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What is the microscopic
nature of DM

How DM relic density Is
produced?

Ultralight DM:

Axion/ALP
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arXiv: 1904:07915
Snowmass 2021,
arXiv: 2209.07426

Heavy DM:Q-
ball/filtered/
PBH (radiation,
superradiance)
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» new DM mechanism beyond thermal freeze out: cosmic phase transition,
PBH Hawking radiation, superradiance...
» new detection method: various GW detector
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o e E rolk tal Dephasin,
photons DM pro- wave probes mental P g
effects

duction of dark matter

Light DM
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Ultralight axion is a promising DM candidate.

(particle physics) (fundamental theory)
Strong CP problem string theory
Axion
ALP : )
dark matter superradiance
(cosmology) (general relativity)

2026/04/11 B /R, YIRS
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When Klein (-Gordon) meets Kerr——superradiance

Penrose process

axion
cloud

Image Credit: Yi Wang g I’aVi'[a'[ional atom

Exponential growth solution of Klein-Gordon equation due to
the boundary condition at the horizon of Kerr BH.

Ultralight axion can form axion cloud around rotating BH.
Resemble hydrogen atom, gravitational atom Penrose '69 71

Zel'dovich '72
a=Mppgm, <1

Starobinsky '73
2026/04/11 B /R, YIRS
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GW of ultralight DM from black hole: gravitational
atom from superradiance
1. Axions can annihilate to GW

2. Energy-level transition of gravitational atom

¢
\\(1 ‘;}\‘j\ﬂ
4

N\ | AN ‘A\ \ N\
\ \ \/ul \ \;H\/ ‘ ,
M ",/{\f\.' \f IRVATATR ""w\xf \ \w'

i
Jing Yang, FPH Phys.Rev.D 108 (2023) 10, 103002
Jing Yang, Ning Xie, FPH JCAP 11 (2024) 045 jonal atom
Ning Xie, FPH Sci. China-Phys. Mech. Astron. 67, 210411
Ning Xie, FPH Phys.Rev.D 112 (2025) 5, 055028
Zhong-hao Luo, FPH, Pengming Zhang, Chen Zhang, arXiv: 2601.10552 axion cloud

2026/04/11 BE&FR, YRR AL
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GW 121
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NS
axion cloud
G
mg [eV]
Jing Yang, FPH Phys.Rev.D 108 (2023) 10, 103002
Jing Yang, Ning Xie, FPH arXiv:2306.17113
Ning Xie, FPH Sci. China-Phys. Mech. Astron. 67, 210411
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*d Rapid post-merger GW signal

Rapid post-merger signal of circularly
polarized gravitational wave from magnetic
black hole superradiance: novel approach to
detect magnetic monopole and ultralight DM
by GW.

BH mass M Magnetic N = 3 Neutral 211
Mw;~107° Muwr(Kerry ~2 X 107°
10 Mg, 2.47 x 10" s (0.41 min) 1.23 x 10°s (20.5 min)
10* Mg 2.47 x 10*s (6.86 hr)  1.23 x 10°s (14.3 d)
10° M 2.47 x 10%°s (28.6 d)  1.23 x 10%s (3.9 yr)

Zhong-hao Luo, FPH, Pengming Zhang, Chen Zhang, arXiv: 2601.10552

2026/04/11 BE&FR, YRR AL

Magnetic BH Northé cloud
GW: £=2q, m

GW: /=2q,
Southé cloud
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*d Rapid post-merger GW signal

Neutral (M=10°M ., a/M=0.9, a=0.3, m=1)

x10~2!
¢ e¢ oGO e
" - o —— h. (t)=Re[h]
WWM/\/WW R )= ol
2 o A g ‘ 2 AL
Al - VW W
o -6 -4 =2 0 2 a 6
Time (min)
hOW about the . L Years-scale evolution
|YEAR scale
post-merger _
1 = 0.5
signal?
Rapld fOIIOW-up 0BGO() —-400 -200 0 200 400 600
i Time (year
GW signals from — (vear)
superradiance 3 10178
of black hole merger e
- 19.172
remnants with e ]
monOpOIe. Time (year)

Zhong-hao Luo, FPH, Pengming Zhang, Chen Zhang,
2026/04/11

arXiv: 2601.10552

B /R, YIRS
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*J Heavy DM from cosmic phase transition

baryogenesis & dark matter production

The observation of
Higgs@LHC

and GW@LIGO initiates
new era of exploring DM
by GW.

