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Abstract

Thermal inflation driven by a scalar field called “flaton” is a possible scenario to solve
the cosmological moduli problem. We study a model of thermal inflation with a flaton
chemical potential. In the presence of the chemical potential, a negative mass squared
of the flaton, which is necessary to terminate the thermal inflation, is naturally induced.
We identify the allowed parameter region for the chemical potential (u) and the flaton
self-coupling constant to solve the cosmological moduli problem and satisfy theoretical
consistencies. In general, the chemical potential is a free parameter and it can be taken to
be much larger than the typical scale of soft supersymmetry breaking parameters of O(1)
TeV. For 1 > 108 GeV, we find that the reheating temperature after the thermal inflation
can be high enough for the thermal leptogenesis scenario to be operative. This is in sharp
contrast to the standard thermal inflation scenario, in which the reheating temperature is
quite low and a special mechanism is necessary for generating sufficient amount of baryon

asymmetry in the Universe after thermal inflation.
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1 Introduction

The exponentially accelerated expansion of spacetime in the early period of the Universe is
well-established as the cosmic inflation scenario [1, 2, 3, 4, 5|. The primordial inflation solves
the flatness and the horizon problems in the Standard Big-Bang cosmology. On the other hand,
supersymmetry (SUSY) is believed to play an important role in the study of elementary parti-
cles especially in the early stage of the Universe. It is known that the inflation scenarios in the
supersymmetric epoch exhibit various problems. Among other things, the relatively high re-
heating temperature after the primordial inflation causes the overproduction of gravitino. Late
time decay of gravitino after the Big-Bang Nucleosynthesis deconstruct successfully synthesized
light elements. This is known as the gravitino problem [6, 7, 8]. One resolution to the gravitino
problem is achieved by a low reheating temperature Try < 10677 GeV [9, 10].

There is also a serious cosmological problem in the early Universe, known as the cosmological
moduli problem [11, 12, 13]. The four-dimensional spacetime may be realized in superstring
theories, which typically predict massless scalar excitations, i.e., moduli fields. Since the moduli
fields only have Planck suppressed interactions, the energy density of the Universe is dominated
by the moduli fields before they decay. If the moduli decay cannot reheat the Universe high
enough Try = 1 MeV, the present Universe cannot be realized. This is the cosmological
moduli problem. This problem is intractable in the primordial inflation scenario since the
moduli particles are produced abundantly even in the low reheating temperature.

In order to solve the moduli problem, a short period of the secondary inflation with O(10)
e-foldings after the primordial inflation has been proposed [14, 15]. By this second inflation, the
number density of the moduli particles is diluted away and their energy density never dominate
the Universe. Since this secondary inflation of spacetime is triggered by the thermal effect,
this is called the thermal inflation. Realization and phenomenological viability of the thermal
inflation have been discussed in detail, for example, in [16, 17, 18, 19, 20, 21].

The thermal inflation is driven by a scalar field with an almost flat potential. This field is
called flaton. The typical flaton potential at zero temperature is given by [15]
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where ¢ is the (complex scalar) flaton field, Vj is the vacuum energy at the origin, my is the
mass of the flaton and \,, are the coupling constants. The higher dimensional interactions are
suppressed by the reduced Planck mass M = 2.4 x 10'® GeV. Here the flaton is assumed to
interact with a scalar field X which serves as the thermal bath, through which the flaton po-
tential V' receives finite temperature corrections from the thermal bath. At a high temperature
T, the effective mass squared m?(T) of the flaton behaves like m?*(T) = T — mj, > 0 and the



