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Abstract

We present a new general mechanism for generating curvature perturbations
after inflation. Our model is based on the simple assumption that a field that
starts to oscillate after inflation has a potential characterized by an underlying
global symmetry that is slightly or badly broken. Inhomogeneous preheating occurs
due to the oscillation with the broken symmetry. Unlike the traditional curvaton
model, we will not identify the curvaton with the oscillating field. The curvaton is
identified with the preheat field that could be either a scalar, vector, or fermionic
field. We introduce an explicit mass term for the curvaton, which is important for
later evolution and the decay. Our present model represents the simplest example

of the hybrid of the curvatons and inhomogeneous preheating.
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1 Introduction

The traditional inflationary scenario is based on the assumption that the primordial
curvature perturbation is generated by the fluctuation of the inflaton field, which leads to
constraints on the traditional inflaton potential, as it is responsible for both the sufficient
amount of expansion of the Universe and the generation of the curvature perturbations.
Although this traditional scenario looks very simple and perhaps quite convincing, the
traditional scenario sometimes requires serious fine-tunings, especially in low-scale infla-
tionary models[1]. For example, the spectrum of the primordial curvature perturbation

for the traditional scenario is given by [2]
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= 1.1
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where €; denotes the conventional slow-roll parameter. Obviously, fine tuning for the slow-
roll parameter €; will be required for small inflationary scale. Since low-scale inflation
will be very important if some gravitational effect is observed in LHC, alternatives to the
traditional scenario may be desired in the near futureH Recently, many alternatives to the
traditional inflation have been discussed by many authors[6, [8, O] 10 1], T2 13, 14 [15]
In these alternatives the generation of the curvature perturbation is induced by the late-
time conversion mechanism that characterizes the scenario. In these models both the
“seed” isocurvature fluctuation is generated along with exit horizon during primordial
inflation. Then the seed fluctuation is converted into curvature perturbation by the late-
time mechanism. In these alternatives, and since the generation and the horizon exit of
the seed fluctuations occurs during the primordial inflation, the typical length-scale is
very large even though the conversion occurs very late in the scenario.

Based on recent progress in these “alternatives”, in the present paper we will consider

the case where the oscillation that is associated with preheating has a potential charac-

terized by broken global symmetry. In Sec.2 we will discuss inhomogeneous preheating

20f course there are many other problems in low-scale inflation that are related to other cosmological
issues. We think the most significant condition appears from baryogenesis[3, [, [5] in case the electro-weak

baryogenesis fails.
3The original curvaton is not suitable for low-scale inflation because of the strict lower bound for the

Hubble parameter[7]. A solution to this problem is discussed by us in the first reference in Ref. [§].

Hybrid curvaton is an another solution to this problem.



with slightly broken symmetryH The oscillating field may or may not be related to the
chaotic-type inflaton field. Inhomogeneous preheating with the same potential has been
studied in Ref. [I3] from a different viewpoint. Namely, the authors of Ref. [13] assumed
that the preheat field decays instantly into light ﬁelds The potential with broken global
symmetry would be very natural, and also preheating would be very common if a field
with an interaction starts to oscillate after inflation. Since our aim in this paper is to
propose a simple and natural realization of the hybrid of the curvatons and inhomoge-
neous preheating, we will consider hybrid curvatons that work with the oscillating field
accompanied by preheating, and whose potential is characterized by broken global sym-
metry. We will also consider late-time oscillation that induces production of the hybrid
curvatons. Some variants will be discussed in the last section.