FOPT by Higgs could

provide a new approach
for DM production.

2026/04/11

Viee(h, T)

Electroweak
¥ phase fransition

baryon matter

dark matter

The First Particles, FPH, arXiv: 2501.15543
BE&FR, YRR AL 13



* DM from cosmic phase transition

Bubble wall
False
vacuum . [
(hy =0 True vacuum  Violatio
¢hy #0 <
fr
Ig oo~ e
W :’ Sphaleron
Bubble wall is a natural filter iy % ‘\\Fs o T*

for baryon and DM production. Bubble Baryon
The First Particles, FPH, arXiv: 2501.15543 wall velocity



*] Heavy DM from cosmic phase tran

Renaissance of quark nugget DM idea by E. Witten. ey v
Recently, dynamical DM formed by phase transition "
has became a new idea for heavy. Bubble wall in
FOPT can be the “filter” to obtain the needed heavy
DM when avoiding the unitarity constraints.

FOPT in the early universe Coffee making process 0%
S
E. Krylov, A. Levin, V. Rubakov, Phys

Bubble wall filter FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin
Phys.Rev.Lett. 125 (2020) 15, 151102, M. J. Baker, J. Kopp,and A. J. Long

sition

.

Case I:(gauged) Large coffee beans arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin

Q-ba” DM arXiv:2103.09827, Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W.
Ridgway, Tracy R. Slatyer, J. Smirnov

Case Il filtered DM Coffee arXiv:2103.09822, Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W.

Ridgway, Tracy R. Slatyer, J. Smirnov

Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218
Case Ill: PBH Remants Siyu Jiang, FPH, Pyungwon Ko, arXiv:2404.16509

more than 100 papers in recent 5 years

Phase transition GW Aroma —
2 VakzA 15



:J Case I: Q-ball DM What is Q-ball?

PHYSICS REPORTS (Review Section of Physics Letiers) 221, Now. § & 6 (1992) 251-350. North-Halland PHYSICS REPORTS

Nuclear Physics B262 (1985) 263-283
© North-Holland Publishing Company

Nontopological solitons™

T.D. Lee
Depariment of Plsies, Columbia Universioe. New Yorh . NY 1027 84
*
and Q'BALLS
Y. Pang Sidney COLEMAN
Brookhaven Netional Lahoraiore. Upton. NY 11973 USA
Received May 1992 editor: DN, Schramm Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Q-ball is the most typical non-topological soliton, initially proposed by Prof. Tsung-Dao Lee and
Sidney Coleman. In quantum field theory, a spherically symmetric extended body that forms a
non-topological soliton structure with a conserved global quantum number Q is called a Q-ball.

6= (ontion)/V2 Q= [Pdz = (6165~ ond)da. 5(E — wQ) = 0
B /{% [(/5; + 1+ (Ver)* + (V¢1)2} +U E (¢% + qﬁ%)] }da: ¢ = f(r)e

2026/04/11 B /R, YIRS
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*J Q-ball production mechanism

Q-ball production:
(1) produce the charge asymmetry (i.e.
locally produce lots of particles with the same charge to form Q-ball)

(2) and packet the same sign charge in the small size after overcoming the Coulomb
repulsive interaction.

1. Supersymmetry? Affleck-Dine mechanism.

We do not observe the supersymmetry until now!

