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*d What is TianQin ?

® Expected in 2035

® Geocentric orbit, normal triangle
constellation, radius ~103 km

® Unique frequency band, easier for
deployment, tracking, control, and
communication

R¥X JOBDE.3+1527

Celestial equator

“XZF" (TianQin)“Harpe in space”

J. Luo etal. TianQin: a space-borne gravitational wave detector, :
Class. Quant. Grav. 33 (2016) no.3, 035010. 11§ .
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*J Why needs TianQin?
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*J GW experiments
LISA/Tlaann/ Taiji ~2035
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*J Woking toward TianQin-2035

Lunar Laser TianQin 1 TianQin 2 TianQin 3

Ranging 3

GW detection

w

2 Laser
Interferometry
1 Inertial A
Reference

Progress of the TianQin project,
arXiv: 2502.11328

The “0123" roadmap
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https://inspirehep.net/literature/2885960
https://arxiv.org/abs/2502.11328

*J GW science at TianQin

mHZ GW science @TianQin
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Acta Scientiarum Naturalium Universitatis Sunyatseni,
2021, 60(1-2): 1-19
® Astrophysics: Origin and evolution of SMBH ® Detectable sources
® Fundamental physics: gravity theory/model (event rates) o
- Detectability
® cosmology: dark matter, EW phase transition... ® SNR

® Precision of parameter reconstruction
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xd TianQin sensitivity/Detectability
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*J Particle cosmology at TianQin

Collider signals atloop 77
level @CEPC/LHC 27
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*J What is GW ?

1
Ry = 5 Ry = 87GTy,

Stochastic
Isolated
sources: SOUrces:
quadru};ole | anisotropic
it stress
radiation
2G tensor

o r El_[i;j(xj t)j

LIGO Hanford

Frequency (Hz)

LIGO Livingston

0.6 0.7 08
Time (sec)
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*d General GW in the early universe

a

V2 v’ phase transition:TeV
( ,t)+3H h” (x,t) — hij(x,t) = 167er physics (focus)

v' cosmic defects: cosmic
string, domain wall...

Possible sources of tensor anisotropic stress in the early universe

e Scalar field gradients 11;; ~ [0;¢0; ¢] Collisions of bubble walls, cosmic string
e Bulk fluid motion  IT; ~ [’Y (p + p)v; 'uj]TT Sound waves and turbulence
e Gauge fields Il;; ~ [-E;E; — B; Bj]TT Primordial magnetic fields (MHD turbulence)
e Second order scalar perturbations, IT;j from a combination of 0; V¥, 0;® induced GW

o .. arXiv:1801.04268
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<JGW at TianQin from early to late universe

» EW Phase transition GW from EW baryogenesis > various type of astrophysical
and DM production induced by Higgs effective  binaries
potential » superradiance of axion (DM)
» GW from cosmic string » DM imprints in the
» GW from domain wall waveform of binaries
» induced GW > ...
> .

Fundamental Physics and Cosmology with TianQin,arXiv: 2502.20138
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https://inspirehep.net/literature/2895316
https://inspirehep.net/literature/2895316
https://arxiv.org/abs/2502.20138

< DM search at TianQin

arXiv: 1904:07915
Snowmass 2021,

ments status

T T T T T

Currently excluded

signals in th

No expected .

arXiv: 2209.07426

Heavy DM:
Q-ball/filtered/

il ! paanl ol 1
10! 102 103

PBH
L

Lol A R
104 10°

DM theory and experi
10742 A B R AL St |
What is the microscopic %
nature of DM? Erouf
. . . é New Technology
How DM relic density is ¢
8 10v46 =
produced? E
Ultralight DM: é 0
Axion/ALP =
L T s
10722V keV GeV

Dark matter mass [GeV /c?]