In the original scenario of the curvatons, an oscillating field (this field is identified with
the curvaton in the original curvaton model) starts to dominate the energy density of the
Universe because the ratio of the oscillating field to the total energy density increases dur-
ing the radiation-dominated era. Then the curvatons decay to generate the cosmological
perturbations. In the present paper we will consider a hybrid version of the original cur-
vaton model, in which (unlike the traditional curvaton model) the curvaton is “not” the
oscillating field. Instead of considering curvaton oscillation, we will consider generation of
massive curvatons through preheating. In order to generate the initial perturbation of the
curvaton number density, we will consider inhomogeneous preheating induced by a po-
tential characterized by broken symmetry. In this case the “light field” that is associated
with the primordial isocurvature perturbation is identified with the equipotential surface
of the potential, which is of course not in any sense the curvatons. One might think that
this scenario is not the curvatons from the viewpoint of the original discussions. However,
we have already considered the basic idea in Ref. [16] where the fluctuating nucleation

rate induces the fluctuation of the number density of the “topological curvatons”. We

40ne other important idea called “inhomogeneous reheating” has been discussed by many authors[1T]

10, T2]. Note that preheating is supposed to occur prior to reheating.
5Although the instant decay is not considered in this paper, it will be important to explain how this

mechanism works in Ref. [I3] and why we consider curvatons[6, [8, [[6] with the same potential. See the
appendix for more details and the constraints that appear for the instant-decay scenario. Note also that

the authors of Ref. [I3] assumed slightly broken symmetry(z < 1).



have also discussed another variation in Ref. [I7]. We hope there is no further confusion
in the name.

Summarizing the difference between the traditional curvaton model and the hybrid
version, the crucial difference is that in the original curvaton scenario the primordial
isocurvature perturbation is generated for the scalar-field curvatons, while in the hybrid
version the primordial perturbation does not appear for the curvatons. In the hybrid
model, the fluctuation related to other light scalar ﬁeldg is converted into the fluctuation
of the curvaton number density after inflation. The conversion is induced by the preheat-
ing, and the preheat field is the curvaton, which could be a scalar, vector or fermionic
field.

We will define a dimensionless parameter € which measures the ratio between the
energy stored in the oscillating field and the total energy density of the Universe. This
parameter is almost unity if the oscillating field is the chaotic-type inflaton field, while
it will be very small if one considers late-time oscillation. What we will consider in
this paper is the oscillation and preheating with 0 < € < 1. € ~ 1 corresponds to the
preheating induced by the oscillation of the chaotic-type inflaton, while € < 1 is possible

if the oscillating field is not associated with inflaton.

2 Slightly broken symmetry (z < 1)

The basic idea for generating the fluctuation of the preheat-field number density is not
so different from the one discussed in Ref. [13], which is given in the appendix of this
paper. However, as we are considering long-lived curvatons as the preheat field, there
is an obvious discrepancy between the instant decay scenario[I3], [14) [15] and the hybrid

curvatons. The potential we will consider for the hybrid curvatons is

2 2
Voo =2 @+ 2] (2.1

where the dimensionless parameter x is a measure of the symmetry breaking. Due to
the oscillation of the scalar field ¢ = ¢ + i¢o, the curvaton x is produced at the ESP
through preheating if there is an interaction given by £ = —% *|o*x*. In the instant-

decay scenario[I13], the explicit mass term of the preheat field was not important since the

6This field is identified with the #-direction in the model with slightly broken symmetry.
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preheat field decays instantly when ¢ reaches the critical value, where the effective mass
of the preheat field is dominated by the huge value of ¢. However, in the present scenario

we will not assume an instant-decay scenario. Instead, we will introduce an explicit mass

term L = —%

bare

. )2x? for the curvaton y, which becomes important when we discuss

(m
the late-time decay of the curvaton. Then the comoving number density of the preheat
field x produced at the first scattering is given by
a _ (gleD¥? [ wg(ml + |6.)
7LXj = -——ZEE;;SE;—— exXp - s
[on

where % denotes the minimum of the potential along its trajectory. The explicit form of

(2.2)

¢, and gb* are given in the appendix. We will consider the primordial perturbation given

by 66y, which leads to the fluctuation

0| b ] 2 cos 26, 9
_ _ 2.
6] 20, 06y — (86p) (2.3)
5”5 |‘ = —x [Adby + B(06y)?] (2.4)
where A, B are defined by
sin 26, sin 26,
A = ~ O 2.5
2(1 — 2 sin’ ) ;- tow (2:5)
4(1 — wsin®6) cos 20y + xsin® 20, cos 26,
B = ~ O(x). 2.6
8(1 — wsin’ f)? 2 +0() (2.6)

