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 QCD axion 
The QCD axion is a pseudo Nambu-Goldstone boson 
associated with SSB of U(1) Peccei-Quinn symmetry.

U(1)PQ
Peccei, Quinn `77, Weinberg `78, 
Wilczek `78



Axion production from strings/walls
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Cosmic strings

Cosmic strings and domain walls, formed in post-
inflationary scenarios, produce axion dark matter.

See talks by Long, Kaltschmidt, Gelmini



Taken from Buschmann et al, 2108.05368

(Approximately) fixed 
numer of strings in the 

Hubble volume:  
Scaling solution

Axion production from strings/walls



Hiramatsu, Kawasaki, Saikawa, Sekiguchi,, 1202.5851
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NDW = 1

Studying the evolution of strings and domain walls is 
crucial for predicting the mass of axion dark matter.

Axion production from strings/walls



Kaltschmidt, Redondo, Saikawa and Vaquero, arXiv:2502.02398

Prediction of post-inflationary scenario

See talk by Kaltschmidt



• Prevalent in high-precision lattice calculations.

• Simplifying assumption or crucial factor?
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Key assumption :
Single PQ scalar model

Origin and breaking of U(1) PQ are unknown!

U(1)PQ



UV physics

Cosmic string
Zoom-in of string cross section

Is UV physics always confined in the 
string core?

It’s just an ordinary string!



Two axion system
We introduce two PQ scalars
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with the post-inflationary initial condition.
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Potential min. of V1

Potential min. of V1

Light axion
Heavy axion

Two axion system
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One linear combination of 
two axions becomes heavy, 
leaving the orthogonal one 
(nearly) massless.
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Two types of strings and multiple DWs
Both -strings quickly reach the scaling solution, and 
when  becomes relevant,   ( ) domain walls appear, 
attached to the -string.

ϕ1, ϕ2
V1 n1 n2

ϕ1(ϕ2)
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String bundle
(= ordinary cosmic string)

1̄ 22

Case of 
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(n1, n2) = (2, 1)

cf.  Higaki, Jeong, Kitajima, Sekiguchi and FT, 1606.05552, 
See also Eto, Hiramatsu, Saito and Sakakihara, 2309.04248 

 -stringϕ2  -stringϕ2 -anti-stringϕ1
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String bundle
(= ordinary cosmic string)

Numerical results (2D)
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(= ordinary cosmic string)

Numerical results (3D)
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String bundle
(= ordinary cosmic string)
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String bundle
(= ordinary cosmic string)

String-wall network

<latexit sha1_base64="M+CMVLfDGQxBlfEotRDF6MlmwJs="></latexit>

(n1, n2) = (2, 3)Case of 
<latexit sha1_base64="3i36ekI7934Px2abnQsZX1xlxp0="></latexit>

V1(�1,�2) = ⇤4


1� cos

✓
n1

�1

f1
+ n2

�2

f2

◆�



Energy Density

0

1

2

3

4

5

Numerical results (2D)

String-wall network forms in 
stead of  string bundles.
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(= ordinary cosmic string)
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Numerical results (3D)

String-wall network forms in 
stead of  string bundles.
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String bundle
(= ordinary cosmic string)
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Coutesy of Junseok Lee



In the post-inflationary scenario, a string-wall network 
forms instead of ordinary cosmic strings if |n1 | , |n2 | ≥ 2.

|n1 | , |n2 | ≥ 2.|n1 | = 1 or |n2 | = 1

These heavy axion DWs also produce a large amount of GWs.
Higaki, Jeong, Kitajima, Sekiguchi and FT, 1606.05552



Mixed initial conditions

pre-inflationary initial condition for  

post-inflationary initial condition for 

ϕ1

ϕ2

Then, no strings bundles are formed, and string-wall 
network of  remains if  (even if ). ϕ2 |n2 | ≥ 2 |n1 | = 1

Mixed initial conditions makes string-wall network 
formation more likely. 

We may impose a mixed ”pre-post” initial condition, i.e.,
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ϕ = ϕright

DW of heavy axion ϕ
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Couple  to gluons: ϕ ϕGG̃
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x

Couple  to gluons: ϕ ϕGG̃
Introduce QCD axion : a aGG̃

aleft

fa
= − θleft

aright

fa
= − θright

DW of heavy axion ϕ

”Induced DW” for a



Now we consider the DW formation due to .V2 ≪ V1

Both  and  can be minimized in any domains, and so 
there is no potential bias at the minimum.

V1 V2

”Induced DW” formation due to V2
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Induced DW due to V2

  stringϕ1 (or ϕ2) DWV1  DWV1
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Thus, even a minimal extension with two PQ scalars leads 
to the cosmological DW problem if |n1 | , |n2 | ≥ 2.

The string-wall network persists even after  is included, 
since induced DWs appear and the domains remain 
degenerate in energy.

V2

The simplest solution to the DW problem is to introduce 
a potential bias along the heavy axion, leaving the PQ 
mechanism intact. (I’ll present an alternative approach shortly.)



Induced domain walls of QCD axion
We consider induced domain walls of the QCD axion ,  
arising from its mixing with a heavy axion .

a
ϕ

Pre-inflationary condition for the QCD axion

Post-inflationary condition for the heavy axion
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A. Borsanyi et al, 1606.07494

For simplicity we assume a hierachy  
in the mass and the tension:
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The axion potential:
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The tension of induced DWs is always smaller than that of ordinary DWs.



