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Outline

• Conventional Axion DM : overview

• Axion interactions with a hidden thermal bath

• Cosmological evolution of the axion field in the 

presence of thermal friction

• Implications to axion DM abundance and density 

perturbation
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021
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CPV in the QCD sector
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The QCD vacuum energy is minimized at the CP-conserving point (𝜃̅ = 0).

Promote 𝜃̅ to a dynamical field (=QCD axion) :

[Peccei, Quinn ’77, Weinberg ‘78, Wilczek ’78]

[Vafa,Witten ’84]

[Abel et al ’20]
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QCD axion lagrangian

[Kim ’79, Shifman,Vainshtein, Zakharov ’80]

[Dine, Fischler, Srednicki ’81, Zhitnitsky ’80]

Below the QCD scale

Talk preparation note

March 22, 2021
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Axion-Like Particle (ALP)

: 𝑓 characterizes typical size of ALP couplings. 

i) approximate shift symmetry 𝑈 1 !"

ii) periodicity

:  ALP can be naturally light. 

• Cousins of the QCD axion, not being involved in the strong CP problem
• Ubiquitous in many BSM scenarios, e.g. string theory  

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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Slow-roll : dark energy

Underdamped oscillation : 
cold dark matter 

Conventional axion dark matter scenario

𝑚!(𝑡) ≳ 𝐻 𝑡

𝐻 𝑡 ≫ 𝑚! 𝑡
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Time evolution of the axion field
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
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Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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𝑚! ≳ 𝐻(𝑡)𝑚! ≪ 𝐻(𝑡)
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian

L �
1

2
@
µ
�@µ��

1

2
m

2
�
�
2 +

@µ�

fh
J
µ

h
(1)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by

r
µ
@µ� + V

0(�) = �
h@µJ

µ

h
i

fh
, (2)

where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order

h@µJ
µ

h
i = �(Th)uµ

@µ�

fh
+ O(�@µ�/f

2
h
, @

2
�/fh), (3)

where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (2) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇, (4)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as

�� ⌘ ⇠
T

3

f
2
h

(5)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .
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As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡

�

fh
G

µ⌫a

h
eGa

hµ⌫
. (6)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
eGa

hµ⌫
i = ���̇ (7)

with �� given in Eq. (5), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(8)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as

V (�) =
m

2
0f

2

1 + (T/⇤�)b

✓
1 � cos

�

f

◆
(9)

where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass

m
2
�
(T ) ⌘

m
2
0

1 + (T/⇤�)b
. (10)

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
�3(1+w)/2

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (1). The
validity of this assumption will be discussed in section IV.

Axion shift-symmetry (𝜙 → 𝜙 + 𝑐)
conserving interaction for a naturally 
small axion mass
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where J
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is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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h
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (4) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇ (7)
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as

�� ⌘ ⇠
T

3

f
2
h

(8)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡

�

fh
G

µ⌫a

h
eGa

hµ⌫
. (9)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
eGa

hµ⌫
i = ���̇ (10)

with �� given in Eq. (7), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(11)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as

V (�) =
m

2
0f

2

1 + (T/⇤�)b

✓
1 � cos

�

f

◆
(12)

where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

Macroscopically-occupied ground state (classical field) 
+ Thermalized excited states (quantum field)

: hidden sector 
current 
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where J
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interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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0(�) = �
h@µJ

µ

h
i

fh
, (2)

where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
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by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (2) reads

�̈ + 3H� + m
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� = ���(T )�̇, (4)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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2
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(5)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .
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As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡

�

fh
G

µ⌫a

h
eGa

hµ⌫
. (6)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
eGa

hµ⌫
i = ���̇ (7)

with �� given in Eq. (5), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(8)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as

V (�) =
m

2
0f

2

1 + (T/⇤�)b

✓
1 � cos

�

f

◆
(9)

where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass

m
2
�
(T ) ⌘

m
2
0

1 + (T/⇤�)b
. (10)

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
�3(1+w)/2

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (1). The
validity of this assumption will be discussed in section IV.

Eq. of motion

: thermal expectation value  
under the 𝜙()-background
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An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian

L �
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2
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�@µ�� V

0(�) +
@µ�

fh
J
µ

h
(1)

L �
1

2
@
µ
�@µ��
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2
m

2
�
�
2 +

@µ�

fh
J
µ

h
(2)

�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by

r
µ
@µ� + V

0(�) = �
h@µJ

µ

h
i

fh
, (4)

�̈cl + 3H�cl + m
2
�
�cl = �

h@µJ
µ

h
i�cl

fh

(5)

where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order

h@µJ
µ

h
i�cl = �(Th)uµ

@µ�cl

fh
+ O(�cl@µ�cl/f

2
h
, @

2
�cl/fh)

(6)

where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
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sector, and �(Th) ⇠ T
3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (5) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇ (7)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as

�� ⌘ ⇠
T

3

f
2
h

(8)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡

�

fh
G

µ⌫a

h
eGa

hµ⌫
. (9)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
eGa

hµ⌫
i = ���̇ (10)

with �� given in Eq. (8), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(11)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as

V (�) =
m

2
0f

2

1 + (T/⇤�)b

✓
1 � cos

�

f

◆
(12)

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

where

CTPU-PTC-22-xx

Axion dark matter with thermal friction

Kiwoon Choi,1, ⇤ Sang Hui Im,1, † Hee Jung Kim,1, ‡ and Hyeonseok Seong1, §

1Center for Theoretical Physics of the Universe,
Institute for Basic Science, Daejeon 34126, Korea

something

I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian

L �
1

2
@
µ
�@µ�� V

0(�) +
@µ�

fh
J
µ

h
(1)

L �
1

2
@
µ
�@µ��

1

2
m

2
�
�
2 +

@µ�

fh
J
µ

h
(2)

�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by

r
µ
@µ� + V

0(�) = �
h@µJ

µ

h
i

fh
, (4)

�̈cl + 3H�cl + m
2
�
�cl = �

h@µJ
µ

h
i�cl

fh

(5)

where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order

h@µJ
µ

h
i�cl = �(Th)uµ

@µ�cl

fh
+ O(�cl@µ�cl/f

2
h
, @

2
�cl/fh)

(6)

where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden

⇤ kchoi@ibs.re.kr
† imsanghui@ibs.re.kr
‡ heejungkim@ibs.re.kr
§ hseong@ibs.re.kr

sector, and �(Th) ⇠ T
3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (5) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇ (7)

where the dot denotes time-derivative, H is the Hubble
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to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
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As for the axion potential, we will consider a cosine
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eterized as
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1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.
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where J
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is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇ (8)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as

�� ⌘ ⇠
T

3

f
2
h

(9)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡

�

fh
G

µ⌫a

h
eGa

hµ⌫
. (10)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
eGa

hµ⌫
i = ���̇ (11)

with �� given in Eq. (9), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(12)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads

�̈+ 3H�̇+m
2
�
� = ���(T )�̇ (8)

�̈cl + 3H�̇cl +m
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�
�cl = ���(T )�̇cl (9)
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�
�cl = 0 (10)

�� = ⇠
T

3

f
2
h

(11)

H ⇠
T

2

MP

(12)

�� � H (13)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as

�� ⌘ ⇠
T

3

f
2
h

(14)

⇠ /

✓
Th

T

◆3

(15)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .
As a concrete and motivated simple example for a ther-

malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

Z
d
4
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�

fh
G

µ⌫a

h
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✓
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�
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◆
�
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µ
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(16)

1 For other possible examples, see e.g. [? ].
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In the rest frame of the thermal fluid,
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
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by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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(9)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h

8⇡
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hµ⌫
. (10)
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i = ���̇ (11)

with �� given in Eq. (9), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
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(12)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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The thermal average of the hidden gluon operator gives
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with �� given in Eq. (9), and for this case the dimen-
sionless parameter ⇠ turns out to be
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(13)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads

�̈ + 3H� + m
2
�
� = ���(T )�̇ (8)

�̈cl + 3H�cl + m
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�
�cl = ���(T )�̇cl (9)

where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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3

f
2
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⇠ /

✓
Th

T

◆3

(11)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

↵h
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�

fh
G

µ⌫a

h
eGa

hµ⌫
. (12)

The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h
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µ⌫a

h
eGa

hµ⌫
i = ���̇ (13)

with �� given in Eq. (10), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(14)

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

where with

𝑇 : temperature of the 
universe

The axion interaction with a hidden thermal bath can give 
rise to a new friction term on top of the Hubble friction. 
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].
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Motivated example : 
Sphaleron processes in non-abelian gauge theories
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:
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with �� given in Eq. (10), and for this case the dimen-
sionless parameter ⇠ turns out to be
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1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

Axion mass via 
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Digression : physics of instantons

Chern-Simon current

The QCD ' term is actually total divergence, so it has 
no physical consequences perturbatively. However, it does 
have physical effects non-perturbatively.
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
�3(1+w)/2

2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

where w is defined by the equation of state of the uni-
verse p = w⇢ with pressure p and energy density ⇢. More-
over in the early universe the thermal friction �� can be
greater than the axion mass m�. Using the quadratic
approximation for the axion potential near the potential
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�� � H,m�) is found to be
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The velocity of the axion field during this overdamping
phase turns out to be
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The axion field begins to move substantially when ��H

drops below m
2
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as the temperature decreases.
As the universe further cools down, those friction terms

eventually become smaller than the axion mass, and the
axion starts to oscillate around the potential minimum.
For this period (i.e. m� & ��, H), we find that approxi-
mate solution to Eq. (11) is given by
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where t1 denotes the starting time of the oscillation de-
fined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
1 means that the corresponding quantity is evaluated at
t = t1, e.g. m1 ⌘ m�(t1), �1 ⌘ ��(t1), �1 ⌘ �(t1). The
solution Eq. (29) is valid when t > t1. For the ther-
mal friction to make a substantial di↵erence for axion
cosmology compared to the conventional scenario with
�� ⇡ 0, the Hubble friction has to be smaller than the
thermal friction at t = t1. i.e. �1 > 3H1. Otherwise,
��H > m

2
�

before the thermal friction falls below the
Hubble friction so that the axion nearly doesn’t move,
see Eq. (26), and afterward the thermal friction becomes
negligible compared with the Hubble friction. Thus if
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Vacuum structure of non-abelian gauge theories
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Fig. 1.3. The energy dependence of the gauge configurations A as a function of the
Chern-Simons number, Ncs[A]. Sphalerons correspond to the saddle points, i.e. maxima
of the potential.

