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We study inflationary models in which the effective potential of the inflaton field does not have a minimum,
but rather gradually decreases at laggdn such models the inflaton field does not oscillate after inflation, and
its effective mass becomes vanishingly small, so the standard theory of reheating based on the decay of the
oscillating inflaton field does not apply. For a long time the only mechanism of reheating in such non-
oscillatory(NO) models was based on gravitational particle production in an expanding universe. This mecha-
nism is very inefficient. We will show that it may lead to cosmological problems associated with large
isocurvature fluctuations and overproduction of dangerous relics such as gravitinos and moduli fields. We also
note that the setting of initial conditions for the stage of reheating in these models should be reconsidered. All
of these problems can be resolved in the context of the recently proposed scenario of instant preheating if there
exists an interactiong?¢?y? of the inflaton field¢ with another scalar fielgy. We show that the mechanism
of instant preheating in NO models is much more efficient than the usual mechanism of gravitational particle
production even if the coupling constagt is extremely small, 10**<g?<1.[S0556-282(199)08318-§

PACS numbds): 98.80.Cq

[. INTRODUCTION nism is very inefficient, which may lead to certain cosmo-
logical problems.
Usually it is assumed that the inflaton fiedd after infla- However, recently the situation changed. The mechanism

tion rolls down to the minimum of its effective potential of instant preheating which was found[i8] is very efficient,
V(¢), oscillates, and eventually decays. The stage of osciland it works in NO models even better than in the models
lations of the inflaton field is a necessary part of the standar#hereV(¢) has a minimum.

mechanism of reheating of the univeldg2). In this paper we will describe various features of NO

However, there exist some models where the inflaton pomodels. First of all, we will discuss the problem of initial
tential V(¢) gradually decreases at large and does not conditions in these models, which in our opinion has not
have a minimum. In such theories the inflaton figiddoes ~been properly addressed before. The standard assumption
not oscillate after inflation, so the standard mechanism ofmade in[3—6] is that at the end of inflation in NO models
reheating does not work there. one has a large and heavy inflaton fiefdwhich rapidly

Investigation of inflationary models of this type has beenchanges and creates light particlgsminimally coupled to
rather sporadi€3—6], and each new author has given them agravity from a state where the classical value of the field
new name, such as deflatipa], kination [5], and quintes- vanishes. We will show that this setting of the problem
sential inflation[6]. However, the universe does not deflate should be reconsidered. If the fielgsand y do not interact
in these models, and in general they are not related to th@vhich was the standard assumption of R8s-6]), then at
theory of quintessence. From our perspective, the main dighe end of inflation the fieldy typically does not vanish.
tinguishing feature of inflationary models of this type is the Usually the last stages of inflation are driven by the light
non-oscillatory behavior of the inflaton field, which makesfield x rather than by the heavy fielg. But in this case
the standard mechanism of reheating inoperative. Therefoneheating occurs due to oscillations of the figldas in the
we will call such models non-oscillatorfNO) models. In  usual models of inflation.
addition to describing the most essential feature of this class In addition to reexamining the problem of initial condi-
of theories which makes reheating problematic, this naméions, we will point out potential difficulties associated with
reflects the rather negligent attitude towards these modeisocurvature perturbations and gravitational production of
which existed until now. gravitinos and moduli fields in NO models.

One of the reasons why NO models have not attracted In order to provide a consistent setting for the NO models
much attention was the absence of an efficient mechanism @ine needs to introduce an interaction between the figlds
reheating. For a long time it was believed that the onlyandy. This resolves the problem of initial conditions in these
mechanism of reheating possible in NO models was thenodels and makes it possible to have a non-oscillatory be-
gravitational particle productiof8—6] which occurs because havior of the inflaton field after inflation. We show that all of
of the changing metric in the early univefs8. This mecha- these problems can be resolved in the context of the recently
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proposed scenario of instant preheatjBgif there is an in- d(x? H®
teraction (2/2)¢%x? of the inflaton field¢ with another STy 3 (4

scalar fieldy, with g?>10"1 In this case the mechanism of
instant preheating in NO models is much more efficient thann de Sitter space with = const this equation would give
the usual mechanism of gravitational particle productionf12]
studied in[3-6].
= ®
IIl. ON THE INITIAL CONDITIONS IN NO MODELS X 4m?

WITHOUT INTERACTIONS . . .
For the theory under considerati¢h depends on time, and

NO models considered {13—6] described an inflaton field Eq. (4) reads
which does not interact with other fields except gravitation-

ally. As an example, we will consider here the simplest d(x?) Ng\y &9 [6X 4

theory of the inflaton field¢ with an effective potential Tdt 3 Jom IVERAAEE — Myt ). (6)

V(¢) which behaves as\(4)¢* at <0, and(gradually P

vanishes whenp becomes positive. In addition, in accor- The result of integration at largeconverges to

dance with[6], we will consider a light scalar fielg which

is not coupled to the inflaton field, and which is minimally )\¢¢8

coupled to gravity. Reheating in this model occurs because <X2>:18M4' (7)
P

of the gravitational production of particles. Application of
the general theory of gravitational particle creati@ito the  Thege fluctuations from the point of view of a local observer

last stages of inflation and the immediate stages after inflagy jike a classical scalar fielg which is homogeneous on
tion was considered in many papers; see in partid8#].  the scaleH ! and which has a typical amplitude
However, this theory(and the interpretation of its results

may change dramatically if one investigates initial conditions _ Ao ¢>(3)
for inflation and studies quantum fluctuations produced dur- x=V(x%)= 18M2" (8
ing inflation. p

