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@ Motivation DM research status

What is the microscopic
nature of DM?

How DM relic density is
produced?
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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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< 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. T1g. &~
R
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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 exploring DM Electroweak
by GW. ¥ phase transition

baryon matter

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

dark matter

Bubble wall appears

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

Bubble wall  fancy bubble wall

False
vacuum cp Fiifn
(hy =0 True vacuum  Violatio
(hy #0
’ fr
I"S e e-(k)/T o=
W ,’/Sphaleron
w U'a] l\ 1_' T4
Bubble wall is a natural filter \ \‘ s <
for baryon and DM production. Bubble Baryon
The First Particles, FPH, arXiv: 2501.15543 wall velocity
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:d Phase transition in a nutshell

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

I~ !
/ ‘
=
Vi (0) = Z [/ (g:f) In(p® +m; (¢))+JBF(m;(2@)]'

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 i R gll\' + A (g"“\' & 4 7“\'
Bubble collision Overlapping of sound ‘ 2 : c '
X shell - -
l \ h'.v,J (X, t) +3H h'b.? (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

General form II;;

Detonation mode Deflagration mode

0:90;0]""

Turbulence

[~E;iE; — B;B;]""

A\ .OD
Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 0; V¥, 0;4
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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.



*J Any new GW sources ?

QGVV = Qbubble collision + Qsound wave T Qturbulence + ...7? other 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?

h*Qew

Answer: Yes!

10-3 10-2 10-!
flHz]
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< Bubble wall is essential (like a filter)

In theory, phase transition GW, phase :
transition DM, baryogenesis are most

sensitive to bubble wall dynamics TanQin SNR=3
GW signals favor lager Uy L on)

EW baryogenesis favor smaller Uq 1o ]
Dynamical DM is sensitive to Uy

10-14

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, arXiv:2007.10343,

Avi Friedlander, lan Banta, James M. Cline, David Tucker-Smith, 1o 10-3 10-2 10-1

arXiv:2009.14295v2 FIHz]

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903 o o

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

is most sensitive to bubble wall
velocity Uy, Aidi Yang, FPH, JCAP 2025

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

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

i
01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
V)
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*] Heavy DM from cosmic phase transition

Renaissance of quark nugget DM idea by E. Witten. Py B
Recently, dynamical DM formed by phase transition '
has became a new i1dea for heavy DM. 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, Coltembia Unversite, New Yook, NY 1027 184
BALLS*

and Q
Y. Pang .

o Sidney COLEMAN
Brookhaven Netional Lahoraiore. Upton. NY 11973 USA
Received May 1992: editor: D.N. 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.

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

E = /{% [qﬁi + 1 + (Vor) + (qul')z} + UB (6% + qﬁ%)] }dfc b = f(r)e it

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe
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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. —

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe 15



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 When the conserved U(1) symmetry is local,
This introduces an extra gauge field A.
(¢p) =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)’
<A> # 0 Interestingly, this portal coupling also naturally
induces a strong FOPT.

J,=i (ch%}#qS +2igA0) Q= / Bz

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

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe

17



*J Gauged Q-ball

1 1~ <. A A 2
£ = (Do) (D#6) + 50,hd"h — L Ay A — V (¢, h) V(o h) = “ERI6) + T (17 - of)

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

Maxwell model

1 2 2 2
20 2V mp
1
—0p (p28p¢) + [(1/ —a?A)? - kz?{z] ¢ =0, .
. P V=
relaxation method 1 1 2AnT0
9y (P0,H) — K*HE? — “H (H2—1) =0
9 \P COprt) — -5 - ) =Y
P 2
................ _ . 1.0 =
N — P11 1.00 \“\.\. — P1 s /_/'
o s P2 AN T . o i/
N P3 0751 4 \ ——= P3 , [
=2 T~ .......... P4 =N \ i B == Pi 0.6 / .'! 5
— . — Vo ) N [ H g —
< ™, & 00 Foal g n
IENAN vy } i N P2
S 0251 4\ 02 /i —-- P3
~— LU ;
—__‘____:_" ______________ k L,/ P4
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*J Gauged Q-ball stability

1.006 — a=1.0
— a=07
1.004 1 — a2 04
L0021 — =00 Quantum stability
g 1000 A N S o
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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 T - 10" —— Logya = —15 ; \ . 10-9
— Logjpa=-16 7 o] =7 Logiw =16 Nputzom Stars
—_—— a=0 2 a=10 y e
101 //
& 10 %
c 10—12
10774 10-13 4
10-5 10-+ 10-4 10-2 10" 10" oo 10143
”c)/nL
) 10715
Qqhio
<9 ot 3/4
sohdoo ) (T(TIONY"® 174, twap 3/4,1/4 1081/492F¢rap77¢sww ptrap
~ 2.81 x S (Fy T me)” N oo [ 14 1 1
Pc Vw 5.47T7/ F(T*)3/
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% °
BP, | 6.8 70.4 0.12 578 0.6 | 0.805 3.0 -0.36% o
BP; 7.0 63.0 0.15 372 0.1 0.965 3.4 -0.37% °
BPy | 7.0 63.9 0.15 403 0.6 | 0.858 20.8 -0.37% o
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*J Case Il: filtered DM from a FOPT

I \\ il £ =

Bl

J = \
1.- = "i&&;‘

Bubble wall plays an
essential role in the D M

filtered DM
mechanism.