2. Q-ball formation based on FOPT. —_
This talk

2026/04/11 HE&RAR, BYIRAREIFETGE 17



*J Case I: Q-ball DM

Global Q-ball DM: The cosmic phase transition with Q-balls production
can explain baryogenesis and DM simultaneously.

4 3/4 _ 3 413/4
PoMVy - = T3.5(2nB50) Ao New DM production

Qball formation scenario by the
bubbles.
)i :( The global Q-ball
model proposed by
My = ky(S) > T T.D. Lee
e i
>.1 :.i Friedberg-Lee-Sirlin
model
(a) Bubble nucleation:x particles trapped in the false (b) Q-ball formation:After the formation of Q-balls, R. Friedberg, T.D. Lee
vacuum due to Boltzmann suppression they should be squeezed by the true vacuum  and A. Sirlin.

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028: Rev. D 13 (1976) 2739

2026/04/11 BE&FR, YRR AL 18



*J Casel: Gauged Q-ball DM

< h) £ 0 When the conserved U(1) symmetry is local,
This introduces an extra gauge field A.
(p) =0 The minimal model achieving
(h)y =0 L= (Do) (D¢ + %aﬂhaﬂh - iﬁwﬁw —V(¢,h)
(@) 70 V(¢,h) =2|¢|2 + % (1 —o3)°
(A) #0 Interestingly, this portal coupling also naturally
induces a strong FOPT.

J, =i (¢T<5>M¢5 + zz'gflﬁ\cblz) Q= /d?’a:JO

Siyu Jiang, FPH, Pyungwon Ko, JHEP 07 (2024) 053 Conserved charge

2026/04/11 B /R, YIRS 19



*d Gauged Q-ball DM from a FOPT

. Mg [GeV] ) 10-®
100y — Loga=—-15 < 10') — Logya = —15 : 10794
— Logj,a = —16 /./' T3 b Log g = —16 Nrutzon Stars
—o— @y = (1) e = a=0 p
104 - 1071
10!
(=} — 8 ;"
m_::_a ‘?\-E 10 Ng {ge BP, : .
&3 e = TianQin SNR=5
1072 g %
10716 a 10-12
10774 :: j 10-13 4
= 10’ | m‘ r 1“. - m' L 2 10-% 10 10 10 J[Ql[: 10 10 10 o=y
Mo/ ML
2 HE 10-? 10-2 10!
Qqhino f[Hz]
2 3/16 1/4 =2 patrap 3/4 ) )
~ 281 X (S‘)h“’o) (F(T*)) s A(FTPy A g (1 L 10879 7;2 i (;7‘;;*51” F, P :The fraction of particles
p v o.4m * .
‘ “ trapped into the false vacuum.
Aon | T, [GeV] | ap | B/Hy | vw | Fy™ | ng/ue | dozn | GW It is determined by the phase
BP, | 6.8 69.8 0.12 | 540 | 0.1 | 0.932 | 048 | -0.36% | e transition dynamics.
BP, | 6.8 70.4 012 | 578 | 0.6 | 0.805 | 3.0 | -0.36% o
2 . Siyu Jiang, FPH,
BP; | 7.0 63.0 015 | 372 | 0.1 | 0965 | 34 | -0.37% Pyungwon Ko, JHEP 07 (2024) 053
BPy | 7.0 63.9 0.15 | 403 | 0.6 | 0.858 | 20.8 | -0.37% . yung ’
2026/04/11 ERAR, BEYERARAES A
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:d Case ll: filtered DM from a FOPT

A
4 S
;i R i

o\
" > () =0 b #0
Bubble wall plays an D M .

essential role in the
filtered DM mechanism.