In particular, in all previous works on NO models it was
assumed that at the beginning of inflatipp| is very large
andy=0. Let us show that in this case at the end of the stage ¢02)\;1/6M . 9)
of inflation driven by the fieldy$ the long-wavelength fluc-
tuations of the fieldy typically become so large that it leads This condition is quite natural. For example, if, in accor-
to a new stage of inflation which is driven not by the figijd  dance with[11], inflation begins at\/~Mg, one hasgg
but by the fieldy. This conclusion is rather general and may~)\;1/4|\/|p, which is much greater tham(;l’GMp.
be extended to other models ¥{¢). The explanation goes  |f the field y has a shallow polynomial potential such as
back to the work of Refl10], where it was found that in the m)2(X2/2 (with a small massn,), or A, x*/4 (with smallx ),
presence of several scalar fields the last stage of multipl —

inflation is typically driven by the lightest scalar field. new stage of inflation. This stage will be driven by the light
Indeed, the field$ during inflation obeys the following o4 | “and it will begin after the end of the stage of inflation
equation: driven by the fields.
. Condition (9) coincides with the condition that chaotic
3Hp= —)\¢,¢3. (1) inflation with respect to the fielgp enters the stage of self-
reproduction13]. In this regime the fieldp may stay large
Here even much longer than is suggested by our classical equa-
tions which do not take self-reproduction into account. As a
27Ny $? result, fluctuations of the fielg will be even greater, and the
H= 3 M (2 last stage of inflation will be driven not by the fieltlbut by
P the lighter fieldy.
In such a case, the results of gravitational particle produc-

This quantity is greater thail, for

fhen the existence of a homogeneous figldM , leads to a

These two equations yield the solutipii] tion obtained in all previous papers on NO models do not
apply. Instead of particleg produced at the end of inflation
Ny driven by the field¢ (or in addition to these particlgswe
b= doeXp — GM pl |- 3 have long-wavelength fluctuations of the figjdwhich ini-

tiate a new stage of inflation driven by the field

: ; ; - : ; - A similar result can be obtained in the mod€( ¢)
If the field x is very light, then in each time intervad 1 P 5 X . . . .
during inflation fluctuationsdx=H/2= will be produced. =(m*/2)¢". In this case after infiation driven by the fieli

The equation describing the growth of fluctuations of theone hasy=+(x?=ma¢3/(V3My). This leads to inflation
field y can be written as follows: with respect to the fieldy (i.e., one hasy>M) for ¢,
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=MpVM,/m. Again, according t¢11], the most natural ini- not assume tha¢=0, and instead of studying quantum fluc-

tial value of ¢ is ¢po~M f,/m> MoyMp/m. tuations of this field which can make it large, we will assume
This suggests that if the fielgl is very light (which was ~ that it could be large from the very beginning.
assumed i4—6]), then it is this field rather than the fietgl Even though the fieldg and x do not interact with each

that is responsible for the end of inflation. Therefore insteadther directly, they move towards the state=0 andx=0

of studying gravitational production of the fiejddue to the N @ coherent way. The reason is that the motion of these

non-oscillatory motion of the fields during preheating in fields is determined by the same value of the Hubble con-

this NO model, one should study the mechanism of producstantH. . _ _ S

tion of particles of the fields by the oscillating fieldy. The equations of motion for both fields during inflation
Of course, one can avoid some of these problems bfPpear as follows:

choosing a specific set of scalar fields and a specific version

of the theory which does not allow any of these scalar fields 3H¢=— Ny, (12
except the fieldp to drive inflation. For example, if the field _
x is an axion field(and no other light scalar fields are 3Hy=— )\X)(3. (13

preseny, then it simply cannot be large enough to be respon-
sible for inflation. One can also assume that the fielss ~ These equations imply that
nonminimally coupled to gravity and has a large effective
massO(H) during inflation (see Sec. Iy, Then the long- d¢  dyx 14
wavelength fluctuations of this field will not be produced. Ngd® A xS
Thus there are some ways to overcome the problem men-
tioned above. But in general this problem is very serious, anavhich yields the general solution
one should be aware of its existence.
1 1 1 1
IIl. ISOCURVATURE PERTURBATIONS IN THE NO Nod® N x° +)\¢¢§ MXG
MODELS

(15

Since the initial values of these fields are much greater than

In the previous section we showed that even if one asye final values, at the last stages of inflation one [A8%
sumes thay =0 at the beginning of inflation, the assumption

that one still hagy=0 at the beginning of reheating in gen- b N
eral is incorrect. The long-wavelength perturbations of the —=
field x generated during inflation typically are very large,
and they look like a large homogeneous classical field