thermal inflation begins at ¢ = 0. As the temperature decreases, the effective mass squared
turns negative, which leads to the violation of the slow-roll condition. Therefore the tachyonic
mass of the flaton is necessary for the end of the thermal inflation. It has been discussed that
the tachyonic mass is obtained by the renormalization group flow in a supersymmetric model
[22]. However, this does not happen in more general situations. After the thermal inflation,
the flaton rolls down to the true vacuum and then starts to oscillate there. The flaton decays
to the Standard Model particles to reheat the Universe. This decay creates entropy, and the
moduli problem can be solved. In order to solve the moduli problem, the yield of the moduli
field after the thermal inflation must be reduced to 1072 — 10715 [23] or smaller. However, this
mechanism causes another problem: the entropy production by the flaton decay also dilutes the
primordial baryon asymmetry produced by some mechanism beforehand. ! We need a mecha-
nism to produce sufficient amount of baryon asymmetry before or after the thermal inflation.
In [16, 19, 21], it has been studied whether sufficient baryon number asymmetry is produced
with the use of the Affleck-Dine mechanism [25, 26] after the thermal inflation. However, it
was found that the Affleck-Dine mechanism is not phenomenologically viable in this framework.
It is normally difficult to resolve the problem since the reheating temperature after the flaton
decay is typically not high enough, because of very weak couplings of the flaton to the Standard
Model particles.

In this paper we propose a thermal inflation scenario that can solve the problems of termi-
nation of the thermal inflation and of generating sufficient amount of baryon asymmetry after
the flaton decay. For this purpose, we introduce a chemical potential u for the flaton. We
will show that in the thermal effective potential, the chemical potential i plays a role of the
tachyonic mass of the flaton at low temperature. Hence, the thermal inflation ends when the
chemical potential starts dominating over the thermal mass. Furthermore, u is a free parameter
in any system, which basically has nothing to do with soft SUSY breaking parameters. This
is in contrast with the standard thermal inflation scenario where the tachyonic mass term in
(1) is supposed to be generated through SUSY breaking and hence we expect |mg,| ~ O(1)
TeV for the weak scale SUSY. The mass scale of the flaton is important since it determines
the reheating temperature (Tgp) after the flaton decay and what mechanism for the baryon
number generation can be implemented. In the standard thermal inflation scenario, Tgrys is at
most O(100) MeV as we will discuss below. With such a low reheating temperature, a possible
scenario for the baryon number generation is the Affleck-Dine mechanism [25, 26]. As men-
tioned above, although the Affleck-Dine mechanism has been studied in models of the thermal
inflation, it turns out that sufficient amount of baryon number cannot be created [16, 19, 21].
In our model, we can set ;1 > 1 TeV so that the reheating temperature can be much higher

and the thermal leptogenesis [28] (for review, see [29]) can be operative even after the flaton

!This problem has been pointed out in the early stage of the flaton field [24], before the proposal of the
thermal inflation scenario.



decay.

The organization of this paper is as follows. In the next section, we present a brief review
on the standard thermal inflation. In section 3, we introduce a chemical potential for the flaton
field and calculate the thermal effective potential of the flaton. We then evaluate the yields of
the moduli after the flaton decay and identify the allowed regions of the chemical potential u
and the flaton coupling constant A. Section 4 is devoted to conclusions and discussions. We
give a brief derivation of the thermal effective potential in Appendix A. In Appendix B, we

derive the interaction term between the flaton and the Standard Model gauge fields.

2 Review of Standard Thermal Inflation

In this section, we review the thermal inflation proposed in [14, 15] and how the moduli problem
is solved. If the thermal inflation takes place by the flaton field, the energy density by the
oscillating moduli is diluted and hence the moduli problem can be solved. After the thermal
inflation, the Universe is thermalized with the reheating temperature Trys through the flaton
decay. If the reheating temperature is high enough to allow the Big-Bang nucleosynthesis
(Truz 2 1 MeV), the history of the Universe becomes the standard scenario.

We focus on a part of a model which causes the thermal inflation while a part for the
primordial inflation is not specified. We assume that the flaton field acquires its mass via
SUSY breaking, and hence the mass is naturally of the order of the soft SUSY breaking mass
scale ~ 1 TeV. Notice that as we will see below, the negative mass squared for the flaton field
is necessary to terminate the thermal inflation. For an origin of the negative mass squared, we
may consider the renormalization group effect, which drives the running flaton mass squared
negative at a certain low scale. For a concrete model, see [22].