FPH



xd Case ll: filtered DM

Original work: = z 2 e
Upl =0y, T =T =T,
Us+ = ‘gsh g Vg— Uy E V- = €w = Uy
Phys.Rev.Lett. 125 (2020) o i
15, 151102, M. J. Baker, J. S article.. |=
y ' ! — = =
Kopp, and A. J. Long T =1 (= Tsz T+ B[S
L ] J
symmetric phase broken phase
=10y, T=T,, T =T_ (this work with hydrodynamic effects) .
_ 3 = in ~
Jjn B gy ld 0 p oo p p2 B ngJr(l —|—’Y+mx (]_ — ‘U+)/T+) 7;Y+min(17®{)/T{
U 2 coscos o OP 3, (140, cosO)p/T, 9~3 ~ 2 € ' )
(2m)2 Jo A A + 425 (1 — vy)

Wlm (?’L + nm) g*OT ,rnln ( in + nin)
pe/h* g (T-) Gov 9 ( L) T?
2026/04/11 B /R, YIRS 22

in_ _Zw (hy),:
ny = QMp2 = 75 ~ 029 10°



xd Case ll: filtered DM

. T_|_ dpz - - . . ]_|_
in Lw; . L — 2 in\2 2 iny2 =
Ny = o /D (2W)2A(z > Ly, p.) exp [’)’Jr (U+P P+ (my) /2+] (\/pz + (my)? + N

=0.01
10° =
10-8
10"
107 10—?
TE 0 S
& 10 opun? = 0.2 N
10721 ( ) \\\ N 10710
=== without heating (analytic . A3y A " _
_4| = without heating (numerical} \‘\\ \\\\ TlanQ"T SNR=5
10 1|=== deflagration (analytic) \\‘\
e deflagration {numerieal) \‘ E 10_11
R R R R R &
(T, T g,
10% — vy =09 S
102 \\ \\ \‘
10713 4 AN
10! \‘ \\
= A
Z 10" 1014 4 ‘\
& 10-1 Qpagh? = 0.12 \
=== without heating (analytic) \\
12| - e e 10715 N
y detonation (numerical) 10-3 10 10
1760 80 100 flHz]
m{(T,)/ T,
> =2 badnlq N
2026/04/11 R, BRI
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*d Case llI:PBH

FPH, Chikako, Aidi, Primordial Black Hole
Formation and Multimessenger Signals in a
Complex Singlet Extension of the Standard

Model”,arXiv:2510.24007, Phys.Rev.D 113 (2
026) 5, 055013

| Model Parameter Reconstruction of
=% Electroweak Phase Transition with TianQin
arXiv: 2511.02612, Aidi, Chikako, FPH

,
hivoQRcw

0§k = KR T R AT T R L
f[H2) A5 S ORI T H A3 )1, MBIFTiR
=S hEN LIRS HIIERISH
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*J Heavy DM from superradiance

a)' =0.999, Ags =107, M, =10 T,

10+
with SR
107134 ---- without SR )) BBN
1015 ( DM from
s 1/ superradiance
- ) )
107199 = q
T —— M, =10" GeV
o0 A L = | —— M, =10° GeV
10-23 O=] .
o O = A v ||
) . - - — T e T DM from UV
10~ 10! 10° 10° 107 10° :
1 _ M, (g) freeze-in
DM from gravitational freeze-in in (&
Siyu Jiang, FPH*, arXiv:2503.14332, JCAP06 ( 2025 ) 023
2026/04/11 B /R, YIRS
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I DM Direct detection on GW experiments

As a macroscopic DM object passes near the
detector, its interaction with TM causes differential
acceleration among the test masses of GW
detectors, producing a detectable Doppler signal.

™3

We apply this detection scheme to macroscopic DM.

™1

Macroscopic Dark Matter under siege: from White
Dwarf Data to Gravitational Wave Detection Siyu
Jiang,Aidi Yang, and FPH, arXiv:2511.23263

2026/04/11 BE&FR, YRR AL 27



I DM Direct detection on GW experiments

We apply this into the minimal Fermi-ball model

(06)?