Fig. 1.3. In semi-classical approximation, the probability of tunneling be-
tween neighboring vacua is determined by the instanton configurations. In
SM, as there are three generations of fermions, ∆B = ∆L = Nf∆Ncs =
±3n, with n being an positive integer. In other words, the vacuum to vac-
uum transition changes ∆B and ∆L by multiples of 3 units. As a result,
the SU(2) instantons lead to the following effective operator at the lowest
order,

OB+L =
∏

i=1,2,3

(qLiqLiqLi!Li) , (1.15)

which gives 12 fermion interactions, such as,

u + d + c → d + 2s + 2b + t + νe + νµ + ντ . (1.16)

At zero temperature, the transition rate is given by, Γ ∼ e−Sint =
e−4π/α = O(10−165) [11]. The resulting transition rate is exponentially
suppressed and thus it is negligible. In thermal bath, however, things can
be quite different. It was pointed out by Kuzmin, Rubakov and Shaposh-
nikov [15] that, in thermal bath, the transitions between different gauge
vacua can be made not by tunneling but through thermal fluctuations over
the barrier. When temperatures are larger than the height of the barrier,
the suppression due to the Boltzmann factor disappear completely, and thus

Instanton

Sphaleron

The sphaleron processes are real-time processes 
hopping the potential barrier by thermal fluctuation.
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (6) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].
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for spatially homogeneous 𝜙()(𝑡)

Chemical potential for 𝑁*+

Non-zero axion field velocity drives the sphaleron processes.
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
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1 For other possible examples, see e.g. [? ].
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order

h@µJ
µ

h
i�cl = �(Th)uµ

@µ�cl

fh
+ O(�cl@µ�cl/f

2
h
, @

2
�cl/fh)

(8)

⇤ kchoi@ibs.re.kr
† imsanghui@ibs.re.kr
‡ heejungkim@ibs.re.kr
§ hseong@ibs.re.kr

where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].

𝛾!𝜙̇()𝛾! ≡ 𝜉
𝑇,

𝑓-.

𝜉 ∼ 𝑁𝛼% & 𝑇%
𝑇

"

for 𝑆𝑈(𝑁) pure Yang-Mills 

Thermal friction from 
sphalerons

[McLerran, Mottola, Shaposhinikov ’91, Arnold, Son,Yaffle ‘97]
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].

Eq. of motion
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].

with approximately constant 𝜉
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
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1 For other possible examples, see e.g. [? ].

in radiation domination
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I. INTRODUCTION
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WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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where J
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is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
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1 For other possible examples, see e.g. [? ].

in the hot early universe

The thermal friction can be important for axion dynamics 
in the early universe. 

Axion dynamics with thermal friction
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mal system, and its microscopic description may be given
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where J
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is a hidden sector current, and fh characterizes
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Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
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where the prime is the partial derivative with respect to
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T
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by dimensional reason. In the
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .
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Approximate solution to the equation of motion : 
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
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where w is defined by the equation of state of the uni-
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The axion field begins to move substantially when ��H
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where t1 denotes the starting time of the oscillation de-
fined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
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eventually become smaller than the axion mass, and the
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
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where w is defined by the equation of state of the uni-
verse p = w⇢ with pressure p and energy density ⇢. More-
over in the early universe the thermal friction �� can be
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
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where f✓i is the initial value of �, and
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The axion field begins to move substantially when ��H

drops below m
2
�
as the temperature decreases.

As the universe further cools down, those friction terms
eventually become smaller than the axion mass, and the
axion starts to oscillate around the potential minimum.
For this period (i.e. m� & ��, H), we find that approxi-
mate solution to Eq. (11) is given by
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where t1 denotes the starting time of the oscillation de-
fined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
1 means that the corresponding quantity is evaluated at
t = t1, e.g. m1 ⌘ m�(t1), �1 ⌘ ��(t1), �1 ⌘ �(t1). The

𝜙"# slow-rolls as long as 
𝑚2
3
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45

≳ 𝐻45 (𝛾2𝐻 ≳ 𝑚2
3 )
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3
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≲ 𝐻45 (𝛾2𝐻 ≲ 𝑚2
3 )
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:

↵h

8⇡fh
hG

µ⌫a

h
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with �� given in Eq. (15), and for this case the dimen-
sionless parameter ⇠ turns out to be
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for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as

V (�) =
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2
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential
is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
�3(1+w)/2

where w is defined by the equation of state of the uni-
verse p = w⇢ with pressure p and energy density ⇢. More-
over in the early universe the thermal friction �� can be
greater than the axion mass m�. Using the quadratic
approximation for the axion potential near the potential
minimum, solution to Eq. (11) during this period (i.e.
�� � H,m�) is found to be
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where f✓i is the initial value of �, and
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The velocity of the axion field during this overdamping
phase turns out to be
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The axion field begins to move substantially when ��H

drops below m
2
�
as the temperature decreases.

As the universe further cools down, those friction terms
eventually become smaller than the axion mass, and the
axion starts to oscillate around the potential minimum.
For this period (i.e. m� & ��, H), we find that approxi-
mate solution to Eq. (11) is given by
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The axion field exponentially decays before oscillation. 
[cf. K.V. Berghaus,T. Karwal ’19]
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian

L �
1

2
@
µ
�@µ�� V

0(�) +
@µ�

fh
J
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h
(1)
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2
@
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�
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@µ�

fh
J
µ

h
(2)

�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by

r
µ
@µ� + V
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h
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, (4)
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µ
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(6)
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�
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↵h

8⇡fh
h@µJ

µ

CSi�cl (7)

where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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h
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads

�̈ + 3H�̇ + m
2
�
� = ���(T )�̇ (9)

�̈cl + 3H�̇cl + m
2
�
�cl = ���(T )�̇cl (10)
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2
�
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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Th
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(13)

with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by

Z
d
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1 For other possible examples, see e.g. [? ].

Approximate solution to the equation of motion :
underdamping phase

When 𝑚! ≫ 𝛾!, 𝐻 (underdamping),
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I. INTRODUCTION

II. COSMOLOGICAL AXION EVOLUTION
WITH THERMAL FRICTION

An axion field can have sizable interaction with a ther-
mal system, and its microscopic description may be given
by the following lagrangian
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�(t, x) = �cl(t) + �̂(t, x) (3)

where J
µ

h
is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where the prime is the partial derivative with respect to
�, and h· · · i denotes the thermal average of the quantity
in the presence of �-background. The thermal expecta-
tion value may be written at leading order
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure
Yang-Mills (YM) gauge field without charged fermions1,
which interacts with the axion by
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1 For other possible examples, see e.g. [? ].
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The thermal average of the hidden gluon operator gives
rise to a friction term for the axion field by sphaleron
processes [? ]2:
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8⇡fh
hG
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h
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i = ���̇ (23)

with �� given in Eq. (17), and for this case the dimen-
sionless parameter ⇠ turns out to be

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

(24)

G
µ⌫a

h
eGa

hµ⌫
⌘ @µJ

µ

CS (25)

@µJ
µ

CS = G
µ⌫a

h
eGa

hµ⌫
(26)

for SU(N)-hidden YM gauge symmetry. In this work,
we will assume that the parameter ⇠ is nearly a constant.
Later we will show that this is a valid assumption in
reasonable parameter space.

As for the axion potential, we will consider a cosine
potential whose temperature-dependence may be param-
eterized as
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where m0 is the axion mass at zero-temperature, ⇤� is a
certain dynamical scale around which this axion potential

1 For other possible examples, see e.g. [? ].
2 By the hidden YM instanton processes, the quantum expectation
value of this hidden gluon operator also yields an axion potential
apart from the friction term. We will assume that this additional
potential is negligible compared with V (�) in Eq. (2). The
validity of this assumption will be discussed in section IV.

is generated, and b is a constant power. Around the
potential minimum, the potential can be approximated
as the quadratic form with temperature-dependent axion
mass
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In the early universe the thermal friction can be larger
than the Hubble friction H, because the thermal fric-
tion �� / a

�3 while the Hubble friction H / a
�3(1+w)/2

where w is defined by the equation of state of the uni-
verse p = w⇢ with pressure p and energy density ⇢. More-
over in the early universe the thermal friction �� can be
greater than the axion mass m�. Using the quadratic
approximation for the axion potential near the potential
minimum, solution to Eq. (11) during this period (i.e.
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The velocity of the axion field during this overdamping
phase turns out to be
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The axion field begins to move substantially when ��H

drops below m
2
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as the temperature decreases.
As the universe further cools down, those friction terms

eventually become smaller than the axion mass, and the
axion starts to oscillate around the potential minimum.
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I. INTRODUCTION
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An axion field can have sizable interaction with a ther-
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where J
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is a hidden sector current, and fh characterizes

interaction strength of the axion to the hidden sector.
Here we assume the derivative interaction so that axion
mass correction from the hidden sector is absent. Sup-
pose that the hidden sector is rapidly thermalized. The
equation of motion for the axion field is then given by
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where u
µ is the 4-velocity vector of the thermal fluid of

the hidden sector, Th is the temperature of the hidden
sector, and �(Th) ⇠ T

3
h

by dimensional reason. In the
frame u

µ = (1, 0, 0, 0), therefore, Eq. (7) reads
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where the dot denotes time-derivative, H is the Hubble
parameter, and �� is defined as
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with a dimensionless parameter ⇠ which is proportional
to (Th/T )3 with T the temperature of the dominant ra-
diation component of the universe. Note that the hidden
sector temperature Th can be in general di↵erent from T .

