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■ QCD axion

a solu:on to the strong CP problem 
a (pseudo-)Nambu-Goldstone boson arising at spontaneous breaking of 
a U(1) symmetry

{

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)

Φ =
fϕ
2

eiϕ/fϕ θ̄s → θ̄s + N
ϕ
fϕ

VQCD = χ(T )[1 − cos ( ϕ
Fϕ )] QCD axion

Decay constant:

The QCD axion acquires a poten:al from non-perturba:ve effects of QCD:

Fϕ ≡ fϕ /N

AYer a redefini:on of ,  corresponds to the CP conserving point.ϕ ϕ = 0

CP is conserved in QCD thanks to the axion dynamics.

(  has a periodicity of )ϕ ϕ ∼ ϕ + 2πfϕ

Axion
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■ QCD axion

VQCD = χ(T )[1 − cos ( ϕ
Fϕ )]

χ(T ) = m2
ϕ(T ) F2

ϕ ={
χ0

χ0 ( T
TQCD )

−n

(T < TQCD)

(T ≥ TQCD)
Borsanyi et. al. (2016)

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)

The QCD axion poten:al depends on temperature:

At high temperatures, the QCD axion is effec:vely massless. 
Below the QCD scale, the axion mass becomes constant.

n ≃ 8.16
χ0 ≃ (75.6 MeV)4

TQCD ≃ 153 MeV

La_ce results:

Axion

The QCD axion is a candidate for dark ma`er.
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■ Axion-Like Par1cle (ALP)

In addi:on to the QCD axion, axion-like par:cles are also studied:

Periodicity and couplings to the Standard Model as the QCD axion 
Wide range of mass and decay constant{

From Axion Limit by C. O’Hare

Axion
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■ Pre-infla1onary PQ breaking

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

V = m2
ϕF2

ϕ [1 − cos ( ϕ
Fϕ )]

ϕ

H ∼ m
When ,  starts to oscillate:H ∼ mϕ ϕ

ϕ(t, x) = ϕ0 (const.)

ρϕ ∝ a−3 (ma`er-like)

(An axion is  of )ϕ Φ =
fϕ
2

eiϕ/fϕThe axion does not exist when .Φ = 0
To consider the axion in cosmology,  
it is important to determine when  acquires a nonzero expecta:on value.Φ
If the axion exists before the end of infla:on, 
the axion field becomes (nearly) uniform.

··ϕ + 3H ·ϕ + ∂ϕV = 0
The homogeneous axion evolves following

The axion can be dark ma`er via the “misalignment mechanism”.

Axion
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■ Post-infla1onary PQ breaking

Axion

Cosmic strings and domain walls are formed.

Davis (1986)

If the axion arises aYer infla:on,  
the axion field value is randomly determined at that :me.

“Domain wall problem” or DM from collapse of defects
topological defects

Hiramatsu et al. (2012)Buschmann et al. (2021)
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■ Cosmic string

Topological defects

x

y

cosmic string ⟨Φ⟩ =
fϕ
2

eiϕ/fϕ

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⟩

Forma:on of cosmic string 
at the SSB of U(1)

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

ϕ
fϕ

= 0, 2π

ϕ
fϕ

= π
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■ Domain wall

Explicit breaking of U(1) symmetry

Poten:al for the axion, ma ≠ 0

U(1) → ℤNDW

domain wallVQCD = χ [1 − cos (NDW
ϕ
fϕ )]

NDW = 3

A network of cosmic strings  
and domain walls is formed.

When ,  
the axion rolls down the poten:al.

ma > H

Topological defects

x

y

z
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■ Domain wall number

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 solu:on: 
 DWs in each Hubble volume.  𝒪(1)

Topological defects

Davis (1986)

If the vacuum is unique, the universe is filled with that vacuum.
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For , string-wall network is long-lived.NDW > 1

■ Scaling solu1on

 strings/walls in a Hubble volume𝒪(1)
Scaling solu:on:

H−1

ρstr ∼ μH2 ∝ ρtot

ρwall ∼ σH

DWs dominates the universe, 
which is inconsistent with the CMB anisotropies.

“Domain wall problem”

We can introduce a poten:al bias to avoid the domain wall problem.

tension 
μ

tension 
σ

Topological defects
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■ Domain wall collapse

Let us introduce a bias term:

DWs collapse when the bias overcomes the DW tension.

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

a
fa

+ θ)]

When the DWs disappear, axions and gravita:onal waves are emi`ed.
Due to the shiY of the poten:al minimum, the PQ solu:on is spoiled.

Topological defects
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■ Domain wall collapse

DWs collapse when the bias overcomes the DW tension.

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

a
fa

+ θ)]

a = 0

Δa ≠ 0

When the DWs disappear, axions and gravita:onal waves are emi`ed.
Due to the shiY of the poten:al minimum, the PQ solu:on is spoiled.

Let us introduce a bias term:

Topological defects
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Topological defects have been well studied for a single-axion setup.

■ Mul1-axion system

Q. How about mul:ple axions?

We find new phenomena of defects in two-axion models.

In the string axiverse, many axion-like par:cles are expected.

They have mixings in the poten:al in general,  
and one linear combina:on can work as the QCD axion.

Topological defects

Can we integrate out the heavier axions?

No. 