Then the fluctuation of the preheat-field number density is

T (3 el 316, _ 2mgl0.? 8o

Ny 2 [EX || A —E
~ s (g + 0(:52)) (466, + B(560)?] — (O(a2)) 2;:178229?590 — (560)?
~ _3; (466, + B(56,)%] + O(a?). (2.7)

In the instant-decay scenario, the preheat field decays instantaneously when ¢ reaches
its maximum value just after the first scattering. Then, assuming that the cosmological
perturbation is generated by the instant decay, the decay products must nearly dominate
the energy of the Universe. This requirement puts a crucial bound on the dimensionless
parameter €. Since the energy density of the preheat field is bounded above by the energy

of the oscillating field, the requirement for the preheat-field domination leads to € ~ 1.
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The condition € ~ 1 suggests that the oscillating field must be the inflaton of chaotic
inflation, which finally leads to the bounds that we have obtained in the appendix. On
the other hand, ¢ < 1 is acceptable for the curvatons since the ratio of the curvaton to
the total energy density will grow during the radiation-dominated era.

In the hybrid curvaton model, the condition from the COBE normalization is given

by
3x sin 26,
4

which comes from Eq.(27). Here we will introduce a new parameter ¢,s. which denotes

} 860y ~ 1077, (2.8)

the initial value of the oscillating field at the time when the oscillation starts. Note that
Gosc ~ M, in the instant-decay scenario while ¢,,c < M, is allowed in the curvaton
scenario. The fluctuation 06y is determined by the value ¢; during horizon exit and
the Hubble parameter H; during inflation, and is given by 66y ~ H;/2w¢;. This value
becomes 06y ~ H;/20mM, in the instant-decay scenario. On the other hand, in the
curvaton scenario it is possible to have either ¢; > (s OF ¢ K @ose Since ¢ is not
necessarily the inflaton. Moreover, 6y may evolve after the inflationary stage until the
time when the curvaton is generated through preheating. Hence, the fluctuation 66, is
not a parameter that is completely determined by the inflationary model.

As we are considering long-lived curvatons, we cannot disregard the confining potential
that is induced as the backreaction of the preheat field, and also the fluctuations that may
be induced at the second and the third scatterings. After the first scattering that we have
discussed above, the scatterings occur successively where the number densities are given
by

n) ™ = blnd. (2.9)

Here the coefficient b is given by
bl =14 2e™ — 2sin0le ™21 + e~ (2.10)

where 12 = (k2 + (m<//)?)/g|¢| and 67 is a relative phase. Of course we cannot disregard
the fluctuations coming from 5bi, although it will be very difficult to say which scattering
induces the most significant effect on the fluctuation. In Fig.1 we show an obvious example
adding an effective mass mif F = mi’(‘”‘e + g¢, where it will be very difficult to examine

the generic properties of the later scatterings. Instead of solving the process that is

6



Massless Point (MP) ! Orbit for x50
o 2

Ing)(a are /g\ L

Orbit for x=0 .~

Figure 1: Including mfc‘“"e # 0, the massless point (MP) where preheat field becomes

massless is shifted from the ESP. Because of the shift denoted by ml;(‘f[e, the minimum

bare

value of the preheat-field mass is given by [m,| = g¢. +m7*.

not essential for the argument, we will simply assume that the first scattering gives the
dominant contribution to the fluctuation. Note that even if the later scattering happens
to generate a comparable magnitude of fluctuation, the basic form of the result will not
be altered very much.