The flaton field ¢ is considered to couple with some light fields, typically the Standard
Model particles, which are in thermal equilibrium and yield thermal corrections to the effective
potential of the flaton. The high-temperature approximation is valid, when the mass scale of
the fields are sufficiently small compared to the temperature during the thermal inflation. For

simplicity, we consider a model, with two real scalars ¢ and X for the thermal inflation,
1 1 1 1
where © = 0,1,2,3 is the spacetime index, and we use the mostly minus convention of the
metric 7,,, = diag(1, —1, —1, —1). The scalar potential V" is given to be the following form
2
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where ;) is the energy scale at the origin, and mgy and mxo are the masses of the fields ¢
and X, respectively. Here A and g are coupling constants. We have introduced the higher
dimensional interaction term ¢® while there does not exist the flaton quartic term. 2 This
setting realizes an almost flat potential and leads to a large vacuum expectation value (VEV)
of the flaton field. ® Such a large VEV is crucial to solve the moduli problem [15] (see, (30)
with (6)). The stationary condition for X trivially gives X = 0 while the one for ¢,
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yields

¢p=0, o=\ mepMyu=M. (5)

The energy scale at the origin is given by

1
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which guarantees the vanishing cosmological constant at the potential minimum ¢, = M. We
represent ¢, as the VEV of ¢.

The scalar potential (3) receives thermal effects through the reheating after the primordial
inflation. The thermal effects are introduced by imposing the periodic boundary condition for
the fields ®; = (¢, X) as ®;(7, &) = ®;(7 + (,Z) in the partition function, where 7 = iz is
the imaginary time, 5 = 1/T is the inverse temperature and & = (z1,z2,x3). The partition

function is given as

Z = TrePH
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where H is the Hamiltonian and V is the derivative with respect to . The scalar field X
plays the role of the thermal bath and the flaton receives the thermal effects through X-loop
corrections. Calculating the thermal 1-loop correction of X, we obtain the effective potential

for the flaton as {32} *
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2Such a form of the potential is found in low energy effective theory of superstring theories [27].

3When the flat potential includes the flaton quartic coupling, it is necessary to set the coupling constant to
be much smaller than A in (3), in order to realize the large VEV.

4For derivation, see Appendix A.
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where we have defined

wi = K +mi(9), 9)
0*V 1

The fourth term in the right hand side of (8) is the Coleman-Weinberg potential and the fifth
term is the thermal effective potential. We consider the situation where the temperature is
high enough and the dominant contribution comes from the thermal effective potential. In the
subsequent discussions, we therefore neglect the Coleman-Weinberg potential term. Performing

the high temperature expansion, we have

o2t T? 1 A
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where my(T) is the flaton mass with the thermal correction:
mg(T)? = —m3, + Iz, (12)
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For my(T)? > 0, the vacuum is located at ¢. = 0, and the potential energy of the flaton
dominates over the energy of the Universe. This leads to the second inflation by the flaton,
namely, the thermal inflation. The thermal inflation ends when the effective mass of the flaton

turns to be negative, in other words, when the temperature drops below the critical value T

T = 2m¢0\/§ (13)

Soon after the temperature becomes less than T, the flaton starts rolling down to the vacuum

given by

at ¢. = M and then oscillates around there. The decay of the flaton reheats the Universe, and

we roughly estimate the reheating temperature as

00 \ /4 _
TRz =~ (ng*) \/ T M, (14)

where g.(~ 200) counts the effective degrees of freedom of the radiation, and I is the flaton

decay width. Here we simply assume that the flaton decays to the Higgs boson (h) through the

effective interaction [18]
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where my is the flaton mass in the vacuum at 7' = 0 and given by

