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Axion Dark Matter

Provides a solution to strong CP problem



Axion Dark Matter

One of the appealing qualities of the axion is that it can be dark matter

Pre-inflationary scenario

“'PQ symmetry breaking before inflation”

Post-inflationary scenario

VS " 'PQ symmetry breaking after inflation”
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Formation of cosmic string

ds? = dt? — R?(t)dx?

Evolution of this complex scalar field is
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Cosmological evolution

log T = log— < log N
0g—r = ogto < log
l t ~107° sec
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1 10 Multi-scale problem: 70 log F

lattice simulation
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m;1 « const

A 4

Even numerical simulation is very difficult and

progress is very slow Axions decayed from

strings around this time

. . contribute to DM
Appearance of Scaling solution

: allows us to extrapolate all the way to QCD scale

Two important scalings for axion mass prediction
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: number of strings : no new scale

per Hubble patch between m, and H



Liot(L)t?
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: number of strings
per Hubble patch

1
k4> 1 .
(soft axions)

ka<1

(hard axion
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: No new scale
between m,. and H

str, g>1
Interesting situation would be a
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Axion abundance

Ng =

[[t] ~

'Da : should follow a power law due to absence of other non-trivial
k ak scales and sampling has to be done in scaling regime
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Two most important scalings in  and spectral index g in cosmic string
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Recent intriguing observations are

This is where simulation frontiers leads the theory.
These findings are not explained by theory yet
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: soon after this time, axions become
non-relativistic dark matter

l' t ~107° sec
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Supported by
scaling solution

lattice simulation
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Recent results in cosmic string frontier

IR dominant axions, q > 1

Saikawa et al, 20%4
J =

23

-- cyy =1/4 (fit + filtering)

7.5
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Nearly
conformal strings ,q ~

§ Alog=0.25 (Fid.)

annlet al, %021

6.5 7.0
Log(m,/H)

non-negligible Domain
walls can increase axion
mass further : Constant Fit === Gorghetto et al. 2020

— Linear Fit Buschmann et al. 2021 Saikawa et al. 2024
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Recent results in cosmic string frontier

IR dominant axions, q > 1

Saikawa et al, 20%4
ls

Nearly
conformal strings ,q ~

6.5 7.0
Log(m,/H)

New update: el S ISR I S S i

non-negligible Domain '

walls can increase axion Constant Fit
—— Linear Fit Buschmann et al. 2021

mass further

8.5
log(m,/H)



Axion mass prediction

Axion Dark Matter Kim, Park, SON 2402.00741
from Cosmic String Network my > 420 peV
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180 ueV =m, = 40 peV

Thermal pre-evolution



Axion mass prediction

Axion Dark Matter Kim, Park, SON 2402.00741
from Cosmic String Networ my > 420 peV

Fat-string pre-evolution

Do not gxceed currgnt b-ound,‘ . my = 470 peV
Only axion from strings in scaling regime

+ nonlinearity around QCD Thermal pre-evolution

Gorghetto et al 2020
m, = 450 pueV
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D 2 ing_networks. a
Account for 100% DM abundance,
Only axion from strings in scaling regime,
Mass range due to for £ and g + stat. + syst. errors

Saikawa et al 2024
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(Dated: October 16, 2024) Fat-string pre-evolution

ion mass prediction from adaptive mesh refinement cosmological lattice simula
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Account for 100% DM abundance Saikawa et al 2024
Only axion from strings in scaling regime,
Mass range due to multlple ansatz for £ and q + stat. + syst. errors 450 peV 2 mg 2 95 peV

(Dated: October 16, 2024) Fat-string pre-evolution

Iin = —0.19(3) + 0.205 ¢ m,
£ =log—-
sat _ —0.25(15) + 0.23(6)¢ H
¢ 1+ 0.02(4)¢
q = qo + q,/£? (Plateau) q = qo + g1 (Linear)

TABLE II: Axion dark matter mass predicted at In(m,/H) = 70 and its error budget. For each extrapolation of ¢ (plateau
extrapolation with ¢ = go + ¢1/£* and linear extrapolation with ¢ = go + ¢1£), we consider two models of &..

mq [peV] (Plateau extrapolation) mq [neV] (Linear extrapolation)

lin sat lin sat
c c c c

q 141-198 102-144 439 311

Parameter

I3 167-173 95-151 431-447 237-381
o 149-197 111-137 429-450 305-316
fr 168-172 122-125 435-443 308-313

