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@ Motivation DM research status

What is the microscopic
nature of DM?

How DM relic density is
produced?

Ultralight DM:
Axion/ALP
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» 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
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*J GW experiments
LISA/Tlaann/ Taiji ~2034
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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

“XKZ" (TianQin) “Harp in space”

J. Luo etal. TianQin: a space-borne gravitational wave detector,
Class. Quant. Grav. 33 (2016) no.3, 035010.
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Q Motivation bmin post-Higgs and GW Era

baryogenesis & dark matter production

The observation of

Higgs @ LHC .
and GW@LIGO initiates o
new era Of eXPIOI’iIlg DM Electroweak
by GW. ¥ phase transition

baryon matter

FOPT by Higgs could
provide a new approach
for DM production.

dark matter

The First Particles, FPH, arXiv: 2501.15543
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* DM from cosmic phase transition

Bubble wall
False
vacuum cp Fitfr
(hy =0 True vacuum  Violatio
(hy #0
fL
FS e e-(h)/T o=
W ! Sphaleron
DL Uw 1\ r T 4
Bubble wall is a natural filter ﬂ \ \‘ s &
for baryon and DM production. Bubble Baryon

The First Particles, FPH, arXiv: 2501.15543 wall velocity



*Jd cosmological FOPT

Te
The degenerate
minimum appear

Ta
One bubble per horizon

N

$$0901d UOIIN[OAD UONISURT) ISEY ]

TP

> 34% false vacuum has
been converted to true
vacuum

h*Qaw

Verr

QGVV = Qbubble collision + Qsound wave T Qturbulence + .. ?
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:d Phase transition in a nutshell

“ .. =+ Calculate the finite-temperature effective
g U potential using the thermal field theory:

Ty

(1)(975) Z [/ (g:)p In (p + m; (¢))+JBF(

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 t
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*d Phase transition GW in a nutshell

e -
hij > —= Q" (t—1/c)

1 881G .,
ot RUV - _R gll\’ + A (g]‘“\' & 4 7“\'
Bubble collision Overlapp 11111%10f S ‘ 2 ' ¢ ‘ .
. she
: N . \VZ
l \ hij (X, t) +3H hz’j (X, t) - 5 h@'j (X, t) = 16mG H@j (X, t)
Shells of rarefaction . . ¢
P Shells of compression
Overlapping of sound aniSOtrOpic stress tenor:
shell ' Bubble collision E. Witten, Phys. Rev. D

source of GW 30,272 1984)
C. J. Hogan, Phys. Lett.
B 133, 172 (1983);

Detonation mode Deflagration mode M. Kamionkowski, A.
General form I1. Kosowsky and M. S.
. Turner, Phys. Rev. D 49,

2837 (1994))
' (1T

[ai ¢0; Q')] EW phase transition
Tutbulence GW becomes more
interesting and
T . .
[_ E, El — By Bj] re_eallstlc after the

discovery of

Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 o¥,0,® ey
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*J Any new GW sources ?

Question:

Besides the well-studied bubble collision, turbulence, and sound wave,
are there any new GW sources during a FOPT in the early universe?

Answer: Yes!
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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 8% Tp ’R*\g
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 nis talk ty C— 1
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...
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< 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, 10-10 4
TianQin SNR =5

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

. . o e < 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 107!

Hybrid g1

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

! : 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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*] Heavy DM from cosmic phase transition

Renaissance of quark nugget DM idea by E. Witten. e Bl s
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

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

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

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

Case II: 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
Phase transition GW Aroma Siyu Jiang, FPH, Pyungwon Ko, arXiv:2404.16509

more than 100 papers in recent 5 years
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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, Colambin Ustversity. New Yerk . NY 1027, 1784

Q-BALLS*

and

Y. Pang

Brookhaven Netional Lahoraiore. Upton. NY 11973 USA

Sidney COLEMAN
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Received May 1992: editor: DN Schramm

