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<]r Motivation owm theory and experiments status

" arXiv: 1904:07915
What_ls ) 107 T T e SNOWMass 2021,
the microscopic arXiv: 2209.07426
nature of DM?

No expected

o
|
S

New Technology

a%matter—nucleon cross section [em?]

signals in these
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» new DM mechanism beyond freeze out: cosmic phase
transition

» new detection method: GW detector (LISA, TianQin, Taiji,
aLIGO, FAST, SKA, NanoGrav, Cosmic Explorer...)
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:J Axion particle cosmology

Ultralight axion is a promising DM candidate.

(particle physics) (fundamental theory)
Strong CP problem string theory
Axion
ALP .
dark matter superradiance

(cosmology) (general relativity)



:d Strong CP problem and QCD axion

Why is the CP-violating § parameter in QCD so small?

2
. . ] — g ~
T_he Q_CD Lagrangian density contains a CP ['QCD > L8 - G AV Gaw/
violation term 397

C. A. Baker, D. D. Doyle, P. Geltenbort, K.
Green, M. G. D. van der Grinten, P. G. Harris,
P. laydjiev, S. N. Ivanov, D. J. R. May and J. M.
Pendlebury, et al. Phys. Rev. Lett. 97,

g < 10_10 131801 (2006)

M. Pospelov and A. Ritz, Phys. Rev. Lett.
83,2526-2529 (1999)
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:d Strong CP problem and QCD axion

Dynamical solution: U(1) Peccei-Quinn symmetry spontaneously breaking

Promote @ to a dynamical field (=QCD axion)

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440-1443 (1977)

R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791-1797 (1977)

S. Weinberg, Phys. Rev. Lett. 40, 223-226 (1978) doi:10.1103/PhysRevLett.40.223
F. Wilczek, Phys. Rev. Lett. 40, 279-282 (1978) doi:10.1103/PhysRevL ett.40.279

The QCD vacuum energy density is minimized at the CP-conserving point g =
C. Vafa and E. Witten, Nucl. Phys. B 234, 173-188 (1984)
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https://www.ias.edu/press-
releases/2020/dark-matter-
axion-origin

Natural DM candidate through
the simple misalignment
mechanism, axion cosmic
string/domain wall decay
2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR
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:d Strong CP problem and QCD axion

) ruled out by

K>z "+ 6

A

Right

Invisible axion model 't Hooft, G. Phys.
Rev.Lett. 37, 8 (197¢

Strong
CP problem ’ PQWW

N

-

V (o, Hy, Hq) = Ay <|Hu|2 - 03)2 + Ad (|Hd|2 1 U§>2DFSZ KSVZ
+ A (|0’|2 — U3>2 + (/\a |}[u|2 + )\b |Hd|2> |0|2 (1)

2\ 2
_ : . 12 C 2 a
e (Hiey o™ + e, )+ |[Hiey )|+ |HiH>  Lxsvz D AkOQEQE — A (|0| - —)

M. Dine, W. Fischler, and M. Srednicki, Physics letters B 104, 199 (1981).
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<d What is GW ?

1 .
R, — §Rgﬂy = 8rGT,, lsolated Stochastic
sources: Sources:
quadrupole anisotropic
radiation stress

tensor

IL;(x, 1)

LIGO Hanford

Frequency (Hz)

LIGO Livingston

0.7 08
Time (sec)
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J GW experiments

LISA/TianQin/Taiji ~2034

“Harpe in space”
2024/12/22 #4588 (Fa Peng Huang), #Bi2 4 FREYDERATE TR 9



J GW experiments

Next generation: Einstein telescope
Cosmic Explorer

Cosmic Explore

Ngxt-ge servatories
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<

Radio telescope and pulsar timing array

2023 June 29t. NANOGrav, EPTA, InNPTA, Parkes PTA, CPTA
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First observation of stochastic GW  High sensitivity sub 1)/
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<J DM and GW

> The observation of GW@LIGO initiates a
new era of exploring DM by GW.
> DM can trigger a SFOPT in the early Primordial

universe and detectable GW signals.
> SFOPT could provide a new approach for
DM production.