WIMP

100TeV

» new DM mechanism beyond thermal freeze out: cosmic phase
transition, Hawking radiation, superradiance...
» new detection method: LISA, TianQin, aLIGO, SKA, NanoGrav,
Cosmic Explorer, Einstein telescope

2025/08/12
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*' EW phase transition at TianQin

Cosmology in post- .
Higgs and GW Era |

The observation of
Higgs@ LHC

and GW@LIGO initiates :

new era of exploring DM
and baryogenesis by GW.

First-order phase
transition by Higgs could
provide a new approach
for DM production.

baryogenesis & dark matter production

Viee(h, T) X

Electroweak
¥ phase transition

baryon matter

dark matter

The First Particles, FPH, arXiv: 2501.15543
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\bubble wall
Uy

w
Gravilati?'nﬂ wave () =0 .
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< DM/baryogenesis from phase transition

Bubble wall
False
vacuum CP Frefx
(hy =0 True vacuum  Violatio

(hy #0

fr
I's o o~(IT -
! Sphaleron

(Sppaieftn %u \ I's « T*

Bubble wall is a natural filter
for baryon and DM production: Bubble B ar;on

The First Particles, FPH,

arXiv: 2501.15543 wall velocity



*J Particle cosmology at TianQin

Collider signals atloop
Phase transition level @CEPC/LHC
(Higgs) and GW;
Precise calculation Correlation and comglementary test with GW

Higgs physics (potential), Z-pole physics, TeV new physics J
GW@TianQin

Baryon asymmetry of our
Universe (EW baryogenesis)

|

cosmic symmetry
breaking relics

DM formation mechanism;
New approach to explore DM

Fundamental Physics and Cosmology with TianQin,arXiv: 2502.20138
2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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*d EW baryogenesis

The baryon asymmetry of the universe is a long standing problem.

316 Mo sz

A mmetey

After discovery of Higgs @ LHC & GW @aLIGO,
,,7\\—\ EW baryogenesis becomes a timely and testable scenario.

SM technically has all the 3 elements for baryogenesis
(Sakharov conditions)
» B violation from anomaly in B+L current
» C and CP-violation: CKM matrix, but too weak,
need new CP-violating sources
1 — o 55 6.6 10°1 » Departure from thermal equilibrium: first-order
( CMB, BBN) phase transition with expanding Higgs bubble wall

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 17



< EW baryogenesis

Bubble wall
False
vacuum fr+fr
(h) =0
— fL
,’/Sphaleron

vw ‘\\ FS o T4

\
Bubble Baryon

wall velocity
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xd Higgs potential

What is the shape of Higgs Current data tells us nothing but the

potential? quadratic oscillation around the VEV
) 246 GeV with 125 GeV mass.
. i R
?? / 7 s 21.2 gl %
L L V(h) 2// h* + 11/1
e/ 1 \ 1
) or Vih) = —;1 “h* — ~h* + —h°

4 A?
Produce a first-order EW phase transition,

deviation of Higgs trilinear coupling and GW

SM Higgs Potential

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067;C. Grojean, G. Servant, J. Well PRD71(2005)036001
D.J.H. Chung, A. J. Long, Lian-tao Wang Phys.Rev. D87(2013) 023509

FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ; FPH, et.al, Phys.Rev.D93 (2016) n0.10,103515
arXiv:1511.06495, Nima Arkani-Hamed et. al.; PreCDR of CEPC; arXiv: 1811.10545,CDR of CEPC

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 19



https://arxiv.org/abs/1811.10545

:d Phase transition in a nutshell

“ .. . Calculate the finite-temperature effective
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Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045
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4 potential using the thermal field theory:

Ty
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*d Phase transition GW in a nutshell

e -
hij > —= Q" (t—1/c)

Bubble collision

Shells of rarefaction

Overlapping of sound

shell

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

2025/08/12

1
Overlapping of sound R a 5 Rg w Ag

L shell
p \

Shells of compression

Bubble collision

source of GW

Detonation mode Deflagration mode
General form II;;

[0:00;0]""

Turbulence

[~EiE; — BiB;]""

O-V. 0P
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81 G T
v K 4 uv
u c u

a

2
iy (%, 1) + 3 H hij (3, 8) — = haj(x,1) = 167TG

anisotropic stress tenor:

E. Witten, Phys. Rev. D
30,272 (1984)

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

M. Kamionkowski, A.
Kosowsky and M. S.
Turner, Phys. Rev. D 49,
2837 (1994))

EW phase transition
GW becomes more
interesting and
realistic after the
discovery of

Higgs by LHC and
GW by LIGO.
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*d Phase transition dynamics

In theory, the most important Finite-temperature effective potential
and difficult phase transition Verr(o,T)

parameter for GW, dynamical o Tp ’R*\{{
DM, baryogenesis is bubble . , \
(1). Daisy resummation problem

Wall VelO city v w (2). Gauge dependence problem
(3). No perturbative calculations: lattice calculations
and dim-reduction method

*

; Bubble wall veloci Energy budget
In experiments, GW S Y c— sy buds
experiment is most this talk ), K
sensitive to bubble S Hoche, J. Kozaczuk, A. I Long, I Turner and Y. Wang F. Giese, T. Konstandin, K. Schmitz and
) , arXiv:2007.10343, _ _ J. van de Vis, arXiv:2010.09744
wall Vel()CIty ’U,w Avi Friedlander, lan Banta, James M. Cline, David Tucker-  Xjao Wang, FPH and Xinmin Zhang,
Smith, arXiv:2009.14295v2 Phys.Rev.D 103 (2021) 10, 103520
. Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006
arXiv: 2404.18703 Siyu Jiang, FPH, xiao wang,

Aidi Yang, FPH,JCAP 2025 Phys.Rev.D 107 (2023) 9, 095005...

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 22



< Bubble wall is essential (like a filter)

. 1078
The most essential parameter for
e 0 -9 | LISA SNR=5
phase transition GW, phase 1o
transition DM, baryogenesis U, 1010 4
TianQin SNR =5

GW detection favor lager Uy 1011
EW baryogenesis favor smaller Uq ¢

. . o« . = 10—12_
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, Ian Banta, James M. Cline, David Tucker-Smith,
arXiv:2009.14295v2 \
Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 1071 5 N
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005

10715 T T T
1073 1072 1071
fHz]

Hybrid g1

PE vt = 73.5(2nps0)3 AgaiT3/4

Detonation

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

01 02 03 04 05 06 07 08 09 10
Vb
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*d Higgs potential at TianQin

1078

10—() L
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*J Reconstruction at TianQ

h?Qaw
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xd Particle cosmology at TianQin

Collider signals atloop
Phase transition level@CEPC/LHC
(Higgs) and GW;
Precise calculation Correlation and comglementary test with GW

[ Higgs physics (potential), Z-pole physics, TeV new physics J
GW@TianQin

Baryon asymmetry of our
Universe (EW baryogenesis)

|

cosmic symmetry
breaking relics

DM formation mechanism;
New approach to explore DM

Fundamental Physics and Cosmology with TianQin,arXiv: 2502.
2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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*{ New DM mechanism/signal at TianQin

> The observation of GW@LIGO and st Fcrens R rormevion SR Siemtres
possible hints at PTAs initiate a new era of
eXploring D M by GW. P Phase Primordial gzgil?z;

transitions Black Holes WIMPs

> DM can trigger a first-order phase
transition in the early universe and
detectable GW signals.

Credit: Gianfrg Bertone et. «

@ Gravitational Environ-
Dark perturbative .
photons DM pro- wave probes mental Dephasing
JJaeckel, V. V. Khoze, M. Spannowsky, et ion of dark matter effects

Phys.Rev. D94 (2016) no.10, 103519
Zhaofeng Kang,et.al. arXiv:2101.03795, arXiv:2003.02465

Yan Wang, Chong Sheng Li, and FPH, arXiv:2012.03920 Solitons Light DM
FPH, Eibun Senaha Phys.Rev. D100 (2019) no.3, 03501

FPH PoS ICHEP2018 (2019) 397 .