_ov

mg
The decay width of the process ¢ — hh is obtained as

1 mj
P Torare (17)

where we have neglected the Higgs boson mass. Substituting (17) into (14), we find the reheat-

ing temperature as
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The main role of the thermal inflation is to dilute the yield of the moduli field, by which the
moduli problem is solved. The dilution is caused by the entropy production by the flaton decay
after the thermal inflation. Before we discuss the entropy production, we note that there are two
relevant scenarios for the moduli oscillation after the primordial inflation (see Fig. 1). The first
is the one discussed in [15]. In this scenario, the moduli fields are displaced from the potential
minima during the primordial inflation. When the Hubble parameter reduces to H ~ mg,
the moduli fields start to oscillate around their potential minima. Here mg is the mass of the
moduli fields. The Universe undergoes the matter dominated era with the oscillating inflaton
and moduli fields whose energy densities are comparable. After the moduli oscillation, the first
reheating takes place by the decay of the inflaton and we denote the reheating temperature by
Tru1-

The second possibility is that the moduli oscillation takes place after the first reheating.
When the Universe cools down to H ~ mg, the moduli fields start to oscillate. As we will
see later, in both scenarios, the oscillating moduli, that dominate the energy density of the
Universe, can be diluted away by the thermal inflation.

In the following, we make a qualitative analysis on the entropy production in these scenarios.

Scenario 1 The increase of the entropy density after the flaton decay is calculated as

= g




Scenario 1

< >, > —
| MD | + MD .+ RD
<« ; 1o ITR"” ! 1T ! Trz T
primodial inflation moduli inflaton decay &  thermal inflation  flaton decay &
inflation  end oscillation  1st reheating inflation end 2nd reheating
Scenario 2
: MD : RD 1 MD 1 1 MD : RD
L ! 1 T !To ! ! Te ! Trz T
i) 1 T T 1 1 1 T
primodial inflation inflaton decay &  moduli thermal inflation  flaton decay &
inflation  end 1st reheating oscillation inflation end 2nd reheating

Figure 1: Two possible scenarios for the moduli oscillation in the thermal history of the Uni-
verse. Here MD and RD mean the matter dominant and the radiation dominant, respectively.

where s(7") is the entropy density at temperature 7. In the radiation dominated era, this is

given by

272 4p(T)
T)=""g18="""

where we have used the energy density for relativistic particles

71'2
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p(T) 309

With the use of the relation (20), the increase of the entropy (19) is expressed as

30V,
729 T¢Trua '

where we have used Vo = p(Trus)-
The yield of the moduli Y after the flaton decay is given by
nq)(TRHQ) 7”L<1>(TC) ncb(TRHl)

Yo = = = ,
® S(TRHQ) S(Tc)A S(TRHl)A

(20)

(22)

(23)

where ng is the number density of the moduli particles, and we have assumed no entropy

production before the end of the thermal inflation. Since the moduli particles are non-relativistic



in this era, ng at a certain temperature is represented by

1

nNe = —pPo, (24)
me

where pg is the energy density of the moduli. The energy density of the moduli at Tgrys is
produced by moduli oscillation after the primordial inflation:

1

where @ is the amplitude of the moduli fields. During the moduli oscillation, the Universe is

in the matter-dominated era and therefore we have

po(Tru1) = po (a(;f;;l))g = po (%)2 , (26)

where a.. and H,. are the scale factor and the Hubble parameter when the moduli oscillation
starts, and a(Tru1) and H(Tru1) are the ones at the reheating by the primordial inflation.
Since the moduli oscillation starts when H(7y) ~ mg, we express the moduli number density

as

1
me
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from the expressions (24), (25) and (26). The entropy density s(Tgy1) in the denominator in
(23) is evaluated as

4
s(Trm) = T
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where we have used the relation (21) and the Friedmann equation

p(Tru)
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Substituting (22), (27) and (28) into (23), we obtain the yield of the moduli:
729, Tren Tru2 T30 [ Po ?
Y. — . 30
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With the use of the specific expressions of Trus, Tc and V; given in (18), (13) and (6) together



with the decay width (17), we have
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where we have chosen g, = 200 and g = 1. It is natural that the moduli mass is the same
order as the soft SUSY breaking mass and the moduli amplitude is assumed to be the reduced
Planck scale. Note that it is not necessary that Tri < 10° GeV to solve the gravitino problem
since it can be solved after the thermal inflation as well. The moduli problem is solved if the
yield satisfies the constraint [23]

