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■ QCD axion

Introduc)on

a solu4on to the strong CP problem 
a (pseudo-)NG boson arising at SSB of the Peccei-Quinn symmetry 

The QCD axion acquires a poten4al from non-perturba4ve effects of QCD:

VQCD = χ(T )[1 − cos ( a
fa )]

n ≃ 8.16

χ0 ≃ (75.6 MeV)4

TQCD ≃ 153 MeV
χ(T ) = m2

a(T ) f 2
a ={

χ0

χ0 ( T
TQCD )

−n

(T < TQCD)

(T ≥ TQCD)

The QCD axion is a candidate of dark ma[er.

{

Borsanyi et. al. (2016)

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)
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■ Two scenarios of QCD Axion

Introduc)on

• Pre-infla4onary PQ breaking 

• Post-infla4onary PQ breaking 

The axion field becomes (nearly) uniform. 
Its coherent oscilla4on can explain dark ma[er  
via the misalignment mechanism. 

If ,   for all DM.aini /fa = 𝒪(1) fa = 𝒪(1012) GeV

The axion field value is randomly determined at the SSB. 
Topological defects are formed. 
“Domain wall problem” or DM from collapse of defects

Preskill, Wise, Wilczek (1983), Abbo[ & Sikivie (1983), Dine & Fischler (1983)

Davis (1986)
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■ Cosmic string

Introduc)on

x

y

cosmic string ⟨Φ⟩ =
fa
2

eia/fa

Re[Φ]

Im[Φ]

V(Φ)

z

At high temperatures,  
 is stabilized at the origin. 

At low temperatures,  
the VEV, , becomes nonzero. 
An axion arises as a NG boson.

Φ

⟨Φ⟩

Forma4on of cosmic string

A complex scalar  with a wine-bo[le Φ V(Φ)



5

■ Domain wall

Introduc)on

Explicit breaking of U(1) symmetry

Poten4al for the axion, ma ≠ 0

Forma4on of domain walls

U(1) → ℤNDW

When ,  
the axion rolls down the poten4al.

ma > H

domain wallVQCD = χ [1 − cos (NDW
a
fa )]

NDW = 3
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■ Domain wall number

Introduc)on

The network rapidly decay due to the DW tension. 
The emi[ed axions can account for DM.

The DW tension balance with each other. 
The network becomes long-lived.

• NDW = 1

• NDW > 1

DWs follow the scaling solu4on: 
 DWs in each Hubble volume.  𝒪(1)

Overclosure of the universe. 
“Domain wall problem”
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■ Domain wall collapse

Introduc)on

To avoid the overclosure, we can introduce a bias term:

DWs collapse when the bias overcomes the DW tension.

When the DWs disappear, axions and gravita4onal waves are emi[ed.

V(a) = χ [1 − cos (NDW
a
fa )] + ϵχ [1 − cos (Nb

a
fa

+ θ)]



8

■ Axion-like par=cles

Introduc)on

• There can also be many axion-like par4cles (e.g., the axiverse). 
• Similar couplings and periodicity to the QCD axion 
• Their scales of fields and poten4als are free in general.

In general, two or more axions can mix in the poten4al. 
One combina4on of them work as the QCD axion.

Poten4al of  scale with temperature dependence 𝒪(100) MeV

Main topic
In this talk, I discuss the domain walls of mixed axions.

QCD axion:
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Model

We consider two axions  with the poten4al of(a, ϕ)

V(a, ϕ) = χ(T )[1 − cos (Na
a
fa

+ Nϕ
ϕ
fϕ )] + Λ4 [1 − cos (NDW

ϕ
fϕ )]

χ(T ) ≡
m2

a(T )f 2
a

N2
a

, Λ4 ≡
m2

ϕ f 2
ϕ

N2
DW

mϕ ≫ ma0 ≡ ma(T = 0)

mϕ f 2
ϕ

N2
DW

≫
ma0 f 2

a

N2
a

■ Poten=al

We assume

Order of DW forma4on

Hierarchy of DW tension
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Model

the pre-infla4onary for  

the post-infla4onary for 

a

ϕ

■ Ini=al condi=on

As the ini4al condi4on, we consider

{
Ini4ally homogeneous, no winding of a

Cosmic strings of ϕ

>

>

>
>

>
>

string
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Induced domain walls

When , DWs of  are formed.mϕ ≳ 3H ϕ

Tension:

In each domain, ϕk = 2πk
fϕ

NDW

■ Domain walls of ϕ
χ(T ) 1 − cos (Na

a
fa

+ Nϕ
ϕ
fϕ ) + Λ4 1 − cos (NDW

ϕ
fϕ )

�

�

>

>

>
>

>
>

NDW = 2

domain

min of VDW(ϕ)

domain wall
Poten4al height: 

∼ m−1
ϕ

Λ4 =
m2

ϕ f 2
ϕ

N2
DW

σϕ =
8mϕ f 2

ϕ

N2
DW

DW width:

VDW(ϕ)
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Induced domain walls

When ,  starts to oscillate in the poten4al.ma ≳ 3H a

m2
a f 2

a

N2
a

1 − cos (Na
a
fa )

m2
a f 2

a

N2
a

1 − cos (Na
a
fa

+
2πNϕ

NDW )

Due to the difference in ,  has different poten4al minima.ϕ a

0-� �

■ Domain walls of ϕ

 has a poten4al barrier between the domains.a “Induced domain walls”

χ(T ) 1 − cos (Na
a
fa

+ Nϕ
ϕ
fϕ ) , ϕk = 2πk

fϕ
NDW
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Induced domain walls

■ Induced domain walls

The DW of  is induced 
around that of .

a
ϕ

The width is much larger  
for the indued DW. 0

0.5

1

-5 -4 -3 -2 -1 0 1 2 3 4 5
0

0.25

 wall, width:ϕ ∼ m−1
ϕ

 wall, width:a ∼ m−1
a

The energy is localized  
around the induced DW.
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Induced domain walls

The DW tension is approximately

0 � 2�
0.0

0.2

0.4

0.6

0.8

1.0

σa ∝ maa2
min ≃ 2.34 ma f 2

a

■ Induced domain walls

0-� �

amin = 2πfa (−
Nϕ

NaNDW
+

l
Na )

integer

χ(T ) 1 − cos (Na
a
fa

+ Nϕ
ϕ
fϕ ) + Λ4 1 − cos (NDW

ϕ
fϕ )

σa,max =
8ma f 2

a

N2
a

Difference in  between domains:a

Smaller than in the conven4onal case:

( )NDW = 2, Na = Nϕ = 1

∝ a2
min
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Induced domain walls

>

>

>
>

>
>

�

�

• Winding only for  

• Poten4al min. in each domain 

•  wall + induced wall

ϕ

ϕ

■ Induced domain walls

0

0.5

1

-5 -4 -3 -2 -1 0 1 2 3 4 5
0

0.25 z

(a) (b)
(c)

(d) (e) (a)(b)

(c)

(d)(e)

χ(T ) 1 − cos (Na
a
fa

+ Nϕ
ϕ
fϕ ) + Λ4 1 − cos (NDW

ϕ
fϕ )
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Domain wall collapse

For , string-wall network is long-lived.NDW > 1

■ Scaling solu=on

 strings/walls in each Hubble patch𝒪(1)
Scaling solu4on:

H−1

ρstr ∼ μH2 ∝ ρtot

ρwall ∼ σH

DWs dominates the universe. 
Bias poten4al to avoid the overclosure
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Domain wall collapse

We introduce a bias poten4al:

Vbias(ϕ) ≡ ϵΛ4 [1 − cos (Nb
ϕ
fϕ

+ θ)]

= 2ϵΛ4 |cos θ | ≡ cbϵΛ4

ΔVk = |Vbias(ϕk−1) − Vbias(ϕk) |

■ Bias term
χ(T ) 1 − cos (Na

a
fa

+ Nϕ
ϕ
fϕ ) + Λ4 1 − cos (NDW

ϕ
fϕ )

We assume .ϵ ≪ 1

Note: This bias poten4al does not spoil the PQ solu4on.