Lee, Murai, FT and Yin 2407.09478

Decay temperature 
of the -DWsϕ

(We introduce a small potential 
bias along -direction to make 
DWs unstable)

ϕ



GW spectrum from the -DW collapseϕ
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e.g. KSVZ axion 
(different from )a

Lee, Murai, FT and Yin 2507.xxxxx,  FT and Yin 2012.11576



<latexit sha1_base64="tZczQSco2q7DdfzkJQGO43NDzNA="></latexit>

L = �NDW
g2s

32⇡2

a

va
GG̃

<latexit sha1_base64="Nt4m1Owg+E3HnHnbmRynvj2Yr4w=">AAACf3ichVHLLgRBFD3T3uMxg42w6Zh4rCZ3vEkkgoWVeI2RIJPuVkNHv9LdMwmTEWs/YGFFgogF/2DjByx8gliS2Fi409OJILidrjr31D23TlWpjqF7PtFjRKqqrqmtq2+INjY1t8TirW2rnp13NZHWbMN211TFE4ZuibSv+4ZYc1yhmKohMuruTHk9UxCup9vWir/niE1T2bb0nK4pPlPZeOd8trjhmvJspiRPyoMHcpDZbulgJBtPUJKCkH+CVAgSCGPBjl9iA1uwoSEPEwI WfMYGFHj8rSMFgsPcJorMuYz0YF2ghChr81wluEJhdpfHbc7WQ9bivNzTC9Qa72Lw77JSRg890BW90D1d0xO9/9qrGPQoe9njWa1ohZONHXUsv/2rMnn2sfOp+tOzjxzGAq86e3cCpnwKraIv7B+/LE8s9RR76Yye2f8pPdIdn8AqvGrni2LpBFF+gNT36/4JVgeSqZHk8OJQYmo6fIp6dKEb/Xzfo5jCHBaQ5n0PcYEb3EoRqU9KSlQplSKhph1fQhr/ACLJkoc=</latexit>

NDW = 3 or 6 for DFSZ axion

<latexit sha1_base64="ZOpejlgGgSjCRq6Obh3LqFBYlHI="></latexit>a

<latexit sha1_base64="uZAwmos0Pmh9OTZ7gPkbTAa4Lt8="></latexit>

L = � g2s
32⇡2

✓
NDW

a

va
+

'

v'

◆
GG̃

<latexit sha1_base64="iJYjOXYmmpLGfeQD172xDq0Xatc="></latexit>' : Massless (or very light) axion

<latexit sha1_base64="ZOpejlgGgSjCRq6Obh3LqFBYlHI="></latexit>a
<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

String-wall 
network

String 
bundle 
(= ordinary 
string)

New solution to the QCD axion DW problem

e.g. KSVZ axion 
(different from )a

Lee, Murai, FT and Yin 2507.xxxxx,  FT and Yin 2012.11576



New solution to the QCD axion DW problem

<latexit sha1_base64="tZczQSco2q7DdfzkJQGO43NDzNA="></latexit>

L = �NDW
g2s

32⇡2

a

va
GG̃

<latexit sha1_base64="Nt4m1Owg+E3HnHnbmRynvj2Yr4w=">AAACf3ichVHLLgRBFD3T3uMxg42w6Zh4rCZ3vEkkgoWVeI2RIJPuVkNHv9LdMwmTEWs/YGFFgogF/2DjByx8gliS2Fi409OJILidrjr31D23TlWpjqF7PtFjRKqqrqmtq2+INjY1t8TirW2rnp13NZHWbMN211TFE4ZuibSv+4ZYc1yhmKohMuruTHk9UxCup9vWir/niE1T2bb0nK4pPlPZeOd8trjhmvJspiRPyoMHcpDZbulgJBtPUJKCkH+CVAgSCGPBjl9iA1uwoSEPEwI WfMYGFHj8rSMFgsPcJorMuYz0YF2ghChr81wluEJhdpfHbc7WQ9bivNzTC9Qa72Lw77JSRg890BW90D1d0xO9/9qrGPQoe9njWa1ohZONHXUsv/2rMnn2sfOp+tOzjxzGAq86e3cCpnwKraIv7B+/LE8s9RR76Yye2f8pPdIdn8AqvGrni2LpBFF+gNT36/4JVgeSqZHk8OJQYmo6fIp6dKEb/Xzfo5jCHBaQ5n0PcYEb3EoRqU9KSlQplSKhph1fQhr/ACLJkoc=</latexit>

NDW = 3 or 6 for DFSZ axion

<latexit sha1_base64="ZOpejlgGgSjCRq6Obh3LqFBYlHI="></latexit>a

<latexit sha1_base64="uZAwmos0Pmh9OTZ7gPkbTAa4Lt8="></latexit>

L = � g2s
32⇡2

✓
NDW

a

va
+

'

v'

◆
GG̃

<latexit sha1_base64="iJYjOXYmmpLGfeQD172xDq0Xatc="></latexit>' : Massless (or very light) axion

<latexit sha1_base64="ZOpejlgGgSjCRq6Obh3LqFBYlHI="></latexit>a
<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

<latexit sha1_base64="IidqW5K7/rqu+vWMKlJsSYdDjmc="></latexit>'

String-wall 
network

String 
bundles  
(= ordinary 
strings)

Adding another light axion can solve the DW problem by 
converting the string-wall network into string bundes.

e.g. KSVZ axion 
(different from )a

Lee, Murai, FT and Yin 2507.xxxxx,  FT and Yin 2012.11576



New solution to the QCD axion DW problem
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stable and contribute to the 
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See talks by Andrew Long and Eiichiro Komatsu for CB
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Summary
• The origin and breaking of U(1) PQ are unknown. 
• A minimal extension from one to two PQ scalars               
often leads to stable DWs with large tension. 

• Their decay can produce GWs and QCD axion DM 
even for small . 

• Adding another light axion can solve the QCD axion 
DW problem, leading to stable string bundles.

fa

In multi-axion systems, cosmology changes drastically — 
More is different!
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