X 16
VK, (16)
Supposel y<\ . In this case the “heavy” fieldy rap-

Now we will consider a more general question: If the two idly rolls down, and then from the last equation it follows,

fields ¢ and y do not interact, then why should we assume aar naradoxically, that the Hubble constant at the end of
that one of them should vanish in the beginning of inflation? qation is dominated by the “light” fieldé. Thus we can
Qir;?ulrf;gdoes not vanish, then how does it change the Wh°|econsistently consider the creation of fluctuations of the field

. . . x (x particleg at the end of and after the last inflationary
. Supposg for example that the f|g(d|s a Higgs f|e|_d[6] stage driven by the field. But now these fluctuations occur
with a relatively small mass and with a large coupling con-

. SO on top of a nonvanishing classical field
stant\ >\ 4. The total effective potential in this theoffor To study the behavior of the classical fieldsand y and
$<0) is given by

their fluctuations analytically, one should remember that dur-

N N ing the inflationary stage driven by one hasH

V(¢’X):T¢¢4+TX(X2_VZ)2' (100 =V2N4mI3 ($AMy), as in the previous section. In this
case, as before, the solution for the equation of motion of the

Herev is the amplitude of spontaneous symmetry breaking]c'(ald ¢ is given by[11]

v<M,. During inflation and at the first stages of reheating X

this term can be neglected, so we will study the simplified b= doexp — sy o] (17)
model 6
Ao Ay Meanwhile, according to E(16),
Vidx) = '+ X" (11)
o

= —exp —\/z=—Mt/, 18
This model was analyzed ii0]. It is directly related to X= o Ay 67 P (18

the Peebles-Vilenkin modgb] if the field y is the Higgs ) _
boson field with a small mass. This model exhibits the Whereas for perturbations of the figldone has

following unusual feature.

In general, at the beginning of inflation one has begth _ p(— /M
#0 andy#0. Thus, unlike in the previous section, we will OX = OXoBX 8 67TM ot] (19
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Let us consider, for example, the behavior of the fieldsdiation as compared with adiabatic perturbatigtd]. To
and their fluctuations at the end of inflation, starting from theavoid cosmological problems, one would need to have

moment ¢=¢;. One may take, for examplep;~4M,, SV(x)/V(x)=5%x10°°. If y is the Higgs field with\
which corresponds to a point approximately 60 e-folds be=10"’, then the perturbations discussed above will be unac-
fore the end of inflation. The fluctuation$y;~H(¢;)/2w  ceptably large. This may be a rather serious problem. Indeed,
decrease according to E(L9), and at the end of inflation one may expect to have many scalar fields in realistic theo-
one gets ries of elementary particles. To avoid large isocurvature fluc-
tuations each of these fields must be extremely weakly

Sx H(ey) Ny W\, i @5 coupled, withx , <1077
~ exp — 2\ g Mot | = 2 (20 The general conclusion is that the theory of reheating in

2wy 6 2
X Ai 67Mp P NO models, as well as their consequences for the creation of
the large-scale structure of the universe, may be quite differ-
: : P ent from what was anticipated in the first papers on this
r that moment the fiel n in illating, and th . . ; . .
ter that moment the fieldg and y begin oscillating, and the subject. In the simplest versions of such models inflation

ratio of 5y to the amplitude of oscillations of the fielgd : ; .
remains approximately constant. This gives the following es%ﬁ?écﬁﬂﬁtﬂgﬁgn?;?endr'g dtl?fegta"e: 0, and large isocurva-
timate for the amplitude of isocurvature perturbations in this P '

model:

Here ¢~0.3M, corresponds to the end of inflatiomf-

IV. COSMOLOGICAL PRODUCTION OF GRAVITINOS
oV(x) Sx AND MODULI FIELDS

POy A — 2
Voo 4)( 2X1072\\,. (21)

Initially perturbations ofV(y) give a negligibly small
contribution to perturbations of the metric becausgy)
<V(¢); that is why they are called isocurvature perturba
tions. However, the main idea of preheating in NO models i
that eventuallyy fields or the products of their decay will
give the dominant contribution to the energy-momentum ten
sor because the energy density of the figldapidly vanishes
due to the expansion of the universe,(- a~%). However,
because of the inhomogeneity of the distribution of the fiel
x (which will be imprinted in the density distribution of the
products of its decay on scales greater thian'), the period
of the dominance of matter over the scalar figldwill hap-
pen at different times in different parts of the universe. In
other words, the epoch when the universe begins expandinﬂ

" __+203; 413 ; ;
asa~\t or a~1*? instead ofa~t'" wil begin at different one expects a number of different species to be produced. An

momentst (at different total densitigsin different parts of apparent advantage of gravitational particle production is its
the universe. Starting from this time the isocurvature fluctua- PP 9 ) P P

. . . . universality[9]. There is a kind of “democracy” rule for all
tions (21) will produce metric perturbations, and, as a result, . o .

