Classical and Quantum Gravity

PAPER You may also like
Modeling cosmological perturbations of thermal Vaiue of the cosmolonical consian

. . Kris Mackewicz and Craig Hogan
Inﬂatlon - Quasinormal mode spectrum of the AdS
black hole with the Robin boundary
condition
Shunichiro Kinoshita, Tomohiro Kozuka,
Keiju Murata et al.

To cite this article: Jeong-Myeong Bae et al 2024 Class. Quantum Grav. 41 015024

- Thin tubes of a massless scalar field as a
possible source of dark energy
Alexander Lelyakov and Stepan Lelyakov

View the article online for updates and enhancements.

This content was downloaded from IP address 193.140.250.119 on 12/02/2024 at 12:37


https://doi.org/10.1088/1361-6382/ad1214
https://iopscience.iop.org/article/10.1088/1361-6382/ad13c2
https://iopscience.iop.org/article/10.1088/1361-6382/ad13c2
https://iopscience.iop.org/article/10.1088/1361-6382/ad1cbe
https://iopscience.iop.org/article/10.1088/1361-6382/ad1cbe
https://iopscience.iop.org/article/10.1088/1361-6382/ad1cbe
https://iopscience.iop.org/article/10.1088/1361-6382/ad1710
https://iopscience.iop.org/article/10.1088/1361-6382/ad1710

I0OP Publishing

Classical and Quantum Gravity

Class. Quantum Grav. 41 (2024) 015024 (17pp) https://doi.org/10.1088/1361-6382/ad 1214

Modeling cosmological perturbations
of thermal inflation

Jeong-Myeong Bae'~®, Sungwook E Hong**
and Heeseung Zoe *"*

I Center for Theoretical Physics, Department of Physics and Astronomy, Seoul
National University, Seoul 08826, Republic of Korea

2 School of Undergraduate Studies, College of Transdisciplinary Studies, DGIST,
Daegu 42988, Republic of Korea

3 Korea Astronomy and Space Science Institute, Daedeok-daero 776, Yuseong-gu,
Daejeon 34055, Republic of Korea

4 Astronomy Campus, University of Science and Technology, Daedeok-daero 776,
Yuseong-gu, Daejeon 34055, Republic of Korea

> Department of Physics, Izmir Institute of Technology, Gulbace, Urla 35430, Izmir,
Turkey

® Department of Physics Education, Pusan National University, Busan 46241,
Republic of Korea

7 Department of Physics Engineering, Istanbul Technical University, Maslak 34469,
Istanbul, Turkey

E-mail: heeseungzoe @iyte.edu.tr

Received 21 June 2023; revised 21 November 2023

Accepted for publication 4 December 2023 @
Published 14 December 2023

CrossMark
Abstract

We consider a simple system consisting of matter, radiation and vacuum com-
ponents to model the impact of thermal inflation on the evolution of primordial
perturbations. The vacuum energy magnifies the primordial modes entering
the horizon before its domination, making them potentially observable, and
the resulting transfer function reflects the phase changes and energy contents.
To determine the transfer function, we follow the curvature perturbation from
well outside the horizon during radiation domination to well outside the hori-
zon during vacuum domination and evaluate it on a constant radiation density
hypersurface, as is appropriate for the case of thermal inflation. The shape of
the transfer function is determined by the ratio of vacuum energy to radiation
at matter-radiation equality, which we denote by v, and has two characteristic
scales, k, and ky, corresponding to the horizon sizes at matter radiation equality
and the beginning of the inflation, respectively. If v < 1, the Universe experi-
ences radiation, matter and vacuum domination eras and the transfer function
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is flat for k < ky, oscillates with amplitude 1/5 for k, < k < k, and oscillates
with amplitude 1 for k > k,. For v > 1, the matter domination era disappears,
and the transfer function reduces to being flat for k < &, and oscillating with
amplitude 1 for k > ky,.