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) n0.9, 095028 s objects

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

FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-

Haipeng An, et.al, arXiv: 2208.14857, arXiv:2009.12381, arXiv:2201.05171 with .

pulsar interfe BH mim- Captured

timing teries ickers DM
rometers

arrays
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:d Axion particle cosmology

Ultralight axion 1s a promising DM candidate.

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

(cosmology) (general relativity)



:<Jd GW of axion from superradiance

S
(=5 N <
@\ (C

axion cloud -

Jing Yang, Ning Xie, FPH arXiv:2306.17113,
arXiv:2404.18703 Aidi Yang, FPH

Ning Xie, FPH, SCPMA Vol.66, No.1(2024);

Jing Yang, FPH Phys.Rev.D 108 (2023) 10, 103002
2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 29



*J What is superradiance ?

When Klein (-Gordon) meets Kerr (Dirac Prize 2025)
superradiance occurs particle R

particle P

Penrose '69 '71
Zel'dovich '72

2
AL (A + [w2 (r?* +a?)” — daMrmw Starobinsky '73

+a*m? — A (m2r? + a*w? + A)] R =0

4
'

-

\ i
~_ ergoregion

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

Ultralight axion can form axion cloud around rotating > Hawking
BH, forming Gravitational atom (GA).

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 30



:<Jd GW of axion from superradiance

Axions can annihilate to GWs

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

2025/08/12

(HM/\”

IV

/\/\f\/‘f\ ﬂ\/\m
AR

\

\

axion cloud
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*d Microscopic physics

2025/08/12

¢ A 6’2
M { | %
.......... ke QB
®) (©) (d)

: o
@ ok Jing Yang, FPH,
Classical source PhYS.ReV.D 108 (2023) 10, 103002

Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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<d GW radiation from axion annihilation

~ Scattering amplitude method

Numerical result from Brito

—10F

ult from Arvanitaki

— 12k

P/ (MyM,/M,)?

|
—
I~
T

\
—
=N

. GMEa(l — o?/8)
. 11 4a2(1— o?/8)?
0.1 0.15 0.2 0.25 0.3

(8]

a = G].v.[bnla Mb = IOOMSM Ma = Msun

1.
.08} \
0.96
D}l 094}
= — J =0.05GM}?
T o092}
o J = 0.10GM?
09}
J = 0.15G M}
0.88} ‘
— J = 0.20GM}
0.86 L L .
0. 0.05 0.1 0.15 0.2
o
Jing Yang, FPH,

Phys.Rev.D 108 (2023) 10, 103002

v" monochromatic GW signal Wanp 2 M
v" gradually depletion of axion cloud (DC) and reduce GA mass

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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<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. P (M,/GeV)2a!
— (M,/GeV)8(2 + a2)11(4 + a?)
+ 1.474 x 10%a* 4 2.361 x 10%a®) + J(M,/GeV)*a(—3.839 x 10%

- | (My/GeV)*(9.671 x 10*" + 5.577 x 10*2a”

— —2.111 x 10*'a? — 5.329 x 103 a* — 8.165 x 10%'a®) + J?&?(3.809 x 10''®
+ 2.184 x 10'"%a? + 5.799 x 10" + 9.450 x 10'%a®)| GeV>.

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

b d licat Ki . Jing Yang, FPH,
more oroada appilications ar¢ working in progress. Phys.Rev.D 108 (2023) 10, 103002

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 34



:<Jd GW of axion from superradiance

axion cloud

Ning Xie, FPH, SCPMA Vol.66, No.1(2024)

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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:<Jd GW of axion from superradiance

Without ultralight axions _ @ = Pew  Paw = Q Nz 4,0

dt 3
With ultralight axions

dE
dt (PGW —|— 4+ Ppr + PDR)

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

Ning Xie, FPH, SCPMA Vol.66, No.1(2024)

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 36



:<Jd GW of axion from superradiance

M = 100 Mg, mns = 1.5 Mg,
r [pc]
107‘... - | 1078

DC

DF (n = 10)

