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Abstract: We revisit the cosmological aspects of axion models. In the high-scale inflation

scenario, the Peccei-Quinn (PQ) symmetry is likely to be restored during/after inflation. If

the curvature of the PQ scalar potential at the origin is smaller than its vacuum expectation

value; for instance in a class of SUSY axion models, thermal inflation happens before the

radial component of the PQ scalar (saxion) relaxes into the global minimum of the potential

and the decay of saxion coherent oscillation would produce too much axion dark radiation.

In this paper, we study how to avoid the overproduction of axion dark radiation with some

concrete examples. We show that, by taking account of the finite-temperature dissipation

effect appropriately, the overproduction constraint can be relaxed since the PQ scalar can

take part in the thermal plasma again even after the PQ phase transition. We also show

that it can be further relaxed owing to the late time decay of another heavy CP-odd scalar,

if it is present.
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1 Introduction

The axion a appears in the Peccei-Quinn (PQ) mechanism to solve the strong CP problem

in QCD [1–4] via the following interaction

LPQ =
αs

16πFa
aǫµνρσF a

µνF
a
ρσ, (1.1)

where αs is the QCD fine-structure constant, Fa is the decay constant of axion, and F a
ρσ is

the field-strength tensor of gluon. The axion predicts various effects on cosmology [5]. In

particular, it is a good candidate of cold dark matter (CDM) in the universe [6–9]. If the

PQ symmetry is broken during inflation, the axion obtains isocurvature fluctuations [10–

12] and the high-scale inflation indicated by the BICEP2 [13] yields too large isocurvature

fluctuation inconsistent with observations [14, 15].1

A more natural situation is that the PQ symmetry is restored during inflation. Ac-

tually, for example, the PQ field can have a (positive) Hubble mass through the Planck-

suppressed coupling to the inflaton, which easily stabilizes the PQ scalar at the origin

during inflation. Then there is no axion isocurvature problem. Instead, the PQ symmetry

breaking after inflation produces topological defects: axionic strings and axionic domain

walls. The formation of stable domain walls cause cosmological disaster, hence the domain

wall number must be equal to one so that the string-wall system collapses soon after the

1See, however, section 4 for more on this issue.
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formation [16, 17].2 It is shown that the axions radiated from the string-wall system gives

a dominant contribution to the relic axion CDM density and it constrains the PQ scale

as [20]

Fa . (2.0− 3.8)× 1010GeV. (1.2)

If the curvature of the potential of the PQ scalar field at the origin is smaller than

its vacuum expectation value (VEV) times its coupling to particles in thermal bath, the

thermal inflation is likely to take place before the PQ phase transition. For instance, in

supersymmetry (SUSY), the radial component of the PQ scalar is often massless in the

SUSY limit and can obtain a soft SUSY breaking mass, which we call saxion. In a class of

SUSY axion models, if the PQ symmetry is restored during inflation, the saxion is trapped

at the origin due to thermal effects and it causes a brief period of late-time inflation,

called thermal inflation [21–27], before the PQ phase transition. Even in the non-SUSY

case, thermal inflation may take place if the self coupling constant of the PQ scalar is

smaller than its coupling to particles in thermal bath. (We call the radial component of

the PQ scalar as saxion even in the non-SUSY case.) After thermal inflation ends, the

saxion coherent oscillation dominates the universe and finally the saxion decay reheats

the universe.

However, this scenario does not always work. This is because the saxion often dom-

inantly decays into the axion pair, resulting in the axion dominated universe, which con-

tradicts with observational constraint on the amount of dark radiation. The axion dark

radiation produced from the decay of saxion is studied in literature [25, 26, 28–32]. Yet,

the dissipation of the PQ scalar (both saxion and axion) due to interactions with the

background plasma has not been discussed seriously.

In this paper, we study how to avoid the overproduction of axion dark radiation with

some examples. We show that, by taking account of the thermal dissipation effect on the

saxion [33–35], interactions with the thermal plasma can efficiently dissipate the energy of

the saxion coherent oscillation into thermal plasma without producing too much axionic

dark radiation: namely the PQ scalar can participate in the thermal plasma again even after

the PQ phase transition. In addition, we also point out that if there exists a heavy CP-odd

scalar, whose existence depends on the stabilization mechanism of the saxion potential,

the overproduction constraint can be further relaxed owing to its late time decay. On the

other hand, in a class of SUSY axion models, the axino, which is fermionic component(s)

of chiral superfield(s) responsible for the PQ symmetry breaking and might be protected

by the (approximate) R-parity, will be thermally populated if the PQ scalar participates

in the thermal plasma after the PQ phase transition. Then, it could potentially cause the

overproduction problem depending on the stabilization of saxion. We show that the axino

overproduction can be avoided with some concrete models.

2One can introduce an explicit PQ breaking term to make domain walls unstable even in the case where

the domain wall number is larger than one. However, it changes the potential minimum of the axion and

the θ angle reappears. In order to make domain walls harmless while the θ angle remains small, some level

of tuning is required [18]. We do not consider such a case in this paper. For other possibilities to avoid the

domain wall problem without such a tuning, see [19].
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2 Basic ingredients

2.1 Decay and dissipation rates in thermal bath

In this paper we consider the hadronic axion model [36, 37]. We discuss the saxion dynamics

with the following Lagrangian

L = |∂φ|2 − (λφΨΨ̄ + h.c.) +m2
φ|φ|2 − Vstab(φ), (2.1)

where Ψ and Ψ̄ are PQ quarks with (anti-)fundamental representations of color SU(3),

and Vstab denotes the potential term that stabilizes the saxion φ at appropriate scale

〈|φ|〉 ≡ fa = Fa/
√
2. We take fa ∼ 109−10GeV to avoid the cosmological and astrophysical

constraints. In this section, we concentrate on rather general aspects of the saxion dynamics

which does not depend on the detail of Vstab. In the next section we will discuss Vstab.

Let us suppose that φ is placed at the origin during inflation due, for example, to

the Hubble-induced mass term. Note that even if φ is placed far from the origin during

inflation, it is eventually trapped at the origin φ = 0 due to the efficient particle production

at the enhanced symmetry point and its back reaction onto φ [35] unless the coupling, λ,

or the reheating temperature, TR, is suppressed. (See also section 4.) Since Ψ and Ψ̄ are

massless there, they are thermalized after the reheating. It generates the thermal mass for

φ as mT ∼ λT . Thermal inflation takes place at the temperature Tend < T < Tbeg where

Tbeg ∼
√

mφfa and Tend ∼ mφ/λ.
3

After thermal inflation ends, the saxion begins a coherent oscillation around the po-

tential minimum. The perturbative decay rate of the saxion into the axion pair is given

by [38]

Γφ→2a =
1

64π

m3
s

f2
a

, (2.2)

where ms is the saxion mass around the potential minimum, which is same order of mφ. In

the following, we do not distinguish ms from mφ unless otherwise stated since it depends on

the stabilization of PQ scalar potential. It also decays into the gluon pair, but such a decay

mode is subdominant because such a process is loop-suppressed. Therefore the universe

would be dominated by the axion dark radiation if the saxion perturbatively decays into

the axion pair.

Fortunately, the axion overproduction constraint may be relaxed by appropriately

taking account of thermal dissipation effect on the saxion in the thermal plasma [33–35].

The dominant dissipation comes from the interaction with the thermal plasma via the

dimension five operator suppressed by fa, which is obtained from integrating out Ψ and

Ψ̄ around 〈|φ|〉 = fa. Then, as one can guess from the dimensional analysis, the reaction

rate with the thermal plasma may be proportional to T 3/f2
a [39]. In fact, for mφ ≫ g2sT ,

the Landau cut contribution also becomes important, which corresponds to the inverse

processes of thermal saxion production [31] proportional to T 3/f2
a .

4 On the opposite limit,

the pole contribution regulated by its thermal width gives the dominant contribution, and

3Here we have assumed that the reheating temperature is higher than Tbeg.
4For a larger saxion mass, mφ ≫ gsT , the perturbative decay into two gluons becomes important.
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the detailed resummation leads to the following dissipation rate of the saxion coherent

oscillation [40, 41]:

Γ
(dis)
φ ≃ bα2

sT
3

f2
a

×











1 for mφ ≪ g4sT

√

g4sT/mφ for g4sT ≪ mφ ≪ g2sT

, (2.3)

where b is a numerical constant.5 In the case of quark gluon plasma, b ≃
1/(32π2 logα−1

s ) [41]; we adopt this value of b in our numerical calculation.6

The axions, which are produced non-thermally by the decay of the saxion oscillation,

also interact with the thermal plasma. Since their typical energy/momentum are given

by mφ that may be much smaller than the cosmic temperature at their production, the

dissipation rate of non-thermally produced axions might be different from axion thermal

production rate studied in refs. [42, 43]. For p . g2sT , where p is the typical momentum of

the axion, the Landau cut contribution which corresponds to the axion thermal production

may be suppressed. Rather, the pole contribution regulated by its thermal width may give

the dominant contribution as in the case of the above saxion oscillation. However, contrary

to the saxion case, the interaction term can be expressed as aF a
µνF̃

aµν = a∂µK
µ ∼ (∂µa)K

µ,

and hence the axion energy/momentum times temperature should be picked up rather than

the thermal mass squared of gauge bosons. As a result, we expect a suppression factor,

p2/(g4sT
2), for the non-thermally produced axion dissipation rate compared with the saxion

dissipation rate. Using one-loop computation with the Breit-Wigner approximation for the

spectral function of gauge bosons, we checked that the suppression factor exists. (See

appendix A.) Our estimation of the axion dissipation rate is given by

Γ(dis)
a =

α2
sT

3

32π2f2
a

× C
p2

g4sT
2
f(x), (2.4)

where x = p/(g4sT ), and the function f(x) is given in the appendix [eq. (A.6)]. In our

numerical analysis, we take

p =
mφ

2
min

(

1,
adec
a(t)

)

, (2.5)

with adec and a(t) being the scale factor at the cosmic time Γ−1
φ→2a and at the time t,

respectively. In addition, we note here that eq. (2.4) merely provides an order-of-estimate

of the dissipation rate of axion. In order to take account of the uncertainty, we explicitly

introduce the parameter C ∼ O(1).