As a concrete and motivated simple example for a ther-
malized hidden sector, we will consider a hidden pure

𝑡/ : oscillation starting time around 𝑚! ≈ 𝛾! 3

�1 ⌘ �(t1), m1 ⌘ m�(t1), �1 ⌘ ��(t1) (33)
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where t1 denotes the starting time of the oscillation
defined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
1 means that the corresponding quantity is evaluated at
t = t1, e.g. m1 ⌘ m�(t1), �1 ⌘ ��(t1), �1 ⌘ �(t1). The
solution Eq. (32) is valid when t > t1. For the ther-
mal friction to make a substantial di↵erence for axion
cosmology compared to the conventional scenario with
�� ⇡ 0, the Hubble friction has to be smaller than the
thermal friction at t = t1. i.e. �1 > 3H1. Otherwise,
��H > m

2
�

before the thermal friction falls below the
Hubble friction so that the axion nearly doesn’t move,
see Eq. (29), and afterward the thermal friction becomes
negligible compared with the Hubble friction. Thus if
�1 < 3H1, the axion dynamics is essentially the same as
the conventional scenario. Let us therefore consider the
case �1 > 3H1. For this case,

m1 ' A�1 (35)

for some constant A ⇠ O(1) which has to be determined
numerically. The field values �1 and �̇1 are determined
from the previous overdamping phase with Eq. (29) and
Eq. (31):
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For radiation domination (w1 = 1/3), the exponent in
Eq. (36) can be determined from the condition (35)
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with temperature T1 at the onset of axion socillation
given by
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Fig. 1 shows the cosmological axion field evolution when
the thermal friction e↵ect is important.

During the oscillation period, the axion energy density
and pressure turn out to be
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FIG. 1. Cosmological axion field evolution in the presence
of sizable thermal friction. Blue is numerical solution to the
axion equation of motion, and Red is approximate analytic
solution given in Eq. (29) and Eq. (32). Here for the analytic
solution, we take A = 0.97 for a best fit. a represents the scale
factor, and a1 is its value at the time when axion field begins
to oscillate. Before the oscillation, the axion field already
moves substantially in the Hubble time in contrast to the
conventional scenario with negligible thermal friction.

For t � t1,
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where h· · · it denotes time-average over an oscillation pe-
riod. It shows that the axion energy density behaves like
matter, i.e. ⇢� / a

�3 once m�(t) ' m0, and the axion
can be identified as a cold dark matter even if the thermal
friction e↵ect is important.

Let us now examine implications of the thermal friction
on axion dark matter abundance. The axion dark matter
density is determined by Eq. (42) with Eq. (36):
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where we assume radiation domination at t = t1 and
A ' 1. In terms of ⌦�h

2 = ⇢�h
2
/⇢c with the critical

density ⇢c, the abundance of the axion dark matter at
the present universe is estimated as
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The above expression holds only for �1 > 3H1. For ex-
ample, if the axion mass is independent of temperature

Strong damping by 
thermal friction 
around 𝑡/

[SHI, KS Jeong,Y Lee ’21]
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𝑚! 𝑡 ≳ 𝛾! 𝑡 , 𝐻(𝑡)

𝛾! 𝑡 , 𝐻(𝑡) ≫ 𝑚! 𝑡
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34

Slow-roll : dark energy

Underdamped oscillation : 
cold dark matter 

2𝜋𝑓

Cosmological evolution of the axion field with 
thermal friction

𝛾!(𝑡) > 𝑚!(𝑡) > 𝐻(𝑡)

Decay : dark energy
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Time evolution of the axion field in the 
presence of thermal friction

3

�1 ⌘ �(t1), m1 ⌘ m�(t1), �1 ⌘ ��(t1) (33)
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where t1 denotes the starting time of the oscillation
defined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
1 means that the corresponding quantity is evaluated at
t = t1, e.g. m1 ⌘ m�(t1), �1 ⌘ ��(t1), �1 ⌘ �(t1). The
solution Eq. (32) is valid when t > t1. For the ther-
mal friction to make a substantial di↵erence for axion
cosmology compared to the conventional scenario with
�� ⇡ 0, the Hubble friction has to be smaller than the
thermal friction at t = t1. i.e. �1 > 3H1. Otherwise,
��H > m

2
�

before the thermal friction falls below the
Hubble friction so that the axion nearly doesn’t move,
see Eq. (29), and afterward the thermal friction becomes
negligible compared with the Hubble friction. Thus if
�1 < 3H1, the axion dynamics is essentially the same as
the conventional scenario. Let us therefore consider the
case �1 > 3H1. For this case,

m1 ' A�1 (35)

for some constant A ⇠ O(1) which has to be determined
numerically. The field values �1 and �̇1 are determined
from the previous overdamping phase with Eq. (29) and
Eq. (31):
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For radiation domination (w1 = 1/3), the exponent in
Eq. (36) can be determined from the condition (35)

�1

H1
'

3

⇡

s
10

g⇤(T1)
⇠
MP

f
2
h

T1 (38)

with temperature T1 at the onset of axion socillation
given by
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Fig. 1 shows the cosmological axion field evolution when
the thermal friction e↵ect is important.

During the oscillation period, the axion energy density
and pressure turn out to be
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FIG. 1. Cosmological axion field evolution in the presence
of sizable thermal friction. Blue is numerical solution to the
axion equation of motion, and Red is approximate analytic
solution given in Eq. (29) and Eq. (32). Here for the analytic
solution, we take A = 0.97 for a best fit. a represents the scale
factor, and a1 is its value at the time when axion field begins
to oscillate. Before the oscillation, the axion field already
moves substantially in the Hubble time in contrast to the
conventional scenario with negligible thermal friction.

For t � t1,
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where h· · · it denotes time-average over an oscillation pe-
riod. It shows that the axion energy density behaves like
matter, i.e. ⇢� / a

�3 once m�(t) ' m0, and the axion
can be identified as a cold dark matter even if the thermal
friction e↵ect is important.

Let us now examine implications of the thermal friction
on axion dark matter abundance. The axion dark matter
density is determined by Eq. (42) with Eq. (36):
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where we assume radiation domination at t = t1 and
A ' 1. In terms of ⌦�h

2 = ⇢�h
2
/⇢c with the critical

density ⇢c, the abundance of the axion dark matter at
the present universe is estimated as
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The above expression holds only for �1 > 3H1. For ex-
ample, if the axion mass is independent of temperature

Slow-roll 

Underdamping

Decay
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Misalignment production of axion dark matter with 
thermal friction

Present oscillation amplitude 𝐴(𝑡") ≪ 𝑓𝜃#$#
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3

�1 ⌘ �(t1), m1 ⌘ m�(t1), �1 ⌘ ��(t1) (33)
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where t1 denotes the starting time of the oscillation
defined by m�(t1) = Amax(��(t1), 3H(t1)) for some con-
stant A ⇠ O(1), and a is the scale factor. The subscript
1 means that the corresponding quantity is evaluated at
t = t1, e.g. m1 ⌘ m�(t1), �1 ⌘ ��(t1), �1 ⌘ �(t1). The
solution Eq. (32) is valid when t > t1. For the ther-
mal friction to make a substantial di↵erence for axion
cosmology compared to the conventional scenario with
�� ⇡ 0, the Hubble friction has to be smaller than the
thermal friction at t = t1. i.e. �1 > 3H1. Otherwise,
��H > m

2
�

before the thermal friction falls below the
Hubble friction so that the axion nearly doesn’t move,
see Eq. (29), and afterward the thermal friction becomes
negligible compared with the Hubble friction. Thus if
�1 < 3H1, the axion dynamics is essentially the same as
the conventional scenario. Let us therefore consider the
case �1 > 3H1. For this case,

m1 ' A�1 (35)

for some constant A ⇠ O(1) which has to be determined
numerically. The field values �1 and �̇1 are determined
from the previous overdamping phase with Eq. (29) and
Eq. (31):
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For radiation domination (w1 = 1/3), the exponent in
Eq. (36) can be determined from the condition (35)
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with temperature T1 at the onset of axion socillation
given by
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Fig. 1 shows the cosmological axion field evolution when
the thermal friction e↵ect is important.

During the oscillation period, the axion energy density
and pressure turn out to be
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FIG. 1. Cosmological axion field evolution in the presence
of sizable thermal friction. Blue is numerical solution to the
axion equation of motion, and Red is approximate analytic
solution given in Eq. (29) and Eq. (32). Here for the analytic
solution, we take A = 0.97 for a best fit. a represents the scale
factor, and a1 is its value at the time when axion field begins
to oscillate. Before the oscillation, the axion field already
moves substantially in the Hubble time in contrast to the
conventional scenario with negligible thermal friction.

For t � t1,
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where h· · · it denotes time-average over an oscillation pe-
riod. It shows that the axion energy density behaves like
matter, i.e. ⇢� / a

�3 once m�(t) ' m0, and the axion
can be identified as a cold dark matter even if the thermal
friction e↵ect is important.

Let us now examine implications of the thermal friction
on axion dark matter abundance. The axion dark matter
density is determined by Eq. (42) with Eq. (36):
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where we assume radiation domination at t = t1 and
A ' 1. In terms of ⌦�h

2 = ⇢�h
2
/⇢c with the critical

density ⇢c, the abundance of the axion dark matter at
the present universe is estimated as
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The above expression holds only for �1 > 3H1. For ex-
ample, if the axion mass is independent of temperature
(b = � = 0), �1/H1 is estimated from Eq. (38) as
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From Eq. (46) and Eq. (46), we see that the axion dark
matter abundance is exponentially sensitive to the axion
coupling f

�1
h

for a given axion mass m�. For the case
b = � = 0, the temperature at the onset of the axion
oscillation is given by Eq. (39),
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One can observe a hierarchy between f and fh in Eq.
(46). From that equation, one can derive the following
relation.
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It tells us that the axion scale f has to be much greater
than fh to explain the observed dark matter abundance
by the axion when thermal friction e↵ect is not negligible
with �1 > 3H1, unless the axion is heavier than MeV.
Such a hierarchy may be explained by several mecha-
nisms including the KNP alignment and the clockwork
mechanism [? ].

It may be instructive to compare the axion dark matter
density in the presence of the thermal friction with the
conventional misalignment mechanism where the Hubble
friction dominates over other sources of friction. In the
conventional mechanism, the onset time of the oscillation
t
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1 is determined by the condition
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Comparing this with Eq. (44), one can find
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where m1 > m
conv
1 and m

conv
1 t1 > 3/2 since the axion

oscillation is delayed due to the thermal friction. It shows
that ⇢� is always smaller than ⇢

conv
�

for the same m� and
f✓i and exponentially suppressed if m1t1 � 1, although
the thermal friction delays the axion oscillation.