Yy < 10713, (32)
which leads to an upper bound on A as
A<4.0x 10710, (33)

for T = 10'° GeV, mg = my = 1 TeV, for example. Taking A = 107! as a conservative

value, the reheating temperature Trps in (18) turns out to be

Scenario 2

Next we consider the scenario that the moduli oscillation starts after the reheating by the
primordial inflation (see Fig. 1). When the moduli oscillation starts at H ~ mg, the energy
density of the radiation becomes the same order of the energy density of moduli (25) with

®y ~ M,;. With this observation, we find the temperature when the moduli oscillation starts

T, = ( D )WVW%. (35)

20,

Considering that there is no entropy production until the flaton decay, the yield of the moduli

after the flaton decay is written as

no(Trusz) _ na (1)
S(TRHQ) S(T(])A ’

where the increase of entropy density A is the same as in (22) since there is no entropy pro-
duction during Ty and T¢.



Substituting (20), (22) and (25) into (36), we have

Yo = §<”29*)3/4 Oy T3 T
s\ 15 m?V

Combining this result with (13) and (18) we obtain
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where we have chosen g, = 200 and g = 1. The condition (32) leads to

A<4.0x 1071, (39)
The reheating temperature after the flaton decay is given as

Truz =~ 92 MeV , (40)

for a conservative value A = 10712

In both scenarios, the reheating temperature is sufficiently high to realize the Big-Bang
nucleosynthesis. However, since the thermal inflation dilutes the primordial baryon asymmetry,
we need to consider baryogenesis after the thermal inflation. A simple baryogenesis such as the
thermal leptogenesis [28] and the electroweak baryogenesis (for review, see, e.g. [33]) can not be
operative with such the low reheating temperatures in (34) and (40). In order for the thermal
leptogenesis to work, Trus = 103 GeV is necessary [34]. On the other hand, the Affleck-Dine
mechanism [25, 26] could be implemented with (34), as has been studied in models of the
thermal inflation [16, 21].

We mentioned that the negative mass squared for the flaton field in (3) can be realized by the
renormalization group effect [22]. For instance, assume that the flaton mass squared is positive
at a scale where the primordial inflation ends and the flaton couples to a scalar field through
the Yukawa interaction in the superpotential. In a certain condition, the Yukawa interaction
drives the flaton mass squared negative. However, in order to realize this, the Yukawa coupling
is likely beyond the perturbative regime [22]. In the next section, we will propose a simple
scenario to terminate the thermal inflation. We will also show that in a proposed scenario
the reheating temperature Trys can be much larger than 10° GeV, which makes it possible to

implement the thermal leptogenesis.
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3 Thermal inflation with chemical potential

In this section, we introduce the chemical potential for the flaton in the thermal inflation
scenario and study its effect. The existence of the chemical potential means that the flaton is
dense at a vacuum realized after the end of the thermal inflation. It has been shown that there
exists such a vacuum with non-zero chemical potential in A = 1 supersymmetric QCD [35].
Considering the moduli problem stems from the superstring theories, it is natural to embed
a model in the supersymmetry framework. In the following, we consider a supersymmetric
model where the flaton field ¢ and a scalar field X, both of which are complex, are realized
as the lowest components of N’ = 1 chiral superfields. We begin with the following tree level

scalar potential of these fields:

V= Vot D lol® il X P+ gloI X (41)
pl

The potential (41) exhibits the U(1). global symmetry under the transformation ¢ — e™“¢.
Here the constant « is the U(1). charge. The chemical potential is introduced by gauging the
U(1). global symmetry for the flaton [32, 35]. The spacetime derivative is replaced with the
gauge covariant derivative D, = 0,410 A,,, where A, is a non-dynamical gauge field. The gauge
field has the vacuum expectation value only in the zeroth component (A4,) = (iy, 0). Note that
the field X, which is in the thermal equilibrium, is neutral under the U(1). transformation. We
also note that although the complex scalar field ¢ leads to a multi-flaton model, we can always
rotate away the imaginary (real) part of ¢ during the inflation by the U(1). transformation.