Keywords: inflation, thermal inflation, curvature perturbation,
power spectrum

1. Introduction

Inflation provides a theoretical ground for our understanding of the Universe [1-5]. It makes
the Universe homogeneous, isotropic, and flat and dilutes unwanted or unobserved relics such
as monopoles. It has been constrained by observations of the large-scale structure (LSS) and
cosmic microwave background (CMB) [6]. In supersymmetric cosmology, however, the mod-
uli fields are dangerous to the big bang nucleosynthesis (BBN), if not effectively removed
[7-9]. There have been attempts to solve the moduli problem by arranging low-energy infla-
tion after the primordial inflation [10], but it is tricky to control the moduli density in the
permissible range because the moduli are regenerated after the low-energy inflation.

This moduli problem can be solved by introducing a thermal inflation [11, 12], a brief and
secondary inflationary phase after the primordial inflation, being realized by thermal effects on
flat directions in supersymmetric theories [13—18]. The thermal inflation occurs at the primor-
dial dark period between the end of primordial inflation and BBN. Some mechanisms, includ-
ing reheating/preheating and baryogenesis/leptogenesis, have been suggested for this period.
Thermal inflation scenario has a very different post-inflationary history from the standard scen-
ario and provides new predictions about the primordial dark period.

While there are some prospects from gravitational waves [19-21] and collider physics [22],
it is hard to directly probe these post-inflationary mechanisms in ‘both’ standard and thermal
inflation scenarios by observations up to now. Thermal inflation, however, gives us a better
chance: it magnifies modes that have entered the horizon during the primordial dark period
and becomes sensitive to the physics there. In [23], we studied these effects at scales smaller
than the horizon size at the beginning of thermal inflation. Thermal inflation suppresses the
power spectrum of those modes and hence gives the suppression of CMB p-distortions [24],
the 21 cm hydrogen power spectrum at or before the epoch of reionization, and the formation
of galaxy substructures [25].

In this paper, we consider a system consisting of matter, radiation and vacuum compon-
ents to model the impact of thermal inflation on the evolution of primordial perturbations.
By assuming that the primordial inflation generates cosmological perturbations in a standard
way, we study the growth of the perturbations affected by the secondary thermal inflation.
We demonstrate how the cosmological scenario between the primordial and thermal inflations
affects the power spectrum and possibly leaves observable small-scale features. We consider
the ratio of vacuum energy to radiation at matter-radiation equality as a key parameter for
characterizing the density perturbation, which explains the previous result of [23]. The detail
of moduli dynamics during its domination between the two inflations also impacts the power
spectrum, but it is beyond the scope of the present paper.

This paper is organized as follows. In section 2, we review the thermal inflation scenario and
introduce the setting for the perturbation analysis. In section 3, we examine a simple system
of vacuum energy and radiation to model thermal inflation. In section 4, we study a system
of vacuum energy, radiation, and matter to calculate the curvature perturbations for thermal
inflation analytically. In section 5, we present numerical calculations of the power spectrum
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according to the initial ratio between matter and radiation. In section 6, we summarize the
results and discuss the future work.

2. Review of thermal inflation

In this section, we briefly review the thermal inflation scenario [11, 12] and introduce dens-
ity perturbations as a setting for the next sections (for the details, [23]). Figure 1 shows the
cosmological history with thermal inflation, and the Universe experiences the following four
major phases.

e Primordial inflation: at 7 < t,, the primordial inflation generates the scale-invariant power
spectrum, and unknown post-inflationary era including the reheating process follows.

e Moduli domination: in supersymmetric theories, the moduli mass in vacuum is an order
of the soft supersymmetry breaking scale, i.e. myoq ~ Mg ~ 10° to 10*GeV. At  ~ t,, the
Hubble scale gets H ~ myg, and the moduli start dominating over the Universe. At t > t, or
H < myg, the moduli start oscillating with Planckian amplitude, and the oscillation may be
long-lived to spoil the BBN.

e Thermal inflation: at r =1, thermal inflation begins to resolve the moduli problem.
Thermal inflation is realized by flaton(s) that is trapped by finite temperature potential
induced by radiation in the Universe. The flaton potential is V(¢,T) = Vo + (T —
mégbz) +--- where the thermal coupling o is not small and the flaton mass is mg ~ m;.

