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‘<Ir Motivation om theory and experiments status

arXiv: 1904:07915
Snowmass 2021,

What is the microscopic ] — _
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nature of DM 5
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» new DM mechanism beyond thermal freeze out: cosmic phase
transition, PBH Hawking radiation, superradiance...

» new detection method: various GW detector (LISA, TianQin, Taiji,
aLIGO, FAST, SKA, NanoGrav, Cosmic Explorer...)
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*J GW experiments
LISA/TianQin/Taiji ~2034

LA LI B B NN B B

wwwwwww

r(éab)

O3

0 30 60 90 120 150 180
Separation Angle Between Pulsars, &, [degrees]

“TianQin”
“Harpe in space”
2023 June 29%: NANOGrayv, ./ =
EPTA, InPTA, Parkes PTA, CPTA FAST SKA

D

2025/08/28 Fa Peng Huang, New dark matter production mechanism and the gravitational wave signals



*J Motivation

The observation of
Higgs@ LHC

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

FOPT by Higgs could

provide a new approach
for DM production.

DM in post-Higgs and GW Era

baryogenesis & dark matter production
X tg
bubble wall ¢,
X
Vetr(h, T)
w
Electroweak Gravitatiogal \wave M) =0 2

¥ phase transition 4 </(

baryon matter

dark matter

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

Bubble wall
False
vacuum cp Fr+fr
¢hy =0 True vacuum  Violatio
(h)y #0
fL
Ts e—<h>/T P
W ! Sphaleron
D] U l\ 4
Bubble wall is a natural filter m \Zi \F s T
for baryon and DM production. Bubble Baryon

The First Particles, FPH, arXiv: 2501.15543 wall velocity



*J DM from PBH radiation/superradiance

PBH can be the particle factory
in the early universe.

(Kerr) PHB can produce SM
particles and DM through
(superradiance) Hawking radiation.

Gravitational interaction i1s universal.

S.W. Hawking, Black hole explosions, Nature 248
(1974) 30

S.W. Hawking, Particle Creation by Black Holes,
Commun. Math. Phys. 43 (1975) 199
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*:J What is GW ?
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*d General GW in the early universe

Fy

. V2 v' phase transition:TeV
hij(x,t) + 3 H h;;(x,t) — — hij(x,t) = 167 GlIL;; (%, ) physics (focus)

2 i )
a v’ cosmic defects: cosmic
string, domain wall...

Possible sources of tensor anisotropic stress in the early universe

e Scalar field gradients 1L;; ~ [0;¢0;¢] T Collisions of bubble walls, cosmic string

e Bulk fluid motion  IT;; ~ [v2(p + p)v;v;]77 Sound waves and turbulence

o Gauge fields II;; ~ [-E;E; — B; Bj]TT Primordial magnetic fields (MHD turbulence)

e Second order scalar perturbations, IT; from a combination of 0;V¥, 0; P induced GW in
PBH models

o .. arXiv:1801.04268
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*d Phase transition in a nutshell

.., calculate the finite-temperature
| effective potential using the thermal
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Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 t
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*d Phase transition GW in a nutshell

2G & moomem W
hij = G2 Qi (t=1/0) : : R _le +Ag _8xG ..
Bubble collision Oveﬂapziﬁlefilf’fSO‘lnd RS TE e gt e
. . \V&
l l - \ hij(x, t) + 3Hhij(x, t) - ey hij(X,t) = 167TGH7;J'(X, t)

Shells of rarefaction ‘ : \ . g Shells of compression

Overlapping of sound anisotropic stress tenor:

shell | Bubble collision source Of GW E. Witten, Phys. Rev. D

30, 272 (1984)

1 9 C. J. Hogan, Phys. Lett.
See Haipeng An’s talk &7 Hvesw. v

Detonation mode Deflagration mode o
Q > Kosowsky and M. S.
eneral 1orm 11;; Turner, Phys. Rev. D 49,

