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@2026/7/29, Axions in Seoul.
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Generic limit of ALP DM from mlsallgnment

Marsh, WY, 1912.08188:
See also Dror, Leedom, 2008.02279
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Definition of axion/axion-like particle(ALP)

Axion has a periodic field space satistying ¢ < ¢ + 2xf,,
and an approximate shift symmetry, ¢ < ¢ + C.

V($) = V(g + 2f)

2 2
~/myfg

. Axion # QCD axion A¢p = 2nfy

© ¢ < ¢+ 2xf, can be realized by multi-branch potential from the hidden QCD.

Tunneling and 1st order phase transition of zero temperature hidden QCD can be
induced. Sugeno, WY, 2511.19429
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Axion dark matter can be produced through many mechanisms

Produced by itself,

(misalignment)

V ~ mq%fq%(l — cos[%}])_;

Preskill et al, 1983;
Abbott, Sikivie, 1983:;
Dine, Fishler, 1983:

Energy density of
coherent oscillation
contributes to DM

“Initial condition from inflationary
dlS’tl"lbUthn Graham, Scherlis, 1805.07362;

Takahashi, WY, and Guth 1805.08763 etc

Arias et al 1201.5902;
Nakagawa, Takahashi,

*Phase transition Yamada, WY 2210.10022
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Daido, Takahashi, WY 1702.03284, 1710.11107 etc

By others (nonzero mode production)

See talks by Giovanni and Fabrizio

*Network of String

Sikivie, 1982, Kawasaki et al, 1412.0789; etc---

and global monopole, Nakano, WY, 2607.05517:
. . Kanda, Kitajima 2607.22481
“‘Bubble misalignment

Lee, Murai Takahashi, and WY, 2402.09501
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Generic description of dark matter evolution

(in radiation dominated universe).

@ > £ orod @late time
Number ngmd S ngmd
conservation: Qy=—my
Sprod Pe Sprod
< prod>
Momentum < prod> % (1 pgb % g <m
conservation: “prod prod ¢
aLya
—6
ClLya ~ 1() o

For light axion DM, @: , we need large n};’“’d and small gmd
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Axion dark matter can be produced through many mechanisms
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Example: Stimulated decay can produce
bOSOniC dark matter Moroi, WY, 2011.09475 .

See also 2011.12285 for the

relation to narrow parametric resonance
o - DMDM

Laser, wikipedia

_ 47°Tng
Before During After f —
emission emission emission H PIBDM
Eucted lvel —@r— o — — h =h=ppy
1%
hy hy AN _
Inidont photon AF 0% I X € %
p ANNAN>> DM
Ground leve! E, —Q@—
Atom in Atom in
excited state ground state

E‘Z—E]_:AE:hV
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Example: Stimulated decay can produce
bOSOniC dark matter Moroi, WY, 2011.09475 .

See also 2011.12285 for the

relation to narrow parametric resonance
o - DMDM

Laser, wikipedia

7= 47°T ng,
After —
em ss on emission H PI3)M
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Ina;eni photon nDM X € 2f
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oroduces light dark matter

Moroi, WY, 2011.0947/5 ,

Inflaton deca

log o[ TR /GeV]

Of QA% <0.12 with B < 1

-12 -10 -8
B = n[t7]/nyltz] log,plm,/GeV]
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Inflaton deca

Of QA% <0.12 with B < 1
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B =n[t]/n,[1;]
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log o[ TR /GeV]

oroduces light dark matter

Moroi, WY, 2011.0947/5 ,

rod 2 2
,@ orod p£ > iy f .

1
(P < Ty

Po

' (i.e. axion EFT is valid)
- A minimal possibility?
-Moduli decay also work |
W|th nhon-minimal coupllng

Miyazaki, Yaginuma, Song, Narita,
and WY, 2509.13292
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What | will talk about;:
The usual DM evolution may not be true for axions.

