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

Peccei, Quinn 77, Weinberg 78,
DO U()pg  Wilczek 78
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Dynamically solves the strong CP problem.
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Axion production from strings/walls

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

Cosmic strings



Axion production from strings/walls

axion strings
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Scaling solution Taken from Buschmann et al, 2108.05368




Axion production from strings/walls
NDW — 1]

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



Prediction of post-inflationary scenario
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» Prevalent in high-precision lattice calculations.
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» Simplifying assumption or crucial factor?

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



Is UV physics always confined in the
string core?

\\U\/phyy It's just an ordinary strlng'
.............. —>
Cosmic string

Zoom-in of string cross section




Two axion system

We introduce two PQ scalars
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Two axion system

We introduce two PQ scalars

fi %
e fi and O, =
NG :

and the potential for axions

O, =

1

Vl (¢1, ¢2) — A4 _1 — COS (Tll ?1




Two axion system

We introduce two PQ scalars
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and the potential for axions

Vi(p1,d2) = A* _1 — COS <n1 ?i - n %)1
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with the post-inflationary initial condition.



Two axion system

We introduce two PQ scalars
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and the potential for axions
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with the post-inflationary initial condition.




TWO axion system Vi, dy) = A :1—cos (m ?11 : nz%)

02
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One linear combination of 2m >
two axions becomes heavy, o
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 V, becomes relevant, n, (n,) domain walls appear,
attached to the ¢(¢,)-string.

O ®
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Two types of strings and multiple DWs

Both ¢, ¢,-strings quickly reach the scaling solution, and
when V, becomes relevant, n, (n,) domain walls appear,
attached to the ¢(¢,)-string.

N\ \ /-. n1 walls N\ ‘ /-. no walls

AO; = 21 Ablo = 27
/N /N

V1(¢1,¢2) :A4 _1 — COS <n1¢1 | 712@)_ ni, T2 - Z
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Caseof (ni,n2) = (2,1)

Vi(¢1, P2) — A4 _1 —COS( b1 | @>
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¢,-string  ¢h,-anti-string  @,-string

String bundle

(= ordinary cosmic string)



Vi(¢p1, P2) = A? _1 — COS ( b1
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¢,-string  ¢h,-anti-string  @,-string

String bundle

(= ordinary cosmic string)

Caseof (n1,n2) = (2,1)

)

Numerical results (2D)

Energy Density




(n1,n2)

Vi(o1,¢2) = A* _1 — COS (nl iq;i | m%)

¢,-string  ¢h,-anti-string  @,-string

String bundle

(= ordinary cosmic string)

cf. Higaki, Jeong, Kitajima, Sekiguchi and FT, 1606.05552, Numerical results (3D)
See also Eto, Hiramatsu, Saito and Sakakihara, 2309.04248 Lee Murai ET and Yin 2409 09749



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

V1(¢17¢2) = A* _1 — COB (TL1 ?11 | nz%)_

String bundle

(= ordinary cosmic string)



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

V1(¢17¢2) — A4 _1 — COS ( ¢1 | @>-
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String bundle String-wall network

(= ordinary cosmic string)



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

String-wall network forms in
stead of string bundles.

2,
L
2

String b““d"? . Numerical results (2D)
(= ordinary cosmic string)

Energy Density




String-wall network forms in
stead of string bundles.

String bundle Numerical results (3D)
(= ordinary cosmic string) Coutesy of Junseok Lee



In the post-inflationary scenario, a string-wall network
forms instead of ordinary cosmic stringsif n; , n, > 2.

nn =1o n =1

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



Mixed initial conditions

We may impose a mixed “pre-post” initial condition, i.e.,

Then, no strings bundles are formed, and string-wall
network of ¢, remainsif n, >?2(evenif n; =1).

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



"Induced DW” formation due to V,

Before proceeding, let me first explain what an induced domain wall is.



DW of heavy axion ¢
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Couple ¢ to gluons: pGG
Introduce QCD axion a: aGG

DW of heavy axion ¢
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Couple @ to gluons: gbGG DW of heavy axion ¢
Introduce QCD axion a: aGG

"Induced DW"” for a
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"Induced DW” formation due to V,

Now we consider the DW formation due to V, < V.

Vi(é1,p2) = A ll — COS ( o1 | @)1

R
_ A4 P12 )] ,
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Both V; and V, can be minimized in any domains, and so
there is no potential bias at the minimum.



Induced DW due to V,

Vi DW ¢, (or ¢,) string



The string-wall network persists even after V, is included,

since induced DWs appear and the domains remain
degenerate in energy.
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to the cosmological DW problem if n; , n, > 2.



The string-wall network persists even after V, is included,

since induced DWs appear and the domains remain
degenerate in energy.

Thus, even a minimal extension with two PQ scalars leads
to the cosmological DW problem if n; , n, > 2.

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 aq,
arising from its mixing with a heavy axion .

Pre-inflationary condition for the QCD axion A = \J;‘%eiﬁ,
i@
Post-inflationary condition for the heavy axion @ = Jo e 1o



The axion potential:
Via, o) = x(T) _1—cos(a ¢>_ + A? _1—COS (2%)
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The tension of induced DWs is always smaller than that of ordinary DWs.
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GW spectrum from the ¢»-DW collapse
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Numerical estimate with
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New solution to the QCD axion DW problem

2 A~
L= —Npw—2-2LGG

3272 v,

Npw = 3 or 6 for DFSZ axion

String-wall
network


https://arxiv.org/abs/2507.07075

New solution to the QCD axion DW problem
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Npw = 3 or 6 for DFSZ axion O : Massless (or very light) axion
e.g. KSVZ axion
String-wall (different from a)

network
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New solution to the QCD axion DW problem
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Npw = 3 or 6 for DFSZ axion O : Massless (or very light) axion
e.g. KSVZ axion

String-wall String (different from a)

network bundle
(= ordinary
string)
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New solution to the QCD axion DW problem

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

Npw = 3 or 6 for DFSZ axion O : Massless (or very light) axion
e.g. KSVZ axion

String-wall String (different from a)

network bundles
(= ordinary
strings)
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https://arxiv.org/abs/2507.07075

New solution to the QCD axion DW problem

Lee, Mural, FT and Yin 2507.07075, FT and Yin 2012.11576

Unlike the usual QCD axion
strings, the string bundles are

String . .
bundles long-lived, and could contribute
(= ordinary to the cosmic birefringence!
strings)

See e.g. Jain, Hagimoto, Long, Amin, 2208.08391
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See e.g. Jain, Hagimoto, Long, Amin, arXiv:2208.08391 [astro-ph.CO].



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 f . j

- Adding another light axion can solve the QCD axion
DW problem, leading to stable string bunadles. z

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