. . . particles non-conformally coupled to gravity: the density of
perturbations of cosmic microwave backgrou@MVB) ra- . 4 I 4
diation such particles produced at the end of inflatiopjs- axH",

Note that if the equation of state of the fiefdor of the where ay~10"2 is a numerical factor specific for different
products of its decay coincided with the equation of state of picéﬁsrﬁjnnd;tg the(;;%ﬁl;garg(r;r;ester:;t g;\?vaensd \?vfolrnlj'lattrlg;é
the scalar fieldy after inflation, fluctuations of the fielg Y, y i Y hi . |
would not induce any anisotropy of CMB radiation. For ex- may be too many dangerous refics produced _byt IS universa
ample, these fluctuations would be harmless if the field mechamsm._ One of th? potential _problems is related to the
decayed into ultrarelativistic particles with the equation Ofoverpr_oducnon of gravitons mentlon_ed i6]. In order to
statep— p/3 and if the equation of state of the fieldat that solve it one needs to have models with a very large number
time wefe also diven bw= /3. However. in our case the of types of light particles. This is difficult but not impossible
field ¢ has equgtion of}gt_afpzlp which i’s quite different [6]. However, even more difficult problems will arise if NO

from the equation of state of the fielg or of its decay (ranncq)gﬁgr;a/lrgaLrggl(aesr.rlented in supersymmetric theories of el-
products. f . lead . v six i For example, in supersymmetric theories one may en-
gre|:1?ecrulr;?gtgr(sacalljgt:ﬁ:;%r;rsosyaoftct)thgcr)g)r(rlnzzartrig/r()sxasz?zgoume.r many fIa}t Qirections of the effective potential associ-
ated with moduli fields. These fields usually are very stable.
Moduli particles decay very late, so in order to avoid cosmo-
logical problems the energy density of the moduli fields must
e are grateful to Peebles and Vilenkin for pointing out that thebe many orders of magnitude smaller than the energy density

factor ¢2/ #? should be present in this equation. of other particleg15,16].

If the inflaton field ¢ is sterile, not interacting with any
other fields, the elementary particles constituting the uni-
verse should be produced gravitationally due to the variation
_of the scale factoa(t) with time. This was one of the basic
assumptions of all papers on NO modgs-6]. Not all spe-
cies can be produced this way, but only those which are not
conformally invariant. Indeed, the metric of the Friedmann
universe is conformally flat. If one considers, for example,
massless scalar particley with an additional term
a 1/12x°R in the Lagrangiariconformal coupling one can
make conformal transformations af simultaneously with
transformations of the metric and find that the theoryyof
particles in the Friedmann universe is equivalent to their
theory in flat space. That is why such particles would not be
eated in an expanding universe.

Since conformal coupling is a rather special requirement,
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Moduli fields typically are not conformally invariant strongly model-dependent, and in some models it might be
(though some exceptions are possiblehere are several dif- possible to achieve a certain suppression of their production
ferent effects which add up to give them mas€d$ during  as compared to the production of other particles. The prob-
expansion of the universe, witG=0(1) (in general,C is  lem is that, just like in the situation with the moduli fields,
not a constant[15]. This is very similar to what happens if, this suppression must be extraordinary strong. Indeed, to
for example, one adds a term(&/2)R¢? to the Lagrangian avoid cosmological problems one should suppress the num-
of a scalar field. Indeed, during inflatidR=12H?2, so this  ber of gravitinos as compared to the number of other par-
term leads to the appearance of a contribution to the mass titles by a factor of about 10 [20]. Investigation of grav-
the scalar fieldAm?=12¢H2. Conformal coupling would itino production in the models proposed in Ref3-6] has
correspond tam?=2H?2, shown no such suppressifh7]. This implies that the num-

According to[3], the energy density of scalar particles ber of gravitinos produced in such models typically violates
produced gravitationally at the end of inflation is given by the cosmological constraints by about 14 orders of magni-
10 2H*(1—6£)2. Thus, unless the constaftis fine-tuned tude.
to mimic conformal coupling, we expect that in addition to ~ The gravitino/moduli problem and the problem of isocur-
the energy of classical oscillating moduli fields, at the end ofvature perturbations are interrelated in a rather nontrivial
inflation one has gravitational production of moduli particleswWay- Indeed, the gravitino and moduli problems are espe-
with energy density~10-2H*, just as for all other confor- qally severe if the .densny of' gra}vnlnos and/or moduli par-
mally noninvariant particles. tlples produced during reheatlng is of th_e same order of mag-

In usual inflationary models one also encounters thehitude as the energy density of scalar f@dsWe assgmed,
moduli problem if the energy of classical oscillating moduli accor_dlng _to[3_,6], tha,tzthf energy_densﬂy of th_e fielgs
fields is too largg 15]. Here we are discussing an indepen-a‘cter inflation isO(10 H ). But this statement is ot al-
dent problem which appears even if there are no classicdf@ys correct. It.WaS derived [@] under an assumption that
oscillating moduli. Indeed, in NO models all particles cre- particle DTOd“Ct'On occurs during a short t|'mt'e mtgrval when
ated by gravitational effects at the end of inflation will havethe equation of state changes. Meanwhﬂe n mflgﬂon_ary cos-
similar energy density- 107 2H*. But if the number density mology the Iong-wavglength fluctuations gf the f'ql.dmn"
of moduli particles is not suppressed as compared to thgwally coupled to gravity are produped during inflation all the
number density of other particles by about 12—14 orders ofme when ths_: Hubble constahi(t) is smal!er than thg mass
magnitude, such models are ruled gi6,16. We do not see of the x partlc_:les My - The energy d.e”S'W ok part!cles
any reason for such a strong suppression of production d?roszjced (ZJIurlng.lanatlon will contain a contrlbutlopo
moduli fields in the models of Ref§3—6. =(mX/2)<X ), which may be many orders of magnitude