Arvanitaki et al. (2009)
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Two-axion system

■ General setup

V(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]

Each axions follows either of pre- or post-infla:onary scenarios.

homogeneous defects

We can consider pre-pre, pre-post, post-post ini:al condi:ons.

We classify the evolu:on of defects 
by ’s and the ini:al condi:ons.n

We consider two axions with two poten:als:

(See our paper for details.)

V ⊃ Φn1
1 Φn2

2 + h . c .
e.g.
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String bundles

■ Post-post scenario

V(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]

With the larger poten:al:

Let us consider the post-post scenario.
Cosmic strings of  and ϕ1 ϕ2

min of V
One linear combina:on becomes massive 
while the other remains massless.

ϕ2/f2

ϕ1/f1

ϕ1ϕ2

V
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String bundles

■ Post-post scenario

V(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]With the poten:al:

 string has  domain walls, respec:vely.ϕ1, ϕ2 n1, n2

Let us consider the post-post scenario.
Cosmic strings of  and ϕ1 ϕ2

21

The strings can be connected by domain walls.

1̄ 2

(n1, n2) = (2,3) :

1
ϕ1 → ϕ1 + 2π f1

1̄
ϕ1 → ϕ1 + 2π f1
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■ String bundles or network

String bundles

1̄ 1̄ 1̄

2

2

1

1

1

1

1

1̄

1̄

1̄

1̄1̄

2

2

2

2̄

2̄

2̄

2̄

2̄

If  strings of  and  an:-strings of  composes a closed network, 
it shrinks and behaves as a string associated with the massless axion.

n2 ϕ1 n1 ϕ2

However, we expect the complex network expanding infinitely  
for  and .  
(cf. We know a complex network for a single-axion with .)

|n1 | > 1 |n2 | > 1
NDW > 1

“String bundle”

(n1, n2) = (2,3) :

V1(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]Memo:

See also Higaki et al. (2016), Eto et al. (2023)
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■ Forma1on of string bundles

We simulate the forma:on of string bundles in 2D and 3D la_ce.

(n1, n2) = (1,2)

1 12̄

“String bundles” are formed.

String bundles

(n1, n2) = (3,2)

Complex network remains.

Domain wall problem

V1(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]Memo:
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■ Forma1on of string bundles

String bundles

1 12̄

“String bundles” are formed.

(n1, n2) = (1,2)

We simulate the forma:on of string bundles in 2D and 3D la_ce.

Complex network remains.

Domain wall problem

(n1, n2) = (3,2)

V1(ϕ1, ϕ2) = Λ4 [1 − cos (n1
ϕ1
f1

+ n2
ϕ2
f2 )]Memo:
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With the second poten:al: 

Each bundle has  DWs with .NDW NDW = |n1n′ 2 − n2n′ 1 |

V2(ϕ1, ϕ2) = Λ̃4 [1 − cos (n′ 1
ϕ1
f1

+ n′ 2
ϕ2
f2

+ α)]
■ Domain walls on a string bundle

String bundles

1̄ 1̄ 1̄

2

2

Around a string bundle,  changes by , 
and  changes by .

ϕ1/f1 −2πn2
ϕ2/f2 2πn1

NDW{
= 0
= 1
> 1

String bundles with no DWs remain.

String bundles and DWs disappear.

String bundle-DW network remains.
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■ Idea of solu1on

Solving domain wall problem of QCD axion

VQCD = χ(T )[1 − cos (NDW
a
fa )] a

In the conven:onal QCD axion models with :NDW > 1

Stable network is formed.

We introduce an addi:onal axion  with :ϕ NDW = 1

String bundles are formed, and domain walls disappear.

VQCD = χ(T )[1 − cos (NDW
a
fa )]+ ϕ

fϕ
1aϕ̄

ϕ̄

ϕ̄

A light axion can solve the QCD axion DW problem.
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■ Setup

VQCD = χ(T ) 1 − cos (NDW
a
fa

+ ϕ
fϕ )

A ≡ F (NDW
a
fa

+ ϕ
fϕ ), F ≡

fa fϕ

N2DW f 2
ϕ + f 2a

= mA(T )2F2 [1 − cos ( A
F )]

Solving domain wall problem of QCD axion

The poten:al depends on the massive mode:

In the following, we focus on .fa ≪ fϕ

A ∼ a, F ∼ fa
NDW

The QCD axion is almost , which originally have domain wall problem.a
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■ Bundle forma1on and axion produc1on

String bundle forma:on: σA ∼ μϕH

Domain wall forma:on: mA ∼ H

σA(T ) ≃ 8mA(T )F2

Solving domain wall problem of QCD axion

To form string bundles, walls must pull strings together.

μϕ ≃ πf 2
ϕ ≫ μa

1aϕ̄

ϕ̄

ϕ̄

The energy stored in domain walls are emi`ed as QCD axions.

1010 1012 1014 1016 101810-4

0.001

0.010

0.100

1

10

[GeV]

QCD axion dark ma`er  
with F < 1012 GeV
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Summary

We studied topological defects in two-axion system with mixings.

• DWs can be confined in string bundles depending on the DW numbers.

In two-axion systems,  
the cosmology is very different from single-axion systems!

• QCD axion + light axion can solve the domain wall problem of  
the QCD axion via string bundles.

1aϕ̄

ϕ̄

ϕ̄

• QCD axion dark ma`er can be produced at bundle forma:on.