138-175 101-127 379-449 268-317

Note that plateau (linear) model predicts smaller (larger) axion mass

Plateau ansatz : Linear ansatz :
95 ueV <m, < 198 pueV 237 ueV s m, < 450 ueV
fo ~ (2.9 — 6.0)x10° GeV f, ~ (1.3 — 2.4)x10° GeV

- 95 ueV s m, < 450 ueV
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Axion mass prediction

Axion Dark Matter Kim, Park, SON 2402.00741
from Cosmic String Networ my > 420 peV

Fat-string pre-evolution

Do not gxceed currgnt b-ound,‘ | my = 470 peV
Only axion from strings in scaling regime
+ nonlinearity around QCD
[Domain-walls are sub-dominant]

Thermal pre-evolution

Gorghetto et al 2020
> 450 ueV

Fat-string pre-evolution

b Department of 1
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Strada Costiera 11, 34151, Trieste, Italy

Account for 100% DM abundance Saikawa et al 2024

Only axion from strings in scaling regime,
Mass range due to multiple ansatz for £ and g + stat. + syst. errors 450 peV =2 mg 2 95 pev
| " (Dated: October 16, 2024) Fat-string pre-evolution

ion mass prediction from adaptive mesh refinement cosmological lattice simula
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and Benjamin R. Safdil:?
. Benahou et al 2024

Account for 100% DM abundance, 280 « 65 ueV = mg, = 45 ueV
Mass range due to the range of g from fitting,
Axions from strings scaling regime + string-domain walls, Buschmann et al 2021

180 ueV =m, = 40 peV

Thermal pre-evolution

Joshua N. Benabou,''2 Malte Buschmann,® Joshua W. Foster,



Exact scaling behavior
has a dramatic impact on axion mass

String number density per Hubble

m
E = ,3 + a log# VS E ~ 0 (1) A counter-study claiming a constant scaling of a unity

Correia, Hindmarsh, Lizarraga, Lopes-Eiguren,
Rummukainen, Urrestilla, 2410.18064

Moving frame vs Rest frame

— -1
Spectral index of axion power spectrum Sr=38(r")
m q1
4=qo+qlog— ,q4=q+— 7 ,q=0(
log? -~

v' stronger disagreement in here

New independent scaling solution being consistent with & and q
would be helpful for clarifying disagreements



New scaling in string fluctuations
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Observed a new scaling consistent with
spectral index of axion power spectrum

my

= |
q=4dq0+q1 OgH

New brand-new scaling consistent with g

could be hinted from this observation

**Branching fraction of strings to axion

r TR I
ra = _a T DA “«W»\\
[,+I. B /

Kim, Park, SON 2402.00741

—— & =02, N? = 4096

R"46t(R4pa) ~ Fa £ =02, N* = 20483

£ =212, N? = 4096

Log(m,/H)

ST =T+ ~ T,

We speculate that axion power-law spectrum
is originated from string power-law



Looking into Kim, SON, 2411.08455
String power spectrum

Long string

Self-avoiding 3D
random walks

Oscillations larger than ~ H™1
is frozen in expanding Univ,
and those are well-described
by Random walk strings

~ H™1: correlation length



Looking into Kim, SON, 2411.08455
String power spectrum

Self-avoiding 3D
random walks

Oscillations larger than ~ H™%
is frozen in expanding Uniy,/

and those are well-descptbed
by Random walk strings

We are interested in oscillations
shorter than ~ H~1 that can
contribute to axions



Looking into Kim, SON, 2411.08455
String power spectrum

Speculation :
Axion power-law spectrum should be originated
from string power-law behavior

Axion energy density (red color) from cosmic
strings inside one Hubble volume in real simulation

Self-avoiding 3D
random walks

Oscillations larger than ~ H™%
is frozen in expanding Uniy,/

and those are well-descptbed
by Random walk strings

Spectra of

string fluctuations / Axion spectra



Looking into
String power spectrum dy(s) > 21N

Kim, SON, 2411.08455 N’ =4096", &)= 0.2
Log = 5.494

X ™ — Log=6498
Self-avoiding 3D \ Log = 7499

rando m Wal kS X %, "‘i% — Random walk string

; i k, < 2n/H™!
Oscillations larger than ~H1 for k, < 2r/

is frozen, and those are well-
described by Random walk

strings

Assume string fluctuation follows the power law
similarly to axions 1



String power spectrum

Traditional:
All literature analyze the axion
1 spectra away from string cores
[q ~ ka Kim, Park, SON 2402.00741
Radiation
into Axions |