5Here we have assumed that the oscillation period is much slower than the interaction time scale of the

thermal plasma: ms ≪ T , which is marginally satisfied during the course of dynamics.
6Strictly speaking, if the PQ quarks are also charged under SU(2)L, there is a contribution from the weak

gauge interaction. In addition, in a class of SUSY axion models, there exist contributions from PQ squarks

and gauginos. We neglect those contributions in the following discussion since they are model-dependent.
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2.2 Boltzmann equations

After the thermal inflation, the energy densities of the saxion oscillation, axion, and radi-

ation, which are denoted as ρφ, ρa, and ρr, respectively, evolve as

ρ̇φ + 3Hρφ = −(Γ
(dis)
φ + Γφ→2a)ρφ (2.6)

ρ̇a + 4Hρa = Γφ→2aρφ − Γ(dis)
a ρa, (2.7)

ρ̇r + 4Hρr = Γ
(dis)
φ ρφ + Γ(dis)

a ρa, (2.8)

where H is the expansion rate of the universe.

Thus, after a few Hubble times after the PQ phase transition, due to the dissipation

effect, the temperature increases to

Tmax ∼ min

[

Tc,

(

30

π2g∗

)
1
4 √

mφfa

]

, (2.9)

where

Tc =

(

30

π2g∗

)

bα2
smφMP

fa
∼ 107GeV

(

200

g∗

)(

mφ

1PeV

)(

1010GeV

fa

)

, (2.10)

with MP ≃ 2.4 × 1018 GeV being the reduced Planck scale. Notice that Tmax ∼ Tc when

the dissipation rate is smaller than the expansion rate for T ∼ Tc so that the effect of

the dissipation is ineffective. If the dissipation rate can become larger than the Hubble

parameter, the energy density of the saxion coherent oscillation is expected to be transferred

to the radiation within a few Hubble time. In other words, the PQ scalar takes part in the

thermal plasma again. The condition is written as

Γ
(dis)
φ

H

∣

∣

∣

∣

∣

T=Tc

∼
(

30

π2g∗

)3 (bα2
sm

1/2
φ )4M4

P

f6
a

∼
(

200

g∗

)3( mφ

3PeV

)2(1010GeV

fa

)6

& 1. (2.11)

In the above estimation, we have implicitly assumed that the saxion dominates the

universe before the dissipation becomes effective. However, in general, it is possible that

the saxion dominantly decays into axions at first, and then the axions which dominate the

universe transport their energy into radiation. The decay mode into axion dominates when

Γ
(dis)
φ

Γφ→2a

∣

∣

∣

∣

∣

T∼
√

mφfa

=

(

30

π2g∗

)3/4
(

64πbα2
s

)

(

fa
mφ

)3/2

∼ 10

(

200

g∗

)4/3(10PeV

mφ

)3/2( fa
1010GeV

)3/2

. 1. (2.12)

Note that the ratio between the saxion decay rate into the axion pair and the Hubble

parameter H at the end of thermal inflation is given by

Γφ→2a

H

∣

∣

∣

∣

T=Tend

∼
m2

φMP

64πf3
a

∼ 10−2

(

mφ

1PeV

)2(1010GeV

fa

)3

. (2.13)
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If this ratio is larger than one, and also if Γφ→2a is larger than Γ
(dis)
φ , the saxion soon

decays into the axion pair within one Hubble time. In this case, the temperature can be

estimated as

Tmax ∼ min

[

δTc,

(

30

π2g∗

)
1
4 √

mφfa

]

, (2.14)

where δ is a numerical factor; δ ∝ (fa/MP )
n/(n+1) with n = 0–2 for f(x) ∝ xn−2. The

condition for axion thermalization is given by

Γ
(dis)
a

H

∣

∣

∣

∣

∣

T=δTc

∼
(

30

π2g∗

)3 (δbα2
sm

1/2
φ )4M4

P

f6
a

∼ δ4
(

200

g∗

)3( mφ

3PeV

)2(1010GeV

fa

)6

& 1.

(2.15)

If these conditions [eqs. (2.11), (2.15)] are satisfied, the temperature increases up to T ∼
Tmax within a few Hubble time after thermal inflation and the saxion coherent oscillation

disappears without producing too much axion dark radiation. As one can see, in the case

of the axion CDM, the mass scale mφ should be larger than O(1) PeV in order for the PQ

scalar to take part in the thermal plasma,7 which implies the maximum temperature to

be Tmax ∼ O(107)GeV for mφ ∼ O(1) PeV. Note that such a value of mφ is suggested by

high-scale SUSY breaking models [44–47]. The detailed discussion on which parameters the

overproduction of axion dark radiation can be avoided is performed with some examples

in the following, since it is model dependent.

Before going into details of models, let us briefly give general comments. PQ quarks,

Ψ and Ψ̄, become massive after the saxion obtains a VEV and they can soon decay if

there is a mixing between PQ quarks and SM fermions [35]. In a class of SUSY axion

models, for (mφ, fa) ∼ (O(1) PeV,O(1010)GeV), gravitinos are thermally produced [48–

51], but its abundance is not so large and it does not cause cosmological problems for

m3/2 ∼ O(100)TeV. The axion multiplet, saxions, axions and axinos, will also be ther-

mally populated if the dissipative effect is efficient. In particular, the axino whose stability

might be protected by the (approximate) R-parity must decay well before Big-Bang nucle-

osynthesis (BBN) to avoid cosmological constraints. The axino mass crucially depends on

the saxion stabilization model. Below we will discuss it with two models (Model 2 and 3).

3 Cosmology: model-dependent discussion

In the following subsections, we study in detail the dynamics of the saxion after the thermal

inflation, and show how the overproduction constraint of axion dark radiation is relaxed

with some bench mark models. First, we consider the simple non-SUSY case (Model 1),

where it is shown that the overproduction constraint is relaxed by interactions with the

thermal plasma. Then, we consider SUSY axion models with two stabilization mechanisms

7 Thermal saxions decay into axions immediately when they become non-relativistic, which results in

tiny contribution to dark radiation. Thermal axions also have tiny contribution to dark radiation.

– 6 –
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(a) Left panel : (mφ, fa) = (50PeV, 1010 GeV)
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10-12
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10-4

1

HPT�H

Ρ
�Ρ
Φ

,P
T

(b) Right panel : (mφ, fa) = (10TeV, 5×108 GeV)

Figure 1. Left/right panel shows evolution of various quantities as a function of H normalized by

one at the PQ phase transition, HPT: ρφ/ρφ,PT [black], ρrad/ρφ,PT [pink], ρa/ρφ,PT [blue]; with ρ•
being the energy density of •. Note that ρφ and ρa denote the energy density of the saxion coherent

oscillation and that of the axion produced from it respectively, and both does not contain that from

thermal plasma. See also footnote 7.

of the saxion potential: radiative stabilization (Model 2) and higher dimensional superpo-

tential with another PQ field (Model 3). In particular, in the latter case (Model 3), we

show that the overproduction constraint is further relaxed by the late time decay of the

heavy CP-odd scalar.

In addition, in a class of SUSY axion models, there exists the axino which might

be protected by the (approximate) R-parity, and hence it could potentially overclose the

universe due to the thermal production, if the dissipation of the PQ scalar is efficient.

Since the axino overproduction problem crucially depends on the stabilization mechanism

of the saxion, we also discuss how to avoid this problem separately with two cases (Model 2

and 3).

3.1 Model 1

Let us first consider the non-SUSY case where the saxion potential is simply given by

V =
m2

φ

2f2
a

(

|φ|2 − f2
a

)2
. (3.1)

In this case, all the necessary ingredients are already given in the previous subsection.

Hence one can calculate the effective neutrino number of axion dark radiation for each

parameter (mφ, fa) by numerically solving eqs. (2.6)–(2.8).

The results are shown in figure 1, which shows evolution of various quantities after the

PQ phase transition as a function of Hubble time H−1 normalized by that at the PQ phase

transition, H−1
PT. The black, pink and blue lines represent evolution of the energy densities

of the saxion coherent oscillation, radiation, and the non-thermal axion produced from

the saxion coherent oscillation normalized by that of the initial saxion coherent oscillation,

ρφ,PT. In the case with (mφ, fa) = (50PeV, 1010GeV) [Left Panel of figure 1(a)], the saxion

coherent oscillation first loses its energy into axion and radiation within a few Hubble times.