ert}::lr):tive Gravitational Environ-
p SV e wave probes mental

duction of dark matter effects

Light DM
clouds

Direct
searches

Credit: Gianfranco Bertone et. al.
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' General GW in the early universe

a

y , V2 v' phase transition:TeV
hij(x,t) + 3 H hi;j(X,t) — —5 hyj(x,t) = 167GllL;(x, t) physics (focus)
a

v" cosmic defects: cosmic

%’ -':L"l ﬁi‘ﬁ string, domain wall...
IR IVALS ¢

Possible sources of tensor anisotropic stress in the early universe
eg. Collisions of bubble walls, cosmic string

Scalar field gradients Hij ~ [aa ¢8J Qb] o

Bulk fluid motion  II;; ~ [y*(p + p)vsv;]*"  eg. Sound waves and turbulence in the fluid

Gauge fields Il ~ [~E;E; — B;B;]™" eg. Primordial magnetic fields (MHD

turbulence)
Second order scalar perturbations, I from a combination of 0;V, ;P

o .. arXiv:1801.04268
2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 13



*d Phase transition GW in a nutshell

2G spp
hij ~ == Qij' (¢ —1/c)

R, ~~Rg, +Ag, =-22T

Overlapping of sound ! 9 o uv

« shell )
\

Bubble collision

. . \V&
hij(X,t) + 3Hhij(X,t) — ? hij(x,t) = 167TG

Shells of compression

anisotropic stress tenor:

Bubble collision E. Witten, Phys. Rev. D

source of GW 30, 272 (1984)

C. J. Hogan, Phys. Lett.
B 133,172 (1983);
M. Kamionkowski, A.

e g Kosowsky and M. S.
General form II;; Turner, Phys. Rev. D 49,

— 2837 (1994))
[0:90;0] ki EW phase transition
Turbulence GW becomes more
interesting and
nil ” d A By isti
[_ E; E,— — B; BJ.] rt‘aallstlc after the
discovery of

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 A%, 0® (Laes by LI and
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Overlapping of sound |
shell

Detonation mode Deflagration mode
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*Jd GW detection of DFSZ axion models

The U(1) Peccei-Quinn symmetry breaking might be a SFOPT process, which could
produce detectable phase transition GW.

Vireo » 7 = =13 | Hul? = p3|Hal? + M| Hu|* + Xo|Hal* + Na|H] Hql?
— p3lol® + Aslol* + Nio| Hul* | Hal|* + Mis|o]*| Ho|? (1)
4 Aoz|o 2| Hy|? + (A5a2ﬁgﬂd + h.c.)
1
0, .0
o= —= (fva—l—a —|—2770)

V2
‘/eff (Uaa T) = V:cree (UJ) + VCW(UJ) + VT (vaa T)

arXiv: 2404.18703, Aidi Yang, FPH
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*Jd GW detection of DFSZ axion models

2
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arXiv: 2404.18703, Aidi Yang, FPH
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*Jd GW detection of DFSZ axion models

107 fmax h Qaw
| , SNRg, = 1| T / h;OO )
min 100 sens
ol B A . " 4 The SNR values of BP;, BP,, and
N  TE7 BP; exceed the CE SNR threshold

of 8, indicating that they can be
detected by the CE detector.

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 18



*Jd GW detection of DFSZ axion models

Auv,, Aa

Uy

By Fisher matrix analysis,
CE will be most sensitive to V,,

Relative uncertainty with phase transition
dynamics parameters bubble wall speed V,,,
transition strength &, Hubble-scaled mean -,
bubble spacing R,, , and nucleation

temperature T .

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 19
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DFSZ-type QCD axion and its phase transition GW signals
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*Axion cold dark matter

*l\\/[\agneto
S

[ become

nversi
(& On massive

FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001
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' Axion-photon conversion
in magnetosphere

|
L= ZgF””FWa = —gE - Ba,
Massive Photon: In the magnetosphere of the neutro

star, photon obtains effective mass in the plasma.

