in cer-
decays within the timeAt~T'""~M ", which is of the  (5in cases this process begins with a stage of parametric reso-
same order of magnitude as the Hubble constant at the end ghce. In such a situation the standard perturbative approach
inflation in this model. In suchza ansezthez energy density ofy the theory of reheating should be considerably modified.
the oscillating scalar fielg,~M“o5~M“Mp would be rap- Byt even in the situations where preheating is inefficient, a
idly converted to the thermal energyT*, which would heat  detailed investigation of the behavior of the coupled system
the universe up to the temperatdfe~10""VMMp~10'M  of two fields ¢ and o is necessary for a proper investigation
[7]. However, this is hardly possible. Indeed, strongly inter-of the perturbative reheating regime. For example, as we
acting particles in thermal equilibrium typically acquire ef- have shown, fon>g? all energy after inflation is stored in
fective mass~T. As soon as this mass becomes comparabléhe oscillations of the field, so one should study perturba-
to M, reheating shuts down. tive or nonperturbative decay of this field. Farcg? all

As a result, instead of rapidly reaching the temperatureenergy is stored in the oscillations of the fiel so one
T,~10 *YMMp, the universe remains at the nearly constanishould study its decay. Meanwhile far-g? the fields enter
temperaturél ~M~1 TeV. The decay of the field contin-  a regime of chaotic oscillations where energy density is
ues for a very long time, until the energy density of this fieldtransferred back and force between the fieldsndo. Inves-
drops down froml\/leﬁ, to M4, see Ref[28] for a discus- tigation of this regime may be interesting not only for the
sion of a similar effect. Thus, reheating temperature in thisnvestigation of reheating, but also for the study of symmetry
model may be very small; reheating may end just before théreaking pattern in realistic models of hybrid inflation. We
electroweak phase transition or even after it. This may havlave found that preheating can be very efficient if the effec-
important implications for the theory of baryogenesis and fortive masses of the field$ and o are much greater than the
the cosmological moduli problem. Hubble constant at the end of inflation, or if these fields are

But the situation may be even more interesting and comeoupled to other light scaldor vecto) fields y.
plicated. Indeed, as was noted in Rdf3], the existence of a In addition to the simplest hybrid inflation scenafi),
second stage of inflation in this model may produce a verye also studied a recently proposed scenario with two stages
narrow peak in the spectrum of density perturbations. A fur-of inflation [13,14]. Rather unexpectedly, we found that pre-
ther investigation of this issue have shown that this peak is imeating, as well as the standard mechanism of reheating, in
fact much higher than originally expected, see R&4]. The  this scenario is extremely inefficient. In such a situation, re-
density perturbations corresponding to this peak may lead tbeating may occur in a very unusual way, via formation of
a copious black hole production even if the universe afteprimordial black holes and their subsequent evaporation.
inflation rapidly enters the radiation dominated stage. How-Even though this process may seem somewhat exotic, it may
ever, this effect becomes even much more pronounced if thie the leading mechanism of reheating in inflationary models
universe for a long time remains matter dominated, becausaith a peak in the spectrum of density perturbatiph4], as
without radiation pressure there is nothing to prevent graviwell as in a much more general class of hybrid inflationary
tational collapse. Therefore even if the peak in spectrum ofmodels with a blue spectrum of density perturbations.



6088 JUAN GARCIA-BELLIDO AND ANDREI LINDE 57

ACKNOWLEDGMENTS work. A.L. is very grateful to L. Kofman and I. Tkachev for
_ _ ~ the discussions of the theory of preheating. The work of A.L.
J.G.B. thanks G. Dvali and J. R. Espinosa for useful diswas supported by NSF grants PHY-9219345 and AST95-

cussions. He is also grateful to the Physics Department &9225. This work was also supported by a NATO Collabo-
Stanford University, for their hospitality during part of this rative Research Grant, Ref. CRG.950760.