@,..  Some Production Mechanism:  @late time
d
ngmd / so My
Conserved: 0O b=y
Sprod Pe Sprod
prod
rod <p¢ >
Conserved: (P;; ) X Unrod X Ayrod < My
aLya
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. 2. A Nonlinear Transition

Key point: axion potential is periodic and bounded
. Vi(g)

)
2m¢f¢




QueStiOn ] : Narita and WY, 2507.03157
Are axion particles radiation or

matter with
p¢ = <p¢) < m, ana Py > 2m§f£?
(#) =0, {($)=0)




QueStiOn ] : Narita and WY, 2507.03157
Are axion particles radiation or

matter with
p¢ = <p¢) < m, and Py > 2m§f£?
((¢) =0, (p)=0)
_;L 2 T A\2 2
Py = 5 (Qb + (Vo) )+‘/¢

(< 2myfy)

Radiation

See also similar phenomenon in “axion roulette” Daido, Kitajima, Takahashi, 1505.07670,
and Giovanni’s talk for QCD axion from cosmic string.



Answer 1: Axions behave as radiation.
It becomes matter at p;, ~ m;f;, through a nonlinear

transition.
V= mq%fé(l — cos plfy)
(0.25m2f2,20H?)
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Answer 1: Axions behave as radiation.
It becomes matter at p;, ~ m;f;, through a nonlinear

transition. Narita and WY, 2507.03157
V =m2fi(1 - cos plfy) '

{0.25m,f,,20H;} (400m f5,20H7} S {25m3f720H7}  ((V4)),m)
10 | | ; 1000 ¢ — IEE — total
N ] ' : : | BT kinetic
s 3 - A ——— potential
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3 TP : 100 £~ e NG
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k> < pp_ > x k%,q =2 for plots in this slide Oscillation of kinetic, gradient energy disappear if we take w = k.



Question 2: Narita and WY, 2507.03157

Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292

What drives the nonlinear transition?

Number must not
be conserved.

From Nemin Yaginuma's slide

See also similar dynamics in "axion roulette” Daido, Kitajima, Takahashi, 1505.07670
and Giovanni’s talk for QCD axion from cosmic string


https://arxiv.org/abs/2509.13292

Answer 2: Multiple closed domain walls
drive the transition
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Answer 2: Multiple closed domain walls
drive the transition

L — et . p¢ ™~ p¢<5¢2> qu%méapgb < m¢
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Answer 2: Multiple closed domain walls
drive the transition

0

10 a.~?2-—73 — a= "t ~ 1 5 2 ~ zmz, 2 < m
- =1 | Py pylo¢p~) ~ famy, py < my
o B | >
_ — R (6P~) > [y
> - AL
Q | 3' r#,xil‘q

10 TR .. Domain wall forms
f \ but collapses soon.
-3 | '_'ﬂ 4[1 :

10 40 -0 0 50 40 (for white noise. Scale invariant

fluc. gives long-lived domain wall)
H — ¢/f¢ Gonzalez, Takahashi, WY, 2211.06849
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Baumkuchen domain-wall (BDW) properties
Before nonlinear transition s > m2s

The number of domain walls within half wave length, #/p,, 1.e. within a BDW:

Nppw = \/<5¢2>/(ﬂf¢)

. N 2
The tension: Capyw X NBDW ¢ 8m¢f¢

P /
The energy density:  pppw ~ i X NBDW8m¢f£ ™~ ]545 <5¢2>m¢fq§

v/

At nonlinear transition @eg) ~m2 .

2 2
Py ~ PBDW ™ m¢f¢
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Gradient -> BDW -> ALP particles

v o RAmAGY=(LSYL{06866,8) | | ?/.v. ;i’x
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_ il | Mv" -
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. S 25 6.0 ---emn
periods are the > 3.0 6.5 e 0.1
— L
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ak/mg Miyazaki, Yaginuma, Song, Narita,
w =k is used and WY, 2509.13292
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A short summary:
.py > m;fy, axion is not “matter” even if p, < m,.