– 7 –
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(a) Left panel : Tend = mφ (b) Right panel : Tend = 10mφ

Figure 2. Left and right panel shows a contour of ∆Neff = 1 as a function of (mφ, fa) for Tend = mφ

and Tend = 10mφ respectively. The upper and lower boundaries of the band [yellow] correspond

to C = 1 and C = 10, respectively. Above the band, ∆Neff becomes smaller than one. The black

dashed line represents the contour ∆Neff = 1 without the thermal dissipation. In the blue shaded

region, Tend becomes (typically) larger than the postulated value due to the self coupling of φ, and

hence such a region is irrelevant.

Then, the non-thermally produced axions interact with radiation and reduce their number.

In this specific parameter, the predicted effective number of extra radiation is ∆Neff ∼ 0.4.

On the other hand, in the case with (mφ, fa) = (10TeV, 5 × 108GeV) [Right Panel of

figure 1(b)], the saxion coherent oscillation can lose almost all the energy before the decay

into axions dominates. The resultant axion dark radiation is ∆Neff ∼ 0.2.

Figure 2 shows contour of ∆Neff = 1 on (mφ, fa) plane for Tend = mφ (corresponding

to λ ∼ 1) (left panel) and Tend = 10mφ (corresponding to λ ∼ 0.1) (right panel).8 In the

figure, we take account of the fact that our estimation of the dissipation has uncertainty

factor owing to both the model dependence (e.g., contributions from other gauge group,

gauginos) and theoretical uncertainties. Thus, we vary the dissipation rate and show how

much the bound changes; for this purpose, we have varied the C-parameter in eq. (2.4).

The upper and lower boundaries of the band shown in figure 2 correspond to C = 1 and

C = 10, respectively. Above the band, ∆Neff becomes smaller than one. The black dashed

line represents the contour ∆Neff = 1 without the thermal dissipation. We can see that the

region with small enough ∆Neff is significantly enlarged by taking account of the effect of

axion dissipation. In particular, in the case where φ couples to the PQ fermions relatively

strongly (i.e, λ ∼ 1), mφ is required to be close to fa if the effect of thermal dissipation is

neglected; this is in order to avoid the saxion domination after the PQ phase transition.

With the proper inclusion of the effects of thermal dissipation, mφ much smaller than fa
becomes allowed even if λ ∼ 1.

3.2 Model 2

Next, let us consider the SUSY axion model. First, we focus on the possibility that the

running of the soft mass of φ induces the radiative symmetry breaking at an appropriate

8If fa . Tend, Tend becomes larger than the postulated value due to the thermal mass of φ generated by

its self coupling. We do not consider such a parameter region. (In figure 2, such a region is shaded in blue.)

– 8 –



J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

scale [52, 53]. We consider the following superpotential:

WPQ = λQφQQ̄+ λLφLL̄, (3.2)

where φ denotes the PQ scalar, Q̄(Q) and L(L̄) are chiral multiplets in the (anti-

)fundamental representation of SU(5). Then, the renormalization group equations (RGEs)

for the Yukawa coupling constants are

dλQ

dt
=

λQ

16π2
(γφ + γQ + γQ̄),

dλL

dt
=

λL

16π2
(γφ + γL + γL̄),

(3.3)

where t = logE (with E being the energy scale) and

γφ = 3λ2
Q + 2λ2

L,

γQ = γQ̄ = λ2
Q − 8

3
g23 −

2

15
g21,

γL = γL̄ = λ2
L − 3

2
g22 −

3

10
g21.

(3.4)

In addition, the renormalization group equations for the soft SUSY breaking parameters

are given by

dm2
φ

dt
=

1

8π2

[

3λ2
Q(m

2
φ +m2

Q +m2
Q̄) + 2λ2

L(m
2
φ +m2

L +m2
L̄)
]

,

dm2
Q

dt
=

dm2
Q̄

dt
=

1

8π2

[

λ2
Q(m

2
φ +m2

Q +m2
Q̄)
]

,

dm2
L

dt
=

dm2
L̄

dt
=

1

8π2

[

λ2
L(m

2
φ +m2

L +m2
L̄)
]

,

(3.5)

where mX (with X = Q, Q̄, L, L̄) denote the soft SUSY breaking scalar mass parameters

for the scalar components in corresponding chiral multiplet. Here we have ignored gaugino

masses by assuming that gaugino masses are much smaller than those of sfermions as in

the pure gravity mediation model.

In this model, the dynamics of the PQ scalar after the PQ phase transition is almost

the same as the model 1. Therefore, from figure 2, we can understand the parameter

region on (mφ, fa) plane, where the overproduction of axion dark radiation is avoided. For

instance, the axion CDM implies that the mass scale, mφ, should be larger than O(1) PeV.

To see if the radiative symmetry breaking really occurs, we have solved the RGEs with the

boundary condition at the GUT scale as m2
φ = m2

Q = m2
L = (10PeV)2 and λQ = λL = 1.0

and 0.7. The result is shown in figure 3. It is seen that m2
φ becomes negative at some

intermediate scale. In particular, for λQ,L ≃ 0.7, the VEV of φ can be around 1010GeV.

Thus the cosmological scenario studied in the previous section works.

However, this model suffers from the axino overproduction. In this model, the axino

mass arises only radiatively and is suppressed compared with the gravitino mass [53, 54].

– 9 –
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Figure 3. RGE evolution of the soft mass of the PQ scalar m2

φ. Red-solid and green-dashed lines

are for λQ,L(MGUT) = 0.7 and 1, respectively.

It is estimated as mã ∼ (5/16π2)2λ4m3/2.
9 Thus it is lighter than the gauginos and it

likely becomes the lightest SUSY particle (LSP). If the thermal dissipation is effective, the

axion multiplet takes part in the thermal plasma and hence axinos are thermally populated,

which results in overproduction of the axino. Hence the presence of stable axino LSP is

problematic. Below we list some possibilities to avoid the axino overproduction.

• If one introduces another LSP, the problem may be avoided. For example in a singlet

extensions of the minimal SUSY standard model [55], the singlino-like neutralino

can be the LSP. In this case the axino can decay into the singlino LSP through the

singlino-gaugino mixing, which is suppressed by the SUSY breaking scale. The axino

decay temperature is then estimated as

Tã ∼ 10−2GeV λ6

(

(1TeV)2

µM

)(

m3/2

1PeV

)3/2(1010GeV

fa

)

, (3.6)

where M denotes gaugino mass scale and µ is the higgsino mass. In order for the

axino to decay well before BBN, relatively light neutralino mass spectrum is needed.

In addition, singlino also has to decay before BBN, which requires (small) R-parity

violation. Note that if the axino decays after the QCD phase transition, the axion

abundance is diluted and upper bound on the PQ scale is relaxed [56].

• The axino may become heavier if there is a sizable A-term,

V ⊃ AφλφΨΨ̄ + h.c., (3.7)

which yields the axino mass as mã ∼ (λ2/16π2)Aφ [54] and it can exceed the anomaly

mediation contribution to the gaugino masses [57, 58] if Aφ ∼ m3/2. Actually we

9In general, there is a mixing between the fermionic component of φ, which we denote by ã and the

fermionic component of the SUSY breaking field z, which we denote by z̃. The mixing comes e.g. from the

operator K ∼ |φ|2|z|2/M2
P and the mixing angle is of the order m3/2fa/(mãMP ). Hence the mixing is so

small that we can safely regard ã as the axino and z̃ as the Goldstino.
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naturally have Aφ ∼ m3/2 if the SUSY breaking field z has no gauge quantum number,

as in the Polonyi model. The gauginos are also expected to obtain masses of ∼
m3/2, but the axino can be heavier if the coupling between gaugino and Polonyi field

happens to be relatively small. Then the axino decays into gaugino. Note that,

in this case, the assumption on RGEs, eqs. (3.3)–(3.5), is marginally satisfied since

the gauginos are lighter than the gravitino. If the Wino is LSP, Winos produced

by the axino decay annihilate efficiently and its abundance can become smaller than

the DM abundance [59]. In this case, however, there arises a cosmological Polonyi

problem [60–64] which cannot be solved even in the presence of thermal inflation. In

section 3.4, we will discuss this issue and how to solve it.

3.3 Model 3

Let us consider the following model with two PQ scalar φ and φ̄ [65]:

WPQ = λφΨΨ̄ +
φnφ̄

Mn−2
, (3.8)

where φ and φ̄ are assumed to have PQ charges of +1 and −n, respectively, and M is a

cutoff scale. Then the scalar potential is

V = −m2
φ|φ|2 +m2

φ̄|φ̄|
2 +

|φ|2(n−1)

M2(n−2)

(

|φ|2 + n2|φ̄|2
)

+

{

(n− 2)m3/2
φnφ̄

Mn−2
+ h.c.