Pi
Paw 1077°
DF (n =5)
1077°
i DF (n=2)
10 ] T~
10~ 1073 1072 1071
f [Hz]
2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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:<Jd GW of axion from superradiance

dr (_ Mmns

at 272

m fT T ’
Agp ~ 1 -
¢~ 1om (10—12 eV) (10—2 Hz) (5 yrs)

Ning Xie, FPH, SCPMA Vol.66, No.1(2024)

1
) (Pew + Poc + Por + Ppr)

2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin
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:Jd Complementary search: TianQin+PTA

Axions modify the rate of binary

Mgy [Mo)] .
N 0 period change
I —— Critical Value T . . . .
14? ThreshoIdVaIuei AP — ‘P — PV&C ~ 10 12 S/S
12 i
10} axion effect detectable region | Future Pulsar timing measurement
TanQin—— precision, such as SKA
—15
10~ s/s
T T
Mg (V]
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<Jd GW detection of ultralight axion

10

10"

10

10 "®

10

Characteristic Strain

10%

10 24
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supermassive GA
IPTA

SKA

LISA TianQin

GA

b 1 ! ary DECIGO

allGO

10° 10° 10 1072 10°
Frequency / Hz
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*] Heavy DM from cosmic phase transition

&

Renaissance of quark nugget DM idea by E. Witten. 5 ;': it g
Recently, dynamical DM formed by phase transition ' .
has became a new 1dea for heavy. Bubble wall in can
be the “filter” to obtain the needed heavy DM when
avoiding the unitarity constraints.

E. Krylov, A. Levin, V. Rubakov, Phys.Rev.D 87 (2013) 8, 083528

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028 > - 7(‘ ot
arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin sy s - -
Phys.Rev.Lett. 125 (2020) 15, 151102 , M. J. Baker, J. Kopp,and A. J. Long
arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin

arXiv:2103.09827, Pouya Asadi, Eric D. Kramer, Eric Kuflik, Gregory W. | Bubble wall filter

Ridgway, Tracy R. Slatyer, J. Smirnov

arXiv:2103.09822, Pouya Asadi, Eric D. Kramer, Eric Kuflik, Gregory W. Case I: (gauged) Large coffee beans
Ridgway, Tracy R. Slatyer, J. Smirnov Q-ball DM

Siyu Jiang, FPH, Chong Sheng L1, arXiv:2305.02218

Siyu Jiang, FPH, Pyungwon Ko, arXiv:2404.16509 Case II: filtered DM Coffee

more than 100 papers in recent 5 years Phase transition GW e,
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*J Case I: Q-ball DM What is Q-ball?

PHYSICS REPORTS (Review Section of Physics Letters) 221, Now. § & 6 (1992) 2512350 North-Holland PHYSICS REPORTS

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

Nontopological solitons™

T.D. Lee
Deparmment of Phvsics, Columbia Untversitv, New Yorh, NY 1027, 154
*

and Q BALLS
Y. Pang X

e Sidney COLEMAN
Brookhaven Netional Lahoraiore. Upton. NY 11973 USA
Received May 1997: oditor: 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= nrion/Vz Q= [fde = [(410n - bndy)da. 3(E - wQ) =0
B [{5[on+ér+ (Vow® + (Vo] + U| 5 (¢h+ o})| o b= fr)e
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<1 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 first-order phase 5
transition.

This talk
2025/08/12 Fa Peng Huang, Fundamental Physics and Cosmology with TianQin 43
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*J Case I: Q-ball DM =

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

ph a3t = T73.5(2nps0)3 Agot T3/

New DM production
R scenario by the
bubbles.
)i :.: The global Q-ball
model proposed by
g = kyl$) > T T.D. Lee
Revrs
:( ‘ Friedberg-Lee-Sirlin
model
(a) Bubble nucleation:x particles trapped in the false (b) Q-ball formation:After the formation of Q-balls, R Fricdberg, 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) 1.9, 095028: Rev. D 13 (1976) 2739
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*J  Casel: Gauged Q-ball DM

(h)y #£ 0 When the conserved U(1) symmetry 1s local,
This introduces an extra gauge field A.
(@) =0 The minimal model achieving
(h) =0 £ = (D) (D"6) + 0,0 h — LA A — V(6. 1)
(@) 70 V(6.h) —2|¢|2 28 (12— o)’
(4) #0

Interestingly, this portal coupling also
naturally induces a strong first-order phase
transition.