B

— Photon

2 I 2 _ Ne I become
m,.y — wplasma S 471-05 Me massive
r\~ 1sB(r) 1
B(r) = By| — — ,GJ _ -2
(r) o(ro) n.(r) =n2(r)=17x10 P1G oD

Thus, the photon mass is location
dependent, and within some region

Radio

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 22




*d Line-like radio signal for axion DM

Vpeak = % ~ 240

MH ~
_ % z 1 GHz ~ 4 peV

FAST. 70MHz-3GHz, SKA: 50MHz-14GHz, GBT:0.3-100GHz
Radio telescopes can probe axion mass of 0.2—400 peV

Signal: For a trial parameter set, S,~0.51 wly.
Sensitivity: S, ~ 0.48uJy for the SKA1
Smin ~ 0.016uJy for SKA2 with 100 hours observation time.

SKA-like experiment can probe the axion DM and the axion mass
which corresponds to peak frequency:.
Working in progress on more delicate study.

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR
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< BNSMRRYA I

FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001,
arXiv:1803.08230, Cited by 113 times

o  Promising approaches at SKA&FAST, more and more nice works

o  more details see the timely new review papers

v Physics Briefing Book :

Input for the European Strategy for Particle Physics Update 2020, [arXiv:1910.11775]
v 2021 white paper by EUCAPT [arXiv:2110.10074]

v Pierre Sikivie, Rev.Mod.Phys.93(2021)1,015004

v 2022 Snowmass papers: [arXiv:2203.06380, arXiv: 2203.07984]

v Phys. Rept. 1052(2024)1-48

v Science Advances Volume 8, Issue 8
2024/12/22 #& PR (Fa Peng Huang), #B12 40 FEEMIERAYS | 13RI
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James Buckley, Bhupal Dev, Francesc Ferrer, FPH, Phys.Rev.D 103 (2021) 4, 043015




*d Generalize to dark photon DM case

Haipeng An, FPH, Jia Liu, Wei Xue, Phy. Rev. Lett.126, 181102 (2021)

frequency [MHz]

108 10° 10’ 10? 10° 10*
WISPDMX
10°°
10—10
107"
CMB
10-12
w 3
10-13. LOFAR (1 hr)
- LOFAR (100 hr)
10—14
@resmant ' , _
= ; -15[ ,.
Conversion 1077 SKA1 (1 hr) |, .7, ~
1016 SKA1 (100 hr) =~~~
10—17|; e eyl e e PR |
107° 1078 1077 107° 107°

dark photon dark matter ma: [eV]
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1. Axion and axion dark matter (DM), Gravitational wave (GW)

2.
3.
4,

DFSZ-type axion and its phase transition GW signals
peV axion and radio signals of axion DM
10~ (-12)-10~(-17)eV axion: GW and pulsar timing
measurement QCD axion

: 1022 eV whee
10~ (-21)eV fuzzy axion DM GW .
Summary and outlook — 5

““Ultralight” DM
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<]r GW signals of ultralight axion DM

¢ . ’
o o. %

| ®

GW 7 e . 2 = o ¢

: @@ L e )

. axion CIOlﬂJq ZMEE?}%L
T~ — Jing Yang, Ning Xie, FPH arXiv:2306.17113,
JCAP 11 (2024) 045

Ning Xie, FPH, SCPMA Vol.66, N0.1(2024); arxiv:2404.18703Aidi Yang, FPH

Jing Yang, FPH Phys.Rev.D 108 (2023) 10, 103002
2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 28



*<d What is superradiance?

When Klein (-Gordon) meets Kerr——superradiance

particle R

particle P o
. particle Q

Penrose '69 '71
Zel'dovich '72
Starobinsky ‘73

AL (AdRY 4 [wQ (r? + a2)2 — daMrmw
+a*m? — A (m2r? + a®>w? + \)] R =10

N 4
~_ ergoregion _-

-

Exponential growth solution of Klein-Gordon
equation due to the boundary condition at the

S. Hawking

horizon of Kerr BH. Ultralight axion can form axion
cloud around rotating BH, Gravitational atom (GA).