}

, (3.9)

where the parameters m2
φ and m2

φ̄
are both taken to be positive. For computational sim-

plicity, we assume m2
φ̄
≪ m2

φ. Then the potential minimum lies at

vφ ≡ 〈|φ|〉 ≃
[(

m2
φ +

(n− 2)2

n2
m2

3/2

)

M2n−4

n

]

1
2n−2

,

vφ̄ ≡ 〈|φ̄|〉 ≃ vφ
n− 2

n3/2

(

m2
φ

m2
3/2

+
(n− 2)2

n2

)−1/2

.

(3.10)

Thus for n = 3, we obtain vφ ∼ vφ̄ ∼
√

mφM ∼ 1010GeV for M ∼ 1015GeV and

mφ ∼ 100TeV.

In this model, the fermionic component of φ and φ̄, which we denote by ã and ˜̄a,

obtain both Dirac and Majorana masses after PQ scalars get VEVs. Then their masses

are generated as mã ∼ v2φ/M ∼ mφ.
10 Since they are as heavy as the gravitino, they decay

into the gluino and gluon:

Γ(ã → g̃ + g) =
α2
s

16π3

m3
ã

f2
a

(

1−
m2

g̃

m2
ã

)3

. (3.11)

The decay temperature is then estimated as

Tã ∼ 3× 105GeV

(

mã

1PeV

)3/2(1010GeV

fa

)

. (3.12)

Thus, they are harmless.

10Again, the mixing angle between ã(˜̄a) and z̃ is of the order fa/MP . Hence the mixing is so small that

we can safely regard ã and ˜̄a as the axino and z̃ as the Goldstino.
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(a) Left panel : (mφ, fa) = (50PeV, 1010 GeV)

1 100 104 106 108 1010 101210-31

10-25

10-19

10-13
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0.1

HPT�H

(b) Right panel : (mφ, fa) = (1TeV, 1010 GeV)

Figure 4. Left/right panel shows evolution of various quantities as a function of H normalized by

one at the PQ phase transition, HPT: ρφ/ρφ,PT [black], ρrad/ρφ,PT [pink], ρa/ρφ,PT [blue], ρa′/ρφ,PT

[blue-dashed], with ρ• being the energy density of •. Note that ρφ and ρa denote the energy density

of the saxion coherent oscillation and that of the axion produced from it respectively, and both

does not contain that from thermal plasma. See also footnote 7.

Note that the massless axion is a mixture of the angular component of φ and φ̄. The

real components of φ and φ̄ are also mixed with each other and both φ and φ̄ begins a

coherent oscillation after thermal inflation ends [66]. Although the dissipation effect acts

only on φ, the time scale of the mixing (∼ m−1
φ ) is much faster than that of the cosmic

expansion and hence both the energy density of φ and φ̄ are efficiently dissipated.

Importantly, there also exists a heavy CP-odd scalar a′ with a mass ∼ mφ as a mixture

of the angular component of φ and φ̄. After the end of thermal inflation, the heavy CP-odd

scalar may also begin an oscillation with an amplitude ∼ fa. Its dissipation rate is expected

to be the same as that of the axion except for the redshift factor,

Γ
(dis)
a′ ≃ α2

sT
3

32π2f2
a

× C
m2

φ

g4sT
2
f(x), (3.13)

where x = mφ/(g
4
sT ). Hence above the contour shown in figure 2 it is expected to be

dissipated away into the thermal plasma. On the other hand, below this contour the heavy

CP-odd scalar survives from interactions with the thermal plasma, and later it decays

into gluons/gluinos through one-loop processes. Since the entropy production becomes

more significant for a smaller mass, mφ, the overproduction of the axion dark radiation

can be avoided in all the region shown in figure 2 owing to the combination of the thermal

dissipation and of the late time entropy production from the heavy CP-odd scalar. Figure 4

shows evolution of same quantities in figure 1 plus the energy density of heavy CP-odd scalar

after the PQ phase transition with (mφ, fa) = (50PeV, 1010GeV) and (1TeV, 1010GeV) in

the left and right panel respectively. Here we have simply assumed that the initial energy

density of heavy CP-odd scalar is the same as that of saxion. As one can see from the right

panel [figure 4(b)], the late time decay of the heavy CP-odd scalar successfully dilutes the

axion dark radiation.
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3.4 Dilution of unwanted relics and baryon asymmetry

Thermal inflation dilutes the preexisting unwanted relics such as the moduli, Polonyi and

gravitinos as well as the baryon number. If we consider the case where the thermal dissipa-

tion is efficient, fa is relatively small while mφ is of the order of PeV or larger. Then, the

e-folding number of the thermal inflation is not so large. In the present case, the dilution

factor ∆ is estimated to be

∆ ∼
(

√

mφfa

Tend

)3

∼ 106λ3

(

1PeV

mφ

)3/2( fa
1010GeV

)3/2

. (3.14)

For example, the final baryon asymmetry after thermal inflation is evaluated by multiplying

the original baryon asymmetry by the inverse of this factor:

nB

s
=

1

∆

(

nB

s

)

reh

, (3.15)

where (nB/s)reh denotes the baryon-to-entropy ratio evaluated as if there were no thermal

inflation. Since the dilution factor is not so huge in the typical parameters for which

the dissipative effect is efficient, it is possible that the preexisting baryon asymmetry,

created e.g. by the Affleck-Dine mechanism [67, 68], survives the dilution due to thermal

inflation and it explains the present baryon asymmetry of the universe. Note also that

the temperature after thermal inflation increases to Tmax ∼ 107−8GeV, and hence it is

also possible that thermal leptogenesis [69] works if there is a mild degeneracy among

right-handed neutrino masses [70–73].

On the other hand, the above dilution factor is not sufficient to solve the cosmological

Polonyi/moduli problem. If there is a singlet Polonyi/moduli field, its abundance is given by

ρz
s

=
1

∆

T
(inf)
R

8

(

zi
MP

)2

∼ 102GeV

λ3

(

mφ

1PeV

)3/2(1010GeV

fa

)3/2
(

T
(inf)
R

109GeV

)

(

zi
MP

)2

,(3.16)

where T
(inf)
R is the reheating temperature after inflation and zi is the initial amplitude of

the Polonyi field. If the Polonyi mass is of the order of the gravitino, its decay produces

too much LSPs. Actually, in the model 2 discussed above, we may need a singlet Polonyi

field in order to make the axino heavy. In this case the cosmological Polonyi problem is not

solved by thermal inflation, and we need to introduce a (small) R-parity violation to make

the LSP unstable or to rely on the adiabatic suppression mechanism [74, 75] to suppress

the Polonyi abundance. In the model 3, on the other hand, we do not need such a singlet

Polonyi field and hence there is no Polonyi problem.11

4 Discussion

In this paper we have revisited the cosmology of axion models. If the curvature of the

potential of the PQ scalar field is smaller than the PQ scale, like in a class of SUSY

11The Polonyi problem in the dynamical SUSY breaking scenario was studied in refs. [76, 77].
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axion models, it is likely that the PQ scalar field is trapped at the origin and it causes

thermal inflation. We have discussed several possibilities to avoid the overproduction of

the axion dark radiation from the saxion decay after the thermal inflation. In general,

the overproduction constraint is relaxed by taking thermal dissipative effects on the saxion

coherent oscillation into account. This is because, owing to the interaction with the thermal

plasma, the PQ scalar can participate in the thermal plasma even after the PQ phase

transition. This scenario works for the mass scale, mφ, larger than O(10)TeV–O(10) PeV

for fa ∼ 109GeV–1010GeV. We have demonstrated it with some explicit models of the

saxion stabilization. In particular, we have shown that if there exists a heavy CP-odd

scalar, depending on the stabilization model, it can dilute the axion dark radiation due to

its late time decay. As a result, the overproduction constraint is further relaxed. Those

studies have significant implications to the case of high-scale inflation. However, we note

here that our results are not restricted to such a case.

One interesting prediction of the SUSY axion model is that it naturally deforms the

gaugino masses [52, 78]. If the gaugino masses are dominated by the anomaly mediation

effect, the additional contribution from the PQ multiplet is generally the same order.

Therefore, if gauginos are found and their masses are measured at the LHC, it may indicate

a signal of the axion model.

Hereafter we comment on the recent claim of the discovery of the B-mode polarization

in the cosmic microwave background anisotropy by the BICEP2 experiment [13], which

indicates the high-scale inflation, such as the chaotic inflation [79]. The derived inflation

scale in terms of the Hubble scale is as high as Hinf ≃ 1014GeV.

A prediction of the present scenario is the suppression of inflationary gravitational

waves (GWs) at the high frequency range at which future space laser interferometers have

high sensitivities [80]. The energy density of inflationary GWs with frequency f > fc where

fc ∼ 3Hz

(

√

mφfa

108GeV

)

, (4.1)

is suppressed by the factor ∆4/3 and hence it may be difficult to detect [81, 82] if the

dilution factor ∆ is sizable. Instead, if the PQ phase transition is first order, there is a

possibility that GWs from bubble collisions will be in the observable range [83].