, 2837 (1994))
[0;00 j o) = EW phase transition
Turbulence GW becomes more
interesting and
[_ E,E; — B; BJ-]TT realistic after the
- discovery of

. . . ).V, 0. P Higgs by LHC and
Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 i e T bﬁ Frco.
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*d Phase transition dynamics

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

parameter for GW, dynamical (87 Tp 'R}@

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

Wall Vel()city v 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

*

Bubble wall velocity —) Energy budget

Experiment: GW nis talk
this ta Vs K

experiment is most
Sensitive to bubble S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang

. ’ E}I‘X%V:2007'10343’ ) ) F. Giese, T. Konstandin, K. Schmitz and
Wall Ve10c1ty ’Uw Avi Friedlander, Ian Banta, James M. Cline, David Tucker- J van de Vis. arXiv:2010.09744
Sl,mth’ arXiv:2009. _142(,)5 v2 7 , . Xiao Wang, FPH and Xinmin Zhang,
. X1a0 Wang, FPH, Xmmln Zhang,arXiv:2011.12903 Phys.Rev.D 103 (2021) 10, 103520
arXiv: 2404.18703 Siyu Jiang, FPH, xiao wang, Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

Aidi Yang, FPH,JCAP 2025 Phys.Rev.D 107 (2023) 9, 095005...
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*J Bubble wall is essential (like a filter)

. 1078
The most essential parameter for
o 0 -9 LISA SNR=5
phase transition GW, phase 1o
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S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang, arXiv:2007.10343, 10713 -
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith,
arXiv:2009.14295v2 N
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Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005
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*d Pseudo-Goldstone DM

In many well-motivated new physics models, the pseudo-Nambu-Goldstone boson
(pNGB) from U(1) symmetry breaking emerges as a promising DM candidate.

Meanwhile, pNGB DM candidate naturally suppress the direct detection signals!
X~ _ Fyxhs =+ mj, Jv; sinf

- _ X Us o
o - LD X" (Fyxn b1+ Fxxn, h2) 2 /2
2 = 0
ot = — 2, [0 00,

I
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, my
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f
f /

2 2 2 2
. my my _ t(mj, —m; )
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Phys.Rev.Letts.119.191801
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] pNGB DM

Minimal Pseudo-Goldstone DM model Explicit
9 \ 2 symmetry
V(H,S) = —'LLTH|PI|2—|—7H|I{|4—%|S|2 |5|4—|—/\H |H | |S|2~[ (52-1-5*2)} breaking term

to give DM mass

Fj s L( 0 ) g — Vst S @&Ju> pNGB coupling is small
V2Z\v+h/’ V2 due to the suppression of

CP symmetry § s §*

¢ high symmetry-breaking
) scale, then how to produce
X — =X (h) _ ( cosa Smo‘) (hl)_ enough DM relic density?
DM candidate s —sina  cosa/ \ h2

17T ] _ 2)Agsvug
m; = 3 Agv® + Agv? — \/(Asvg — Ag?)® + 4N 20|, tan 2o = X502 — Ao

1
mi, = 3 | Aav® + Asvd + 4/ (hsv2 = Ame?)? + AN g0%02 U< U mixing can be

2| | ignored
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*d Basic properties of PBH

overdensity Initial PHB mass M, = Mppy (Th) = %p@( )
//’X_""“~\horizon 3 H®(Tin)
Plank limit  H(T},) <5 x 1013 GeV
— 5> My>05¢.
_____ -~ - ,
collapse  Hubble rate g (8T PR _ [4mg T
3 M2, 15 Mp,

1/ 5 \Y*3yMp Y2
; CZ—Vin — AL
Formation temperature of PHB 9 (Q*Tg) ( M, >

_ peeu (Tin) _ npeu (Tin) M,

Initial energy fraction of PBH g = =
PR (ﬂn) PR (ﬂn)
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*J pNGB from PBH

PBH can radiate particles lighter than the Hawking temperature.