Therefore the inflation dynamics does not change from single flaton models.
The partition function with the non-zero temperature and the chemical potential is written

as

7 = Tre PUH-1N)

_ / HD@Z-D(I)T e_foB dr [ d32(Do¢pDodT+00 X X T+, V&, VD! +1) (42)
Q;(T)=2i(T+8) "

where N is the Noether charge of the U(1). symmetry, ®; = (¢, X) and Dy = = — p with the
unit U(1), charge o = 1. The thermal effective potential for the flaton ¢ after the primordial

inflation is obtained by calculating the thermal 1-loop correction of X:

d*k
—Bw
— log(1 — e 7). (43)
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Note that the chemical potential yields a negative mass squared for the flaton. This potential

11



has the same form with (8) when pu is replaced with mg,. However, it should be emphasized
that p can be in general any value, while mgy ~ O(1) TeV in the standard thermal inflation
scenario since mygy is considered to be caused by SUSY breaking. The fourth term in (43) is the
Coleman-Weinberg potential, which we will omit in the following discussion. The fifth term is
the thermal effective potential with non-zero chemical potential, where wy, is given in (9) with
(10).

We study the thermal inflation with this potential and how the moduli problem is solved
in an analytic way. Performing the high-temperature expansion, we have

o2t T2

gT? 2 A 6
# gkt (<t + B0 Yl 4 e+ (44)
X0 12 M2

Ver =Vo = ===+ 35

When the coefficient of |¢.|* is positive, the potential minimum is at the origin for ¢. and the
thermal inflation takes place. According to the expansion of the Universe, the temperature is

decreasing, and the thermal inflation eventually ends at the critical temperature given by

T = 2u\/§ . (45)

Below this temperature, the flaton rolls down to the vacuum which is determined by the extreme
condition

0*V

olrtelol ‘X:O,T:O =0 (46)

From this condition, we have

be = (3N) 1\l = M, (47)

The flaton mass at the vacuum is given as

0%V 9
0606t r=0g=nr. 1 (48)

2 _
m¢—

The potential energy Vj is determined so that the scalar potential is vanishing at the vacuum:

2 _ 2
Vo= ——uM, ==
“T v st

The flaton oscillates around the vacuum and the thermalization then occurs. In order to

M2 (49)

evaluate the reheating temperature, we need to specify the interaction of the flaton with the
Standard Model fields. The interaction considered in (15) cannot be employed since this does

not preserve the U(1). symmetry related to the chemical potential. Instead, we consider the

12



following U (1), preserving interaction (see Appendix for the derivation):

3
M. | R
Liny = E CaM_QlX <_ZF g F,uu) ) (50)
p

a=1

where x = Re(¢), ca(a = 1,2,3) is a constant and F};, is the gauge field strength. Here the
index a = 1,2, 3 corresponds to the Standard Model gauge groups, SU(3) x SU(2), x U(1)y.
The partial decay widths of y into the Standard Model gauge bosons are calculated to be [36]

T(x —g9) = C—g’(M) ne (51)

2m ]\7_/31
2
(c1cos? Oy + cosin? Oy)? [ M. 5
Lix = vy) = = M (52)
167 Mz
2
(c1 cos® Oy + casin® Oy )? [ M, 5 ) A
I(x— 2Z) = — | 1w Bz(3+287+36z),  (53)
1287 M2 z
2
roww) = 2 () 55,6428 + 358 54)
64r \ 113
2
(c1 — ¢2)? sin? Oy cos? Oy [ M, 3 ( m%)3
I'x = v4) = = wll——1 59

where 0y is the weak mixing angle and 8z = /1 —4m%/u? and By = /1 — 4m?,/u?. Here
myz, myy are masses of the Z and W bosons. With the use of these decay widths, the reheating
temperature is obtained to be

90 [3 2
Truo =~ —_—— 56

where we have chosen ¢; = ¢; = ¢3 = 1, for simplicity, and have put 87 ~ 1 and [y ~ 1 since

=

we assume mz, my << U.