Initially the curvaton energy density is p. = mni ~ (g8)(gd)*?/(27)* < (¢.)? =

2 42

m osc)

while the total energy density of the Universe is por ~ HZ, .M} ~ m?M?, thus

osc

we obtain the initial ratio of the energy density r = pe/pror < ¢2,./M,, which equation
is similar to that found in the conventional curvatons. The late-time evolution of the
dimensionless parameter 7 is also the same as the conventional curvatons, but p, evolves
as p, o< a”*[18] until m;‘"e dominates m,. The only and the crucial difference appears

from the condition coming from the observed curvature perturbation. In the conventional



curvatons, this condition is given by

H
,Pg’\’rl

~ ~ 1077 2.11
o , (2.11)

where o,,. denotes the value of the curvaton o at the onset of the oscillation. This
condition does not appear in our hybrid-type curvaton model, since in our model the
fluctuation of the curvaton number density is “not” related to the primordial isocurvature
perturbation that might be generated for the curvaton y, but is related to the parameter
00y of the oscillating field ¢. Of course the oscillating field ¢ is not the curvaton. In the
conventional curvaton model, the decay rate of the curvaton is supposed to be not much
smaller than T' ~ m?/M,, thus the mass of the oscillating potential (m) puts a lower
bound on the decay temperature T;. The bound from the decay temperature is of course
important in the present model. However, unlike the conventional curvatons, the decay
rate of the hybrid-type curvaton is not determined by the mass m of the oscillating field,
but is determined by m, and it’s coupling g4 to light field. Therefore, in the hybrid-type
curvaton the mass of the oscillating field(m) that determines the initial value of the total
energy density through H,s. >~ m is not relevant to the decay temperature Ty, which
removes one of the most important conditions in the conventional curvatons.

In the hybrid-type scenario, difficulty may appear from the condition related to the
dimensionless parameter x. From Eq.(A9]) in the appendix, the condition needed for

successful preheating is

2 m
< — 2.12
g¢osc SiIl2 290 ( )
From Eq.(2.8), we can see the condition for the curvature perturbation
4 107°
(2.13)

T 35 20, 66y

Finally, the non-Gaussian condition fy; < 100 is given by

1 cos 26,
> . 2.14
* 7700 <sin2 290> (2.14)

From Eq.([2I2) and Eq.([2I3]), we obtain

560 > 1077 | 900 (2.15)
m




From Eq.(2.14) and Eq.(213]) we obtain

sin 26,

560y < 1072, (2.16)

cos 26,

Combining the last condition and Eq.(2.15]), we find the condition for the ratio ¢ys./m,

. 2 4
Pose _ <Sm29°) 10 (2.17)

m cos 26, g

Besides the above conditions, the ratio r at the decay is bounded from above according

\/777%( gm¢osc 3/2 \/7(26050 (218)

m2M2(27)? T, M2

which is the usual condition that appears for the conventional curvatons. Since the

which is given by

to

curvaton decay rate I'y will be at least of order mi’( /MI?, there is a lower bound for

T, given by
3/2
m
Ty~ TM, > —. (2.19)
My
These conditions lead to
3/243/2 3/2 in 20 3
P(Ty) <102 x 00 gty T il (2.20)
Mp mg)care ml}){m‘eMp COS 290

where we assumed that the curvaton decays when mi’fre dominates m,. Therefore, our
conclusion in this section is that one can expect r(Ty) ~ 1 and the generation of the
curvature perturbation from the hybrid-type curvaton.lj

In the next section we would like to see what happens in the opposite limit of the

broken symmetry, which is denoted by z > 1.

3 Badly broken symmetry (z > 1)

In the previous section we considered the hybrid-type curvaton that is generated through
inhomogeneous preheating with the potential with z < 1. Alternatively, one may consider
the opposite limit > 1, where the scalar ¢5 becomes very light compared with ¢,. Then,

the oscillation will be induced solely by the “massive” field ¢, while the fluctuation is

7 Alternatively, one may consider that the model helps to generate smaller-scale perturbations that

could be highly non-Gaussian. This is an another possibility but it will not be discussed in this paper.



dominantly induced by the “light” field ¢9. In this limit, the two roles (oscillation and
fluctuation) of the field ¢ are distributed to the components ¢; and ¢y, which should be
considered as independent fields. In this section the value of the dimensionless parameter
is supposed to be about x ~ 100

In the limit x > 1, we cannot use the O(x) expansion that was used in Eq.(2.7]).
In this limit the spectrum of the perturbations is given by H;/2m for both d¢; and d¢s,
while 8¢, and d¢» are given by mH; /2w and 0, respectively. Then at the minimum of the
trajectory, we obtain |gz5*| >~ MP1 ose aNd |Pi| = Pgose. Therefore, the fluctuation of the

number density is given by

oy <§+wg|¢*|2) 06, _ 2mglo.|* 6.