2024/12/22 B & AR (Fa Peng Huang), #Bi5FREYIRAYS [ JDiEHRM 29



*Jd GW of ultralight DM from black hole

AXions can annihilate to GW

A. Arvanitaki and S. Dubovsky, Phys. Rev. D 83, 044026 (2011)

R. Brito, V. Cardoso and P. Pani, Class. Quant. Grav. 32, no.13, 134001 (2015)
H. Yoshino and H. Kodama, PTEP 2014, 043E02 (2014)

Jing Yang, FPH, Phys.Rev.D 108 (2023) 10, 103002

/ * N AN AR RN
", | \ AN NAARAA
o & ”W\ \N‘“/\’\’\/\“\’\.'m

5 ég(b) VY \b VUV UVVVV VY
¥

axion cloud
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*d Microscopic physics

M(pb: P1,P2 — k) kb)

~ ’ > 7

7\ &Pl ;12‘/'

s’

Classical static source limit

ot - \ -

@ ok Jing Yang, FPH,
—— Phys.Rev.D 108 (2023) 10, 103002
2024/12/22 #4508 (Fa Peng Huang), IR FESYIRRA0E [iRER
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*<d GW radiation from axion annihilation

1.

— Scattering amplitude method
-8} 0.98}
= Numerical result from Brito
0.96
@ —10F Analytical result from Arvanitaki -
= 1 094}
‘::;. = Analytical result from Brito 9;5 _J = DOE,GJ\[bZ
= 192 o092}
3 A J = 0.10GM?
= 0.9}
o 14} J = 015G M}
0.88F s
. . — J = 0.20GM;
16 L GMjo(l - a?/8) 0.86 . ’ . .
= 1 102(1 — a?/8)? 0. 0.05 0.1 0.15 0.2
0.1 0.15 0.2 0.25 0.3 «
o Jing Yang, FPH,
o= GMbma Mb — IOOMsun Ma — Msun PhyS.Rev.D 108 (2023) 10, 103002

v monochromatic GW signal  Wann ~ 2 My
v" gradually depletion of axion cloud (DC) and reduce GA mass

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 32



*<d GW radiation from axion annihilation

v" Simple and straightforward.

v" Easy to include Kerr metric effects.

v Microscopic physics is intuitive.

v It is clearly and simple to demonstrate the analytic approximation

formulae. (M, /CeV 2o
— (My/GeV)8(2 + a?)11(4 + a2)
+ 1.474 x 108a* 4 2.361 x 10%a°) + J(M,/GeV)*a(—3.839 x 10%°

1| (My/GeV)*(9.671 x 10*" 4 5.577 x 10*%a

— —2.111 x 10*'a? — 5.329 x 108 a* — 8.165 x 10%'a®) + J?a?(3.809 x 10'8
+ 2.184 x 10M%a? + 5.799 x 10"%a* 4 9.450 x 10'9a°)| GeVZ.

Important for the GW and axion search. More precise calculations and

) ) ] - Jing Yang, FPH,
more broad applications are working in progress. Phys.Rev.D 108 (2023) 10, 103002



*J Imprints of axions on GW

p2 A/

s

i@ P

s
s

’

NS ource limit ‘\ k
axion cloud
Ning Xie, FPH, SCPMA Vol.66, N0.1(2024)

2024/12/22

B & AR (Fa Peng Huang), #Bi5FREYIRAYS [ JDiEHRM
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*J Imprints of axions on GW

Without ultralight axions  _ dEo = Paw Paw = Quzfr‘lwe’

dt 5
With ultralight axions

dE
— = (Paew + + Por + Ppr)

dynamical friction (DF), depletion of axion cloud (DC), dipole radiation(DR)

Ning Xie, FPH, SCPMA \Vol.66, N0.1(2024)

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 35



*J Imprints of axions on GW

2024/12/22

r [pc]
(LS L A

DC

DF (n = 10)

DF (n = 5)

DF (n=2)

10-20| ] - T~

10~ 1073 102 1071

J [Hz]

B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR
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*J Imprints of axions on GW

dr (_ M'mNs

at 272

m fT 1 °
Ap~ 1 =
¢~ 1om (10_12 eV) (10_2 Hz) (5 yrs)

Ning Xie, FPH, SCPMA \ol.66, N0.1(2024)

—1
) (PGW + PDC + PDF + PDR)

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR
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J Complementary search: GW+PTA

Mgy M) Axions modify the rate of binary

DR o period change
I —— Critical Value 1 . . .