So far we have focused on the hadronic axion model, because it is the simplest setup

for giving the domain wall number one. In the DFSZ axion model [84–86], the PQ scalar

couples to the Higgs multiplets. However, in this model the domain wall number is larger

than one, and hence there is a serious domain wall problem if the PQ symmetry is restored

during inflation. In order to make the domain wall number one, we need to introduce

five pairs of additional PQ quarks. Thus the coupling to the PQ quarks leads to thermal

inflation as studied in this paper. An important feature in this model is that the saxion

can dominantly decay into the Higgs boson pair. Hence we do not need thermal dissipation

effects to avoid the axion overproduction.

Finally we comment on the case in which the PQ symmetry is broken during infla-

tion. In such a case, the high scale inflation may be excluded because of too large axion
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isocurvature perturbation. This argument has some loopholes. During inflation, the sax-

ion may have a field value much larger than fa if the saxion obtains the negative Hubble

induced mass term. Then the magnitude of axion isocurvature fluctuation is highly sup-

pressed [87]. The fate of the saxion field with such a large initial amplitude strongly

depends on the saxion stabilization model. In the model 2, the saxion can have a field

value of ∼ MP during inflation, but it is eventually trapped at the origin after the onset

of coherent oscillation as extensively studied in ref. [35].12 The subsequent dynamics is

the same as that studied in this paper. In the model 3, the saxion tracks the temporal

minimum |φ| ∼ (HMn−2)1/(n−1) as the Hubble parameter decreases and it relaxes to the

true minimum without restoration of the PQ symmetry if the coupling, λ, or the reheating

temperature, T
(inf)
R , is suppressed [66]. For n = 3, for example, the magnitude of CDM

isocurvature perturbation is given by

SCDM =
ρa

ρCDM

H
1/2
inf

θiπM1/2

∼ 3× 10−6

(

θi
10−2

)(

fa
1011GeV

)1.19( Hinf

1014GeV

)1/2(1018GeV

M

)1/2

, (4.2)

where θi is the initial misalignment angle and ρa and ρCDM are the energy density of axion

and CDM, respectively.13 Since the Planck data combined with the WMAP9 polarization

data gives an upper bound as SCDM . 1 × 10−5 [91], the isocurvature constraint can be

avoided. However, the axion cannot be the dominant component of CDM in this case. See

also refs. [92–94] for recent discussion in this direction. The saxion coherent oscillation with

an amplitude of ∼ fa remains in this case, but it is not cosmologically problematic [66].
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A One-loop estimation of soft axion dissipation

In this appendix, we estimate the thermal dissipation rate of soft relativistic axions with

p ≪ g2sT at the one-loop order. In principle the following estimation may be made more

precise by the resummation of many diagrams, but we postpone this task as a future work.

The dissipation rate of relativistic axion is given by

Γ(dis)
a =

ΠJ(P )

2p0

∣

∣

∣

∣

p0=p

. (A.1)

12See also refs. [88–90] for the topological defect formation due to the axion self interaction.
13The misalignment angle cannot be tuned beyond θi . (Hinf/M)1/2 since otherwise the quantum fluc-

tuation would be dominant over the classical displacement of the axion field.
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where

ΠJ(P ) =
α2
s

128π2f2
a

∫

P
eiP ·x

〈[

{F aµνF̃ a
µν}(x){F aµνF̃ a

µν}(0)
]〉

, (A.2)

where 〈•〉 ≡ tr[e−βĤ•]/ tr[e−βĤ ] stands for the canonical ensemble average. After perform-

ing angular integrations, one finds [43]

ΠJ(P ) = f−1
B (p0)

da
8

α2
s

64π5f2
a

1

p

∫ ∞

0
dk

∫ ∞

−∞
dk0

∫ k+p

|k−p|
dq kqfB(k0)fB(p0 − k0)

{

(ρL(K)ρT (Q) + ρT (K)ρL(Q))
(

(k + q)2 − p2
) (

p2 − (k − q)2
)

+ ρT (K)ρT (Q)

((

k20
k2

+
q20
q2

)

(

(k2 − p2 + q2)2 + 4k2q2
)

)

+ 8k0q0(k
2 + q2 − p2)

}

, (A.3)

where q0 = p0 − k0, da = N2
c − 1 = 8, fB is the Bose-Einstein distribution function, and

ρT/L denotes the spectral function for the transverse/longitudinal mode of gauge boson

in the thermal plasma. Roughly speaking, for p0 = p ≫ g2sT , the cut contribution of

spectral function becomes important since the typical center of mass energy for scattering

processes becomes larger than thermal mass, pT ≫ g2sT
2. And for p0 = p ≫ gsT , the

dominant contribution is calculated by means of the Hard Thermal Loop approximation

in refs. [42, 43]. On the other hand, for p ≪ g2sT , the near pole contribution of spectral

function becomes important, which is smeared by interactions in the thermal plasma.

To estimate this integral, we approximate the spectral density for the transverse mode

with the Breit-Wigner form:

ρT (P ) =
2p0Γp

[p20 − ω2
p]

2 + [p0Γp]2
; ωp ≡

√

p2 +m2
∞, (A.4)

where m∞ is the asymptotic mass: for instance in the case of non-abelian gauge theory

with NF flavor, it is given by m2
∞ = [C(ad)+NFT (F)]g

2
sT

2/6 with C(ad) being the adjoint

Casimir and T(F) being the normalization index. Here we estimate the width by large angle

scatterings, Γp ∼ g4sT
3/p2 [40]. Since the loop-integral is typically dominated by a hard

momentum ∼ T , we omit contributions from longitudinal mode ρL, which is suppressed by

the residue [95]. After some calculations, one can express the dissipation rate with

Γ(dis)
a =

α2
sT

3

32π2f2
a

× C
p20

g4sT
2
f(x), (A.5)

where x = p0/g
4
sT , and we found that the function f can be approximated as

f(x) ≃ da
π2

∫

a
dy

ey

(ey − 1)2

(

y2 − a2
)3/2

y

1

2b

∫ b

−b

dǫ

1 + g4sǫ
√

1− a2

y2
x
y

y2 − a2 + y2ǫ2 + 2
√

y2 − a2yǫ

x2
(

1 +
√

1− a2

y2
ǫ
)2

(y2 − a2)2 + 1

, (A.6)
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with

a = m∞/T, b =

{

1 for relativistic axion

0 for non-relativistic axion
. (A.7)

The asymptotic behavior of f(x) is f(x) ∼ const. for x ≪ 1 and f(x) ∝ x−2 for x ≫ 1.

Notice that our estimation of Γ
(dis)
a is expected to be an order-of-estimate of the dissipation

rate because it is based on a simple one-loop calculation. Thus, in order to take account of

the uncertainty in our result, we introduce the numerical coefficient C and vary it in our

numerical analysis.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] R.D. Peccei and H.R. Quinn, CP conservation in the presence of instantons,

Phys. Rev. Lett. 38 (1977) 1440 [INSPIRE].

[2] R.D. Peccei and H.R. Quinn, Constraints imposed by CP conservation in the presence of

instantons, Phys. Rev. D 16 (1977) 1791 [INSPIRE].

[3] J.E. Kim, Light pseudoscalars, particle physics and cosmology, Phys. Rept. 150 (1987) 1

[INSPIRE].

[4] J.E. Kim and G. Carosi, Axions and the strong CP problem, Rev. Mod. Phys. 82 (2010) 557

[arXiv:0807.3125] [INSPIRE].

[5] M. Kawasaki and K. Nakayama, Axions: theory and cosmological role,

Ann. Rev. Nucl. Part. Sci. 63 (2013) 69 [arXiv:1301.1123] [INSPIRE].

[6] J. Preskill, M.B. Wise and F. Wilczek, Cosmology of the invisible axion,

Phys. Lett. B 120 (1983) 127 [INSPIRE].

[7] L.F. Abbott and P. Sikivie, A cosmological bound on the invisible axion,

Phys. Lett. B 120 (1983) 133 [INSPIRE].

[8] M. Dine and W. Fischler, The not so harmless axion, Phys. Lett. B 120 (1983) 137

[INSPIRE].

[9] M.S. Turner, Cosmic and local mass density of invisible axions, Phys. Rev. D 33 (1986) 889

[INSPIRE].

[10] M. Axenides, R.H. Brandenberger and M.S. Turner, Development of axion perturbations in

an axion dominated universe, Phys. Lett. B 126 (1983) 178 [INSPIRE].

[11] D. Seckel and M.S. Turner, Isothermal density perturbations in an axion dominated

inflationary universe, Phys. Rev. D 32 (1985) 3178 [INSPIRE].

[12] A.D. Linde, Generation of isothermal density perturbations in the inflationary universe,

Phys. Lett. B 158 (1985) 375 [INSPIRE].

[13] BICEP2 collaboration, P.A.R. Ade et al., Detection of B-mode polarization at degree angular

scales by BICEP2, Phys. Rev. Lett. 112 (2014) 241101 [arXiv:1403.3985] [INSPIRE].