A similar problem appears if one considers the possibilitydreater than 1T0°H*. S
of gravitational(nonthermal production of gravitinos. Usu- For the sake of argument, one may consider inflation in
ally it is assumed that gravitinos have masss;, the theory\/4¢* and takem, equal to the value ofl at the
—10°—1¢* GeV, which is much smaller than the typical €nd of inflation,m,~\\,M. Then, according to Eq(7),
value of the Hubble constant at the end of inflation. Thereafter  inflation  one ~ has  po~\,m?eg/36M
fore naively one could expect that gravitinos, just like mass—10"?H*(¢o/M,)®>10"?H*, becausapo>M,.
less fermions of spin 1/2, ar@lmost exactly conformally This is the same effect which we discussed in Sec. II: If
invariant and should not be produced due to expansion of thé is large enough, we may even have a second stage of
Friedmann universe. inflation driven by the large energy density of the fluctua-

However, in the framework of supergravity, the back-tions of the fieldy. But even if ¢, is not large enough to
ground metric is generated by inflaton fiedd ¢; with an initiate the second stage of inflation, it still must be much
effective potential constructed from the superpotentialgreater tharM, to drive the first stage of inflation, which
W(¢;). The gravitino mass in the early universe acquires anakes the standard estimate- 10 2H* incorrect[18].
contribution proportional toW(¢;). Depending on the There is one more effect which should be considered, in
model, the gravitino mass soon after the end of inflation mayddition to gravitational particle production. The effective
be of the same order &b or somewhat smaller, but typically mass of the particleg at $<O is given by\/3\ ¢. At the
it is much greater than its present valug),. end of inflation, atp~ M, this mass is of the same order as

A general investigation of the behavior of gravitinos in the Hubble constant \/Xqu/Mp. Then, within the Hubble
the Fried_mann ur_1iverse shows that the gravitino field in gjmeH 1 the field ¢ rolls to the valley aip>0 and its mass
self-consistent Friedmann background supported by scalafanishes. This is a non-adiabatic process; the mass of the
flelds_ls not co_nformally mvanaq{l?]. For example, the scalar field changes b9 (H) during the timeO(H ™ 1). As a
effective potentiak ¢* can be obtained from the superpoten- result, in addition to gravitational particle production there is
tial VA ¢* in the global supersymmetry limit. This leads to a an equally strong production of particlgsdue to the nona-
gravitino mass~\/f¢3/Mf,. At the end of inflation ¢ diabatic change of their ma$$8,19.
~M,, and therefore the gravitino mass is comparable to the This may imply that the fraction of energy in gravitinos
Hubble constanH~\/X¢2/Mp. This implies strong break- will be somewhat smaller than previously expected, simply
ing of conformal invariance. because the fraction of energy in the fluctuations of the field

The theory of gravitational production of gravitinos is y will be larger. However, this is a relatively small effect,
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which cannot account for the 14 orders of magnitude disallows for an extremely short stage of inflation when the
agreement between the cosmological constraints on the grafield y rolls down towardsy=0.
itino abundance and the theory of gravitino production in NO The equations for the two fields are
models[17]. ) _

Also, there is no free lunch. For example, the production d+3Hp=—0g%dx>. (25)
of large number of nearly massless particiesnay lead to
problems with nucleosynthesis. Large inflationary fluctua-2nd
tions of the fieldy can create large isocurvature fluctuations. . . _
In the end of Sec. Il we mentioned that one can avoid this x+t3Hx=-9"¢"x. (26)
problem if one assumes, for example, that the figldac-
quire effective mas©(H) in an expanding universe. Then . .. . p) .
their fluctuations will not be produced during inflation. But |n|t|z_;\II_y_ 'S NQZXZN%ZMPZ' which is very sma_ll compared to
in such a case their density after inflation will be given by the initial value ofH“~My. Thus the fieldp will move very
10 2H*, and therefore we do not have any relaxation of theslowly, so one can neglect the tenin Eq. (25).
gravitino and the moduli problems.