Finally let us discuss the consistency of the assumption
that the parameter ⇠ in Eq. (24) is nearly a constant.
The hidden thermal bath actually can get a significant
energy density from the axion sector. The hidden ther-
mal bath energy density ⇢h evolves according to the fol-
lowing equation [? ]
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A su�cient condition to neglect the axion feedback to
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from Eq. (31) and Eq. (32). The solutions Eq. (29)
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where m⇤ ⌘ m�(t⇤), rh ⌘ Th/T which is assumed to be
a constant, and we ignore coe�cients of O(1). Assuming
radiation domination at t = t⇤, the condition (57) turns
out to be equivalent to
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(for 𝛽/ = 0)

𝜌! is exponentially sensitive to the axion-hidden bath coupling.
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Implication to the QCD axion dark matter

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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2
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with

m0 '
f⇡m⇡

f

p
mumd

mu + md

' 5.7µeV

✓
1012 GeV

f

◆
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡

�

f
G

µ⌫a eGa

µ⌫
. (62)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2

i

✓
f

1012 GeV
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. (63)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (65) and
Eq. (64). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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(69)

From Eq. (64) and Eq. (65), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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with
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡
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f
G

µ⌫a eGa

µ⌫
. (62)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2

i

✓
f

1012 GeV

◆7/6

. (63)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (65) and
Eq. (64). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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(69)

From Eq. (64) and Eq. (65), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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with
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡

�

f
G

µ⌫a eGa

µ⌫
. (62)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2

i

✓
f

1012 GeV

◆7/6

. (63)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV

✓
10�6

⇠

◆1/7 ✓
fh

1.6 ⇥ 105 GeV

◆2/7

⇥

✓
⇤�

0.15 GeV

◆4/7 ✓1016 GeV

f

◆1/7

.

(66)

Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (65) and
Eq. (64). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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(69)

From Eq. (64) and Eq. (65), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above

with

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s
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f
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. (62)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
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. (63)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion

⌦�h
2
' 0.1✓2

i

✓
f

1016 GeV

◆✓
⇠

10�6

◆✓
20

g⇤s(T1)

◆

⇥

✓
1.6 ⇥ 105 GeV

fh

◆2 ✓
e
�15�1/13H1

10�6

◆
.

(64)

where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (65) and
Eq. (64). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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From Eq. (64) and Eq. (65), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above

The QCD axion mass 
is determined by 𝑓.

Conventional scenario with 
the Hubble damping only
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For string theoretic QCD axions,

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:
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In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2
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. (63)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (65) and
Eq. (64). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
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m⇤
m0

'

✓
⇤�

T⇤

◆4

(67)

with

T⇤ ⇠ 0.2 GeV

✓
⇤�

0.15 GeV

◆8/13

⇥

⇣
m0

0.6 neV

⌘2/13
✓

fh

105 GeV

◆2/13 ✓10�6

⇠

◆1/13
(68)

from the condition m
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�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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From Eq. (64) and Eq. (65), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above

In order to not overproduce QCD axion dark matter,  the initial 
misalignment angle has to be fine-tuned in the conventional scenario.

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)

m
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�
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with
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◆
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡

�

f
G

µ⌫a eGa

µ⌫
. (63)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2

i

✓
f

1012 GeV

◆7/6

. (64)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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(67)

Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (66) and
Eq. (65). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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From Eq. (65) and Eq. (66), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above
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In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)

m
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�
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2
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with
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡

�

f
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µ⌫a eGa

µ⌫
. (63)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2

i

✓
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. (64)

✓i ⌧ 1 (65)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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where the exponent turns out to be

�1

H1
' 12

✓
⇠

10�6

◆6/7 ✓1.6 ⇥ 105 GeV

fh

◆12/7

⇥

✓
20

g⇤s(T1)

◆1/2 ✓ ⇤�

0.15 GeV

◆4/7 ✓1016 GeV

f

◆1/7

,

(67)

and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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(68)

Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (66) and
Eq. (65). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
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with
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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From Eq. (65) and Eq. (66), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
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In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:

↵s

8⇡
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f
G

µ⌫a eGa
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. (63)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
2)convQCD ' 0.1 ✓2
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✓
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. (64)

✓i ⌧ 1 (65)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (68) and
Eq. (67). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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(71)
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In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:
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8⇡
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f
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µ⌫a eGa
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. (63)

In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by
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. (64)

✓i ⌧ 1 (65)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV

✓
10�6

⇠

◆1/7 ✓
fh

1.6 ⇥ 105 GeV

◆2/7

⇥

✓
⇤�

0.15 GeV

◆4/7 ✓1016 GeV

f

◆1/7

.

(68)

Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (67) and
Eq. (67). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
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from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes
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From Eq. (67) and Eq. (67), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

Assuming axion coupling to hidden gluons, the thermal friction 
arises, and it can efficiently damp away the QCD axion dark matter.

5

In section IV, we will see that r
2
h
. 0.1 is required from

constraints on dark radiation. For instance, if the axion
mass is temperature-independent (that is, m⇤ = m0),
one can find that the condition (58) is easily satisfied in
the axion dark matter parameter space of Eq. (46) if
the height of axion potential

p
m0f is below TeV. As we

will examine in the next section, as for a temperature-
dependent axion mass case, the QCD axion also turns
out to easily satisfy the condition (58).

III. IMPLICATIONS TO THE QCD AXION
DARK MATTER

For the QCD axion, in terms of Eq. (28), the
temperature-dependent axion mass is given by

⇤� ' 0.15 GeV, b ' 8 (59)
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where f⇡ is the pion decay constant, m⇡ the pion mass,
mq the bare quark mass, and f is defined by the axion-
gluon coupling:
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In the conventional misalignment production mechanism
for the axion dark matter, the dark matter abundance is
given by

(⌦�h
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. (64)

✓i ⌧ 1 (65)

In the conventional scenario, the QCD axion dark matter
is overproduced for f & 1012 GeV if ✓i ⇠ O(1).

Let us then examine whether the thermal friction can
open up a viable parameter space for f > 1012 GeV with
✓i ⇠ O(1). From Eq. (46), we find for the QCD axion
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and the temperature at the onset of the axion oscillation
is

T1 ' 0.18 GeV
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Therefore, with the aid of the thermal friction, the QCD
axion can explain the correct dark matter abundance
even for f > 1012 GeV with ✓i ⇠ O(1). The dark matter
abundance is actually very sensitive to fh due to its expo-
nential dependence on fh as can be seen in Eq. (67) and
Eq. (67). For instance, if we take fh < 105 GeV with the
same other parameters in the above equations, the QCD
axion density becomes negligible with ⌦�h

2
< 10�9. On

the other hand, if we take fh > 106 GeV instead, the ther-
mal friction e↵ect becomes negligible with �1 < 3H(t1)
so that it recovers the conventional scenario.

The QCD axion dark matter with a large decay con-
stant f > 1012 GeV can be shown to satisfy the conser-
vative consistency condition (58). For the QCD axion,
p
m0f ⇠ 0.1 GeV and

m⇤
m0

'

✓
⇤�

T⇤

◆4

(69)

with

T⇤ ⇠ 0.2 GeV

✓
⇤�

0.15 GeV

◆8/13

⇥

⇣
m0

0.6 neV

⌘2/13
✓

fh

105 GeV

◆2/13 ✓10�6

⇠

◆1/13
(70)

from the condition m
2
�
(T⇤)/��(T⇤) ' 13H(T⇤). There-

fore, the consistency condition (58) becomes

f

fh
⌧ 1013✓�5/4

i
r
5/2
h

✓
10�6

⇠

◆1/2

(71)

From Eq. (67) and Eq. (67), one can find that this
condition is fulfilled as long as f . 1017 GeV for the
QCD axion to explain the dark matter abundance in full.

• The string theoretic QCD axions are cosmologically viable without 
fine-tuning the initial condition.

• Theoretical motivation for the experimental search for QCD axion 
dark matter lighter than 𝜇𝑒𝑉.
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Axion	Dark	Ma<er	

•  PQ	breaking	before/during	infla%on	
	
	
	
	
	
But,	the	axion	field	gets	quantum	fluctua%on	during	infla%on.	

ü  No	domain	wall	problem							
ü  Axion	DM	is	given	by	coherent	oscilla%on	of	the	axion	field.		
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We propose a new mechanism to suppress the axion isocurvature perturbation, while producing
the right amount of axion dark matter, within the framework of supersymmetric axion models
with the axion scale induced by supersymmetry breaking. The mechanism involves an intermediate
phase transition to generate the Higgs µ-parameter, before which the weak scale is comparable to
the axion scale and the resulting stronger QCD yields an axion mass heavier than the Hubble scale
over a certain period. Combined with that the Hubble-induced axion scale during the primordial
inflation is well above the intermediate axion scale at present, the stronger QCD in the early Universe
suppresses the axion fluctuation to be small enough even when the inflationary Hubble scale saturates
the current upper bound, while generating an axion misalignment angle of order unity.

The non-observation of the neutron EDM requires the
CP violating QCD angle to be as tiny as |θ̄| < 10−10,
causing the strong CP problem. An appealing solution of
this puzzle is to introduce a spontaneously broken global
Peccei-Quinn (PQ) symmetry [1]. Then θ̄ corresponds
to the vacuum value of the associated Nambu-Goldstone
boson, the axion, which is determined to be vanishing by
the low energy QCD dynamics [2].

An interesting consequence of this solution is that ax-
ions can explain the dark matter in our universe. Yet,
the prospect for axion dark matter depends on the cos-
mological history of the PQ phase transition. A possible
scenario is that the spontaneous PQ breaking occurs af-
ter the primordial inflation is over. In such a case, the
model is constrained to have the domain-wall number
NDW = 1, where NDW corresponds to the integer-valued
U(1)PQ×SU(3)c×SU(3)c anomaly coefficient. Then ax-
ions are produced mainly by the annihilations of ax-
ionic strings and domain-walls, which would result in the
right amount of axion dark matter for the axion scale
fa ∼ 5× 1010 GeV [3]. However it appears to be difficult
to realize this scenario within the framework of a funda-
mental theory such as string theory, since it requires a
PQ symmetry with NDW = 1, as well as a restored PQ
phase until some moment after the primordial inflation.