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.

b= (6ntion/V2 Q= [fdo— f (616 — dndy )da. 5(E — wQ) = 0

E = /{% [qﬁi + 1 + (Vor) + (Vﬁbl’)z} + UB (6% + qﬁ%)] }da: b = f(r)e it
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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 FOPT. —
This talk

2025/08/26 Fa Peng Huang, New Gravitational Wave Sources and Dark Matter Mechanisms from Cosmic Phase Transitions 17



REEN CLOTH

*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) # 0
(@) =0

When the conserved U(1) symmetry is local,
This introduces an extra gauge field A.
The minimal model achieving

(h) =0 £ = (D) (D"6) + 0,0 h — LA A — V(6. 1)
0
@) 7 V(6.h) —2|¢|2 28 (12— o)’
<A> # 0 Interestingly, this portal coupling also naturally
induces a strong FOPT.

Ju=1 (¢T<§>u¢ + 2i§f‘iu\¢|2) Q= /d3xJ0

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

2025/08/26
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*J Gauged Q-ball

1 1~ <. A A 2
£ = (Do) (D#6) + 50,hd"h — L Ay A — V (¢, h) V(g h) = ZER%6 + = (h° — )

Ar) =L A(p), oltor) = Lol ) hir) = von(p)  Friedberg-LeesSii-

Maxwell model

1 2 2 2
?8,0 (p 8p¢4) +(V—Qf A)q) —0: o= |7 b= “p")\,:‘,h _ Mg
20 2V mp
1
50, (P20,®) + [(v — a2 A)? = K*H?| @ =0, y
. P v =
relaxation method 1 1 2o
50, (PP0,H) — k*HP? - 37 (H?*-1) =0.
P
................ L 1.0 e
31 — 100N = 1 e
o s P2 AN T . o i/
R P3 0750 4\ ——- P3 U A
/5: ] __________ Pi ’5: ‘l‘ i .......... P4 = 0.6 ,Jr .'! H
— ~, S . (R 4 — N H R
i \\. "e'l UJU 1= \ -._: x ()l ,‘, j‘f P}
14+« N VoL P N P2
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*J Gauged Q-ball stability
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*J Gauged Q-ball DM from a FOPT

BP,
TianQin SNR =5

aaaa

1073 102 10!

p :The fraction of particles

trapped into the false vacuum.

It is determined by the phase

transition dynamics.

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

Mg [GeV] ) 1078
10°y —— Log,,a=-15 _/'/ 10'1 —— Logga = —15 > \ ) 107°
—— Logjya = -16 //. ol - Logyoar = —16 Neutron Stars
—_— =0 T e =0 y 10-10
10-1 / |
S0 %
g 10712
10774 10-13 4
10-5 10-+ 10-4 10-2 10" 10" o 10143
77(9/771,
2 10—15
Qtho
1/4~2 gt 3/4
~ 281 x sohdoo \ (T(T))**° s VA (Frapy 3N Ly L08Y1G2E 5,00 pirap
- De * ¢ o h Y0 5.477/AT(T,,)3/4
Mo | Tp [GeV] | oy | B/Hy | vw | FS™ | ng/nn | dozn | GW
BP 6.8 69.8 0.12 540 0.1 0.932 0.48 -0.36% °
BPs 6.8 70.4 0.12 578 0.6 | 0.805 3.0 -0.36% °
BP; 7.0 63.0 0.15 372 0.1 0.965 3.4 -0.37% °
BP, 7.0 63.9 0.15 403 0.6 | 0.858 20.8 -0.37% °
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*J Case Il: filtered DM from a FOPT

/'” _,
b -~ 4.,,L -

Bubble wall plays an D M

essential role in the
filtered DM mechanism.