The curvature of the effective potential in th# direction

3H¢=—g’¢x> 27

If the field ¢ changes slowly, then the field behaves as in
As we will see, the problems discussed above will notthe theory (2/2)x? with m, ~g|¢| being slightly smaller
appear in theories of a more general class, where the fields thanM, and with the initial value ofy being slightly greater
andy can interact with each other. We will consider a modelthanM,. This leads to a very short stage of inflation which
with the interaction ¢2/2) $?x. First we will show that in ends within a few Planck times. After this short stage the
this case it really makes sense to study preheating assumirfigld x rapidly oscillates. During this stage the energy den-
that y="0. Then we will describe the scenario of instant pre-sity of the oscillating field drops down a&s 3, the universe
heating, which allows a very efficient energy transfer fromexpands a:~t%3, andH=(2/3t). Thus the square of the
the inflaton field to particley. amplitude of the oscillations of the fielgl decreases as fol-
lows: x°~ x3a~3~t~2. This leads to the following equation

A. Initial conditions for inflation and reheating in the model for the field ¢:
with interaction (g?%/2) ¢p*x?

V. SAVING NO MODELS: INSTANT PREHEATING

Consider a theory with an effective potential dominated —~—
by the termV(¢,x) =(9%/2) $2x?. This means that we will ¢
assume that the constagts large enough for us to tempo- . . o —g?
rarily neglect the termsN(;/4)¢*+ (N, /4)x* in the discus- The _S‘1°|Ut'0n of this equation 'sl’_.%(t/t‘)) _1W'th to
sion of initial conditions. ~My ", andgo~—M,/g. (The conditionty~M p follows

In this case the Planck boundary is given by the conditiorf©m the fact that the initial value doff=2/3t is not much
belowM.) This gives

) 2
¢ gT (28

g2
5 $-Mp, 22

M, 2
¢~—? (Mpt) 9. (29
which defines a set of four hyperbolas The inflaton field¢ becomes equal te- M, after the expo-

nentially large time
14l x|~ M. @3 Y .
9
At larger values ofp and y the density is greater than the tNMpl(g) : (30
Planck density, so the standard classical description of space-
time is impossible there. On the other hand, the effectiVEDuring this time the energy of oscillations of the field
masses of the fields should be smaller théy, and conse- becomes exponentially small, and the small tem/(4)¢4
quently the curvature of the effective potential cannot bewhich we neglected until now becomes the leading term
greater tham/lf). This leads to two additional conditions:  driving the scalar fieldg. At this stage we will have the

usual chaotic inflation scenario wifey|>M, and with the

|p|=g~'M,, IxI=g~ M. (24  fields evolving along the directiog=0.
Thus in the presence of the interaction terg?/@)¢2x?

We assume thag<1. Suppose for definiteness that initially one can indeed consider inflation and reheating wyithO.
the fields¢ and y belong to the Planck boundaf23) and As we have seen, this possibility was rather problematic in
that || is half-way towards its upper bound E@4): |¢|  the models wherg and y interacted only gravitationally.
~g~'M/2. The choice of the coefficient 1/2 here is not  The effective mass of the fielg during inflation isg| ¢/,
essential; we only want to make sure that the fjeliahitially ~ which is much greater than the Hubble constﬁtr‘g)quSZ/Mp
is of orderM,, but it can be slightly greater thavl,. This  for gzl)\>¢>2/M§. In realistic versions of this model one has
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A~10 3[12], andg®>\. Therefore long-wavelength fluc- and this value does not change until the fieldrolls to the

tuations of the fielgy are not produced during the last stagespoint ¢=0 again.

of inflation, wheng¢~M,. A detailed description of this process including the deri-
A similar conclusion is valid if at the last stages of infla- vation of Eq.(32) was given in the second paper of Rg];

tion the effective potential of the fielgh is quadratic V() see in particular Eq(55) there. This equatiori32) can be

=m?/2¢2. In this caseH~mg¢/M, and inflationary fluc-  written in a more general form. For example, if the particles

tuations of the fieldy are not produced fog>m/M,. In  x have bare masm,, this equation can be written as fol-

realistic versions of this model one has~ 10*6Mp [12], lows[8]:
and fluctuationsdy are not produced ig?>>10 *2 This y o
means that the problem of isocurvature fluctuations does not n —exp( m(k"+ mx)> (33)
k— - |«
appear. 9l ol
B. Instant preheating in NO models This can be integrated to give the densityyoparticles
To explain the main idea of the instant preheating sce- 1 [ (g£j> )32 .
nario in NO models, we will assume for simplicity that n=5— dkken,= AN p(_ : X). (34)
V()= (m?/2)¢? for $<0, and thatV(¢) vanishes fore 2mJo 8 gl ¢ol

>0. We will discuss a more general situation later. We will _ _ .
assume that the effective potential contains the interactioAs we already mentioned, in the theor;n/2)$? with m

term (g?/2)¢°x?, and that y particles have the usual =107°M, one hag¢o|=10""M2 [8]. This implies, in par-
Yukawa interactiorhiyry with fermionsy. For simplicity,  ticular, that if one takeg~ 1, then in the theoryrt?/2) ¢?
we will assume here that particles do not have any bare there is no exponential suppression of productiory giar-

mass, so that their effective mass is equajlte|. ticles unless their mass is greater thap~2X 10" Gev.
In this model inflation ends when the fieltl rolls from  This agrees with a similar conclusion obtained 221-24.
large negative values down b~ — 0.3V, [12]. Production Let us now concentrate on the cas§<g| bo|, when the

of particlesy begins when the effective mass of the figldd  nymber of produced particles is not exponentially sup-
starts to change nonadiabatical|lmx|zm)2(, i.e., wheng|¢|  pressed. In this case the number density of particles at the

becomes greater thay? ¢)°. moment of their creation is given by,) %873, but then
This happens only when the fielfl rolls close to¢=0, it decreases aa 3(t):

and the velocity of the field ifpo| ~mM,/10~10" "M, [8]. _

[In the theory §/4)¢* with A=10"13 one has a somewhat  (g¢0)¥? a5

smaller value|gpg|~6X% 10*9M§.] The process becomes ”X—ngag(t) ' (39

nonadiabatic forg2¢?<g| |, i.e., for — ¢, <d=do,

: . Here we takeag=1 at the moment of particl duction.
where ¢, ~ V(| do|/g) [2]. Note that forg>10"° the inter- W 0 of particle producion