Another scenario which we will focus on in this paper is
that U(1)PQ is spontaneously broken during the primor-
dial inflation and never restored afterwards. Then the
model is not subject to the condition NDW = 1, but is
constrained by the axion isocurvature perturbation [4–6].
For instance, from the observed CMB power spectrum,
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one finds [7],
(

δT

T

)

iso

#
4

5

(

Ωa

ΩDM

)

δθ

θmis
< 3.8× 10−6, (1)

where θmis and δθ denote the average misalignment angle
and the angle fluctuation, respectively, for the axion field
right before the conventional QCD phase transition when
ma(tQCD) ≈ H(tQCD) with a temperature T (tQCD) ∼
1 GeV. In the above, we have used that the relic axion
density is given by

Ωa

ΩDM
# 1.7 θ2mis

(

fa(t0)

1012GeV

)1.19

, (2)

with ΩDM ≈ 0.24 being the total dark matter fraction,
and have assumed that |δθ| % |θmis| and there is no sig-
nificant evolution of fa from tQCD to the present time t0
so that fa(tQCD) ≈ fa(t0). In inflationary cosmology, the
primordial quantum fluctuation of the axion field results
in

δθ ≡ δθ(tQCD) = γδθ(tI) = γ
H(tI)

2πfa(tI)
, (3)

where fa(tI) and H(tI) denote the axion scale and the
Hubble parameter, respectively, during the primordial in-
flation epoch tI , and the factor γ is introduced to take
into account the evolution of δθ from tI to tQCD. Note
that the inflationary Hubble scale H(tI) is bounded by
the tensor-to-scalar ratio of the CMB perturbation as

r # 0.16

(

H(tI)

1014GeV

)2

< 0.11, (4)

and the weak gravity conjecture [8] suggests that generic
axion scales are bounded as

fa ! O
(

g2

8π2
MPl

)

, (5)

where MPl # 2.4×1018 GeV is the reduced Planck mass.
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We propose ...

The non-observation of neutron EDM implies that the
QCD preserves CP symmetry to a very high degree dif-
ferently from the electroweak interactions. The axion,
which appears as a consequence of spontaneous breaking
of anomalous Peccei-Quinn (PQ) symmetry, provides a
natural solution to this problem by cancelling dynami-
cally the CP phase in the QCD sector [? ]. In addition,
the axion can solve the dark matter problem for the axion
decay constant fa larger than about 109 GeV as required
by the astrophysical constraints.

In the PQ extension of the Standard Model (SM), an
important question is which physical mechanism fixes fa
consistently with the astrophysical and cosmological con-
straints. The cosmological properties of the axion cru-
cially depend upon when PQ phase transition takes place.
If spontaneous PQ breaking occurs after inflation, the PQ
extension is severely constrained to have the domain-wall
number equal to unity:

NDW = 1, (1)

since otherwise the domain-walls dominate the energy
density of the Universe. The domain-wall number is
determined by the SU(3)2

c
⇥U(1)PQ anomaly coe�cient.

For NDW = 1, axions are produced mainly by annihila-
tions of axionic strings and domain-walls [? ]. The axion
fraction of dark matter reads

⌦a

⌦DM
' (4± 2)⇥

✓
fa

1011GeV

◆1.19

, (2)

where fa is the axion decay constant at present, and
⌦DMh

2 ' 0.12 is the total dark matter density. Thus fa
should be between about 109 GeV and (2–4)⇥ 1010 GeV
in order to avoid overclosure of the Universe and to sat-
isfy the astrophysical constraints.

Another scenario, which we will focus on in this letter,
is that U(1)PQ is spontaneously broken during inflation
and never restored afterwards. In this case, there are
no topological defects within our horizon, and thus the
PQ extension is not subject to the non-trivial constraint,
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NDW = 1. However the axion can still cause cosmolog-
ical problems because it obtains quantum fluctuations.
The axion fluctuations turn into isocurvature perturba-
tions at the QCD phase transition. On the other hand,
the observed CMB temperature power spectrum is con-
sistent with adiabatic density perturbations, and allows
only a small isocurvature contribution. To avoid the over-
production of isocurvature perturbations [? ], the axion
energy density should satisfy

✓
⌦a

⌦DM

◆
�✓

✓0
< 0.47⇥ 10�5

, (3)

for �✓ ⌧ ✓0 with ✓0 being the classical value of the axion
misalignment angle. Here the axion quantum fluctuation
angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(4)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads

⌦a

⌦DM
' 0.11(✓20 + �✓

2)

✓
fa

1011GeV

◆1.19

, (5)

neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.
As can be seen from (3) and (5), the fraction of the

axion dark matter can be sizable if fa is an intermediate
scale while fI is much larger than HI [? ]. A natural way
to realize this in high scale inflation is to consider a super-
symmetric PQ extension where the axion decay constant
is fixed by the competition between a Planck-suppressed
operator and SUSY breaking e↵ects [? ], which leads
to a connection between the axion scale and the SUSY
breaking mass:

fa ⇠ (mSUSYM
n

Pl
)1/(n+1)

,

fI ⇠ (HIM
n

Pl
)1/(n+1)

, (6)
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The background field value and perturbations 
are equally damped away by thermal friction.
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This bound on 𝐻$ for 𝜌! = 𝜌%& can be significantly relaxed due to 
enlarged 𝑓𝜃' because of the thermal friction.

4

f✓i ' 1012 GeV

✓
⇢�

⇢DM

◆1/2

exp

✓
7 + �1

2(5 + �1)

�1

H1

◆

⇥

✓
µeV

m�

◆1/2 ✓10�7

⇠

◆1/2 ✓
fh

105GeV

◆ (46)

�1

H1
' 10

✓
2.2 ⇥ 105 GeV

fh

◆4/3 ✓
m�

µeV

◆1/3 ✓
⇠

10�7

◆2/3

The above expression holds only for �1 > 3H1. For ex-
ample, if the axion mass is independent of temperature
(b = � = 0), �1/H1 is estimated from Eq. (38) as

�1

H1
' 16

✓
⇠

10�6

◆2/3 ⇣
m�

0.1eV

⌘1/3
✓

107 GeV

fh

◆4/3

⇥

✓
106.75

g⇤(T1)

◆1/2
(47)

From Eq. (46) and Eq. (47), we see that the axion dark
matter abundance is exponentially sensitive to the axion
coupling f

�1
h

for a given axion mass m�. For the case
b = � = 0, the temperature at the onset of the axion
oscillation is given by Eq. (39),

T1 ' 2 TeV

✓
10�6

⇠

◆1/3 ⇣
m�

0.1eV

⌘1/3
✓

fh

107 GeV

◆2/3

.

(48)

One can observe a hierarchy between f and fh in Eq.
(46). From that equation, one can derive the following
relation.

f

fh
' 104✓�1

i
exp

✓
(7 + �1)

2(5 + �1)

�1

H1

◆

⇥

✓
0.1eV

m0

◆✓
10�6

⇠

◆✓
g⇤s(T1)

106.75

◆✓
⌦�h

2

0.1

◆�1/2

(49)

It tells us that the axion scale f has to be much greater
than fh to explain the observed dark matter abundance
by the axion when thermal friction e↵ect is not negligible
with �1 > 3H1, unless the axion is heavier than MeV.
Such a hierarchy may be explained by several mecha-
nisms including the KNP alignment and the clockwork
mechanism [? ].

It may be instructive to compare the axion dark matter
density in the presence of the thermal friction with the
conventional misalignment mechanism where the Hubble
friction dominates over other sources of friction. In the
conventional mechanism, the onset time of the oscillation
t
conv
1 is determined by the condition

3H(tconv1 ) ' m
conv
1 (50)

with m
conv
1 ⌘ m�(tconv1 ), which implies

t
conv
1 =

3

2
(mconv

1 )�1 (51)

in radiation-dominated era. And the axion dark matter
density is given by

⇢
conv
�

=
1

2
m

conv
1 m�(t)f2

✓
2
i

✓
t
conv
1

t

◆3/2

. (52)

Comparing this with Eq. (44), one can find

⇢� ' 2⇢conv
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✓
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m1t1

◆

⇥

✓
m1

m
conv
1

◆✓
2

3
m
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1 t1
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⌧ ⇢
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�

,

(53)

where m1 > m
conv
1 and m

conv
1 t1 > 3/2 since the axion

oscillation is delayed due to the thermal friction. It shows
that ⇢� is always smaller than ⇢

conv
�

for the same m� and
f✓i and exponentially suppressed if m1t1 � 1, although
the thermal friction delays the axion oscillation.

Finally let us discuss the consistency of the assumption
that the parameter ⇠ in Eq. (24) is nearly a constant.
The hidden thermal bath actually can get a significant
energy density from the axion sector. The hidden ther-
mal bath energy density ⇢h evolves according to the fol-
lowing equation [? ]

⇢̇h + 4H⇢h = ���̇
2
. (54)

A su�cient condition to neglect the axion feedback to
the hidden bath is

���̇
2
⌧ 4H⇢h (55)

where

���̇
2
⇠

(
(m4

�
/��)�2 for �� > m�

��m
2
�
�
2 for �� . m�

(56)

from Eq. (31) and Eq. (32). The solutions Eq. (29)
and Eq. (32) also tell us that � is exponentially de-
creasing in the Hubble time once m

2
�
/�� & H until

t ⇠ t1, while for t � t1, ���̇
2

/ 1/a6��(t)/2 which
implies (m0/m�)���̇2

/ 1/a6. On the other hand,
H⇢h / 1/a3(1+w)/2+4 with 3(1 + w)/2 + 4  6. Thus
if (m0/m�)���̇2(� ���̇

2) is smaller than 4H⇢h at the
time when the axion energy density begins to decrease
with m

2
�
/�� & H, the condition (55) is always satisfied.