For V(l)/ 42105 to 108 GeV, thermal inflation has e-folds N, ~ 10 to 15 and dilute the pre-
existing moduli by Agy ~ 3,

e Flaton domination: as the temperature of the Universe drops, thermal inflation ends until
t ~ 1., and the flaton starts oscillation around its vacuum expectation value ¢yey ~ +/Vo/ me
and dominates over the Universe as a matter phase at ¢ 2 t.. The moduli can be regenerated
after thermal inflation but are diluted further by Agaon ~ €@ due to the flaton decay.

¢ Radiation domination: at 7 ~ #4, flaton decays to yield the standard radiation dominated
Universe, at the temperature Ty ~ 1072 to 10>GeV. The Universe steps into the standard
cosmic history after these radiation domination are recovered.

In summary, three distinct extra eras of thermal inflation—moduli domination, thermal infla-
tion, and flaton domination—are inserted between the primordial inflation and radiation dom-
ination of the standard scenario. Therefore, the cosmological perturbation evolves differently
from the standard inflation scenario.

We introduce four characteristic scales, k., ky, k. and kq, where

ke =a.H, ey

corresponds to the comoving scale of the horizon at the era boundary ¢,. In figure 1, modes with
k < ky, remain outside the horizon throughout the thermal inflation eras and are not affected
by thermal inflation. Modes with ki, < k < k, enter the horizon during moduli domination, and
their growth is modified. Modes with k > k, enter the horizon before moduli domination and
so probe that unknown era. Modes with k > k4 reenter the horizon during flaton domination
and so will be twice modified. Modes with k > k. never exit the horizon throughout thermal
inflation eras.

Now we review the perturbation analysis in [23]. For ¢ < 1, the post-inflationary physics of
the reheating and modulogenesis before the moduli domination is unknown. However, for

fh<<t<t., 2)
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Figure 1. The cosmological history of thermal inflation and four characteristic scales.

k<ky, 3)

we can study the perturbations based on a simple system of moduli matter (m), thermal radi-
ation (r) and vacuum energy (V). The energy density and pressure are

p=pm+p+Vo 4)
1
ngpr—VO, (5)

The scalar part of the metric perturbation is [26]
ds” = (1+24)dA — 2B drdy’ — [(142R)a*(f) 6; +2C 5] dx'd’ . (6)

We describe the perturbations in moduli and radiation by introducing the gauge invariant
variables

H
Ropn =R — p—épm (7N
H
Rop =R — —0p: ®)

T

where Rs,,, is the curvature perturbation on constant moduli density hypersurfaces and R,
is the curvature perturbation on constant radiation density hypersurfaces. We get two coupled
equations for scalar perturbations [23]
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Rspm tH| 24+ ——5= | Rspn — 59" | —— | Rspm
g < p+p+§q2> 3T \ptptie?)

i*pr 1
3 5 2
=———— HRsp,— 9¢°R , 9
p+p+ 24 ( 3 5"‘) ©
- %pr : 1, %pr
R&p,+H 1+4p+p+%q2 Rép,"!_gq 1_7p+p+%q2 Rép,
2pm : 1,
=———— | HRs,, — 9" R , 10
p+p+ 24 ( RAEE 5’”“) 1o

where ¢ = k/a. For t, < t, we have

pr < Pm (11)
and simplify equations (9) and (10) to

.« Pm . 1 2 Pm
Répy +H| 24+ ———= | Rop, — 3 ———— | Rsp, =0 (12)
" ( pm+§q2> o34 (pm+§q2> "
.. . 1
Reop, +HRsp, + ngnm =F (13)
with
Pm - L,
F=-2| —— HRs,, — 4 Rs m) . (14)
(pm + §q2> ( mo3T
With the adiabatic condition
R(Spm = Répr’ (15)
Rspm = Rop, =0 (16)

we solve equations (12) and (13) analytically.

The phase transition of thermal inflation is controlled by the temperature of the radiation
of the Universe. Hence, the curvature perturbation at the end of thermal inflation is equal to
‘Rsp. and gives the power spectrum by

P(k) = Ppyi(k) T* (:b) a7

where Py (k) is the power spectrum of the primordial inflation and

()= |(6) [ s

5 Ocdl v 3 3/2. <k> 0o da
+6(kb)/0 73/0(16(24'53) sin & /V 7&(24—043) . (18)

is the transfer function summarizing the effects of thermal inflation eras on the evolution of
perturbations.