Particle production occurs only in a small vicinity ¢f
=0. Then the fieldy continues rolling along the flat direc-
Fion of the effective potential withp)>0, and the mass of
eachy particle grows ag¢. Therefore the energy density of
produced particles is

neously, within the time

At~ (gl 22 @ .
| ol (9¢0)°% gop(t)

P Tem @)

(36)

This time interval is much smaller than the age of the uni-

verse, so all effects related to the expansion of the universghe energy density of the field drops down much faster, as
can be neglected during the process of particle productiora®(t). The reason is that if one neglects backreaction of
The uncertainty principle implies in this case that the creategyroduced particles, the energy density of the figlct this
particles will have typical momentak~(At,)"*  stage is entirely concentrated in its kinetic energy density

~ (9| ¢ol) M2 The occupation number, of y particles with 142, which corresponds to the equation of state p. We
momentumk is equal to zero all the time when it moves will study this issue now in a more detailed way.

toward ¢=0. When it reacheg=0 (or, more exactly, after The equation of motion for the inflaton field after particle
it moves through the small region ¢, = ¢=< ¢, ) the occu-  production looks as follows:

pation number suddenlfwithin the timeAt, ) acquires the

value[2] b+3HP=—g2H(x?). (37)
k2 We will assume for simplicity that the fielg does not have
nk=exp( R ) (32 bare mass, i.em =g¢. As soon as the field) becomes
gl éol greater thanp* (and this happens practically instantly, when
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particle production endsthe particlesy become nonrelativ-
istic. In this casd x?) can be easily related to, :

1 nk2dk n, (go)¥?

e ~ . (38

W= 22 JkZ+g242 99 8mdgead(t) (38
Therefore the equation for the fieltl reads
- : (9&0)3/2

+3H¢p=—gn =—g———. 39

¢ $=—gn, 98773&3(0 (39

PHYSICAL REVIEW D 60 103505

hgM,, _ 9212
87 g3

(44

Taking into account that in our casg,~mM,;/10 andm
~10 ®M,, one finds that this condition is satisfiedhi5
X 10*393;1‘. This is a very mild condition. For example, it is
satisfig:d forh>5x10"% if g=1, and forh>5x10""if g
=10""

This scenario is always 100% efficient. The initial frac-
tion of energy transferred to matter at the momeny qfar-
ticle production is not very large, about 182 of the energy

To analyze the solutions of this equation, we will first ne- of the inflaton field 8]. However, because of the subsequent

glect backreaction. In this case one kast'3, H=1/3t, and

M, | t
o] 1
237 g%

b= (40)

whereto=1/3Ho=M /237 ¢po~5/3mm.

growth of this energy due to the growth of the field and
because of the rapid decrease of kinetic energy of the inflaton
field, the energy density of the particles and of the prod-
ucts of their decay soon becomes dominant. This should be
contrasted with the usual situation in the theories where
V(¢) has a minimum. As was emphasized[#], efficient
preheating is possible only in a subclass of such models. In

One can easily check that this regime remains intact anfnany models wher®(¢) has a minimum the decay of the

backreaction is unimportant fdr<t1~8773/\/95<.ﬁ01 until
the field ¢ grows up to

5Mp 1
(o] .
437 g

¢1~ (41)

This equation is valid fog<1. For example, fog=10"2
one has¢,~3M,. For g=10""1 one has¢,~M,. Note
that the terms in the left hand side of the [E8P) decrease as

t~2 when the time grows, whereas the backreaction ternone

inflaton field is incomplete, and it accumulates an unaccept-
ably large energy density compared with the energy density
of the thermalized component of matter. The possibility of
having a very efficient reheating in NO models may have
significant consequences for inflationary model building.

It is instructive to compare the density of particles pro-
duced by this mechanism to the density of particles created
during gravitational particle production, which is given by
py~10"2H*~p4(ps/M7), wherep,, is the energy density
of the field ¢ at the end of inflation. In the mode}\(,]/4)¢4
has p,~10 '®M73, and, consequently, p,

goes ag 1. As soon as the backreaction becomes important;- p¢(p¢/|\/|g) ~10" 16p¢. Meanwhile, as we just mentioned,

i.e. as soon as the fiel reachese,, it turns back, and
returns to¢p=0. When it reacheg=0, the effective poten-
tial becomes large, so the fielfl cannot become negative,
and it bounces towards largk again.