<§ 7T9|¢2,osc\2) 2091 _ 21g|Pa.0sel> I

N 2 ‘m¢1,osc| ‘¢1,osc‘ ‘m¢1,osc| ‘¢2,osc‘
~ 35¢1 N 27Tg‘¢2,osc|5¢2 (3 1)
B |¢1,osc| m|¢1,osc| ’ '

where we assumed ¢ o5 K @1,0sc. We will disregard the first term assuming that m is
comparably smaller than |¢s ,s.|. Then, the required condition for the COBE normaliza-

tion is
gH;
m

¢2,osc
¢1,osc

Note that in the scenario with slightly broken symmetry, the second term that is pro-

~107°. (3.2)

portional to d¢, was negligible; while in the present case the second term dominates the
fluctuation. Because of the exponential factor in the form of n,, the required condition

for the successful preheating is

7T.g|¢2 osc|2
— < 1. 3.3
m|¢l,osc| ( )
From Eq.([32) and (3.3]), we find
7T‘¢2 osc‘ 5
— < 10°. 3.4
= (3.4)

The non-Gaussian parameter fyr is of course different from the xr < 1 case, since in
the present case the term proportional to d¢s will dominate the fluctuation. Since the

expression for dn, /n, up to the second order is given by

5nX ~ _27rg|¢2,osc|6¢2 _1 <27Tg _ 4W292|¢2,osc
" -] 2 \ |l |62

8Note that an extremely light scalar field will induce another cosmological problem to the theory.

'2) (56n00)?. (35)
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the non-Gaussian parameter is

- 3‘¢*‘ 3m‘¢17086‘

3 3
— = ~ — -~ . 3.6
5 Trgltnen 2 Tnglgond? (36)
Therefore, the condition |fyz| < 100 is expressed as
L'%’“L < 102 (3.7)
79‘¢2,080|
Combined with Eq.(3.2]), we obtain
77-‘ ¢2 osc‘
10° < —222, 3.8
“ (38)
As a result, we find the initial condition for the light field ¢, as
7T| ¢2 osc| 5
10° < —22% < 10°. 3.9
e (39)
As in the slightly broken case, the ratio r at the decay is bounded from above by
3/2 43/2
r(Ty) < 1072 x I s (3.10)
Mp mg)(are

which leads to the initial condition (g¢1,esc)® > 10*M2mb¢. Therefore, generation of the

curvature perturbation from the hybrid-type curvaton is possible for x > 1.

4 Conclusions and Discussions

In this paper we have considered inhomogeneous preheating that is characterized by
a potential with broken symmetry, and looked to see if this could be used to generate
curvatons. As we have shown in this paper, this simple realization of the hybrid of the
two seemingly different ideas is successful.

To complement the discussion, we will summarize the situation in this paper and
compare it with other extended models. First, there is the possibility that the preheat
field decays instantaneously after preheating. This is the so-called instant preheating
scenario[19] which has been used to generate the cosmological perturbations in Ref. [13]
for © < 1, and in Ref. [14, [15] for x > 1. Instead of considering the instant decay,
we considered in this paper a long-lived curvaton generation. Combined with the curva-
tons, the inhomogeneous preheating scenario opens another possibility for generating the

cosmological perturbations from late-time oscillation.
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We used two scalar fields ¢; and ¢o. Our model is characterized by the ¢o-potential,

which is shown in Fig.2 and Fig.3.
V(1) V(é2)

o1 P2

Figure 2: This figure shows the potential for slightly broken symmetry (r < 1). ¢; and

o9 start to oscillate at the same time.