FPH



*J Case ll: filtered DM

Original work: it z ' %
ﬂpl — Vw, T = T; = ﬂe
Vst = &sh g Us— Vi Eﬁ v =&y =y
Phys.Rev.Lett. 125 (2020) : —> 2
15,151102 , M. J. Baker, J. S article.. |2
) ) ) Ts =T "53 . T = 3
Kopp, and A. J. Long B = | 5 + B
\ /I J
symmetric phase bI‘OkOIIl phase

=0y, T=T, T =T (this work with hydrodynamic effects) .

o Ox -1 00 p2 - gXTE (1 + ’7_‘_mi)?(1 — ’l~)+)/T+) 5 min(1-5,)/T
J, = 5 dcosfcosf w P = > e T *.
(27)2 Jo e €7+ (1+0, cosO)p/T, 4,”2;?1 (1-9,)
i — _Jw gimpz — TN HY) 9018 oo0 s T ()
Y Yl DM p./h? g (T )T? GeV g, (T ) T?
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*J Case ll: filtered DM

1.0 i i
T"“" — OHpd P — [ (86)? — Vi (Qg)} Energy—momentu_m o ! !
tensor of scalar field 0.8 D i '
Pl 0.6 oo b=af . _
Z/ . MR £ (k) Energy-momentum
21)3E; tensor of fluid 0.4- - .
» » ” " » 0.2 i i
Tﬂ = T(b + Tpl =wuu —pg Energy-mom entum 0.0 deflagration i hybrid i detonation

conservation 00 02 04 06 08 10

[w+’ﬁiﬁfi +p+ = W—fﬁ;ﬁ + P, w+£’+ﬁ’i = wgﬁjﬁ ] 1.5 T |
1.44 — T+/Tn i I
13l — T-/T
121 :
ar =ef (a T} ry =wyfw. = (a T})/(a-T?) 1.11 | \
.
—— 1.0 ) o
j§=“/2(1—’05) %—1 Oev 0.91 | IT'TH
V#T“V =0 <«—> 6@1 N ® : 0.8 deflagration i hybrid idemnation
= (1 + ) Vudev . 00 02 04 06 08 10

1J‘h“
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*J Case ll: filtered DM

Boltzmann equation

[L[

/-—‘-\\\_J

fx=A(z,p:) fily = Alz,p:) exp 3 mpz )
- - N
o &afx " amx afx _ m;l(ﬁf)—) 2z
LN =F%. " F 2 o my(z) = 5 | 1+ tanh 7=
dp=dpy ~ p: 2 _ 8mx) 9 _ (amX) g/+f)+) ] Gy Ty Vo (Bpp—y/m3+92) /T
\QX/ (27)? Lifd~ {(mx 0z ( 0z ) Op. oz ) T, A(zp:) 2mA ¢

-

N

J
includingxx < ¢@, X¢ < X, XX < XX> XX < XX, - - - I
dpdp, dpdp 8
QX/QT);JC [fx] - _gxgi/()Té;r:qu'P4Faxi—>@¢ [fx;:fii%—
dpdp, ca pe eq fe
= 055 | Gy M Fovsss [ AR fi e~ KR

= Ip(z,p.)A(2,p.) — ['1(2,p.) J

e eq
ngXq}
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1 Case ll: filtered DM

108

104

10?

Qpuh?

1072,

10—4.

107"

in __ TJr o dpz N N 5 — 5 —
My = Yo /n (271.)2"4(7‘ > Ly, p2) exp {’)’+ (’U+pz — Pzt (mir) ) /T+] \/ P2+ (mi)

vy = 0.01

107

Qppyh? = 0.12

=== without heating (analytic)
= without heating (numerical}
=== deflagration (analytic)

deflagration (numerieal)

1073
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The missing GW source ?
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*J Braking GW from phase transition

New phase transition GW

mechanism @

< h>#0

O <h>=0

arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPHK

.

massless

—
Pa

False vacuum

2025/08/26

Bubble wall
Vw

~

massive
Particle Braking

Pb

True vacuum

%_l

L w /
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https://arxiv.org/abs/2508.04314
https://inspirehep.net/authors/2654015
https://inspirehep.net/authors/1942806