Now let us take into account interaction of thefield
with fermions. This interaction leads to decay of thepar-
ticles with the decay ratg?]

h’m, h%g|&|
8r 8w

F(x—4y)= (42

at the first moment after particle production in our scenario
the energy density of produced particles is of the order of
10 %g®p, [8], and then it grows together with the fietsl
because of the growth of the magg of eachy particle.
Thus, forg?=10"1*the number of particles produced during
instant preheating is much greater than the number of par-
ticles produced by gravitational effects. Therefore one may
argue that reheating of the universe in NO models should be
described using the instant preheating scenario. Typically it
is much more efficient than gravitational particle production.
This means, in particular, that production of normal particles

Note that the decay rate grows with the growth of the f|e|dW|” be much more efficient than the production of graVitinOS

|#|, so particles tend to decay at largeln our case the field
¢ spends most of the time prior tq at ¢~M, (if it does
not decay earlier, see belpwlhe decay rate at that time is

h?gM,
8w

F(x— i)~ (43

If T '<t;~87%g>?p,, then particlesy will decay to fer-
mions ¢ at t<<t, and the force driving the field> back to
¢=0 will disappear before the fielgp turns back. In this
case the fields will continue to grow, and its energy density
will continue decreasing anomalously fast,ga$. This hap-
pens if

and moduli.

In order to avoid the gravitino problem altogether one
may consider versions of NO models where the particles
produced during preheating remain nonrelativistic for a
while. Then the energy density of gravitinos during this ep-
och decreases much faster than the energy density of usual
particles. New gravitinos will not be produced if the result-
ing temperature of reheating is sufficiently small.

VI. OTHER VERSIONS OF NO MODELS

The mechanism of particle production described above
can work in a broad class of theories. In particular, since
parametric amplification of particle production is not impor-
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tant in the context of the instant preheating scenario, it willat some moment approadh,, the xy particles may convert
work equally well if the inflaton field couples not to bosons to black holes and immediately evaporate.

x but to fermions[26,27). Indeed, the creation of fermions

Indeed, in conventional quantum field theory, an elemen-

with massg| 4| also occurs because of the nonadiabaticity oftary particle of masM has a Compton wavelengtil ~*

the change of their mass @t=0. The theory of this effect is
very similar to the theory of the creation gf particles de-
scribed above; see in this respg2f].

Returning to our scenario, production of particlede-
pends on the interactions between the fiefdlsand y. For

smaller than its Schwarzschild radiugi2zm? if M=M,.
Therefore one may expect that as soonnas= g|¢| be-
comes greater thall,, eachy particle becomes a Planck-
size black hole, which immediately evaporates and reheats
the universe. If this regime is possible, it should be avoided.

example, one can consider models with the interactiod"de€d, black holes of Planck mass may produce similar

(9%/2)x?(¢+Vv)?. Such interaction terms appear, for ex-
ample, in supersymmetric models with superpotentials of th

type W=gx?(¢+v) [25]. In such models the mass, van-
ishes not atp;=0, but at¢,=—v, wherev can take any
value. Correspondingly, the production pfparticles occurs
not atp=0 but at¢p=—v. When the inflaton field reaches
¢=0, one hasm,~gv, which may be very large. If one
takesv~M,, one can getn ~gM,, which may be as great
as 10® GeV forg~101, or even 1&° GeV forg~1. If
one takes/>M ,, the density ofy particles produced by this

amounts of all kinds of particles, including gravitinos. There-
ore if reheating occurs because of black hole evaporation,
en we will return to the gravitino problem again.

Thus, the best possibility is to consider those versions of
the instant preheating scenario which do not lead to the cre-
ation of stable particles of Planckian mass. It may seem para-
doxical that one needs to be careful about this constraint.
Several years ago it would have seemed impossible to pro-
duce particles of mass greater thar 50> GeV during the
decay of an inflaton field of mass,~ 10" GeV. Here we
consider a nonperturbative mechanism of preheating which

mechanism will be exponentially suppressed by the subsewnay produce particles 5 orders of magnitude heavier than

guent stage of inflation.

m,, . Itis interesting that the mechanism of instant preheating

In the previous section we considered the simplest modediscussed in this paper works especially well in the context

whereV(¢)=0 for ¢>0. However, in genera¥(¢) may
becomes flat not ath=0, but only asymptotically, at

of NO models where all other mechanisms are rather ineffi-
cient.

=M,. Such theories have become rather popular now in
relation to the theory of quintessence; for a partial list of
references see e.f28]. In such a case the backreaction of |t is a pleasure to thank R. Kallosh, P.J.E. Peebles, A. Van
created particles may never turn the scalar figldack to  Proeyen, A. Riotto, A. Starobinsky, |. Tkachev, and A.
¢=0. Therefore the decay of the particlgsnay occur very  Vilenkin for useful discussions. This work was supported by
late, and one can have very efficient preheating for any valCIAR and by NSF Grant No. AST95-29-225. The work of
ues of the coupling constangsand h. G.F. and A.L. was also supported by NSF Grant No. PHY-
On the other hand, if thg particles are stable, and if the 9870115. We are grateful to Nick Pritzker and to the orga-
field ¢ continues rolling for a very long time, one may en- nizers of the Pritzker Symposium in Chicago where some of
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