H 10H

k 3
—_—30 2
H ~ 10H

[ (k) o —
a kp

Kim, SON, 2411.08455

This work:

Explicitly analyze the spectra
of string fluctuations

6.5 7.0
Log(m,/H)

Kim, SON, 2411.08455

Question :
How q is related to p ?

6.5 7.0
Loglm,/H]



Analytic connection between strings and axions

1. No Expansion of Universe
2. Almost straight string

Radiation 3. Kalb-Ramond (KR) interaction in thin string Limit
into Axions

-p
Tnf ~ Bg (ﬁ) : kIR < k< kUV

B 0 : otherwise

|
S TS (k) o k2-2P kP~ = o N
str.

:afewx(Zk,R) < k< kUV q — p — 1 i Anon—pert

Part missed In
our derivation




Low-mass Axion / ALP detection

Haloscopes (relic axions), Helioscopes (solar axions), Light shining through the wall (lab axions), ‘—’ Future / proposed experiments, *Concluded exps (incomplete list)

Further proposals:
+ SUPAX (Bonn), CADEXx (LSC, Spain)

» DALI (Spain), PXS (Princeton), LAMPOST (US)
— MADMAX . TOORAD, WISPLC (Germany)
TRIUMF — BabylAXO / IAXO - WISPFI (France), HyperLSW (Europe)
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Taken from

SEARCH conference

Oct 20, 2025, 9:00AM — Oct 24, 2025, 6:30PM Europe/Zurich

Experimental state of the art, new potential and capacities

Speaker: Andreas Hoecker (CERN)

* CAPP -> DMAG (Dark Matter Axion Group)



Low-mass Axion / ALP detection

Haloscopes (relic axions), Helioscopes (solar axions), Light shining through the wall (lab axions), ‘—’ Future / proposed experiments, *Concluded exps (incomplete list)

Further proposals:
» SUPAX (Bonn), CADEXx (LSC, Spain)

» DALI (Spain), PXS (Princeton), LAMPOST (US)
Ak - TOORAD, WISPLC (Germany)
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Probing the meV QCD Axion with the SQWARE Quantum Semiconductor Haloscope

Jaanita Mehrani,? * Tao Xu,>> T Andrey Baydin,>* * Michael J. Manfra,>%7-8 % Henry O. Everitt,>4%10. 9

Photon coupling, gz, [GeV ]

10—14
Andrew J. Long,” ** Kuver Sinha,® ' Junichiro Kono,>%#%11:12:#1 and Shengxi Huang?% 13-11.12. §§
10_15 - R
i Haloscope / Helioscope / LSW Frequency: w/27r [THZ]
10773 == Neasstermprojectians ESPPU 2025 Briefing Book 10 0.2 0.4 06 08 1012
. ST Long:-term projections Cioran O'Hare [Link to figures 10 = ) = d =
LLLULLL ) Ty LILLLRLLAL T Ty Ty T T TTTT0 LU |
10~ 10-° 104 1073 102 10! 10°
Axion mass, m, [eV] _ 10"

T

>

3 12

S 10-12f

C Theoretically Favored
§
10713 Scan Time [ Config. 1 3
= 300 days @ Config. 2
® 30 days Config. 3
-14 . .
10 1 2 5
Axion Mass: 1m, [meV]




In near future

v" Improve lattice resolution at least by 4x -> 16K each dimension
Technically huge jump. Super-challenging

Question : q is very close to touch the line of unity.
will g keep growing above unity or get saturated ? 16K should help for this.

Supported by VS Supported by
Static Lattice Simulations AMR (Adaptive Mesh Refinement)

v Numerical testing the collapse mechanism (while solving axion
quality) of string-domain wall system with N > 1 might be interesting

Question : is commercial method of gauged discrete symmetry actually working ?
Lu, Reece, Sun, 2312.07650

v" The statistical analysis of the string time evolution should be
useful to understand the interaction between axion and strings.

Question : any hint for better EFT description ?