V(¢ 1) V(42)

/Q/

d1 ¢z

Figure 3: This figure shows the potential for badly broken symmetry (z > 1). ¢; oscillates

to induce preheating, while ¢, induces m,-perturbation to the preheating.

Let us explain what happens using the potential depicted in Fig.4. Besides the hybrid
curvatons we considered in this paper, one may consider an alternative to the curvatons.
Namely, trapped inflation is realized by the ¢o-potential that is depicted in Fig.4, which
has a potential similar to thermal inflation. Instead of considering thermal trapping, we
considered in Ref. [20] the trapping induced by the preheat field. This scenario is based
on the trapped inflation[21] that has originally been discussed with string model, but the
situation discussed in Ref. [20] is rather different from the original string model.

Finally, we will comment on the possibility that ¢, may have quintessential potential,
which is shown in Fig.5. This model has been discussed previously by us in Ref. [17]. We

showed that the curvaton scenario is successful in this model. Moreover, this model can

12



V(1) V(¢2)

o2
——e

d1

Figure 4: This figure shows the potential for a trapped inflationary model that has been
discussed in Ref. [20]. In this case the primordial isocurvature perturbation d¢y is con-
verted into on, through the inhomogeneous preheating, which leads to the fluctuation
of the number of e-foldings dN.. See Ref. [9] for more details of the mechanism for

generating the curvature perturbation at the end of inflation.

be regarded as the hybrid of chaotic-type inflation and quintessential inflation connected

at the ESP.
V(¢ 1) V(¢ 2

yZs
d2

1

Figure 5: This picture shows the potential for hybrid-type quintessential inflaton that has
been discussed in Ref. [17].

Now we would like to summarize the motivation and the results obtained in these
successive approaches. In these seemingly different models we considered hybrids of inho-
mogeneous preheating and other cosmological scenarios (such as curvatons, trapped and
quintessential inflation) to obtain new alternatives to the traditional inflationary scenario.
We know that preheating is a common phenomenon that is expected to occur at the end
of inflation, or when a field starts to oscillate at a later epoch. It is also very natural

to expect that the potential is characterized by broken symmetry. Motivated by these

13



observations, we considered in this paper the inhomogeneous preheating characterized by
broken symmetry. For the instant-decay scenario, generation of the perturbations has
been discussed in Ref. [I3], 14} 15]. Our present model is different from these scenarios,

as we considered in this paper the late-decay curvatons.
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A Instant-decay scenario with slightly broken sym-
metry

In this appendix we will explain how the fluctuation related to the number density of the
preheat field is generated from the oscillation using the potential characterized by slightly
broken symmetry. Although what we will explain here has already been discussed in
Ref. [13], we think it is important to review the issue from the viewpoint of applying the
inhomogeneous preheating to the curvaton generation. It is also important to examine the
required condition in the original model and explain how it could be removed or relaxed
in the hybrid model.

Here we will consider the potential of the scalar field described by 2 degrees of freedom

(¢1 and ¢»)

2 2
Voo =5 [+ 5] (A1)

where x represents a measure of the symmetry breaking. Since we are considering slightly
broken symmetry x < 1, it would be useful to introduce a complex field ¢ that is defined

as
¢ =1+ ¢g = |¢|e”. (A.2)

The oscillation of the scalar field ¢ will induce preheating for the preheat field y if there

is interaction given by £ = —1¢?|¢[*x*. In the original scenario the preheat field was

14



assumed to have a negligible mass term, m;‘"e o~ OH Although the bare mass is negligible,
there is the effective mass m,(¢) that depends on the time-dependent value of ¢. Since
the preheat field becomes massless near the enhanced symmetric point (ESP) at |¢| = 0,
x will be generated near the ESP. Then the comoving number density of the preheat field
x produced at the first scattering is given by

) _ (gl6.)*2 exp {‘Wﬂfﬂ | (A3)