– 17 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,38,1440
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://inspirehep.net/search?p=find+J+Phys.Rev.,D16,1791
http://dx.doi.org/10.1016/0370-1573(87)90017-2
http://inspirehep.net/search?p=find+J+Phys.Rept.,150,1
http://dx.doi.org/10.1103/RevModPhys.82.557
http://arxiv.org/abs/0807.3125
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3125
http://dx.doi.org/10.1146/annurev-nucl-102212-170536
http://arxiv.org/abs/1301.1123
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.1123
http://dx.doi.org/10.1016/0370-2693(83)90637-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B120,127
http://dx.doi.org/10.1016/0370-2693(83)90638-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B120,133
http://dx.doi.org/10.1016/0370-2693(83)90639-1
http://inspirehep.net/search?p=find+J+Phys.Lett.,B120,137
http://dx.doi.org/10.1103/PhysRevD.33.889
http://inspirehep.net/search?p=find+J+Phys.Rev.,D33,889
http://dx.doi.org/10.1016/0370-2693(83)90586-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B126,178
http://dx.doi.org/10.1103/PhysRevD.32.3178
http://inspirehep.net/search?p=find+J+Phys.Rev.,D32,3178
http://dx.doi.org/10.1016/0370-2693(85)90436-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B158,375
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://arxiv.org/abs/1403.3985
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.3985


J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

[14] M. Kawasaki, K. Nakayama, T. Sekiguchi, T. Suyama and F. Takahashi, Non-gaussianity

from isocurvature perturbations, JCAP 11 (2008) 019 [arXiv:0808.0009] [INSPIRE].

[15] C. Hikage, M. Kawasaki, T. Sekiguchi and T. Takahashi, CMB constraint on non-gaussianity

in isocurvature perturbations, JCAP 07 (2013) 007 [arXiv:1211.1095] [INSPIRE].

[16] ADMX collaboration, P. Sikivie, Of axions, domain walls and the early universe,

Phys. Rev. Lett. 48 (1982) 1156 [INSPIRE].

[17] A. Vilenkin and A.E. Everett, Cosmic strings and domain walls in models with Goldstone

and pseudo-Goldstone bosons, Phys. Rev. Lett. 48 (1982) 1867 [INSPIRE].

[18] T. Hiramatsu, M. Kawasaki, K. Saikawa and T. Sekiguchi, Axion cosmology with long-lived

domain walls, JCAP 01 (2013) 001 [arXiv:1207.3166] [INSPIRE].

[19] S.M. Barr and J.E. Kim, New confining force solution of QCD axion domain wall problem,

arXiv:1407.4311 [INSPIRE].

[20] T. Hiramatsu, M. Kawasaki, K. Saikawa and T. Sekiguchi, Production of dark matter axions

from collapse of string-wall systems, Phys. Rev. D 85 (2012) 105020 [Erratum ibid. D 86

(2012) 089902] [arXiv:1202.5851] [INSPIRE].

[21] K. Yamamoto, Phase transition associated with intermediate gauge symmetry breaking in

superstring models, Phys. Lett. B 168 (1986) 341 [INSPIRE].

[22] G. Lazarides, C. Panagiotakopoulos and Q. Shafi, Baryogenesis and the gravitino problem in

superstring models, Phys. Rev. Lett. 56 (1986) 557 [INSPIRE].

[23] D.H. Lyth and E.D. Stewart, Cosmology with a TeV mass GUT Higgs,

Phys. Rev. Lett. 75 (1995) 201 [hep-ph/9502417] [INSPIRE].

[24] D.H. Lyth and E.D. Stewart, Thermal inflation and the moduli problem,

Phys. Rev. D 53 (1996) 1784 [hep-ph/9510204] [INSPIRE].

[25] K. Choi, E.J. Chun and J.E. Kim, Cosmological implications of radiatively generated axion

scale, Phys. Lett. B 403 (1997) 209 [hep-ph/9608222] [INSPIRE].

[26] E.J. Chun, D. Comelli and D.H. Lyth, The abundance of relativistic axions in a flaton model

of Peccei-Quinn symmetry, Phys. Rev. D 62 (2000) 095013 [hep-ph/0008133] [INSPIRE].

[27] S. Kim, W.-I. Park and E.D. Stewart, Thermal inflation, baryogenesis and axions,

JHEP 01 (2009) 015 [arXiv:0807.3607] [INSPIRE].

[28] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, Increasing effective

number of neutrinos by decaying particles, JCAP 05 (2007) 008 [hep-ph/0703034] [INSPIRE].

[29] K.S. Jeong and F. Takahashi, Light Higgsino from axion dark radiation,

JHEP 08 (2012) 017 [arXiv:1201.4816] [INSPIRE].

[30] K. Choi, K.-Y. Choi and C.S. Shin, Dark radiation and small-scale structure problems with

decaying particles, Phys. Rev. D 86 (2012) 083529 [arXiv:1208.2496] [INSPIRE].

[31] P. Graf and F.D. Steffen, Axions and saxions from the primordial supersymmetric plasma

and extra radiation signatures, JCAP 02 (2013) 018 [arXiv:1208.2951] [INSPIRE].

[32] K.J. Bae, H. Baer and A. Lessa, Dark radiation constraints on mixed axion/neutralino dark

matter, JCAP 04 (2013) 041 [arXiv:1301.7428] [INSPIRE].

[33] T. Moroi and M. Takimoto, Thermal effects on saxion in supersymmetric model with

Peccei-Quinn symmetry, Phys. Lett. B 718 (2012) 105 [arXiv:1207.4858] [INSPIRE].

– 18 –

http://dx.doi.org/10.1088/1475-7516/2008/11/019
http://arxiv.org/abs/0808.0009
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.0009
http://dx.doi.org/10.1088/1475-7516/2013/07/007
http://arxiv.org/abs/1211.1095
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.1095
http://dx.doi.org/10.1103/PhysRevLett.48.1156
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,48,1156
http://dx.doi.org/10.1103/PhysRevLett.48.1867
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,48,1867
http://dx.doi.org/10.1088/1475-7516/2013/01/001
http://arxiv.org/abs/1207.3166
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3166
http://arxiv.org/abs/1407.4311
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.4311
http://dx.doi.org/10.1103/PhysRevD.86.089902
http://arxiv.org/abs/1202.5851
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.5851
http://dx.doi.org/10.1016/0370-2693(86)91641-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B168,341
http://dx.doi.org/10.1103/PhysRevLett.56.557
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,56,557
http://dx.doi.org/10.1103/PhysRevLett.75.201
http://arxiv.org/abs/hep-ph/9502417
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9502417
http://dx.doi.org/10.1103/PhysRevD.53.1784
http://arxiv.org/abs/hep-ph/9510204
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9510204
http://dx.doi.org/10.1016/S0370-2693(97)00465-6
http://arxiv.org/abs/hep-ph/9608222
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9608222
http://dx.doi.org/10.1103/PhysRevD.62.095013
http://arxiv.org/abs/hep-ph/0008133
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0008133
http://dx.doi.org/10.1088/1126-6708/2009/01/015
http://arxiv.org/abs/0807.3607
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3607
http://dx.doi.org/10.1088/1475-7516/2007/05/008
http://arxiv.org/abs/hep-ph/0703034
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703034
http://dx.doi.org/10.1007/JHEP08(2012)017
http://arxiv.org/abs/1201.4816
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.4816
http://dx.doi.org/10.1103/PhysRevD.86.083529
http://arxiv.org/abs/1208.2496
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2496
http://dx.doi.org/10.1088/1475-7516/2013/02/018
http://arxiv.org/abs/1208.2951
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2951
http://dx.doi.org/10.1088/1475-7516/2013/04/041
http://arxiv.org/abs/1301.7428
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.7428
http://dx.doi.org/10.1016/j.physletb.2012.10.014
http://arxiv.org/abs/1207.4858
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4858


J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

[34] K. Mukaida and K. Nakayama, Dynamics of oscillating scalar field in thermal environment,

JCAP 01 (2013) 017 [arXiv:1208.3399] [INSPIRE].

[35] T. Moroi, K. Mukaida, K. Nakayama and M. Takimoto, Scalar trapping and Saxion

cosmology, JHEP 06 (2013) 040 [arXiv:1304.6597] [INSPIRE].

[36] J.E. Kim, Weak interaction singlet and strong CP invariance, Phys. Rev. Lett. 43 (1979) 103

[INSPIRE].

[37] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Can confinement ensure natural CP

invariance of strong interactions?, Nucl. Phys. B 166 (1980) 493 [INSPIRE].

[38] E.J. Chun and A. Lukas, Axino mass in supergravity models, Phys. Lett. B 357 (1995) 43

[hep-ph/9503233] [INSPIRE].

[39] A. Anisimov and M. Dine, Some issues in flat direction baryogenesis,

Nucl. Phys. B 619 (2001) 729 [hep-ph/0008058] [INSPIRE].

[40] G.D. Moore and O. Saremi, Bulk viscosity and spectral functions in QCD,

JHEP 09 (2008) 015 [arXiv:0805.4201] [INSPIRE].

[41] M. Laine, On bulk viscosity and moduli decay, Prog. Theor. Phys. Suppl. 186 (2010) 404

[arXiv:1007.2590] [INSPIRE].

[42] P. Graf and F.D. Steffen, Thermal axion production in the primordial quark-gluon plasma,

Phys. Rev. D 83 (2011) 075011 [arXiv:1008.4528] [INSPIRE].

[43] A. Salvio, A. Strumia and W. Xue, Thermal axion production, JCAP 01 (2014) 011

[arXiv:1310.6982] [INSPIRE].