-the number conservation iIs violated.

-the late time axions are from the BDM
collapse irrelevant to the original production

mechanism p, ~ m;f;.p, ~ my, @t,



. 3. Implications of the nonlinear transition

Narita and WY, 2507.03157, Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292


https://arxiv.org/abs/2509.13292

. A generic lower bound on the ALP decay
constant: Narita and WY, 2507.03157

See also Marsh, WY, 1912.08188; Dror, Leedom, 2008.02279

. We needa p, < mq%fé, at ay g ™~ 107°.

Astrophysical Constraints

10
f 2 4x10°GeV———o

1020 108 1076 104
m@[e\/]



- ALP DM from nonlinear transition: many
production mechanisms with abundant “cold axion”

approach to the following parameter region
Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292 'QCD aXiOn DM Wlth

f, <10 GeV can be

produced T, ~ GeV
universally.

Gy GeV™ : |

.Fixing m, with smaller f,

(larger g, ) our finding

IS more important.
Be careful!

IIIIIII

10~ 107 107** 10°®  10™ 1
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- ALP DM from nonlinear transition: many
poroduction mechanisms with abundant “cold axion”

approach to the following parameter region
Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292 'QCD aXiOn DM Wlth
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- Inhomogeneities can seed ALP clumps.

See talks by Giovanni and Jae Hyeok

- BDW collapse can source grawtatlonal waves
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- Inhomogeneities may seed PBHs.

Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292
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Conclusions: Axion/ALP may have a
nonlinear transition due to potential feature.

Narita and WY, 2507.03157, Miyazaki, Yaginuma, Song, Narita, and WY, 2509.13292

If py < my and p, > m;f;, axions are still relativistic!

10~ 1%V
Robust bound for DM: /2 4 x 10°GeV ——

Mg

Once p, redshifts to m,f;, we have nonlinear

transition forming BDWSs, to produce semi-
relativistic axion particles.
Some DM production mechanisms need revisions.
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Example: Stimulated decay can produce

bosonic dark matter
D — IDDMIDM  Voroi wy, 2011.09475 , 2011.12285
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Example: Stimulated decay can produce

bosonic dark matter
D — IDDMIDM  Voroi wy, 2011.09475 , 2011.12285

Bose enhancement factor
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Example: Stimulated decay can produce

bosonic dark matter
D — IDDMIDM  Voroi wy, 2011.09475 , 2011.12285

47°ngl b _Mo [ My
HP3y, A

l=Pp\

1
Elog(l + 2f 1) =



https://arxiv.org/abs/2011.09475

Example: Stimulated decay can produce

bosonic dark matter
D — IDDMIDM  Voroi wy, 2011.09475 , 2011.12285
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Enhanced gravitational waves with different

frequency

Hiramatsu et al, 1309.5001 for usual

domain wall network

2
QDW g

peak ™ 24T M4 HE

a'kpccxk ~ aHtr

See also Kitajima, Murai, Lee, Takahashi, WY, 2306.17146,
for the precise spectra obtained from the full numerical simulation.
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Enhanced gravitational waves with different
frequency
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Generic limit of ALP DM from misalignment

Marsh, WY, 1912.08188: Dror, Leedom, 2008.02279
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Scale invariant fluctuations

1
10
. — a=1
o | T a=3.5
0_ ——— a=b
10 T e a=8 5
_ | L — a=11
) -1 E
~ 10 - |
-2 i 1 | -
: e : ]
10 : H i
T NI )
o s ST AH
' o T o i e L
-3 | [ j l_ i |11

Fig. 7. Distribution of ¢/ fs for the case with scale-invariant fluctuations.



Dispersion relation of w =k
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Fig. 8. Same as the bottom-left panel of Fig.|l, but adopting the initial condition w = k.