Siyu Jiang, FPH, Pyungwon Ko, JHEP 07 (2024) 053
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*d Gauged Q-ball

£ = (Du0)' (D) + L0,hd"h — A, A —V(6,h)

Aoh AR 2
— ih2|¢t|2—|— 0 (h2—’l)3)

Vi) =2

me
mp

i g Yo Friedberg-Lee-Sirli-
) = v Alp). 6(tr) = L0l ) () = ugh(p)  Friedbers-Lee Sir
V2Ap V2 Maxwell model
1 2 2 2
300 (PP0pA) + (v — 2?42 =0, IR v
TOV2ATT T 2V
1 2 2 1\2 24,2
?ap(papq>)+[(y—a,4)—k%]q)_o, .
relaxation method 1 1 2AnT0
30 (P0,H) — K*HO? — 37 (H?*-1) =0.
T o " \\ o 1.0 s
ST w = P2 A, | P2 0.8 F/
vy ) P
————— P3 0751 1 1 : ——- P3 i
/5: P2 o Y P4 ,5: ‘l‘ \ .......... P4 Q. 0.6 ‘,' ‘r_.'
< | N 2 0501 44 ‘i oal ¢ i — P1
. \ ‘ ’ ! i i | mm—— P2
17 \'\_\ 0.25 \ % 0.2 2 A N P3
S ! Ry Pi
01 et e S 0.00 \-.\_\_h; 0.0 Lot e
0 5 10 15 0 5 10 15 0 5 10 15
P P P
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*J Gauged Q-ball stability

Quantum stability

E<mgQ or E/Q<1

1.006 — a=1.0
— a=07
1.004 1 —— ,Lo04
1.002 1 — a=00
@ 1.000 AN 5
) 0.998
0.996 1
0.994 1
0.992 4
0.990 LS — T T T it T ; T
0.05  0.10 @.0.15 €,0.20 NO.25 030 035 040 10~ 10° ~ 10! 102
Q Q
— P
2.0 e )
— P3
Stress stabilit B =T
4 — &,
2 S
F(r) = 55(r) + p(r) >0
0.0
0 2 1 6 s 10 12 14
0
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*J Gauged Q-ball DM at TianQin

M [GeV] _‘ 10-¢
104 —— Log,,a = —15 N - 10'1 —— Logga = —15 - \ 107°
—— Log,ya = —16 e === Logyya = —16 Nputzom Stars
—— gy =) '/'/ e &= ' 10-10
101 //
= 2101 BP,
% = TianQin SNR =5
31072 g
c 10—12
10774 10-13 4
10-5 10~ 10-* 10-2 10! 10" oo w*y /=
”c)/nL
2 o o 1o 161
Qqhioo f[Hz]
3/16 108472 PPy s onl '\ Lt . .
~ sohfoo \ (T(T%) —1/4; pytrap, \3/4y1/4 I %¢ Tlestw ) pITAP.The fraction of particles
trapped into the false vacuum.
tra . .
Agh | Ty [GeV] | ey | B/Hy | vw | FS™ | mg/nr | dozn | GW ]t is determined by the phase
- 0- . . .
BP 6.8 69.8 0.12 540 0.1 | 0.932 0.48 0.364 ] transition dynamlcs.
BPF, 6.8 70.4 0.12 578 0.6 | 0.805 3.0 -0.36% .
0 . .
BP; 7.0 6?).0 0.15 372 0.1 0.9(35 230.48 —82;;3 ° Slyu Jlang, FPH,
BP, 7.0 63.9 0.15 403 0.6 | 0.858 . -0.37% ° Pyungwon Ko, JHEP 07 (2024) 053
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:JCase ll: filtered DM from phase transition

‘ ‘\\\ W /
J — ;& A
Bubble w >

all
dynamics
plays an essential
role in the filtered
DM mechanism.