:d Calculation on the Braking GW

d°pq Ip ]

the distribution function bremsstrahlung probability
of the thermal plasma

Bodeker-Moore method
JCAP 05, 025
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< Bremsstrahlung probability

For the process a(p,) — b1(p1)ba2(p2) . - . bu(pn), the splitting probability after integration

over the final states reads

_ &p; \ |Br- -, Bl T10)?
[ %(H[‘?f ) (Bal6e) ITocr G155

the volume of the spatial integration\range

B d3pa o(5) d3pa |¢(ﬁa)|2 . ; How to calculate the interaction
|¢“>:](21r)3 2F, a) f(27r)3 2F, =1L |pi): 2E;a; |0> matrix element ?

(@ulo0) =1, (B15) =285 2095, - ) = 2B, [ o BT~ 2,

2025/08/26 Fa Peng Huang, New Gravitational Wave Sources and Dark Matter Mechanisms from Cosmic Phase Transitions 32



< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls
JHEP 05, 294, arXiv:2310.06972

equation of motion (0% +mi + Am?(2))¢ = 0,

¢ = e—i(pot—plm—pzy)x(z) ,

X"+ (02)*x = Am*(2)x.

p; = V()2 — (p1)? — (p*)? — mg,

the longitudinal momentum of the particle in the symmetric phase

2025/08/26 Fa Peng Huang, New Gravitational Wave Sources and Dark Matter Mechanisms from Cosmic Phase Transitions
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< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls

1. p* > L ! WKB approximation:

z
S

x(z) = piz)exp (Z/o p*(2)dz + . )% eFt o PPENA () = \/(p2)?2 — Am2(2).

2. Pi K L;l, step-like bubble wall profile:  Am?(z) ~ (@} — m2) - ©(z),
Oleipgz + C2e—z'p§z s < () Mmass of the field ¢ in the broken phase

X(Zapg) — ., —, ’ 2 2 2 ~2
Cae?i? + Cue @7 2 >0 pi = /(p2)2 + mi —

the longitudinal momentum of the particle in the broken phase.
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< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls

To facilitate quantization, we adopt a basis consisting of “right-
moving waves” and ‘“left-moving waves” :

r . .
— | €5 + rre”P5%, 2 <0,
XR(Zapg) — NR < . 3
\ tRezpbza z 2 07
normalization coefficients 2 -
tre 'Ps* z <0,

xr(2,p%) =|NL §

——

-z iz ’
\'rLe”’bz +e PE 2 >0,

The transmission and reflection coefficients can be determined by

imposing the continuity of the mode function and its derivative at the
interface z = 0.



< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls

The basis is also applicable to the WKB region.

p: ~ pi > Lt ~ /2 —md,

the momentum p*(2) can be expanded near ; = +o¢ using a
Taylor series.

wics Eco(2)e™P* 2 <0,

X 2,p;) &

E0(2)eT P 2 >0,



< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls

Therefore, by incorporating the transverse plane wave components,
we obtain the “plane wave solution” that satisfies the Klein—Gordon

equation,
or(p) = e PP xp(2,p7), pnx" =p’t—pL-FL, p° > my,
¢L(p) - e_ipnanL(zapg)a pna:n — pot - ﬁJ_ : :EJ_a pO > m.
,¢z( ) + af qb*(p)) L
IZRL./ 27r he Tt ’ [G’I,paa’irf,q] (2’”)35( )( P —q1)d(p; — q5)d1,

P
=/ arp,arg| = |ab ,al. | =0, I,J7€{R,L}.
The single particle p"%) = /2p%; , |0) [ I J’q] [ Ip J»q] {R, L}

states are defined by |51y = (/2% |0). the incident state!
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< Bremsstrahlung probability