[44] M. Ibe and T.T. Yanagida, The lightest Higgs boson mass in pure gravity mediation model,

Phys. Lett. B 709 (2012) 374 [arXiv:1112.2462] [INSPIRE].

[45] M. Ibe, S. Matsumoto and T.T. Yanagida, Pure gravity mediation with m3/2 = 10–100TeV,

Phys. Rev. D 85 (2012) 095011 [arXiv:1202.2253] [INSPIRE].

[46] N. Arkani-Hamed, A. Gupta, D.E. Kaplan, N. Weiner and T. Zorawski, Simply unnatural

supersymmetry, arXiv:1212.6971 [INSPIRE].

[47] A. Arvanitaki, N. Craig, S. Dimopoulos and G. Villadoro, Mini-split, JHEP 02 (2013) 126

[arXiv:1210.0555] [INSPIRE].

[48] M. Bolz, A. Brandenburg and W. Buchmüller, Thermal production of gravitinos,

Nucl. Phys. B 606 (2001) 518 [Erratum ibid. B 790 (2008) 336] [hep-ph/0012052]

[INSPIRE].

[49] J. Pradler and F.D. Steffen, Thermal gravitino production and collider tests of leptogenesis,

Phys. Rev. D 75 (2007) 023509 [hep-ph/0608344] [INSPIRE].

[50] J. Pradler and F.D. Steffen, Constraints on the reheating temperature in gravitino dark

matter scenarios, Phys. Lett. B 648 (2007) 224 [hep-ph/0612291] [INSPIRE].

[51] V.S. Rychkov and A. Strumia, Thermal production of gravitinos,

Phys. Rev. D 75 (2007) 075011 [hep-ph/0701104] [INSPIRE].

[52] N. Abe, T. Moroi and M. Yamaguchi, Anomaly mediated supersymmetry breaking with axion,

JHEP 01 (2002) 010 [hep-ph/0111155] [INSPIRE].

[53] S. Nakamura, K.-i. Okumura and M. Yamaguchi, Axionic mirage mediation,

Phys. Rev. D 77 (2008) 115027 [arXiv:0803.3725] [INSPIRE].

– 19 –

http://dx.doi.org/10.1088/1475-7516/2013/01/017
http://arxiv.org/abs/1208.3399
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3399
http://dx.doi.org/10.1007/JHEP06(2013)040
http://arxiv.org/abs/1304.6597
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6597
http://dx.doi.org/10.1103/PhysRevLett.43.103
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,43,103
http://dx.doi.org/10.1016/0550-3213(80)90209-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B166,493
http://dx.doi.org/10.1016/0370-2693(95)00881-K
http://arxiv.org/abs/hep-ph/9503233
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9503233
http://dx.doi.org/10.1016/S0550-3213(01)00550-8
http://arxiv.org/abs/hep-ph/0008058
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0008058
http://dx.doi.org/10.1088/1126-6708/2008/09/015
http://arxiv.org/abs/0805.4201
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.4201
http://dx.doi.org/10.1143/PTPS.186.404
http://arxiv.org/abs/1007.2590
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2590
http://dx.doi.org/10.1103/PhysRevD.83.075011
http://arxiv.org/abs/1008.4528
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.4528
http://dx.doi.org/10.1088/1475-7516/2014/01/011
http://arxiv.org/abs/1310.6982
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.6982
http://dx.doi.org/10.1016/j.physletb.2012.02.034
http://arxiv.org/abs/1112.2462
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.2462
http://dx.doi.org/10.1103/PhysRevD.85.095011
http://arxiv.org/abs/1202.2253
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.2253
http://arxiv.org/abs/1212.6971
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.6971
http://dx.doi.org/10.1007/JHEP02(2013)126
http://arxiv.org/abs/1210.0555
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.0555
http://dx.doi.org/10.1016/S0550-3213(01)00132-8
http://arxiv.org/abs/hep-ph/0012052
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012052
http://dx.doi.org/10.1103/PhysRevD.75.023509
http://arxiv.org/abs/hep-ph/0608344
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0608344
http://dx.doi.org/10.1016/j.physletb.2007.02.072
http://arxiv.org/abs/hep-ph/0612291
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0612291
http://dx.doi.org/10.1103/PhysRevD.75.075011
http://arxiv.org/abs/hep-ph/0701104
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0701104
http://dx.doi.org/10.1088/1126-6708/2002/01/010
http://arxiv.org/abs/hep-ph/0111155
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0111155
http://dx.doi.org/10.1103/PhysRevD.77.115027
http://arxiv.org/abs/0803.3725
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3725


J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

[54] T. Goto and M. Yamaguchi, Is axino dark matter possible in supergravity?,

Phys. Lett. B 276 (1992) 103 [INSPIRE].

[55] U. Ellwanger, C. Hugonie and A.M. Teixeira, The next-to-minimal supersymmetric standard

model, Phys. Rept. 496 (2010) 1 [arXiv:0910.1785] [INSPIRE].

[56] M. Kawasaki, T. Moroi and T. Yanagida, Can decaying particles raise the upper bound on

the Peccei-Quinn scale?, Phys. Lett. B 383 (1996) 313 [hep-ph/9510461] [INSPIRE].

[57] L. Randall and R. Sundrum, Out of this world supersymmetry breaking,

Nucl. Phys. B 557 (1999) 79 [hep-th/9810155] [INSPIRE].

[58] G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets,

JHEP 12 (1998) 027 [hep-ph/9810442] [INSPIRE].

[59] T. Moroi, M. Nagai and M. Takimoto, Non-thermal production of wino dark matter via the

decay of long-lived particles, JHEP 07 (2013) 066 [arXiv:1303.0948] [INSPIRE].

[60] G.D. Coughlan, W. Fischler, E.W. Kolb, S. Raby and G.G. Ross, Cosmological problems for

the Polonyi potential, Phys. Lett. B 131 (1983) 59 [INSPIRE].

[61] A.S. Goncharov, A.D. Linde and M.I. Vysotsky, Cosmological problems for spontaneously

broken supergravity, Phys. Lett. B 147 (1984) 279 [INSPIRE].

[62] J.R. Ellis, D.V. Nanopoulos and M. Quirós, On the axion, dilaton, Polonyi, gravitino and

shadow matter problems in supergravity and superstring models,

Phys. Lett. B 174 (1986) 176 [INSPIRE].

[63] T. Banks, D.B. Kaplan and A.E. Nelson, Cosmological implications of dynamical

supersymmetry breaking, Phys. Rev. D 49 (1994) 779 [hep-ph/9308292] [INSPIRE].

[64] B. de Carlos, J.A. Casas, F. Quevedo and E. Roulet, Model independent properties and

cosmological implications of the dilaton and moduli sectors of 4D strings,

Phys. Lett. B 318 (1993) 447 [hep-ph/9308325] [INSPIRE].

[65] H. Murayama, H. Suzuki and T. Yanagida, Radiative breaking of Peccei-Quinn symmetry at

the intermediate mass scale, Phys. Lett. B 291 (1992) 418 [INSPIRE].

[66] K. Nakayama and N. Yokozaki, Peccei-Quinn extended gauge-mediation model with

vector-like matter, JHEP 11 (2012) 158 [arXiv:1204.5420] [INSPIRE].

[67] I. Affleck and M. Dine, A new mechanism for baryogenesis, Nucl. Phys. B 249 (1985) 361

[INSPIRE].

[68] M. Dine, L. Randall and S.D. Thomas, Baryogenesis from flat directions of the

supersymmetric standard model, Nucl. Phys. B 458 (1996) 291 [hep-ph/9507453] [INSPIRE].

[69] M. Fukugita and T. Yanagida, Baryogenesis without grand unification,

Phys. Lett. B 174 (1986) 45 [INSPIRE].

[70] A. Pilaftsis and T.E.J. Underwood, Resonant leptogenesis, Nucl. Phys. B 692 (2004) 303

[hep-ph/0309342] [INSPIRE].

[71] A. Pilaftsis and T.E.J. Underwood, Electroweak-scale resonant leptogenesis,

Phys. Rev. D 72 (2005) 113001 [hep-ph/0506107] [INSPIRE].

[72] M. Garny, A. Kartavtsev and A. Hohenegger, Leptogenesis from first principles in the

resonant regime, Annals Phys. 328 (2013) 26 [arXiv:1112.6428] [INSPIRE].