X (27r)3
where x denotes the value when the oscillating field reaches the minimum of the potential

along its trajectory. Expressing the initial conditions as |¢o| and 6, these values are given

by

|po| T
|04 ENA
6] =~ m|go|v/1 — zsin? 6. (A.5)

| sin 26, | (A.4)

Considering the primordial perturbation §6y, one obtains

O|lgs]  2cos26y

~ 5600 — (66,)? (A.6)
| x| sin 26,
ol = [sin 26456 20, (56,)? AT
\¢\ ~ —5 [sin20 o + cos 26y ( 0)}. (A.7)

Then the fluctuation that could be induced for the number density of the preheat field is
given by

5& ~ —%Tx [sin 290590 ~+ cos 290(590)2} . (A8)

Tox
where we did not consider terms proportional to 22, since they are very small in the limit

x < 1. Because of the exponential factor appearing in the form of n,, the condition that

is needed for successful preheating is

mglg.> _ mg(pox sin 26)
EA . Mmoo

<1, (A.9)

which suggests that 22 < m/(g|¢o|sin®26). Since in the original scenario ¢ is assumed

to be the inflaton of a chaotic-type inflationary model, there is an upper bound for m

9Please note that this is not true in our hybrid curvaton model.
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(m < 103GeV), so that the traditional perturbation generated by the inflaton does not

dominate the primordial perturbation. As a result, x must satisfy the condition
2? <107°g  sin "2 20 (A.10)

for ¢y >~ M,. Moreover, if the cosmological perturbation is generated by the inhomoge-

neous preheating, there is the condition

32 sin 20
lif Slf 0} 5600 ~ 1075, (A.11)
which leads to
4
~107°—— A.12
v (3 sin 2600)06, (A.12)

Besides the above condition, there is another condition coming from the non-Gaussian

parameter fy7 < 100, which is

cos 26,
> 0.0l ————. A13
* sin? 26, ( )
In order to satisfy Eq.(A.10) and (A.13]), the coupling constant must satisfy the condition
fr sin 26 ’
<1070 [ INEEE TR Al4
g ( cos 26, ’ ( )

where fx7 denotes the upper bound for fyr. According to the original analysis[19], the
ratio of the energy density of the preheat field to the energy density of the inflaton field

5/2

will be ry = z—z ~ 2¢°/#, which suggests

. 5
in 26
ro < 10725/ (W) : (A.15)

cos 26,

while r¢ ~ 1 is required if the cosmological perturbation is supposed to be generated by
the preheat field.

Besides the above example which is characterized by z < 1, we considered in Ref.
[14, 15] a new model that is characterized by x > 1, where the lighter field ¢, is almost
independent of the oscillating field.

Unlike the model discussed in Ref. [13],[14] [15] in which the preheat field is assumed to
decay instantly after preheating, we will “not” assume in this paper that the preheating

is accompanied by instant decay. We will assume that the decay rate of the preheat

16



field is rather small so that the preheat field decays late. A small decay rate is due to
small couplings to light fields. This gives a complementary scenario for the instant decay
scenario. Assuming that ¢ starts to roll when m ~ H, the required condition for the

stability of the preheat field at the maximum value of the oscillating field is

gixg< (A.16)

m

Prmaz’

where we assumed that the decay rate is given by T'y = g3 X ¢®maz, Where dpaz (Omar <K
¢osc) denotes the maximum value of the oscillating field after the first scattering Since
the preheat field does not decay instantaneously after preheating, it evolves like a massive
matter field when it has a bare mass term. Since the ratio of the massive matter to
the radiation energy density increases during the radiation-dominated era, we do not
have to assume that the density of the preheat field dominates the Universe just after
preheating. This removes the condition g ~ 1. As a result, the oscillating field that
induces preheating is not necessarily the inflaton. Remember that in the Affleck-dine
mechanism the late-time oscillation induced by a light scalar field plays an important role
in generating the baryon asymmetry of the Universe. We showed that the generation of

the perturbed curvaton is possible even if the inhomogeneous preheating is induced by

late-time oscillation.
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