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1. Introduction

QCD axion can explain the strong CP problem and
dark matter (DM) simultaneously. Peccei and Quinn (1977)

Weinberg (1978), Wilczek (1978)

VQCD — mgfg (1 — COS fﬁ>
I' < Agep ’

—TT 0 a./f, =« a/fa

Preskill, Wise, Wilczek 83, Abbott, Sikivie, 83,
Dine, Fischler, 83
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When the Peccei-Quinn (PQ) symmetry is spontaneously
broken after inflation, topological defects appear.

Vilenkin, Shellard (2000) for review

T ~ VPQ VPQ — NDW-]CCZ

 The axion fields are distributed
randomly.

» Cosmic string appears.

Kibble (1976), Vilenkin (1981)
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T ~ VPQ VPQ — NDW-]CCZ

 The axion fields are distributed
randomly.

» Cosmic string appears.

Kibble (1976), Vilenkin (1981)

. V,
» Domain wall (DW) appears. \ *
Vilenkin (1981)
* For Npw > 1, It Is stable
and dominates the Universe. ! " 27 0=alvpg

The case for Ny, = 2
Zeldovich, Kobzarev (1976), Vilenkin (1985) 4 /21

Domain wall problem



Possible solutions

e | azarides-Shafi mechanism Lazarides, shafi (1982)

Sikivie (1972), Mohanty, Stecker (1984),

» Blased potential ceimini, cieiser, kol (1989)

» Biased population

Ve
Lalak, Thomas (1993), Lalak, Ovrut, Thomas

(1995), Lalak, Lola, Ovrut, Ross (1995),
Vve fOCUS Coulson, Lalak, Ovrut (1996), Larsson, Sarkar,

White (1997)

AV ~ Gwall/ tdec

However, such explicit breaking potentials misalign the potential
minimum from the CP conserving one.

DW-quallty tensSIoN ringwaid, saikawa 2016) 5 (24
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Our idea iS asS fOIIOws: Ibe, Kobayashi, Suzuki, Yanagida (2020),

Lee, Murai, Takahashi, Yin (2023)

What if the bias potential is time-dependent?
Viot = Vocp

=3
T ~ Agcp I' < Agep

We consider a mixing coupling between the PQ scalar
and a light scalar field, which induces such a bias term.

In particular, we discuss the production of axion DM.
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2. PQ mechanism with a light scalar

Hao, SN, Nakai, Suzuki (2025)
We introduce a light complex scalar field § mixed with

the PQ Scalar P: Ibe, Kobayashi, Suzuki, Yanagida (2020)

VeQ(P,S) D Ap | 2 |S|2” [,m,n. iIntegers

The PQ scalar is back to the symmetric
phase after inflation by the thermal effect.

— string-DW network appears. 9 /21



The mixing term is essential for string-DW network decay.

20\ 1 )2
Veo(P,S) D Ap (|P|2 PQ) : S_|g)2n

+ milS|? +
P = %ei“/”m Nonzero value of S induces
an effective PQ breaking potential.
g — X ,ib/x
V2 Vioer 1m2 2 oS Za —I—mé—l—é
AT R TPAES UPQ X
=6 (. bdoesn’t move.)
m2 (T) ~ .
P\t ) — We need behavior of S.
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EVOI uti o n of S Hariagaya, Ibe, Kawasaki, Yanagida (2015),
Ibe, Kobayashi, Suzuki, Yanagida (2020)

1 X
Veq(P,$) 3 mifSP + vy 3 oo
' Pl

5 This term could backreact
IS‘\ -+ 3H\S\ - nAS S|2n—1 = the evolution.

2(n — 3)(n)*] 77 ( ? )nll Mpy  forn > 6
Mpy —

(15]) =

" Vpg & H™"=2) slowly decreases

When H ~ mg, S starts to oscillate around the origin (S ~ 0),

and the effective potential Vp; disappears. 11/21



Our focus In parameter Sspaces o sn. nai, suzui (2025)

2]

e + We assume Vpey remains at least
[ —_ .
| ’ - until QCD scale.

O. 1 OO - /' /o" « - A
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1077 | K
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s - 12 M2i-4 S| > \[ | MmI—4 [S1"Veg
P10 102 107 105 102 107 1071 (n2)= M Mme:b:Vipy
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(Npw» [, m,n) = (2,3,9,6) Fix this set In this talk 12/21



3. Evolution of string-wall system

Hao, SN, Nakai, Suzuki (2025)

AtT < T, the [ walls are attached
with the string.
Vo = ~ bt cos (0

# DW for VBQ

Consider how this system can
collapse from the following aspects:

(1) Volume pressure

(11) Structural instability or population bias .