So conservatively we may require

m0m
3
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2
⌧ 4H⇢h (57)

at t = t⇤ defined by the condition m
2
�
(t⇤)/��(t⇤) =

(3(3 + w)/2 + �)H(t⇤) from Eq. (29). This requirement
corresponds to

m0m⇤f
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4
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In the conventional scenario without thermal friction,
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𝑂(1) density contrast 
at the scale 1/𝐻()"

Gravitational collapse before 
matter-radiation equality

10

type of equation is referred to as the Mathieu’s equation.
In our case, we also observe the oscillating e↵ective mass
due to the evolution of �̄. However, the friction term we
added hinders the resonant growth in general by damping
the axion field quickly to the potential minimum where
the e↵ect of the self-interaction is negligible. We observe
that the extra enhancement by the parametric resonance
is negligible in the parameter space of our interest.

The comoving Hubble horizon scales at T = 2 TeV
and 0.15 GeV are 1.3⇥ 10�5 pc and 0.23 pc, respectively.
These scales involved in the features of the friction, e.g.,
attractor behavior, are hierarchically smaller than the
relevant scale for the isocurvature bound from the cos-
mic microwave backgrounds, khigh = 0.1 Mpc�1, where
khigh is the highest pivot scale for the isocurvature bound
[47]. The modes corresponding to that scale of the
isocurvature bound simply follow Eq. (110). However,
the sub-parsec scales are relevant for axion miniclusters,
rmc ⇠ 10�6 pc (50µeV/m�)0.17 [48]. Since the friction
generally suppresses the density perturbations, we could
investigate the existence of the friction by observing those
objects.

B. Post-inflationary scenario

In the post-inflationary scenario, the axion field takes
random values over the universe after the PQ phase tran-
sition. In the presence of the thermal friction, those ran-
dom field fluctuations are diluted only for small length
scales with k/a &

p
��H as observed in Eq. (85) and

Eq. (29), which are smaller than the horizon scale when
�� > H. This is essentially because the thermal friction
holds the field values by stronger friction than the Hub-
ble damping. Therefore, a global string can exist in the
following length scale smaller than the horizon scale:

dstring ⇠ 1/
p

��H < 1/H. (111)

It means the behavior of the scaling solution [? ] for
strings is changed due to the thermal friction.

The string-wall network is formed and collapses around
the time when the background axion field starts to sub-
stantially move after t = t⇤ defined by Eq. (86).3 Thus

O(1) density contrast of the axion dark matter will be
formed at the scale kc/a⇤ ⇠

p
�⇤H⇤ ' m⇤ around t = t⇤.

This O(1) density contrast is not diluted by the ther-
mal friction according to the argument given around Eq.
(87), while the average axion density can be exponen-
tially diluted. If the axion is a dominant component of
the total dark matter, the axion clumps are expected to
collapse gravitationally prior to matter-radiation equal-
ity into small dark matter halos, called axion miniclusters
[? ]. The typical axion minicluster size is estimated to
be

rmc .
✓

aeq

aosc

◆
H

�1
osc (112)

rmc .
✓
aeq

a⇤

◆
m

�1
⇤ (113)

where aeq is the scale factor at matter radiation equality.
This means that the thermal friction makes the miniclus-
ter size smaller compared to the conventional scenario for
a given axion mass, because the string-wall network col-
lapses later due to stronger friction.

For the QCD axion the estimation (112) implies an
interesting consequence. As we have discussed in sec-
tion III, the QCD axion scale f can be much larger than
the intermediate scale while explaining the dark matter
abundance without a small ✓i thanks to the strong damp-
ing by the thermal friction. Thus the QCD axion can be
far lighter than meV scale even in the post-inflationary
scenario without overproducing axion dark matter. Ac-
cording to Eq. (112) the corresponding axion minicluster
size is to be much larger than what is expected in the
conventional scenario.

VI. CONCLUSION
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Implications to density perturbations

• Axion minicluters in post-inflationary scenario
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type of equation is referred to as the Mathieu’s equation.
In our case, we also observe the oscillating e↵ective mass
due to the evolution of �̄. However, the friction term we
added hinders the resonant growth in general by damping
the axion field quickly to the potential minimum where
the e↵ect of the self-interaction is negligible. We observe
that the extra enhancement by the parametric resonance
is negligible in the parameter space of our interest.

The comoving Hubble horizon scales at T = 2 TeV
and 0.15 GeV are 1.3⇥ 10�5 pc and 0.23 pc, respectively.
These scales involved in the features of the friction, e.g.,
attractor behavior, are hierarchically smaller than the
relevant scale for the isocurvature bound from the cos-
mic microwave backgrounds, khigh = 0.1 Mpc�1, where
khigh is the highest pivot scale for the isocurvature bound
[47]. The modes corresponding to that scale of the
isocurvature bound simply follow Eq. (110). However,
the sub-parsec scales are relevant for axion miniclusters,
rmc ⇠ 10�6 pc (50µeV/m�)0.17 [48]. Since the friction
generally suppresses the density perturbations, we could
investigate the existence of the friction by observing those
objects.

B. Post-inflationary scenario

In the post-inflationary scenario, the axion field takes
random values over the universe after the PQ phase tran-
sition. In the presence of the thermal friction, those ran-
dom field fluctuations are diluted only for small length
scales with k/a &

p
��H as observed in Eq. (85) and

Eq. (29), which are smaller than the horizon scale when
�� > H. This is essentially because the thermal friction
holds the field values by stronger friction than the Hub-
ble damping. Therefore, a global string can exist in the
following length scale smaller than the horizon scale:

dstring ⇠ 1/
p

��H < 1/H. (111)

It means the behavior of the scaling solution [? ] for
strings is changed due to the thermal friction.

The string-wall network is formed and collapses around
the time when the background axion field starts to sub-
stantially move after t = t⇤ defined by Eq. (86).3 Thus
O(1) density contrast of the axion dark matter will be

formed at the scale kc/a⇤ ⇠
p
�⇤H⇤ ' m⇤ around t = t⇤.

This O(1) density contrast is not diluted by the ther-
mal friction according to the argument given around Eq.
(87), while the average axion density can be exponen-
tially diluted. If the axion is a dominant component of
the total dark matter, the axion clumps are expected to
collapse gravitationally prior to matter-radiation equal-
ity into small dark matter halos, called axion miniclusters
[? ]. The typical axion minicluster size is estimated to
be

rmc .
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aeq

aosc

◆
H

�1
osc (112)

rmc .
✓
aeq

a⇤

◆
(
p

�⇤H⇤)
�1 (113)

rmc .
✓
aeq

a⇤

◆
m

�1
⇤ (114)

where aeq is the scale factor at matter radiation equality.
This means that the thermal friction makes the miniclus-
ter size smaller compared to the conventional scenario for
a given axion mass, because the string-wall network col-
lapses later due to stronger friction.

For the QCD axion the estimation (114) implies an
interesting consequence. As we have discussed in sec-
tion III, the QCD axion scale f can be much larger than
the intermediate scale while explaining the dark matter
abundance without a small ✓i thanks to the strong damp-
ing by the thermal friction. Thus the QCD axion can be
far lighter than meV scale even in the post-inflationary
scenario without overproducing axion dark matter. Ac-
cording to Eq. (114) the corresponding axion minicluster
size is to be much larger than what is expected in the
conventional scenario.

VI. CONCLUSION
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Conclusions

• Thermal friction is a general leading form of axion interactions with a 
thermal bath.

• A strongly motivated example is the axion-hidden YM interaction via 

sphaleron processes.

• The thermal friction makes a new decay phase in cosmological axion 

field evolution, so it can strongly damp away the axion density.

• As a consequence, neV light QCD axion is cosmologically viable 

without fine-tuning.

• The axion isocurvature bound can be substantially relaxed, and 

different axion minicluster size and mass are predicted. 
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Constraints from hidden YM

The axion mass correction from hidden YM instantons has to be 
small enough not to affect the axion dynamics discussed so far.

Confinement scale 
for 𝑆𝑈(𝑁) pure YM

6

IV. COSMOLOGICAL IMPLICATIONS FROM
HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above
discussion which is briefly summarized in Eq. (44), one
can see that the thermal friction a↵ects the axion dy-
namics mostly around the onset of axion oscillation with
m1 ⇠ �1. Therefore a necessary condition is that the
contribution from the hidden YM to the axion mass is
negligible from the time of axion oscillation. As a conser-
vative condition, we simply require the zero-temperature
axion mass from the hidden YM is smaller than the axion
mass at the onset of the axion oscillation:

⇤2
h

fh
⌧ m1, (72)

⇤2
h

fh
⌧ m� (73)

where ⇤h is the confinement scale of the hidden YM.
For SU(N) pure YM hidden gauge sector, the confine-

ment scale is

⇤h ' µ exp

✓
�

6⇡

11N↵h(µ)

◆
(74)

⇤h ' Th exp

✓
�

6⇡

11N↵h(Th)

◆
(75)

with an arbitrary scale µ. Taking µ = Th ⌘ rhT where
rh ⌘ Th/T is a constant, the condition (72) is translated
into a constraint on ↵h(Th) or ⇠(T ) ⇠ r

3
h
(N↵h(Th))5.

The constraint turns out to be

⇠(T ) . r
3
h

✓
⇡

ln(r2
h
T 2/m1fh)

◆5

. (76)

Since the thermal friction changes the axion density
mostly around T = T1 in Eq. (44) via �1, a relevant
parameter is ⇠(T1). Using m1 ⇠ �1 and Eq. (38), one
can find

⇠(T1) . r
3
h

✓
⇡

ln(r2
h
MP /fh)

◆5

(77)

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

.
✓
Th

T

◆3 ✓
⇡

ln(MP /fh)

◆5

(78)

where we have assumed �1/H1 . O(10) ⌧ r
2
h
MP /fh.

When we take rh = 0.3, the above condition implies that
⇠(T1) ⇠ 10�7 is su�cient for a negligible hidden YM-
generated axion potential if fh > 1 TeV.