In this paper, we extend the analysis of [23] to ¢ < 7, and k = k, (in contrast to equations (2)
and (3)) by treating the moduli as simple matter, p,, occ a~>. We study equations (9) and (10) in

5
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the limit k > k, in sections 3 and 4. We find numerical solutions for equations (9) and (10) in
section 5 (in comparison with the analytic solution of equation (18) for equations (12) and (13)
in [23]).

3. Perturbation for thermal inflation plus radiation

To model thermal inflation, we first consider the minimal system of radiation and vacuum
p=p+Vo. 19)

The curvature perturbation on uniform radiation density hypersurfaces satisfies

5 4p; : 1, 4p:
R H(1 R = 1— Rsp =0 20
O pr + ( + 2pr+q2> O pr + 311 ( 2pr+q2) S pr ( )

from equation (10) and we take a growing mode initial condition
Rsp. =Ro, Rsp =0 1)

well outside the horizon during radiation domination.
We define the moment when thermal inflation begins, #,, by

a(t) =0, (22)
or,

pe(ty) =Vo . (23)
From the characteristic scale at t = t,

ko = apHy (24)
we introduce new parameters

p=2 (25)

k

A= e (26)
the energy density is parametrized by

p(B)=Vo(1+57), Q7

and equation (20) becomes
&R 1 1 dR. 20232 2
2 3 pr Spr
2(1- _ 1- | Rsp,=0. (28
e T ( 1+64+1+§52>5 g +3(1+/34)< 1+§ﬁ2> oer 28)

Now we study equation (28) on large scale A < 1 (k < kp) and on small scales A > 1 (k> ky)
as follows.

3.1. Large scales \ « 1

For modes that remain outside the horizon, equation (28) reduces to

ERs,, 1\ .dRs, 2N [ dRs, 1
62 d62p +2(2 1+B4>ﬂ dﬂp ~ 3 (ﬂ dﬁp —+ 1+64R5pr) N (29)

6
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which has a solution

2 Bogde [P dpy
Rop =R 1+7A2/ +O0(XY| . (30)
o 3o i+t )e 2140} )

3.2. Small scales \ > 1

For modes that enter the horizon during radiation domination, we solve equation (28) in two
overlapping regimes:

Radiation domination. For 8 < 1, the modes start well outside the horizon during radiation
domination and end well inside the horizon during radiation domination. Equation (28)

reduces to
d*R 2 dR 2 2
2 S pr Spr 202
+ + =X 1— Rsp, =0, 31
KT (H;Azﬂz)ﬁ B 3 5( 1+;A252> o

which has a solution

Rsp, = A1 \)\/5 sin <\/§/\B> — Cos <\/§)\B>]
+ B \)\/gcos (\/?Aﬁ) + sin <\/§)\ﬂ>] . (32)

Matching to the initial condition of equation (21) at 3 < A\~! gives
A1 =Ry, B =0. (33)

Well inside the horizon during radiation domination to vacuum domination. For (>
A~!, the modes start well inside the horizon during radiation domination and end well
outside the horizon during vacuum domination.

Equation (28) reduces to

d*Rs),
a7 +2p a3

dRs, 2\2
3 ‘5”‘+TR5,%:0, (34)

(1+5%)
which has a solution
B
T
3Jo 14

Matching to equation (32) at \™! < 8 < 1 gives
Ay=—-A=—-Ry, Bo=B;=0. (36)

Rsp. = Az cos + B, sin

2 7 1
M/ = —_— .
Gl ]

4. Perturbations for thermal inflation plus radiation and matter

To model the primordial thermal bath, the moduli generated thereby, and thermal inflation, we
consider a system of radiation, matter and vacuum

a, \ 4 a3
p=pr+pm+Vo=po(;) +Po<;) +Vo, (37

7
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Figure 2. The ratios ka/kb and a,/ay as a function of v.

where subscript ‘a’ indicates the moment when the matter energy density surpasses the radi-
ation energy density. We describe the changes of three phases in the thermal inflation scenario
by equation (37). The primordial inflation is followed by radiation-dominated phase, and then
moduli dominates over the Universe leaving a matter phase. Thermal inflation occurs to dilute
the moduli matter and drives a vacuum domination. However, equation (37) could lead to two
phases—radiation and vacuum phases for Vy/p, > 1 as follows.