[1] A. D. Linde, Particle Physics and Inflationary Cosmology 1607(1997); S. Khlebnikov and I. Tkachev, Phys. Rev.5B,

(Harwood, Chur, Switzerland, 1980 653(1997; B. R. Greene, T. Prokopec, and T. G. Roitpigl.
[2] A. D. Dolgov and A. D. Linde, Phys. Letil16B, 329(1982; 56, 6484(1997.

L. F. Abbott, E. Fahri, and M. Wisabid. 117B, 29 (1982. [13] L. Randall, M. Soljait, and A. H. Guth, Nucl. PhysB472,
[3] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. 377(1996.

Lett. 73, 3195(1994). [14] J. Garca-Bellido, A. D. Linde and D. Wands, Phys. Rev5B,
[4] J. Traschen and R. Brandenberger, Phys. Revi2D2491 6040(1996.

(1990; Y. Shtanov, J. Traschen, and R. Brandenberilped, [15] A. R. Liddle and D. H. Lyth, Phys. Ref231, 1 (1993.
51, 5438(1999; D. Boyanovsky, H. J. de Vega, R. Holman, [16] J. Garca-Bellido and D. Wands, Phys. Rev. B4, 7181

D. S. Lee, and A. Singhbid. 51, 4419(1995. (1996.
[5] L. A. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. [17] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and D.

Lett. 76, 1011 (1996; I. Tkachev, Phys. Lett. B376, 35 Wands, Phys. Rev. @9, 6410(1994.

(1996. [18] C. Lineweaver and D. Barbosa, astro-ph/9706077, 1997.
[6] E. W. Kolb, A. D. Linde, and A. Riotto, Phys. Rev. Leit7, [19] I. Tkachev, L. A. Kofman, A. D. Linde, A. Starobinsky, and S.

4290 (1996; G. W. Anderson, A. D. Linde, and A. Riotto, Yu. Khlebnikov (in preparation

ibid. 77, 3716(1996. [20] G. Dvali, Q. Shafi, and R. K. Schaefer, Phys. Rev. Lé8.
[7] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. D 1886(19949.

56, 3258(1997. [21] A. D. Linde and A. Riotto, Phys. Rev. B6, 1841(1997).
[8] P. B. Green, L. Kofman, A. D. Linde, and A. A. Starobinsky, [22] P. Binetruy and G. Dvali, Phys. Lett. B88 241 (1996 E.

Phys. Rev. D56, 6175(1997. Halyo, ibid. 387, 43 (1996; D. H. Lyth and A. Riotto,ibid.
[9] A. D. Linde, Phys. Lett. B259, 38 (1991); Phys. Rev. D49, 412, 28 (1997).

748 (19949. [23] N. J. Cornish and J. J. Levin, Phys. Rev5B) 3022(1996; R.
[10] J. Garca-Bellido and A. D. Linde, Phys. Lett. B98 18 Easther and K. Maeda, gr-qc/9711035, 1997.

(1997; Phys. Rev. D65, 7480(1997). [24] B. A. Bassett, hep-ph/9709443, 1997.

[11] G. Lazarides, R. K. Schaefer, and Q. Shafi, Phys. Re86D [25] G. Dvali, L. M. Krauss, and H. Liu, hep-ph/9707456, 1997.
1324 (1997; G. Dvali, G. Lazarides, and Q. Shafi, [26] V. A. Kuzmin, M. E. Shaposhnikov, and I. I. Tkachev, Z.

hep-ph/9710314, 1997. Phys. C12, 83(1982.
[12] S. Yu. Khlebnikov and I. I. Tkachev, Phys. Rev. Lét7, 219 [27] A. D. Linde, “Kinetics of Phase Transitions in Grand Unified
(1996; T. Prokopec and T. G. Roos, Phys. Rev5B 3768 Theories,” Lebedev Institute Preprint No. 266, 1981.

(1997; S. Khlebnikov and I. Tkachev, Phys. Rev. L€, [28] A. D. Linde, Phys. Lett160B, 243 (1985.