The ratio rh = Th/T is actually constrained by the
dark radiation component arising from the hidden glu-
ons and thermalized axions. Currently the most strin-
gent constraint comes from the Big Bang Nucleosynthesis
(BBN) [? ]:

�Ne↵ =
8

7

✓
11

4

◆4/3

r
4
h
(N2

� 1 + 1/2) < 0.124 (79)

For SU(2) hidden YM, this requires rh < 0.311. The con-
straint from the Cosmic Microwave Background (CMB)
measurement is currently weaker with �Ne↵ < 0.29 [?
]. However, the future CMB-S4 is expected to reach
�Ne↵ ' 0.02-0.03 [? ? ], and therefore the hidden YM
sector can give rise to observable dark radiation signa-
tures while explaining the dark matter by the axion with
the thermal friction.

V. DENSITY PERTURBATION OF AXION
DARK MATTER

The thermal friction gives rise to remarkable conse-
quences for density perturbation of axion dark matter
compared with the conventional axion cosmology. As we
have discussed so far, the axion dark matter density is
exponentially reduced by the thermal friction. On the
other hand, we will discuss below that the density con-
trast of axion dark matter perturbation is maintained
except extremely small scales. Consequently, large scale
isocurvature bound on axion dark matter is relaxed in
pre-inflationary Peccei-Quinn (PQ) symmetry breaking
scenario. Also in the post-inflationary PQ breaking sce-
nario, axion miniclusters can be formed at di↵erent axion
mass and coupling scales compared to the conventional
scenario.

In this section we will denote the spatially homoge-
neous part of the axion field by �̄(t),

�(t,x) = �̄(t) + ��(t,x). (80)

At linear order the comoving k-mode of the perturbation
�� obeys the equation of motion

��̈k + (3H + ��) ��̇k +

✓
k
2

a2
+ m

2
�

◆
��k =

X

i

Si (81)

where k ⌘ |k| for comoving wavenumber vector k, and Si

is external source terms which will be specified later. For
the moment, let us ignore the source terms. As we have
discussed in section II, the background field �̄ begins to
decay into the hidden thermal bath after t = t⇤ defined
by

m�(t⇤) '
q

��(t⇤)H(t⇤), (82)
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hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above
discussion which is briefly summarized in Eq. (44), one
can see that the thermal friction a↵ects the axion dy-
namics mostly around the onset of axion oscillation with
m1 ⇠ �1. Therefore a necessary condition is that the
contribution from the hidden YM to the axion mass is
negligible from the time of axion oscillation. As a conser-
vative condition, we simply require the zero-temperature
axion mass from the hidden YM is smaller than the axion
mass at the onset of the axion oscillation:

⇤2
h

fh
⌧ m1, (72)

⇤2
h

fh
⌧ m� (73)

where ⇤h is the confinement scale of the hidden YM.
For SU(N) pure YM hidden gauge sector, the confine-

ment scale is

⇤h ' µ exp

✓
�

6⇡

11N↵h(µ)

◆
(74)

⇤h ' Th exp

✓
�

6⇡

11N↵h(Th)

◆
(75)

with an arbitrary scale µ. Taking µ = Th ⌘ rhT where
rh ⌘ Th/T is a constant, the condition (72) is translated
into a constraint on ↵h(Th) or ⇠(T ) ⇠ r

3
h
(N↵h(Th))5.

The constraint turns out to be

⇠(T ) . r
3
h

✓
⇡

ln(r2
h
T 2/m1fh)

◆5

. (76)

Since the thermal friction changes the axion density
mostly around T = T1 in Eq. (44) via �1, a relevant
parameter is ⇠(T1). Using m1 ⇠ �1 and Eq. (38), one
can find

⇠(T1) . r
3
h

✓
⇡

ln(r2
h
MP /fh)

◆5

(77)

⇠ ⇠ (N↵h)5
✓
Th

T

◆3

. 10�7 (78)

↵h(T1) .
⇡

N ln(MP /fh) (79)

where we have assumed �1/H1 . O(10) ⌧ r
2
h
MP /fh.

When we take rh = 0.3, the above condition implies that
⇠(T1) ⇠ 10�7 is su�cient for a negligible hidden YM-
generated axion potential if fh > 1 TeV.

The ratio rh = Th/T is actually constrained by the
dark radiation component arising from the hidden glu-
ons and thermalized axions. Currently the most strin-
gent constraint comes from the Big Bang Nucleosynthesis
(BBN) [? ]:

�Ne↵ =
8

7

✓
11

4

◆4/3

r
4
h
(N2

� 1 + 1/2) < 0.124 (80)

�Ne↵ =
8

7

✓
11

4

◆4/3 ✓
Th

T

◆4

(N2
� 1/2) < 0.124 (81)

For SU(2) hidden YM, this requires rh < 0.311. The con-
straint from the Cosmic Microwave Background (CMB)
measurement is currently weaker with �Ne↵ < 0.29 [?
]. However, the future CMB-S4 is expected to reach
�Ne↵ ' 0.02-0.03 [? ? ], and therefore the hidden YM
sector can give rise to observable dark radiation signa-
tures while explaining the dark matter by the axion with
the thermal friction.

V. DENSITY PERTURBATION OF AXION
DARK MATTER

The thermal friction gives rise to remarkable conse-
quences for density perturbation of axion dark matter
compared with the conventional axion cosmology. As we
have discussed so far, the axion dark matter density is
exponentially reduced by the thermal friction. On the
other hand, we will discuss below that the density con-
trast of axion dark matter perturbation is maintained
except extremely small scales. Consequently, large scale
isocurvature bound on axion dark matter is relaxed in
pre-inflationary Peccei-Quinn (PQ) symmetry breaking
scenario. Also in the post-inflationary PQ breaking sce-
nario, axion miniclusters can be formed at di↵erent axion
mass and coupling scales compared to the conventional
scenario.

In this section we will denote the spatially homoge-
neous part of the axion field by �̄(t),

�(t,x) = �̄(t) + ��(t,x). (82)

At linear order the comoving k-mode of the perturbation
�� obeys the equation of motion

��̈k + (3H + ��) ��̇k +

✓
k
2

a2
+ m

2
�

◆
��k =

X

i

Si (83)

where k ⌘ |k| for comoving wavenumber vector k, and Si

is external source terms which will be specified later. For

Dark Radiation from the hidden gluons and thermalized axions 
are constrained by the Big Bang Nucleosythesis:

Thus
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HIDDEN YANG-MILLS

A pure hidden Yang-Mills (YM) is perhaps the most
straightforward and motivated example for thermal fric-
tion. In this section we discuss constraints and possible
cosmological signatures from the hidden YM sector. The
hidden YM gives rise to an axion potential through the
YM instanton dynamics as well as the thermal friction
through sphaleron processes. We require that this axion
potential be small enough so that the axion dynamics
discussed so far is not a↵ected by it. From the above
discussion which is briefly summarized in Eq. (44), one
can see that the thermal friction a↵ects the axion dy-
namics mostly around the onset of axion oscillation with
m1 ⇠ �1. Therefore a necessary condition is that the
contribution from the hidden YM to the axion mass is
negligible from the time of axion oscillation. As a conser-
vative condition, we simply require the zero-temperature
axion mass from the hidden YM is smaller than the axion
mass at the onset of the axion oscillation:
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with an arbitrary scale µ. Taking µ = Th ⌘ rhT where
rh ⌘ Th/T is a constant, the condition (72) is translated
into a constraint on ↵h(Th) or ⇠(T ) ⇠ r
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The constraint turns out to be
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Since the thermal friction changes the axion density
mostly around T = T1 in Eq. (44) via �1, a relevant
parameter is ⇠(T1). Using m1 ⇠ �1 and Eq. (38), one
can find
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where we have assumed �1/H1 . O(10) ⌧ r
2
h
MP /fh.

When we take rh = 0.3, the above condition implies that
⇠(T1) ⇠ 10�7 is su�cient for a negligible hidden YM-
generated axion potential if fh > 1 TeV.

The ratio rh = Th/T is actually constrained by the
dark radiation component arising from the hidden glu-
ons and thermalized axions. Currently the most strin-
gent constraint comes from the Big Bang Nucleosynthesis
(BBN) [? ]:
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T
. 0.3 (for SU(2)) (82)

For SU(2) hidden YM, this requires rh < 0.311. The con-
straint from the Cosmic Microwave Background (CMB)
measurement is currently weaker with �Ne↵ < 0.29 [?
]. However, the future CMB-S4 is expected to reach
�Ne↵ ' 0.02-0.03 [? ? ], and therefore the hidden YM
sector can give rise to observable dark radiation signa-
tures while explaining the dark matter by the axion with
the thermal friction.

V. DENSITY PERTURBATION OF AXION
DARK MATTER

The thermal friction gives rise to remarkable conse-
quences for density perturbation of axion dark matter
compared with the conventional axion cosmology. As we
have discussed so far, the axion dark matter density is
exponentially reduced by the thermal friction. On the
other hand, we will discuss below that the density con-
trast of axion dark matter perturbation is maintained
except extremely small scales. Consequently, large scale
isocurvature bound on axion dark matter is relaxed in
pre-inflationary Peccei-Quinn (PQ) symmetry breaking
scenario. Also in the post-inflationary PQ breaking sce-
nario, axion miniclusters can be formed at di↵erent axion
mass and coupling scales compared to the conventional
scenario.

In this section we will denote the spatially homoge-
neous part of the axion field by �̄(t),

�(t,x) = �̄(t) + ��(t,x). (83)

At linear order the comoving k-mode of the perturbation
�� obeys the equation of motion

��̈k + (3H + ��) ��̇k +
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2

a2
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2
�

◆
��k =

X

i

Si (84)

[Yeh, Olive, Fields ’21]
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Conventional axion dark matter scenario II : 
string-wall network decay

5

Axion production in the Early Universe

ii) PQ broken after inflation

The axion field value can vary by O(1) over the horizon scale.Figure 1. A schematic view of the time evolution of the spatial distribution of ✓ field in the pre-
inflationary PQ symmetry breaking scenario (top) and the post-inflationary PQ symmetry breaking
scenario (bottom). In the pre-inflationary scenario, inflation makes the initial value of ✓ = ✓i uniform
in all the observable Universe. In the post-inflationary scenario, the Universe ends up containing many
di↵erent patches that had di↵erent values of ✓ at the time of QCD phase transition. We also expect
that topological defects such as strings and domain walls form around the borders of the patches.