We now evaluate the yield (23) through the flaton decay in two scenarios: Moduli starts to
oscillate before (Scenario 1) and after (Scenario 2) the reheating by the primordial inflation.
The chemical potential just plays a role of the flaton mass and does not affect the derivation of
the yield from (19) to (30) for Scenario 1 and from (35) to (37) for Scenario 2 in the previous
section. Therefore we have the same formula for the yield as (30) for Scenario 1 and (37) for
Scenario 2.

13



For Scenario 1, substituting (45), (49) and (56) into (30), we find

v 9 (3g. 3/4A1/4N2X107 T 1TeVY [ @ \*
® 4932 \ 10 M2 100GeV ) \ me ) \ My

p

A2 (0 Trm 1TeVY [ & \°
~ 1.5x 10° - = 57
AR 77 <1010GeV> < ma > (Ml) ’ (57)

p

where we have taken g = 1 and g, = 200. The moduli problem is resolved when the yield (57)
satisfies the condition (32). In other words, A and p should satisfy the following condition

A1/ ,2
1.5 x Mﬂ <1072, (58)

2
pl

For Scenario 2, repeating the same derivation for (37) we obtain

v 81 <7rg*>1/2)\1/4,u2 1TeV\ 2 [ @ \ 2
T 2 x B/4(109)32 \ 5 M\ me M,

p

A2 1TV ? [ @) \ 2

~ 2 0

~ 27 x10° x —7 — : (59)
M me My,

This expression with the condition (32) leads to

A1/ ,2
M—?’Z <1078, (60)

pl

2.7 x

Allowed values for A\ and p for the conditions (58) and (60) determine the reheating tem-
perature (56). We may require the reheating temperature high enough to realize the thermal
leptogenesis [28], such as Trys = 1 TeV. On the other hand, the consistency of our discussion

requires T¢ > True, which leads to

1790\ / g \2 122
A > — ( ) — 61
3 (WQQ*) 321/ M} (61)

where we have used (45) and (56). The coupling constant A and the chemical potential u are

also constrained from the condition that the vacuum expectation value of the flaton should be
less than the Planck scale M, < Mpl. This results in the following condition:

12
A> (62)
313

Fig. 2 shows the parameter region for Scenario 1 that satisfies (58), (61) and (62) together
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Figure 2: Allowed parameter region for A and p in Scenario 1. Here we have taken g, = 200
and g = 1.

with the lines corresponding to the reheating temperature Ty = 103,104, 10° and 10° GeV.
Here we have taken g, = 200 and g = 1. We can see that the condition (62) is stronger than
(61). Indeed, (62) with (58) sets the upper bound on the chemical potential as p < 7.2 x 107
GeV. Considering that the thermal leptogenesis is operative at least for Try = 103 GeV along
with (62), we find the lower bound on X as A 2 7.5 x 1072L. Tt is possible to increase Trye up
to around 9.0 x 10* GeV, beyond which the vacuum expectation value M, is larger than the
Planck scale.

A similar figure for Scenario 2 is shown in Fig. 3. The upper bound on the chemical potential
is given as u < 1.5 x 10° GeV and the lower bound on A such that the thermal leptogenesis
is operative is found to be A > 7.5 x 1072, The reheating temperature can be taken up to
8.6 x 10® GeV, which is smaller than the one in Scenario 1.

It should be emphasized that in the standard thermal inflation scenario, Trgs cannot be
large enough to implement the baryogenesis scenario except Affleck-Dine mechanism. The
reheating temperature (18) is proportional to At and the flaton mass. Recalling that mg ~ 1
TeV and A should be small enough to satisfy (33), we see that Trus in the standard thermal
inflation scenario is at most O(100) MeV. However, in our scenario the reheating temperature

/4 and . Since y is taken to be larger than 1 TeV and in addition A

(56) is proportional to A\~
can be taken to be small to satisfy (58) and (60) (but it is constrained by (62)), one can realize

a reheating temperature high enough to implement the thermal leptogenesis.
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Figure 3: Same as Fig. 2 but for Scenario 2.