« Quantization of Scalar Fields in the Presence of Bubble Walls

By using the time reversal, we can get another set of orthogonal bases,

ot () = e~ ¢ (2 p) = ey (5, ) (outgoing state basis)

—ipnx™ * 2 * pz z
=e 7 (TR,pXR(Z7ps) + tR,p“ pZXL(Zaps)) )

B (B) = e Calz,p7) = € X (2,2)

—ipnx™ * 2 * pg z
=e P (TL,pr(z,ps) +tL,p\/psz(z,ps)) :
b

These bases correspond to the outgoing particle states.

outy _ . « [P outy _ 4+ | P5 "
") = g IP7) g [ T2 070 ) = [ 07 4 v )
s b



< Bremsstrahlung probability

Now, we can calculate the interaction matrix element.

(ﬁi’outamTWi%) - /d4 (Jout lemt |pa) Feynman amplitude

2025/08/26

d3k’
f dz / / / XR 2,0 )C (2, 07) X" (2, k™)

X (2m)34( E’ E’)5(2)(Pa¢ B — K1) (Jout k|aLa}7baR,a 72)

= (2m)s (3 E) go (35 M

+00
M = / dz V(2)xr(z p2)CH (2, )X (2, K).

—00
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:J Bremsstrahlung probability

Thus, the bremsstrahlung probability becomes

] AP, sy = / ( ps / ( d°k /d%fJ 672 1

27T)32Eb 27T)32Ek (

x(2m)'e® (37 )6 (3

Assume that ¢(p) is highly localized around p = p,,
we have finally

/ Woosg = / (QS)ngb / (27332Ek 21;13,3 2’6 (327 ) 6 (3 )

X (|MR|2 + |ML|2) )




:d Calculation on the Braking GW

the distribution function bremsstrahlung probability

of the thermal plasma g | 1 ker-Moore method
JCAP 05, 025

Under the ultra-relativistic limit, it is appropriate to employ the Wenzel-
WKB approximation for evaluating the

matrix element. z
x(z,p;) =~ €xXp [@ / dz’ pz(Z')] :
ML = 07 0

My ~ MWKE _ / Az x(2 07 )X (2 D)X (2 KV (2). MWKB o Vs
1Ap?  iAp?

—
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:d Calculation on the Braking GW

the distribution function bremsstrahlung probability
of the thermal plasma

/In wall frame, Bodeker—-Moore method \
JCAP 05, 025

f APy, = f {Z:;ﬁ e P{k{@ (p — L;')Ie (Ly' - apZ}]e (k?)

o k2mAEZE? _ _ . .
P(k) = (B2  mPE2) Mainly radiate collinear gravitons.
K WKB condition non-adiabatic condition /
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:d Calculation on the Braking GW

i

dPs—>sg E-l‘-‘

In plasma frame,
| Lorentz transformation

pow = /d3 ba fa(Dh) (Ek)

average energy of the gravition
— (B + vok?), k* =~(k* + voEr), ki =k,

Change the order of integration heavily Suppressed

Ek < ’}/L 1 Ek > ’}/L_ \
K2m*T '

PGwW = 6474 dEj, Jiow( Ek: dEy Ihigh Ek) )
low hlgh y.
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<J GW spectrum

h? dPGW,o _ h? dPGW,o
Pec,0 dln fO Pec,0 dlIn Ek

B 3.94 m\ 2 m 2 fo
~ 691x 10 (7) ( )
0.91 > 10 (g*,s) T) \108 Gev/) \ 10" Hz

. - -1 _ f
(am p|ltudy{l1ow (Ek)J F (va — Ek)} cutoff point (peak)