FPH



*J Case ll: filtered DM

Original work: it : ! R
f=va, T=T =T, _
Vst = &Esn 'g Us— Ut Tg Vo =&y = Uy
Phys.Rev.Lett. 125 (2020) '% —> 2
15, 151102 , M. J. Baker, J. S icl <
s s ’ Ts =T = pa rtIC eT =
Kopp, and A. J. Long R TS_S 2.
| ]\ J
symmetric phase bI‘OkOIIl phase
=0y, T=T, T =T (this work with hydrodynamic effects) .
-1 00 2 3 = in A _
JTLII — gx / dCOSBCOS 9 . p _ ~p — gXT+ (1 + f}/“‘mx (1 /UJF)/TJF) 677+m;‘(1*@+)/T+_
(27’[‘)2 0 _ zzé; e7+(1+'ff’+ cos0)p/T, 47-‘-2;5,'3_(1 _ ’5+)2
. Jtt;n ‘ ’fTLin nin + ni}l . T3 ’fTLin nin + nip
ny = Oplh? = o1+ 1) 9000 ~6.29 x 10° v (1 XS)
YwUw pc/hz Gx (T,) 1" GeV Gx (Tf) 1
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*J Case ll: filtered DM

T) = 0"p0" ¢ — g B(aé)? — Vo (Qg)} Energy-momentum

tensor of scalar field

3k
mv redq Energy-momentum
E /27r3Ekkf (k) gy

7 Ve a1 % py [T %
Tﬂ —T(_b —|—Tpl = wuru

tensor of fluid

_ H
pg Energy-momentum

conservation

(0B 4y =w PR +p, w53 =w b 7

1.5

1.4
1.31
1.2

deflagration

hybrid : detonation

0.0 02 04

0.6 0.8 1.0

— 7T,
— 7T,

ay = ¢/ (ayT}) ry =wi/wo = (a T}/ (a T1) L1 \
) N 1.01 j T
U I T, =T,
Jg = V(L =vg) |7 — 1] % 0.91 | |
V'UIT“V =0 <> ) w 1 - N 0.81 deflagration | hybrid | detonation
3 L . ‘ L r ‘
= (1 + )’“/ pogv . 00 02 04 06 08 10
s Uy
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*J Case ll: filtered DM

(L[f]=CI[f]

fX = A(Z,pz) f,\e(q—i- = A(zapz) exXp

Boltzmann equation

/-—-\\ -/
H
+
e
I
=2
+
3
te
—
N—

T,
- - N
_ &afx " Om,, O fy _ m;l(gf)_) 2z
L{f = E 02 E 02 Op. my(2) = 5 1 -I-tathL—tU
dpzdp, o[ P29 (8mX) 9 _ (amx) gfﬁ”r) ] I Tt 5, (50— fm352) /T
\QX/ (27)? LA~ {(mx dz Dz ) Op, 0z ) Ty Az p:) WA,

-

N

QX/

dpadp, dp.dp, . e
(%);C (] = —9:9% / @nRET 5’3 IV 0 N [fxpfyj,-q— - fa Xj}
dp.dp, w e e
= —0vY9x% / Wdﬂqﬂlﬁ'axi_}w [Afx‘s#f)_(;l# _ fxg fﬂ

includingxx <> @9, X¢ <> XP, XX <> XX> XX <> XX+ - -

)
™

= FP(ZJPZ)A (Z:pz) - FI(ZJPZ) :
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1 Case ll: filtered DM
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The missing GW source ?

Fa Peng Huang, New Sources of gravitational waves from the early universe

26



" Outline

1. Motivation for new dark matter (DM) mechanism

2. Heavy DM from first-order phase transition (FOPT) and GW
Case I: Q-ball and gauged Q-ball DM
Case ll: filtered DM

3. New gravitational wave (GW) source

4. Summary and outlook

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe 27



:d Recall from the textbook

Photon/Graviton emission by an accelerated charge/mass

k o
| i
q Rt
v —_— R v
Ptk p PW\A//\/ =7 (PP, Ma)
— = — P

where
(i / _ ik 1, v v I ny / 2
® G (p,p,ma)——g P+ =0 (o0 —mid) ).

Feynmann diagram
for graviton radiation
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*J Braking GW from phase transition

The missing GW radiation during
phase transition process l Bubble wall
O Z

Vw
F
A
U %/ :
< h> ?é 0 ‘ INASSIESS) ----- SHEEN - - - - - - massive
Particle Braking
-
Pa Pb
False vacuum True vacuum

O <h>=0 k /
arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPH Ly
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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 |p ]

the distribution function bremsstrahlung probability
of the thermal plasma

Bodeker-Moore method
JCAP 05, 025

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe
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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

_ dp; \ (5L, ... Pl TI6a))I?
[ %(H[‘?f ) (Bal6e) ITocr G155

the volume of the spatial integration\range

|¢a) =

d3p. o(7a) ) d3p. |¢(ﬁa)|2 _1 1) = TR 0) How to calculate the interaction
(2r)3 2E, "° (on) 2B, 0 WP i 1Y+ matrix element ?