L=

1 . Sy - -
— émg}QQ + XidX —mx XX +yxXoX

Fermi balls naturally induce a Yukawa interaction between DM and ordinary matter by
treating scalar particles as mediator particles.

i,j € {SM, X},

0; = X m; = ft_{z/Nz

G d
Viij=—M;M;— (1+0;0;¢"™")
' ax =y% /At asm = y2 /Ax

S — (gxaii\d’i)lﬂ 2 ( mi R )1/4

47G?*mS; 3 3rGZ M3
MICROSCOPE experiments: |0gm| < 3 x 1076
y _1/2 -3 /M c
M v 2 ax10 =B
2 6 [ X DM Mg X
Bullet cluster constraints: 0k <2x10 (M@) (10—2) ¢

2026/04/11 B /R, YIRS 28



I DM Direct detection on GW experiments

™3

™1

G =G(1+ a),

2026/04/11

& = dsMOx

In the scenario where DM transits near a GW
detection satellite, we assume the process
occurs within the x — y plane, with the DM
moving along the y-direction. The resulting
differential acceleration

GMx 1 UDIMt
g(t) = D2 n3/2 | D
)*) 0

1+ ?}L)Mt/D
élner \/l+1:1]%Mt2/DZ
s D)= —/—X | -~ 1
V( ’ ) DUDI\/I \fl-{—i}zDMtQ/DQ
0
t) — t—L/c
Ur(t) = g L0 ¥l — /0
_— C
t) — t—L/c
Vi(t) =ngz - vi(t) Vf( /c)
permutation symmetry 1 —+ 2 —+ 3 — 1
B /R, YIRS 29



I DM Direct detection on GW experiments

In order to effectively cancel the laser noise, we employ the time-delay

interferometry:
X)) =U1(t)+WVi(t) — Uy (f2(L) - (fzf>+
3L L
N
¢ ¢ C
w = Qﬂ'f w) \f et "JL/ X gind x [Kg ( Dw ) sin @ — 1K ( Dw ) (:()S(p] +
(UDM UpM UDM
A ' t
\/;( 3iwL/c sz/ ) if\;[x sin?d x |:K0 (i:) sin — 1K (i;) cOoSs (,0:| .
DM g
. NN 1 . N
signal power P) = (%)) = &= fasing [ @l
spectral density TR b Do\T?
Ix . w w
(PSD) =3 ((;T%M) sin? (wL/c) x { [Kn ('UDM) cos(wL/c) — Ky (”DM):| +

(2o ()]}

2026/04/11 B /R, YIRS 30



*d Direct detection on GW experiments

aft) = Ui(t) + Vi(t) + Us(t — %) + Va(t — %) + Ua(t - %) + Va(t — %)
v(t,D)—v(t—3L/c,D) 3n, - v(t—2L/c,D") —v(t — L/c,D")

C C

. 2 ’ 2
P,(w) = <|&(w)|2> _8 Gj;{X sin? wl x ¢ | Ky Do 1+ 2cos (w_L — 3K Dw +
3m \ cvpy 2¢ VDM c UDM
, 2
[Kl (_Dw ) (1 + 2 cos (W—L)) — 3K, (&)] } ,
VDM C Upm
L

O e B T R A R AT RE AT R AT

o [V(t - L/(:TD)‘— v(t—2L/¢, D) N v(t —2L/e, D"y — v(t — L/(:TDJ')]
- ¢ c

o= (o () s ()= { o (22) - (20
o (3) - ()]}

2026/04/11 B /R, YIRS
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*d Direct detection on GW experiments

Parameter LISA |TianQin| Taiji
Arm length L (10° m)| 2.5 0.17 3
Poms (107 m) 15 1 8
Pace (107 m - 572) 3 1 3
Tobs (V1) 4.5 2.5 5
Frequency range (Hz) [[10™%, 1]|[107%, 1]{[107*, 1]
noise PSD in X channel:
2rfL AwfL
Sx(f) :16si112( ™/ ){{3—5—(:(}5( 2l
& c

Soms(f) = ( 7

C

Sacc(f)

2026/04/11

27TfPr_)rns)2 ll n (2 X 10_3 Hz

y

Pace \° 0.4 x 1073 Hz
= 1 + - -
2w fe f

X

)] Sue7) 4 St}

1%
e

8 x 1073 Hz

B /R, YIRS
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D = 50000 km

—— LISA

—— TianQin

—— Taiji

—— BBO

== Mx=10%g a=10

_--_------....