– 13 –

Formation of axion defects
•             : U(1)PQ is restoredT > fa V (�)

T > fa

T < fa

•              : U(1)PQ breaks down

- Random distribution of phase: unif(-π,π)

- Formation of global strings

T = fa

time

Φ: PQ complex scalar

V (�)

(NDW=1)

•                    : QCD phase transition

- Axion acquires potential ~

- Formation of DWs

T = ⇤QCD

⇤4
QCD cos

✓
a

fa

◆

For NDW=1 (e.g., KSVZ model), DWs has boundaries 
(edged by strings).   DW-string system collapses in 
~O(1) Hubble time.
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String

Figure 3. E↵ective potential of the PQ field (top) and that of the axion field (bottom). The left (right)
panel shows the potential at the temperature much higher (lower) than the critical temperature of the
QCD phase transition. The axion field corresponds to the direction along the bottom of the potential
V (�) (pink lines), and such a direction is exactly flat at high temperatures. At low temperatures,
the periodic axion potential appears due to the presence of the topological susceptibility �(T ), which
gives rise to NDW di↵erent minima. In these figures, we choose NDW = 4.

Figure 4 illustrates a two-dimensional section of topological defects in the axion model
with NDW = 3. We note that in every case strings are attached by NDW domain walls, since
the value of the phase of the PQ field hA(x)i/vPQ must continuously change from �⇡ to ⇡
around the string core. Therefore, we expect that hybrid networks of strings and domain
walls, called string-wall systems, are formed at around the epoch of the QCD phase transition.

The domain wall number NDW determines the number of degenerate vacua in the ef-
fective potential of the A field. We have already mentioned that in models where only one
global U(1)PQ symmetry exists, the value of NDW is determined by the colour anomaly co-
e�cient, N . In simple models this coincides with the number of new quark flavours that
transform under the global U(1)PQ symmetry [119]. For instance, in the KSVZ model there
is one hypothetical heavy quark which transforms under U(1)PQ and NDW = N = 1 while
in DFSZ-I all of the standard model quarks transform under U(1)PQ and we have NDW = 6.

The subsequent evolution of the string-wall systems di↵ers according to whether NDW =
1 or NDW > 1. If NDW = 1, strings are pulled by one domain wall, which causes the
disintegration into smaller pieces of a wall bounded by a string [120]. Therefore, these
string-wall systems are unstable, and they collapse soon after their formation. On the other
hand, if NDW > 1, the tension force of domain walls acts on strings from NDW di↵erent

– 18 –

String + 
domain walls

Axionic strings
Formation of global string network

Network evolution: scaling solution

- aini is random in each causal patch

- Cosmological network of global strings forms

V (�)

- Number of strings in a horizon stays constant of O(1).

string

causal patch

Energy of string is released by radiating axions → axion CDM
Davis (1986); Davis & Shellard (1989)
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The string-wall system collapses to axion 
dark matter when axion starts to oscillate.
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Implications to density perturbations

• QCD axion dark matter in post-inflationary scenario

Axion	Dark	Ma<er	

•  PQ	breaking	a"er	infla%on	

				
	

ü  Axionic	strings	and	domain	walls	are	generated.	
ü  Axion	DM	is	mainly	given	by	annihila%on	of	them.	

(Axion	Domain	Wall	problem)	
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Suppressing primordial axion fluctuations by a stronger QCD in the early Universe
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We propose ...

The non-observation of neutron EDM implies that the
QCD preserves CP symmetry to a very high degree dif-
ferently from the electroweak interactions. The axion,
which appears as a consequence of spontaneous breaking
of anomalous Peccei-Quinn (PQ) symmetry, provides a
natural solution to this problem by cancelling dynami-
cally the CP phase in the QCD sector [? ]. In addition,
the axion can solve the dark matter problem for the axion
decay constant fa larger than about 109 GeV as required
by the astrophysical constraints.

In the PQ extension of the Standard Model (SM), an
important question is which physical mechanism fixes fa
consistently with the astrophysical and cosmological con-
straints. The cosmological properties of the axion cru-
cially depend upon when PQ phase transition takes place.
If spontaneous PQ breaking occurs after inflation, the PQ
extension is severely constrained to have the domain-wall
number equal to unity:

NDW = 1, (1)

since otherwise the domain-walls dominate the energy
density of the Universe. The domain-wall number is
determined by the SU(3)2

c
⇥U(1)PQ anomaly coe�cient.

For NDW = 1, axions are produced mainly by annihila-
tions of axionic strings and domain-walls [? ]. The axion
fraction of dark matter reads

⌦a

⌦DM
' (5± 2)⇥

✓
fa(t0)

1011GeV

◆1.19

(2)

where fa is the axion decay constant at present, and
⌦DMh

2
' 0.12 is the total dark matter density. Thus fa

should be between about 109 GeV and (2–4)⇥ 1010 GeV
in order to avoid overclosure of the Universe and to sat-
isfy the astrophysical constraints.

Another scenario, which we will focus on in this letter,
is that U(1)PQ is spontaneously broken during inflation
and never restored afterwards. In this case, there are
no topological defects within our horizon, and thus the
PQ extension is not subject to the non-trivial constraint,

⇤e-mail: kchoi@ibs.re.kr
†e-mail: ejchun@kias.re.kr
‡e-mail: shim@ibs.re.kr
§e-mail: ksjeong@pusan.ac.kr

NDW = 1. However the axion can still cause cosmolog-
ical problems because it obtains quantum fluctuations.
The axion fluctuations turn into isocurvature perturba-
tions at the QCD phase transition. On the other hand,
the observed CMB temperature power spectrum is con-
sistent with adiabatic density perturbations, and allows
only a small isocurvature contribution. To avoid the over-
production of isocurvature perturbations [? ], the axion
energy density should satisfy

✓
⌦a

⌦DM

◆
�✓

✓0
< 0.47⇥ 10�5

, (3)

⌦a ' ⌦DM, ✓mis ⇠ O(1) (4)

for �✓ ⌧ ✓0 with ✓0 being the classical value of the axion
misalignment angle. Here the axion quantum fluctuation
angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(5)

H(tI) . 10�5
fa(tI) (6)

fa . O

✓
g
2

8⇡2
MPl

◆
(7)

H(tI) . 1013GeV (8)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads

⌦a

⌦DM
' 1.7(✓20 + �✓

2)

✓
fa(t0)

1012GeV

◆1.19

(9)

neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.

3/17	

In the conventional scenario without thermal friction,

• 𝑓 cannot be greater than 10*+ GeV not to overclose the 
universe. 

• If QCD axion minicluster exists, it implies meV QCD axion.
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Implications to density perturbations

• QCD axion dark matter in post-inflationary scenario

• 𝑓 can be much greater than 10*+ GeV thanks to the strong 
thermal damping.

• The existence of QCD axion minicluster doesn’t tell us axion 
mass.

• The QCD axion minicluster size can be much greater than the 
conventional one. 

In the presence of the thermal friction,

10

type of equation is referred to as the Mathieu’s equation.
In our case, we also observe the oscillating e↵ective mass
due to the evolution of �̄. However, the friction term we
added hinders the resonant growth in general by damping
the axion field quickly to the potential minimum where
the e↵ect of the self-interaction is negligible. We observe
that the extra enhancement by the parametric resonance
is negligible in the parameter space of our interest.

The comoving Hubble horizon scales at T = 2 TeV
and 0.15 GeV are 1.3⇥ 10�5 pc and 0.23 pc, respectively.
These scales involved in the features of the friction, e.g.,
attractor behavior, are hierarchically smaller than the
relevant scale for the isocurvature bound from the cos-
mic microwave backgrounds, khigh = 0.1 Mpc�1, where
khigh is the highest pivot scale for the isocurvature bound
[47]. The modes corresponding to that scale of the
isocurvature bound simply follow Eq. (110). However,
the sub-parsec scales are relevant for axion miniclusters,
rmc ⇠ 10�6 pc (50µeV/m�)0.17 [48]. Since the friction
generally suppresses the density perturbations, we could
investigate the existence of the friction by observing those
objects.

B. Post-inflationary scenario

In the post-inflationary scenario, the axion field takes
random values over the universe after the PQ phase tran-
sition. In the presence of the thermal friction, those ran-
dom field fluctuations are diluted only for small length
scales with k/a &

p
��H as observed in Eq. (85) and

Eq. (29), which are smaller than the horizon scale when
�� > H. This is essentially because the thermal friction
holds the field values by stronger friction than the Hub-
ble damping. Therefore, a global string can exist in the
following length scale smaller than the horizon scale:

dstring ⇠ 1/
p

��H < 1/H. (111)

It means the behavior of the scaling solution [? ] for
strings is changed due to the thermal friction.

The string-wall network is formed and collapses around
the time when the background axion field starts to sub-
stantially move after t = t⇤ defined by Eq. (86).3 Thus
O(1) density contrast of the axion dark matter will be

formed at the scale kc/a⇤ ⇠
p
�⇤H⇤ ' m⇤ around t = t⇤.

This O(1) density contrast is not diluted by the ther-
mal friction according to the argument given around Eq.
(87), while the average axion density can be exponen-
tially diluted. If the axion is a dominant component of
the total dark matter, the axion clumps are expected to
collapse gravitationally prior to matter-radiation equal-
ity into small dark matter halos, called axion miniclusters
[? ]. The typical axion minicluster size is estimated to
be
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where aeq is the scale factor at matter radiation equality.
This means that the thermal friction makes the miniclus-
ter size smaller compared to the conventional scenario for
a given axion mass, because the string-wall network col-
lapses later due to stronger friction.

For the QCD axion the estimation (114) implies an
interesting consequence. As we have discussed in sec-
tion III, the QCD axion scale f can be much larger than
the intermediate scale while explaining the dark matter
abundance without a small ✓i thanks to the strong damp-
ing by the thermal friction. Thus the QCD axion can be
far lighter than meV scale even in the post-inflationary
scenario without overproducing axion dark matter. Ac-
cording to Eq. (114) the corresponding axion minicluster
size is to be much larger than what is expected in the
conventional scenario.

VI. CONCLUSION
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