– 20 –

http://dx.doi.org/10.1016/0370-2693(92)90547-H
http://inspirehep.net/search?p=find+J+Phys.Lett.,B276,103
http://dx.doi.org/10.1016/j.physrep.2010.07.001
http://arxiv.org/abs/0910.1785
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.1785
http://dx.doi.org/10.1016/0370-2693(96)00743-5
http://arxiv.org/abs/hep-ph/9510461
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9510461
http://dx.doi.org/10.1016/S0550-3213(99)00359-4
http://arxiv.org/abs/hep-th/9810155
http://inspirehep.net/search?p=find+EPRINT+hep-th/9810155
http://dx.doi.org/10.1088/1126-6708/1998/12/027
http://arxiv.org/abs/hep-ph/9810442
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9810442
http://dx.doi.org/10.1007/JHEP07(2013)066
http://arxiv.org/abs/1303.0948
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.0948
http://dx.doi.org/10.1016/0370-2693(83)91091-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B131,59
http://dx.doi.org/10.1016/0370-2693(84)90116-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B147,279
http://dx.doi.org/10.1016/0370-2693(86)90736-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B174,176
http://dx.doi.org/10.1103/PhysRevD.49.779
http://arxiv.org/abs/hep-ph/9308292
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9308292
http://dx.doi.org/10.1016/0370-2693(93)91538-X
http://arxiv.org/abs/hep-ph/9308325
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9308325
http://dx.doi.org/10.1016/0370-2693(92)91397-R
http://inspirehep.net/search?p=find+J+Phys.Lett.,B291,418
http://dx.doi.org/10.1007/JHEP11(2012)158
http://arxiv.org/abs/1204.5420
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5420
http://dx.doi.org/10.1016/0550-3213(85)90021-5
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B249,361
http://dx.doi.org/10.1016/0550-3213(95)00538-2
http://arxiv.org/abs/hep-ph/9507453
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9507453
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B174,45
http://dx.doi.org/10.1016/j.nuclphysb.2004.05.029
http://arxiv.org/abs/hep-ph/0309342
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0309342
http://dx.doi.org/10.1103/PhysRevD.72.113001
http://arxiv.org/abs/hep-ph/0506107
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0506107
http://dx.doi.org/10.1016/j.aop.2012.10.007
http://arxiv.org/abs/1112.6428
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.6428


J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

[73] S. Iso, K. Shimada and M. Yamanaka, Kadanoff-Baym approach to the thermal resonant

leptogenesis, JHEP 04 (2014) 062 [arXiv:1312.7680] [INSPIRE].

[74] A.D. Linde, Relaxing the cosmological moduli problem, Phys. Rev. D 53 (1996) 4129

[hep-th/9601083] [INSPIRE].

[75] K. Nakayama, F. Takahashi and T.T. Yanagida, On the adiabatic solution to the

Polonyi/moduli problem, Phys. Rev. D 84 (2011) 123523 [arXiv:1109.2073] [INSPIRE].

[76] K. Nakayama, F. Takahashi and T.T. Yanagida, Eluding the gravitino overproduction in

inflaton decay, Phys. Lett. B 718 (2012) 526 [arXiv:1209.2583] [INSPIRE].

[77] J.L. Evans, M.A.G. Garcia and K.A. Olive, The moduli and gravitino (non)-problems in

models with strongly stabilized moduli, JCAP 03 (2014) 022 [arXiv:1311.0052] [INSPIRE].

[78] K. Nakayama and T.T. Yanagida, Anomaly mediation deformed by axion,

Phys. Lett. B 722 (2013) 107 [arXiv:1302.3332] [INSPIRE].

[79] A.D. Linde, Chaotic inflation, Phys. Lett. B 129 (1983) 177 [INSPIRE].

[80] T.L. Smith, M. Kamionkowski and A. Cooray, Direct detection of the inflationary

gravitational wave background, Phys. Rev. D 73 (2006) 023504 [astro-ph/0506422]

[INSPIRE].

[81] R. Jinno, T. Moroi and K. Nakayama, Imprints of cosmic phase transition in inflationary

gravitational waves, Phys. Lett. B 713 (2012) 129 [arXiv:1112.0084] [INSPIRE].

[82] R. Jinno, T. Moroi and K. Nakayama, Inflationary gravitational waves and the evolution of

the early universe, JCAP 01 (2014) 040 [arXiv:1307.3010] [INSPIRE].

[83] R. Easther, J. Giblin, John T., E.A. Lim, W.-I. Park and E.D. Stewart, Thermal inflation

and the gravitational wave background, JCAP 05 (2008) 013 [arXiv:0801.4197] [INSPIRE].

[84] M. Dine, W. Fischler and M. Srednicki, A simple solution to the strong CP problem with a

harmless axion, Phys. Lett. B 104 (1981) 199 [INSPIRE].

[85] A.R. Zhitnitsky, On possible suppression of the axion hadron interactions (in Russian), Sov.

J. Nucl. Phys. 31 (1980) 260 [Yad. Fiz. 31 (1980) 497] [INSPIRE].

[86] J.E. Kim and H.P. Nilles, The µ problem and the strong CP problem,

Phys. Lett. B 138 (1984) 150 [INSPIRE].

[87] A.D. Linde and D.H. Lyth, Axionic domain wall production during inflation,

Phys. Lett. B 246 (1990) 353 [INSPIRE].

[88] S. Kasuya, M. Kawasaki and T. Yanagida, Cosmological axion problem in chaotic

inflationary universe, Phys. Lett. B 409 (1997) 94 [hep-ph/9608405] [INSPIRE].

[89] S. Kasuya, M. Kawasaki and T. Yanagida, Domain wall problem of axion and isocurvature

fluctuations in chaotic inflation models, Phys. Lett. B 415 (1997) 117 [hep-ph/9709202]

[INSPIRE].

[90] M. Kawasaki, T.T. Yanagida and K. Yoshino, Domain wall and isocurvature perturbation

problems in axion models, JCAP 11 (2013) 030 [arXiv:1305.5338] [INSPIRE].

[91] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XXII. Constraints on

inflation, Astron. Astrophys. 571 (2014) A22 [arXiv:1303.5082] [INSPIRE].

[92] T. Higaki, K.S. Jeong and F. Takahashi, Solving the tension between high-scale inflation and

axion isocurvature perturbations, Phys. Lett. B 734 (2014) 21 [arXiv:1403.4186] [INSPIRE].

– 21 –

http://dx.doi.org/10.1007/JHEP04(2014)062
http://arxiv.org/abs/1312.7680
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7680
http://dx.doi.org/10.1103/PhysRevD.53.R4129
http://arxiv.org/abs/hep-th/9601083
http://inspirehep.net/search?p=find+EPRINT+hep-th/9601083
http://dx.doi.org/10.1103/PhysRevD.84.123523
http://arxiv.org/abs/1109.2073
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.2073
http://dx.doi.org/10.1016/j.physletb.2012.10.085
http://arxiv.org/abs/1209.2583
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.2583
http://dx.doi.org/10.1088/1475-7516/2014/03/022
http://arxiv.org/abs/1311.0052
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.0052
http://dx.doi.org/10.1016/j.physletb.2013.04.002
http://arxiv.org/abs/1302.3332
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.3332
http://dx.doi.org/10.1016/0370-2693(83)90837-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B129,177
http://dx.doi.org/10.1103/PhysRevD.73.023504
http://arxiv.org/abs/astro-ph/0506422
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0506422
http://dx.doi.org/10.1016/j.physletb.2012.05.061
http://arxiv.org/abs/1112.0084
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.0084
http://dx.doi.org/10.1088/1475-7516/2014/01/040
http://arxiv.org/abs/1307.3010
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.3010
http://dx.doi.org/10.1088/1475-7516/2008/05/013
http://arxiv.org/abs/0801.4197
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4197
http://dx.doi.org/10.1016/0370-2693(81)90590-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B104,199
http://inspirehep.net/search?p=find+J+Sov.J.Nucl.Phys.,31,260
http://dx.doi.org/10.1016/0370-2693(84)91890-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B138,150
http://dx.doi.org/10.1016/0370-2693(90)90613-B
http://inspirehep.net/search?p=find+J+Phys.Lett.,B246,353
http://dx.doi.org/10.1016/S0370-2693(97)00809-5
http://arxiv.org/abs/hep-ph/9608405
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9608405
http://dx.doi.org/10.1016/S0370-2693(97)01270-7
http://arxiv.org/abs/hep-ph/9709202
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9709202
http://dx.doi.org/10.1088/1475-7516/2013/11/030
http://arxiv.org/abs/1305.5338
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.5338
http://dx.doi.org/10.1051/0004-6361/201321569
http://arxiv.org/abs/1303.5082
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5082
http://dx.doi.org/10.1016/j.physletb.2014.05.014
http://arxiv.org/abs/1403.4186
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4186


J
H
E
P
1
1
(
2
0
1
4
)
1
5
1

[93] K. Choi, K.S. Jeong and M.-S. Seo, String theoretic QCD axions in the light of PLANCK

and BICEP2, JHEP 07 (2014) 092 [arXiv:1404.3880] [INSPIRE].

[94] E.J. Chun, Axion dark matter with high-scale inflation, Phys. Lett. B 735 (2014) 164

[arXiv:1404.4284] [INSPIRE].

[95] M. Le Bellac, Thermal field theory, Cambridge University Press, Cambridge U.K. (1996).

– 22 –

http://dx.doi.org/10.1007/JHEP07(2014)092
http://arxiv.org/abs/1404.3880
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.3880
http://dx.doi.org/10.1016/j.physletb.2014.06.017
http://arxiv.org/abs/1404.4284
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.4284

	Introduction
	Basic ingredients
	Decay and dissipation rates in thermal bath
	Boltzmann equations

	Cosmology: model-dependent discussion
	Model 1
	Model 2
	Model 3
	Dilution of unwanted relics and baryon asymmetry

	Discussion
	One-loop estimation of soft axion dissipation