4 Conclusion

In this paper, we have studied the models of the thermal inflation with the flaton chemical
potential which is implemented naturally by the VEV of the zeroth component of the U(1).
(non-dynamical) gauge field. This leads to the negative mass squared of the flaton. On the
other hand, in the standard thermal inflation, the negative mass squared of O(1) TeV, which
is the soft SUSY breaking scale, can be realized by the renormalization group flow with a large
coupling constant likely to be in non-perturbative regime, or otherwise it is introduced by hand.
We have evaluated the yield of the moduli in two scenarios: Moduli field start to oscillate before
(Scenario 1) and after (Scenario 2) the reheating by the primordial inflation. In both scenarios,
the yield depends on A being the coefficient of the sixth order term of the flaton potential and
the chemical potential . We have found the allowed parameter region in the (A, p)-plane, in
which after the thermal inflation the reheating temperature can be high enough for the thermal
leptogenesis to be operative. This is in sharp contrast to the standard thermal inflation, in
which the reheating temperature is at most O(100) MeV.

In this work we have introduced the flaton chemical potential as a free parameter. It is
worth investigating a possible origin of the chemical potential in the framework of superstring
theories. It is also interesting to consider a possibility to relate the global U(1). to the baryon

or the lepton numbers in the Standard Model.
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Appendices

A Thermal 1-loop correction

In this appendix, we give a sketch of the derivations for (8) and (43). For the details, consult
the references [30, 31].
At the 1-loop level, the correction of the effective potential from the thermal effect for a

real scalar field is given by the determinant,
log (det (82 + mz))l/2 = 1tr log (82 + m2)
2

— ﬁ Z / &’k log 27rﬂfln)2+wk), (A-1)

in the absence of the chemical potential. After formally differentiating (A-1) with respect to

wi, we can sum over the discrete momentum 273" 'n,

f ilog ((QWﬁiln)Q +w2) _ f 2wy,
= Owy, F = (27B~1n)? + w,%
_ i’f 1 . 1
B = \wp — 12767 n) - wi + (2767 n)

— Beoth (5;) (A-2)

Here we use the partial fraction expansion formula,

+00
1
meoth(mzx) = E i (A-3)
x +in

Integrating (A-2) with wy, we obtain

log (det (82+m2>)1/2 ~ %/ (;l:;g log [sinh <%)'

/ éw]; <w7 g log - !) » (A-4)

up to an irrelevant constant. In the case of a complex scalar, the correction is twice of that of

12

a real scalar.
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B Interaction terms of the flaton with the Standard Model sector

We consider the following higher dimensional term invariant under the U(1). transformation
for the flaton, ¢ — €'®¢ associated with the chemical potential.

Lint = / d‘%)an _ W“O‘W“52(8) + h.c.), (B-1)

where @ is a chiral superfield associated with the flaton and W¢ is a superfield strength with the
index a = 1,2, 3 corresponding to the Standard Model gauge groups SU(3) x SU(2), x U(1)y.

In order to consider the interaction at the vacuum (®) = M., we substitute a shift
o — M+, (B-2)

into (B-1) and pick up the following three-point vertex part:
Lint D — M. /d40 Z Co(® + PN (W W) + h.c.) (B-3)
int 4Mp1 a .C.).

Since we are interested in the flaton decay, we focus on the scalar part of the flaton superfield,
¢ = Ply—o in (B-3):

M < 1
Lo O szca (—ZF“ FHve _ i )\eghQ /\“) (B-4)

where x = Re(9¢), F;, and A" are the field strength and the gaugino, respectively. This
interaction leads to the decays x — A,A, and x — AX. The decay widths are obtained as
T(x = AuAy) o (Me/M2)?p® and T(x — M) o< (M/M2)*m3p, where my ~ 1 TeV is the
gaugino mass. Since we take p > 1 TeV in our scenario (see Figs. 2 and 3), the flaton mainly

decays to the Standard Model gauge bosons.
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