*d Direct detection on GW experiments

We also included the constraints from astrophysical detections:

4361 white dwarfs
DM may interact with nucleons on the surface of white

dwarfs or neutron stars, thereby triggering supernovae ) Jx =001 -
104 ax=10"" iy
or superbursts. T, ous
oty ui—lﬂ 25 d i%
Sattering  ENergy deposition 0 5 e
47 - =100 fi b
X Edcp > ,_10)\} (pa Tcrit ) Cp (,(), Tcrit )Tcrit L ) 2g 182
3 e 10 24 S
= 101 J
Encounter rate ool a
P (T) 1084 ,// ]?la(:k 'II:)I&'
X N DM . 2 NWD _ FX - // ormation
Fcnc T) - fX ﬂfX TJDM(T)?Tbm;LX enc ; GHCTWD’Z 3 10 1[1)0 3 lhl lhﬁ l{')u ldm ldl? 1[]'21 10%5
Mx (g)
Penetration condition:
JE Meo? (14 a Constraints from white
’ddcp 2 Pome O x aV2 (1 + &) < XUE“( +a) dwarfs and neutron stars
M env

2026/04/11 B /R, YIRS
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*d Direct detection on GW experiments

The expected number of DM passing through
the detector:

10

NSW = (fxmD%ppmvpm/Mx) T, o

We restrict at least one DM induced event will Y 10
3

be expected during the lifetime of the 10
experiments.

10
Signal-to-noise ratio 10
- p 1 10

SNR = (4 | /0 dw Sn((i‘;))) > 10

fx = 0.01

12 ]

15 |

18 3

21 §

24 |

27

30

‘WD constraints

NS constraints
—— LISA
—— TianQin
—— Taiji
101 104 107 lnl(l 1013 lﬂlb 10].9

Mx (g)

We find that space-based GW experiments can cover
most of the parameter ranges beyond these astrophysical
limits. And its results depend only on the mass of dark
matter and its interaction strength with ordinary matter.

2026/04/11 HEA PR, YRR AL 34



logyy (Mx/g) =8.0040.19

I TianQin

logo (D/km) =1+ 0.00064

1.002

logyo (D/km)

0.998

1.001

1.000 -

0.999

logipay= —13.5+0.23

-13.0

U
w
w

logp ax

-14.0

vvvvvvv

vpy (km/s) = 220.00 £ 0.32

.......

.......

4
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AP AL PR PP S o o0 o0 2 o o
i Q- N Myt L 7z
lo; My 1 ;
g10 (Mx/g) logo (D/km) — vpy(km/s)

B /R, YIRS

Macroscopic Dark Matter under siege:
from White Dwarf Data to Gravitational
Wave Detection Siyu Jiang,Aidi Yang, and
FPH, arXiv:2511.23263

Triangle plot of the Fisher
analysis for a signal at TianQin
induced by DM.

For example, our results indicate that for Mx = 10® g,
ax = 107135 and D = 10 km, the uncertainties are
log,(Mx/g) = 8.0 £0.19 and log,, ax = —13.5 + 0.23
at TianQin, showing the superiority of GW detectors for
DM detections.
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Phase Primordial Ifnphca'
Electroweak " Black Hol tions for
transitions ac oles WIMPs

S| 77iREEIR SR FRER
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wave probes mental

effects

3. . HE(EBSMLE of dark matter

Light DM
clouds

Direct Exotic Scalar
searches objects stars

with q
A A pulsar . vt”tl; BH mim- Captured
\ \ timing ratertes ickers DM
arrays rometers
Credit: Gianfranco Bertone et. al
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