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

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe 31



< 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) :

Y+ 2X = Am?*(2)x.

i = V(") — (p1)? — (p?)? — mp,

the longitudinal momentum of the particle in the symmetric phase

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe
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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.

2025/09/26 Fa Peng Huang, New Sources of gravitational waves from the early universe



< 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,
dr(p) = e xr(z,p2), puz" =p’t—pL-ZL, p° > my,
¢L(p) - e_ipnanL(zapg)a pna;n - pot — ﬁJ_ : :EJ_a pO > m.
arp1(p) + a},,61(p)) o
IZRL./ 27r he Tt ’ [G’I,paa’irf,q] = (2’”)35(2) (PL — qL)o(p; — 45)d11,
fot
_ ] R\ _ [a,,a,]:[a ,a]zo, I,J e {R,L}.
The single particle p™) = v2plaf, 10), o hip R

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’O“tJZITIﬁf) = /d4 (Jout lemt |pa) Feynman amplitude
d3k’
- [ [ GF f b [ GV e G e (e )
x (27)34( E’ E’)é(z)(pal Dot — k) (_Jout k| a;'ca}?baR,a |7

= (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

Bodeker—-Moore method
JCAP 05, 025

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

matrix element. ;
o= oo [0 )]
M ~0, 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
— dSk Z —1 —1 z
[ 4P = [ G5 PO 05— L) (1!~ a)fe ()
2 -’]EEEE
P(k)= o0 k__
coIIineér) 2(ERL + mBR)
grav@tor;s WKB condition non-adiabatic condition
ominate

\

/
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:d Calculation on the Braking GW

i

In plasma frame, dPyysg Bk

] 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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<Jd 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) \108Gev/) 100 Hz

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

3 5 1/3 T
By € T, Loy ~ 26T%/m?, B, =271 x 10% (9"“5)
¢ low 2 2617 /m k 8 3.94 101 Gev ) ©

O (o) =

Ek > m, Ilow EWZT/(48EI¢):
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<J GW spectrum

104

v =10% vy = 10" GeV =
—7 | il
10 i —— /T =10
VT-"”L i '
-l Sihs ied vy/T = 50
E._ "!5 \ " I” I U(_b/T = 100
13 ‘\:_\1,:(':\: .g:! f’ ,f
8o 10 \-,‘: /CE ;
== i R
& 1016 ]'3-.6'0 =
N 7
< =
10—19_
107221
—25
v 1010 1\ 162

100 00 108 102
Jo (Hz)
R (fo) o< m? fo,

collinear gravitons
2025/09/26

DU (fpen) o€ /T,

non-collinear gravitons
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arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPH
v =10% T =102 GeV

W0y i m/T = 0.1
Lpd i —— m/T =1
107104 ﬂ!."@i L m/T =
"o f= N ;
; \\_.Ja;f \4_.1!, B — m/T =10
1077175 ACE =
E2 107 o g
SUETRL /—
10-22 5
1072 - /\7
g ] . > 1010 le .5 . ]
107 100 10* 108 1012 106 1020 10
fo (Hz)

when T' 2> m,

double-peaked structure
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<Jd GW spectrum

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

® = (v + & +ip)/V2 Veir = Vo(@) + Vr(¢, T) + Vaaisy (0, T). vy = 107 GeV
. ‘C;[ ’ ;’
S:(31—|—132)/\/§ 2
gI* , (m3(9) g T (m(9) ooy S P
Vr(¢,T) = ST ) - Y. Sde (et ). N FEL
_ 272 T2 o L~ oq2 T2 WIS
1=b::0ns 1 )\;:tcrmlons ) 10—13 i \;_"; :thICE f_j 3.20
3 y i 0 l'- _: 4:
Vi =B {ln— —= _ 2 | Zes _ IR g = O =
o(#) = Bio (n% 4) . Bi= o (% > % ) | £ 0] 5 5 .
il BBO g 0L
T 3 RS =
Va6 T) = 75— > 0| (m3(6) + IL(T))* —mi(9)] 10
i i=bosons 2.80
The mass of the scalar particle m 1071 0
2.6
10—25 ; ; ; ; ;
the temperature of the plasma T 0 @ 1t 1 0% 10
the thickness of the bubble wall Lw fo (Hz)
the Lorentz factor of the bubble wall 7Y arXiv: 2508.04314, Dayun Qiu, Siyu Jiang, FPH
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<d New 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 mass,ldominated 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. However the detection of high frequency GW is challenge now.
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*J Summary and outlook

Bubble wall > Bubbles walls from FOPT
& have lots of fancy effects,
e eg. naturally production of

% heavy DM.

-------- ------- ‘massive > Particles braking across

— the bubble walls can
Do radiate GW.

True vacuum

» Various GW sources
provide new approaches to
explore DM.
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