DW forma4on is not affected.

The poten4al difference:

( )NDW = 2, Na = Nϕ = Nb = 1
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Domain wall collapse

When the bias overcomes the tension, the network collapses:

ρϕ,DW(tdec) =
𝒜σϕ

tdec
≃ ⟨ΔV⟩

■ DW collapse

( : area parameter)𝒜

Hdec =
cbϵmϕ

16
, Tdec = ( 90

π2g*(Tdec) )
1/4

cbϵMPlmϕ

16

From this condi4on, the decay temperature becomes

We require that the network collapse before BBN:

Tdec ≳ 10 MeV
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Domain wall collapse

In the scaling regime, DWs decrease their energy emimng axions:

■ Produc=on of QCD axions Kawasaki, Saikawa, Sekiguchi (2014)

dρa,wall

dt
emit

= −
σa

2t2

na(t) =
σa

ϵ̃amat

The number density of the emi[ed axion:

(averaged axion energy: )ω̄a = ϵ̃ama

ρa,dec

s
≃

0.43 eV
ϵ̃a

× ( g*,dec

10.75 )
1/2

( g*s,dec

10.75 )
−1

( fa
4 × 109 GeV ) ( Tdec

12 MeV )
−1

Note: We assume  decays to the Standard Model par4cles.ϕ
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Domain wall collapse

Coherent oscilla4ons of  also contribute to DM. 
The evalua4on is the same as the misalignment mechanism 
except for the ini4al field value:

a

■ Coherent contribu=on

ρa(T )
s(T )

≃
ma0ma,osc

s(Tosc)
∑ (aini − amin,k)2

NDW Average over domains

For , NDW = 2, Na = Nϕ = 1

ρa(T )
s(T )

≃
ma0ma,osc

s(Tosc)
a2

ini + (πfa − |aini | )2

2

π2f 2
a

4
≤ ℱ(aini) ≤

π2f 2
a

2

≡
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Domain wall collapse

109 1010 1011 1012

10-2

10-1

1

10

Collapse before  
induced DW forma4on

DM overabundance

Too late collapse

Ini4al condi4on, ℱ

QCD axion DM from DWs 
with fa ≪ 1012 GeV
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Domain wall collapse

■ Gravita=onal wave produc=on Hiramatsu, Kawasaki, Saikawa (2013)

fpeak,dec ∼ Hdec

Ωpeak
GW,dec =

ϵGWσ2
ϕ

24πM4
PlH2

dec
( : GW emission efficiency)ϵGW

fpeak,0 ∼ 11 nHz × ( g*s,dec

10.75 )
−1/3

( g*,dec

10.75 )
1/2

( Tdec

100 MeV )
Ωpeak

GW,0h2 ∼ 2.6 × 10−9 × ϵGW ( g*s,dec

10.75 )
−4/3

( Tdec

100 MeV )
−4

( σϕ

2 × 1015 GeV3 )
−2

The main contribu4on is produced at the DW collapse:

The current peak of the GW spectrum is given by

DWs also emit gravita4onal waves.
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Domain wall collapse

10-9 10-8 10-7
10-11

10-10

10-9

10-8

106 107 NANOGrav results

f −1

f3

Kitajima, Lee, KM, Takahashi, Yin (2023)

Numerical result

Analy4c es4mate
σϕ = 6 × 1015 GeV3

Tdec = 100 MeV

σϕ = 1.3 × 1015 GeV3

Tdec = 150 MeV
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Summary

• Heavy axion DWs can induce QCD axion DWs via the mixing 
even with a pre-infla4onary ini4al condi4on for the QCD axion.

10-9 10-8 10-7
10-11

10-10

10-9

10-8

106 107

>

>

>
>

>
>

�

�

• QCD axions from induced DWs can account for all dark ma[er  
with  as small as . fa 𝒪(109) GeV

• GWs from induced DWs can account for the NANOGrav result.

• By introducing a bias poten4al to ,  
the network collapses while solving the strong CP problem.

ϕ