FPH



*J Case ll: filtered DM

Previous work: Bk : ! R
b= 0wy T =T =T, _
Vs = ‘fsh. '§ Vs— Uy T‘g I gw = Uy
Phys.Rev.Lett. 125 (2020) '% —> 2
15,151102 , M. J. Baker, J. = icl s
s s ’ Ts =T = pa rtIC eT =
Kopp, and A. J. Long R TS_S 2.
L )\ J
symmetric phase bI‘OkOIIl phase
=0y, T=T, T =T (this work with hydrodynamic effects) .
-1 00 2 3 ~ in 5 .
JTLII — gx / dCOSBCOS 9 . p _ ~p — gXT+ (1 + f}/“‘mx (1 /UJF)/TJF) 677+m;‘(1*@+)/T+_
(27’[‘)2 0 _ z;cg e7+(1+'ff’+ cos0)p/T, 47-‘-2;5,'3_(1 _ ’5+)2
n_ Ju (hy);2 mi)?(ni)? + n;l) 90Ty 8 mi; (n;? + n;?)
n, = Qi h” = 5 ~6.29 x 10 5
YwUw pc/hz Gx (T,) 1" GeV Gx (Tf) 1
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*J Case ll: filtered DM

T = 0"9d" ¢ —

3
S

7| 3067 Vi (0)

Energy-momentum
tensor of scalar field

Energy-momentum

tensor of fluid
o 1 ny o Vo i
Tym =15 + 1y = wuu” —pg Energy-momentum
conservation
(0B 4y =w PR p, w5 =w i

ar =ef (a T}

ry = wy fw- = (a,T4)/(a T4)

— .
2= Y (1 — v€) ,u_2 — 1| v
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*J Case ll: filtered DM

Boltzmann equation [L f] ]
fr=A(z,p.) L4 (2, p. exp( _U+pz )
4 p.0f,  m, Om, df, m™(¢_) 25
LI =% my(2) = (1 s tanhL)

E 0z E 0z Op.

(2m)? m, Oz 0z ) Op. 0z

T,
-

Iy / AR Kp 7 (&nx) - (amx) m+)«4(z,pz>] G 4 (51— 422 T

24

\

dpxdp dpmdp e
QX/QT);C [fi] = —QXQE/HTE;DquMFUX;Hw [fxpfyf,+

f includingxx <> @@, X <> X, XX <> XX XX <> XXy - - -

N

dpldp e e
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*J Case ll: filtered DM at TianQin

i T, /m dp. ~ (= : ; Ty
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*J Summary and outlook

» Cosmic phase transition can naturally
explain DM and baryogenesis.

» The associated GW at TianQin.
provides new approaches to explore
DM and cosmic symmetry breaking.

baryogenesis & dark matter production

X tr

Veee (R, T)

Gravitational wave

e - ®. Electroweak
5 ¥ phase transition

X )
[% w7
i

baryon matter Vgt (R, T)

dark matter
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TianQin

*{ Summary and outlook /.;

Fundamental Physics and Cosmology with TianQin, arXiv: 2502.20138

Besides direct detection of astrophysics GW sources
and test of gravity theory,

TianQin can explore many fundamental problems in particle cosmology: 0806301527

Celestial equator

Progress of the TianQin
project, arXiv: 2502.11328

Correlation and complementay test with CEPC
Higes physics (potential), Z-pole physics, TeV new physics

Baryon asymmetry of our

cosmic symmetry Thanks for
Universe (EW baryogenesis)

breaking relics .
your attention !

l Comments and
. , collaborations are
Ngw DM formation mechamgm; welcome.
New approach to explore DM
huangfp8@sysu.edu.cn
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