We introduce a useful parameter

Vo
v=—
Po

which is the ratio of vacuum energy to radiation at matter-radiation equality. The moment
when thermal inflation begins, fy, is found by

i) =0, (39)

(38)

giving
a\* a\’
2() +(> —20=0 (40)
ayp ayp
and
kp 2 ay 2 a, 4 a, 3
@to) () =(2) [(Z) +(2) +o . (41)
k., a, a ay
where
ka = a,H, 42)

and ky, = apH, is already given in equation (24). From equations (40) and (41), the relations
between v, a,/ay, and k, /ky, are fixed by the value of v in figure 2.
For v < 1, equations (40) and (41) produces asymptotic formulae

a, k, 25\ °¢
— ~ (2 — | 43
ab ( U) ? kb (33U> Y ( )

8

Ll
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Figure 3. A diagram showing the evolution of horizon scales for v < 1. The character-
istic scales k, and k;, are shown with the phase evolution.

implying a, < ap and ky, < k,. In this case, we have a radiation phase initially at a < a,,
a matter phase at a, < a < ay, and then a vacuum phase at a > ay, in figure 3. These three
phases mimic the eras after primordial inflation in thermal inflation scenario. In this limit,
equation (37) gives pr(ap) < pm(ap), and it reduces to the case of [23].

For v > 1, equations (40) and (41) produces asymptotic relations

a, 1k, v\ #
implying a, < a, and k, < k,. In this case, we have a radiation phase initially at a < ap which
turns into a vacuum phase at a = ay,. At a = a,, however, equation (37) gives py, + pr < Vo
leaving a vacuum phase. Hence, equation (37) describes only two phases of radiation and
vacuum in figure 4. In this limit, equation (37) gives p;(ap) > pm(an), and it clearly becomes
the case of thermal inflation plus radiation discussed in the previous section.

We take the adiabatic growing mode as the initial condition

R6p,“ = Rﬁp, = R(), (45)
Rspn = Rsp, =0 (46)
well outside the horizon during radiation domination.
We rewrite the equations by introducing new parameters

a
)

(47)

o=

> 8

(48)
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Figure 4. A diagram showing the evolution of horizon scales for v > 1. The character-
istic scales k, and k, are shown with the phase evolution. Note that matter-domination
phase from equation (37) does not exist.

Then equation (10) becomes

d’Rs 1 1+3a dRs
2 Pr 4 Pr
—= 421+ —

P ( 1—|—%a+%f<&2a2 14+ a+vao? “da

240 , , 1 2
— [ 1- R
+< 3 ¢ 1+ a+vat 1+ 3o+ 2202 ops

__é e} angl,m_ 2+U,‘<&2042 ; R
2\ 1+3a+ HUR2a2 dov 3 1+a+vat) "0m|

49)

and equation (9) becomes

3 3
a2d2R5Pm n (3 n = 10& 2+ EOZ ) angpm

da? %a + —ng“ k2?2 14+ a+vat do

24+v 5 5 1 jo
(2t R
( 3 P 1 +a+vat 14 3o+ 2 k202 0m

1 dRs, (240 , , 1
= — - — R .
<1+2a+2*6‘“/<;2a2> [a do ( 3 7% ) \U+a+uat) oo

(50)
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Now we study the asymptotic behaviors of equations (49) and (50) for both v < 1 and v > 1
on large scale k < 1 (k < k,) and on small scales k> 1 (k> k,) as follows.

4.1. Large scales k < 1
We consider the cases of v < 1 and v >> 1 separately in the large scale limit. For

v, (5D
and for the late time

a>1, (52)
Equations (9) and (10) become

1 2,

>R, dRsp,
(a +va4) dagp + 3 (1 +4Uoz3) szp + 3H Rsp,

_3 <1> (ot vat) Bone 220, | (53)