14? ThreshoIdVaIue: A—P — ‘P — PV&C ~ 10_12 S/S

12+ i
. 10} axion effect detectable region . Future Pulsar timing measurement
R precision, such as SKA

6_

| 1071 s/s

2_ 1 1 L 1 L

RTRE 10712
mg [eV]
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" Outline

Axion and axion dark matter (DM), Gravitational wave (GW)
0.1 eV DFSZ axion and its phase transition GW signals
peV axion and radio signals of axion DM
107 (-12)-107(-17)eV axion: GW and pulsar timing
measurement QCD axion

, 1022eV ey
10~ (-21)eV fuzzy axion DM GW

T .
Summary and outlook
““Ultralight” DM
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*d Fuzzy axion (DM) particles

¢ ) o> The cosmic populated SMBHs dressed
o °. ) with axion cloud as a natural source of
, nano-Hertz GW. The energy level
g 2 = ® transition process can radiate GWSs
continuously, which naturally fall in
nano-Hertz frequency band.

6 1) NN (tx Consequently, the PTA could detect
7 this new source which provides a new

approach to probe ultralight axion DM
and isolated BHs.

Jing Yang, Ning Xie, FPH, arXiv:2306.17113, JCAP 11 (2024) 045
2024/12/22 #& PR (Fa Peng Huang), #B12 40 FEEMIERAYS | 13RI 40



*Jd Fuzzy axion (DM) particles

a0 )
644) (@ Aw — 11 a2m
° _—
1800 ¢
- Y/
544) (@) =— =— /4
\_
o dE  dNs(t)
P = — — == Aw
dt dt
1)
2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR
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*d Fuzzy axion (DM) particles

é
e
. . o
e ?/ &

2024/12/22

(e

The cosmic populated SMBHs dressed
with axion cloud as a natural source of
nano-Hertz GW. The energy level
transition process can radiate GWs
continuously, which naturally fall in
nano-Hertz frequency band.

Consequently, the PTA could detect
this new source which provides a new
approach to probe ultralight axion DM
and isolated BHs.

Jing Yang, Ning Xie,

FPH, arXiv:2306.17113,

JCAP 11 (2024) 045

B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 42



*Jd Fuzzy axion (DM) particles

107°
| —m, =107 eV — GA
10-7d— ma=07x10" eV SMBHB
. _ m, =2 x 10721 eV 1 -.- GA+SMBHB
$ 10°- AT
s T o
= 10_11_% .........................................
10—13_
NANOGrav EPTA PPTA
' L L L L | ' L L L L |
107° 1078 1077
_ o _ J/Hz By Bayesian analysis, we find
Jing Yang, Ning Xie, FPH, arXiv:2306.17113, JCAP 11 (2024) 045 it is favored by the data.
2024/12/22

B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 43



xd State of the art: GW precise calculation

_Scattering a_mplitude method Towards accurate calculations of GW
iIn GW precise calculations.  power spectrum from new physics
models: non-linear evolution

See Zvi Bern’s recent works (turbulence, shocks) not well
u nde I’StOOd = P.Auclair, C.Caprini, D.Cutting, M.Hindmarsh,

3 K.Rummukainen, D.A.Steer and D.J.Weir,

MOdem tOOIS Ealrj);;]\;zl\flolilgczjfagrlh K.Rummukainen and D.J.Weir,
from collider physics!

[arXiv:2112.12013].

EW baryogenesis with high
bubble wall velocity

See James Cline and
Hindmarsh’s recent works

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR 44



QCD axion

GW and radio telescope might provide 1022 eV FEns

classic window
new approaches to explore DM: 4_+ l
multi-messenger and multi-band.
Thanks/  Comments and “Ultralight” DM

collaborations are welcome! Email:huangfp8@sysu.edu.cn

2024/12/22 B & AR (Fa Peng Huang), #Bi5FREYIRAYS [ JDiEHRM 45



*] Backup slides:
Axion cloud annllatlng to GW

0'5 S
107%}
10-;r[1fm4
10_ SA, 4 years

10~ "%V

z 10°°
ol 10':’
1012l /,
10713} )/
10—14 ' . . . . . .
10™* 107 102 10" 10° 10' 10% 10°

J(Hz)

2024/12/22 B & PR (Fa Peng Huang), #8540 RE4 5095 | SRR




*{Phase transition dynamics and heavy DM

Theory: The most important Finite-temperature effective potential
and difficult phase transition Vot (6, T)

parameter for GW, dynamical « e ’R*\g*

DM, baryogenesis is bubble : : :
(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme

Wa” Velocity ”U,w (2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works
(3). No perturbative calculations: lattice calculations
and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al

Experiment: GW Bubble wall velocity —) Energy budget
experiment is most thistalk ¢, K

sensitive to bubble
S. Hoche, J. Kozaczuk, A.'J."Long, J."Turner and Y. Wang F. Giese, T. Konstandin, K. Schmitz and J. van de

wall velocity v,, . arxiv:2007.10343, arXiv:2010.09744
Avi Friedlander, lan Banta, James M. Cline, David Tucker-  Xijao Wang, FPH and Xinmin Zhang,
_ Smith, arXiv:2009.14295v2 _ Phys.Rev.D 103 (2021) 10, 103520
arXiv: 2404.18703 Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006
Aidi Yang, FPH Siyu Jiang, FPH, xiao wang,

Phys.Rev.D 107 (2023) 9, 095005
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*J Bubble wall is essential (like a filter)

The most essential parameter for o
phase transition GW, phase 10 5 R AR
transition DM, baryogenesis U),,, 101
GW detection favor lager Uy, o e e
EW baryogenesis favor smaller Uy, 3

1012 ]

Dynamical DM is sensitive to Uy,

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, arXiv:2007.10343, 10713 4
Avi Friedlander, lan Banta, James M. Cline, David Tucker-Smith,
arxiv:2009.14295v2

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903

Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005

10—14 m

10—]5

1073 102 10-1
f[Hz]

Deflagration

Pt = T73.5(2nps0)3 Ao T34

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028;

Detonation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Vi
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*d Case I:DM induced SFOPT (wall velocity)

Vo = MpD'D+ Ap(D'D)? + \3@'®DTD
Inert Doublet Models + M[BTD2 4+ (A5 /2)[(9TD)? + hcl].
(example) ) 1
Vo= 5Mgs2 +M3HH, + 5,1352 D)2+ A, ®TOHLH,

mixed singlet-doublet model )
+ A4 |©TH, 2 +55[(¢TH2)2 +H.c]+A[S®H! +H.c).

mixed singlet-triplet model Vo = %M%Sz + METr(H3) + kx @ @Tr(H3)
+ g |O|2S2 + £SO HA®.
provide natu ral produce SFOPT and phase transition
DM candidate GW

FPH, Jiang-Hao Yu, Phys.Rev. D98 (2018) no.9, 095022

Yan Wang, Chong Sheng Li, and FPH, Phys.Rev.D 104 (2021) 5, 053004 ;
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*J How to calculate wall velocity?

Siyu Jiang, FPH, Xiao Wang,
Phys.Rev.D 107 (2023) no.9, 095005
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xd Case ll: anti-filtered Q-ball DM

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028;

WNPEEE = 53 4R i Y

/GREEN COFFEE BEANS GRADING SIEVE/

Gauged Q-ball dark matter through a cosmological
first-order phase transition, Siyu Jiang, FPH,
Pyungwon Ko, arXiv:2404.16509, JHEP 07 (2024) 053

my = ky(S) > Ty
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xd Case lll: filtered DM

.
4 S
;i R i

Bubble wall dynamics DM |

plays an essential | -

role in the filtered

DM mechanism.
FPH




< Case lll: filtered DM

In recent years, this dynamical DM

formed by phase transition has became a new —
idea and attracted more and more attentions. !
Namely, bubble in SFOPT can be the “filter” X
to packet the needed heavy DM. N
, O,
FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028 Opath? ~ 0.17 (TTV) (;’g; )_2 . (_;Z; ) s PITIEE
arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin " M/ E:%gs

arXiv:1912.02830, Phys.Rev.Lett. 125 (2020) 15, 151102 , Michael J. Baker, Joachim Kopp,and Andrew J. Long
arXiv:2012.15113, Wei Chao, Xiu-Fei Li, Lei Wang

arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin

arXiv:2103.09827, Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov e . °
arXiv:2103.09822, Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov

arXiv:2008.04430 Jeong-Pyong Hong, Sunghoon Jung, Ke-pan Xie Dn.
Haipeng An, et.al, arXiv: 2208.14857

Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218 s S i
more and more new works...
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