,, 5 1/3 T
B < T, Loy 20T /m2, B, = 2.71 x 1024 (g*=s )
k 1 C3 /m k 1011 GeV f07

R (o) =

) ) 3.94
Er > m, Ilow EWZT/(LLSEk):
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<J GW spectrum

v =10° vy =101 GeV= 1
-7 . H I
. ! I‘r r" v/T =10
el T = 50
10710 S ,-EZ”tL ot
W\ ‘C-UQ‘_-_" 'U¢/T—100
~13 \"i\"‘g -ﬁ:-’f‘ 8
g0 10771 NICE S
£ . a]
c 107164 _
o BBO é
10—19 ]
10—22 i
10_25 T T T T T T
1074 100 10 108 1012 1016 020 1024
fo (Hz)
2 (brakes 2 2
h QGw,o (fo) o< m? fo, h=(2

collinear gravitons

2025/08/26

brakes 4 2
GW,0 (fpeak) oc m* /T2,
non-collinear gravitons
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arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPH
v =10%, T = 10'? GeV

1071 -
CZC}’E i — m/T=0.1
10710 Ay EF — m/T=1
\\‘_._,fg;? Vi g —— m/T =10
10713 4.%7 s 2
=) -~
%c% 1071 Eﬂo E
a Q
'
% 10—19_
10722 - e 1010 HY
10725_ i/
10-28 ; : : — . ; .
107* 100 104 108 10 10 1020 10%
fo (Hz

when T' 2 m,

double-peaked structure
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https://arxiv.org/abs/2508.04314
https://inspirehep.net/authors/2654015
https://inspirehep.net/authors/1942806

<J GW spectrum

Specific model: V(S,®) = M| S|t + M| ®|* + Ao S2®)?

O = (vy + b +ip)/V2 Veir = Vo(@) + Vr(¢, T) + Vaaisy (¢, T). vy = 10" GeV
o T
S = (s1+is2)/V2 ) , ) , 10-10- 5),’,/;5\‘ IE;I‘ 3.40
_ g1 m;(¢) _ g:T m; (¢) N CHHT
Ve(9,T) = onz /B ( T2 ) _ Z o2 /T ( T° ) ’ 1 W 1 |
i=bosons i=fermions 10 g \’ -{J’CE é 3.20
2 4 7 - 3 o=
Vo(¢) = B 4(13—1), B = > (M VR £ :
o(@) = B9 Mo, 14 1= 902 | 06 Z 96 jfgé% 1071 oS : 300 3
T 2 5 3 S 101 B
Va6 T) = 75— > 0| (m3(6) + IL(T))* —mi(9)]
i=bosons L0-22.
The mass of the scalar particle T 2.60
10~ : : : : :
the temperature of the plasma T 107 10° 104f (108) 0% 10%
0 Hz
the thickness of the bubble wall wa
the Lorentz factor of the bubble wall Y arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPH
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https://arxiv.org/abs/2508.04314
https://inspirehep.net/authors/2654015
https://inspirehep.net/authors/1942806

< GW spectrum recap

The GW power spectrum exhibits two distinct behaviors across different
frequency regimes. ,:xiy: 2508.04314, Dayun Qiu, Siyu Jiang, FPH

« In the low-frequency regime, the spectrum scales linearly with
frequency and is proportional to the square of the mass, primarily
sourced from ultra-collinear radiation emitted as particles traverse the
bubble wall.

« In contrast, the high-frequency regime displays an approximately
flat spectrum up to a|cutoff frequency|and the amplitude scales with
the fourth power of the massidominated by non-collinear gravitons.

proportional to the Lorentz factor of the bubble wall

These distinct behaviors may help to more directly to extract the
new particle information.
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*J Summary and outlook

> Explore new mechanisms to produce baryogenesis & dark matter production
heavy DM beyond thermal freeze out.
» Cosmic phase transition can naturally

Vee(h, T)

produce h.eavy DM. . — Gravitational wave
» The associated GW provides new ¥ phase transition ‘9 -
W
approaches to explore DM. baryon matter ‘!

dark matter

Thanks/ Comments and collaborations are
welcome! huangfp8(@sysu.edu.cn
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