2 %a—‘f— %ﬁzaz do 3

d®Rs 1 3 dRs
2 > "V0Pm 2 Pm
3 _
da? +< +1+gm2a 1+Uoz3>a da

il ! Rop =0 (54)
1+’U0[3 1+%I€20[ dopm — Vs

which have solutions

Rsp, = Acos \/7 / \/éTvé“ -+ Bsin [\/7 / \/5-1-71}54
2
9 [ §"€ . 2 * do Rsp, () —C
+2/ai dfiﬁ: — sin [\/;H/g ] [ pﬁzg ] ) (55)

where «; < 1 is the initial value, and

3
2, [14wvad ¢ ¢ 2 1 +wva?
= D .
+ 51— /0 <1+U§3 dé | +Dy/ =5 (56)

Matching to the initial conditions of equations (45) and (46) at o < k™2 gives
A=TRy, B=0, C=Ry, D=0 57

Rop =C |1

reproducing the result of [23].
For v > 1, we return to the case of thermal inflation plus radiation, and equations (9)
and (10) reduce to equation (20) giving equation (30) as the proper solution.

4.2. Small scales k> 1

We study the cases of v < 1 and v > 1 together in the small scale limit. For modes that enter
the horizon during radiation domination, we solve equations (49) and (50) in two overlapping
regimes:

1
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Radiation domination. For o < min(1,v~ i ), equation (49) becomes

dzp, 2 dR 2+v 2
2 S pr S pr 2 2
« + o + (0% 1-—— | R =0 58
dOz2 (l =+ —26“ &2a2> da 3 " < 1 —+ Lg“ :‘i2012> o ’ ( )

whose solution is given by

/3 2\ . 24w 24v
Rsp = Al 7o <m) sm( 3 na) cos( 3 na)]
/3 2 12+wv . [12+wv
+ By 7o (m) cos( 3 na) +s1n< 3,%04)1 . 59)

Matching to the initial conditions of equations (45) and (46) at @ < min (/{’1 , n’lv’%)

gives
A1 =Ry, B1=0. (60)

Well inside the horizon during radiation domination to vacuum domination. For o>

min(x~", k=10 2), equation (49) becomes
d2R5 . 1 dRs . 24w
(1+a+va4) dozzp —1—5(1—}—41)0[3)?:4— 3 anlgm:O, 61)

whose solution is given by

B 24+v [¢ d¢
R@,—Azcos( 3 H/o 1+€+U€4>
) 24w * d¢
+ B;sin <\/ 3 /1/0 1+§+v§4> ) (62)

Matching to equation (59) at min(x~', k™0™ 1) < a < min(1,0™4) gives
Ay=—-A1=-Ry , Bo=B;=0. (63)

For v > 1, we can show that equation (62) becomes equation (35) by using the relation
of equation (43).

In the next section, we construct the asymptotic forms of transfer function from the prim-
ordial inflationary to thermal inflation power spectrum by using the results of equations (30)
and (62) for v > 1 and equations (55) and (62) for v < 1 to study the numerical solution of
equations (49) and (50) for various values of v.

5. Transfer functions

We take the adiabatic condition to calculate the density perturbation in equations (45) and (46).
The effects of thermal inflation is summarized by the curvature perturbation on the radiation
density hypersurfaces Rs,, as

_— R5P|~ (k7 OO)

T(k)= Rop(k,0) °

(64)
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Figure 5. Transfer functions of the thermal inflation scenarios with various values of v
as a function of k/ky.

For thermal inflation and radiation, we find the asymptotic form of the transfer function from
equations (30) and (35). On large scale, it is almost scale-invariant and has slight enhancement
at k ~ ky,

£\ 2
T (k) k<ky 1+ po (k) ) (65)
b
where
e’} 2 [e7e]
§°d¢ dn
m:/‘ ~0.2393 . (66)
0o V1+&Je n2/1+n

On small scales, it is sinusoidal with an amplitude of unity,
k
7Tk)£2ﬁ%——cos[u1<k>} , (67)
b
where

l 2
B _TG) ~1.5139. (68)

2 o0
‘“_\ﬁ/o VIt 2/6r

For thermal inflation, radiation and matter, the transfer function for v < 1 becomes

rw=es| (8) | veies
() () w0 e

from equation (55), which is exactly the same form of [23].

(69)

13
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Figure 6. Transfer functions of the thermal inflation scenarios with various values of
v < 1 as a function of k/k,.