(1) Volume pressure

The potential difference induces the volume pressure on the domain

wall, which makes the system unstable when p,, ~ p.

Volume pressure 107"
py ~ AV

. 10—13
Tension force

Pr ~ WallH 10~1°

—  f,=10°GeV Py
0 - : i N |
1, S 10°GeV Is requirea £ = 2% 109GeV \

10~V o

for the system collapse T T . |
0.1 0.2 0.5 1 2 5
due to py,. T [GeV]



(11) Structural instability or Population bias

Consider (Npw, 1) = (2,3).

In addition, the axion distribution is biased at the QCD scale.
Kitajima, Lee, Takahashi, Yin (2023)
As a result, such systems may be broken soon.
15/21



Axion DM from defects

The annihilation temperature T, is an important factor for the axion
abundance from the defect decay.

When | Vpg| ~ [ Voep |, the system seems to be most unstable.

/ )\ — vp — Lo
m%(Ttr) ~ NDWma(Ttr) — Ti, ~ 1.6 GeV (Ololl) (2 v 109QG6V)

We assume that the annihilation occurs at 7, =«7,,. (&< 1)

2 1 K\~ Al *  Npw fa It
Q. dech? = 0.12 () . s
’ Jite o1/ \2x10- 2 2.4 x 1010 GeV
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4. Misalignment contribution

The number density can be estimated as the average,

! H h ic effect
n _ d9 .M ~ n(r) ere anharmonic effec
) 27T nifia ini l Z is ignored.
Vpa
(, > AQCD
0 27/ 3 4r/3 0 = alvpg 17191



4. Misalignment contribution

The number density can be estimated as the average,

[

L[ 1 .

Ng >~ — dBinina (Oini) =~ § :ngf) !—Ie_re anharmonic effect
2T J —n T l — is ignored.

Roughly, the oscillation amplitude at 7'~ Agcp Can be
determined by which minimum the axion drops.

0 = a/vPQ 18/21



Numerical rESUItS Hao, SN, Nakai, Suzuki (2025)

gzaz,mish2
008+ AI ------- t L P S e B e e e e B
| ighment region The abundance can be
B I_I i
0.06 slightly enhanced compared
| | to the conventional one due
0.04/ | to the trapping effect.
* * cf) Trapped misalignment
SN, Takahashi, Yamada (2020). Di Luzio, Gavela,
Quilez, and Ringwald (2021). Jeong, Matsukawa, SN,
Takahashi (2022).
_____________________________________________________________ Q(conv)y,2
0.02] B
OI.OI - |0i5| - 1i0| - 1i5| - |2i0| - |2i5| - |3i0| I 0’ (relative phase)

110 -
., =10""GeV Is taken. 19/21



5. Viable parameter spaces ... s v so oo
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Summary

* We consider the DW problem by introducing a mixing coupling
between the PQ scalar and a light scalar.

* The mixing coupling induces a time-dependent bias potential,
which makes the string-DW system unstable.

* |n addition of misalignment contribution, we show that the
overproduction can be avoided for £, < 10'°GeV, even in the

presence of small volume pressure.

Thanks!
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Isocurvature problem

S field breaks the PQ symmetry during inflation, and the phase
acquires quantum fluctuations.

1 5 5 a b
Vper >~ 72 MpaUpQ €08 (EUPQ | mX | 5)

ob = op,

The density perturbation has a peculiar footprint on CMB

anisotropy spectrum. D,
— < 0.038

PC Planck collaboration




Evolution during inflation

Thanks to the dynamics of S, our setup can implement
a mechanism for suppressing the isocurvature.

V(S) — |S|2n —Csﬂfnf‘S‘z cg > 0

oa  Ob ¢ Linde (1991)

— N — N

£ 4 2m(S.)  Slgnificantly suppressed




What is Backreaction

A m pt
m!E!Mf_}}M_‘lS P" + h.c.

Ompocx N x cos(lf + m6, + o)
0005 S T humere Energy is minimized, so
"""" - Analytic that the sign is flipped to
. negative.
5.x107%
1x10° Nonnegligible
5.x 107 backreaction

10° 10° 10/ 108 109 1010