On large scales that remain outside the horizon, the transfer function goes to

K\ 2
T(k)—>1+z/0<k—> , (70)
b
where
3
S a 3 27/3.:3/2
= d = ~0.3622 . 71
v /0 a(2+a3> 3P2T ()1 (3) o

On smaller scales that enter the horizon during matter domination, ky, < k < k,, the transfer
function goes to

1 k
T (k) — —5cos {yl (E)] , (72)

where

n(l
F(6)T(3) ~2.2258 . (73)

. _/°° da ~ I'(5
o Va@2+ad) 2133w

On much smaller scales that enter the horizon during radiation domination, k> k,,
equation (62) gives the transfer function as

24v (kY| _ —COS[V1(£>:| forv <1
’”"H‘“’S[”’(”) ; (?)1— ceosfw(B)] porvs1

&'

where

N

2%V1U—%—2+O(u ) forv < 1

o do
T0(v) = —— ; L , . (75)
0o Vid+a+va \/;MIU—Z—ZU—i —|—(’)<—v1) forv>1
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The transfer functions are plotted with k/ky in figure 5, and they are consistent with the
asymptotic forms of equations (65), (70), (72) and (74). In figure 6, the transfer functions for
v < 1 are plotted with k/k,, and we can find the envelop of the amplitude of transfer functions

1.093
0.2+0.396 (kk) 02, ky<k<k
Tenv (k) = k‘ oo — 40427, k~k, . (76)
1+0.396(k:) 1 k< k

Note that the oscillating part with the amplitude of 0.2 can be found only for v < 1. Atk ~ k,,
the envelop is more precisely approximated by

k
Tenw (k) —> 0.427 4 0.42210g,, (k) : (77)
a

6. Conclusion

In this paper, we model density perturbations for thermal inflation by considering a multi-
component system of radiation, matter and vacuum energy p = p; + pm + Vo. The transfer
function converting the primordial power spectrum to the model prediction is calculated by
tracing the linear evolution of their curvature perturbations in figures 5 and 6. The value of
v = Vy/po is a key parameter governing the shape of transfer functions. v adjusts the relative
ratio between matter and radiation energy densities at the beginning of the second (thermal)
inflation. The system equivalently reduces to the case of [23] for v — 0 and to the case of
vacuum and radiation for v — oo.

For v < 1.5 (see figure 2), we considered the following three kinds of modes: first, the
largest modes with k < k;, are always beyond the horizon and their curvature perturbation also
remains constant leaving 7 ~ 1. Second, the intermediate modes with k, < k < k, come into
the horizon during moduli matter domination and exit the horizon during thermal inflation. For
these modes, perturbations are enhanced by 7 ~ 1.3622 at k ~ ky, and suppressed by |7 | — %
on smaller scales k > k. Third, the smallest modes with k > k, enter the horizon during radi-
ation domination and exit during thermal inflation. These modes are inside the horizon at radi-
ation domination before the moduli domination and so behave oscillating with the amplitude
[T|— 1.

For v > 1, the matter component is negligible compared to the radiation at the beginning
of thermal inflation. The transfer function is constant on large scales k < k;,, enhanced as 7 ~
1.2393 at k ~ ky, and then have sinusoidal oscillations with an amplitude of unity at k > k.

Note that the characteristic scale &, is estimated by

2
ko = 10 Mpe—! (& N ) (5 (78)
b= P eV 107 GeV GeV

where N is the e-folds during thermal inflation, the vacuum energy for thermal inflation is

10°GeV < Vé < 10''GeV, and the reheating temperature for the radiation domination is
1072GeV < Ty < 10°GeV in [23, 25], and k, /ky < 10 if 107% < v < 10* in figure 2. Hence,
the changes in the transfer functions according to the value of v could be explored by small-
scale observations including CMB spectral distortions [24], the substructure of galaxies [25,
27,28], and the 21 cm hydrogen line [25, 29]. Our results can be applied to the calculation for
the density perturbations in multiple inflation scenarios [28, 30, 31].
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In this work, we assume the moduli is a simple matter approximated by pn, o< a=3 as a

baseline model of thermal inflation. The moduli field oscillates around the minimum affecting
perturbations during its generation and domination, but its detailed dynamics could not be cap-
tured in our assumption. We leave full consideration of moduli dynamics and its observational
implications as a future work.
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