M3 M3 V1—ay
Topn = ———— f(ay) = e
47 MppH 47‘1’@1 + /1 —a,
Gk E@/II?’I/MP%BH
dN; 27g; M2, 2¢(3), Bosons

. . PPBH-i = =0 = T00arins 3¢(3), Fermions
Particle spectrum from Hawking ¥BH \gS\9s TCHTLON
radiation absorption cross section

3

Ni [ ™ (Mpgm, p, a) | p :
dpdt N 27T2 Z Z exp [( —m$) /Tepu| — (—1)%% E;(p) Ei(p) = /p* +m;

l=s; m=—I

horizon angular velocity Q= (a. M2,/ (2Mppn)) (1/ (1 /1= ag))
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*d Schwarzschild PBH

4 4
geometric limit dMpp _ (MpgH) AZPI ~ _ 21 9-PBH AgPl
dt M2y, 4 30720m M2y,
1/3 o
t — tin Lifetime _ 409607 Mg,
Mepn(t) = M | 1= — of PBH T = 2g.pun M)

B < B, If the universe were always radiation dominated

8T PR 9 1 e g«pBHM? 2
H(r)=1/(27 H= o5 Tevap : 7
(1) =1/(27) \/:gngl P 128 (5g*7r5) ( 2M;, )

s> pB. Since BHs evolve as matter, if they dominate universe before fully decaying

8 anPBH(Tm) evap/ in Bc = evap/ﬂn
3 Mf%l

1/3 1/12 1/6
Tovo| - 9 gprH / 1 / Ml%l7
evapIPBHdom — 256 25 557?”93 3’)/M11
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*d Schwarzschild PBH

2
If particle mass is smaller than initial Hawking temperature: M; < SZVA
T Min
M, 2 2 2
1 Moy 279iC(3)M 120¢(3) ¢ [ Min
0 E(MPBH) MPI 5127 MPBH s J«xPBH ZMPl

If particle mass is heavier than the initial temperature, PBHSs firstly radiate other
lighter particles and then the temperature increases:
8]:311%11' 1 ]\42 27g§(3)M2 15((3) g; Mp] “
Ni _ / ¢ ( PBH ¢ Pl dMPBH _ ¢ < )
0 g

Mppn) Mg, 51274 Mppy - 81% gwpBE \ M;

If the PBHs dominate the Universe before evaporation, the radiation into SM

particles will reheat the Universe and dilute the final DM relic.
71.2 A 2
P *T Min
309 evap + S (ﬂn)

NPBH (Tin)s(T )= T
evap) —

~ NinpH (Tevap)
— 4 sy, == P
30 g*Tevap L S (Tevap)
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*d Schwarzschild PBH

. . M M
DM relic density Qpy = PPM — TIDMTIDM 1y o PDMy, S0
Pe Pec S Pc
—1/4 (" gpm M \""? ( Mpwu M
Qpap ~ 1.61 x 108 ( 9 ) in Mpy < —-P1
B < B o < 10°5 106.75 g«pBH /) \ Mp GeV DM 8 M,
_1/4 gDM ]\47 M2
~ 2.55 x 10° < ) Pl Mpy > —F!
< 1075 106.75 (Q*PBH> (M3 MEu M S My,

« \ Y% rg.pBu\Y?2 [ 9pM MPI
Qs ~ 6.46 x 107 ( g ) ( )
B> B. DM ~ 106.75 115 gePBH G

.\ V4 /g, 1/2 M9 M M3
~ L0 x 107 (o) () (QM)( ) (M) Moy > b

106.75 115 J+«PBH M5 M4

N.B. If PBHs dominate the energy density of the early Universe before they
evaporate, the relic density is independent of B.
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:J UV freeze-in

UV freeze-in Gravitational freeze-in
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| Phys.Lett.B 774 (2017) 676-681; Phys.Rev.D 97 (2018)
11, 115020; Phys.Rev.D 105 (2022) 7, 075005
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:J Schwarzschild PBH: superheavy DM

(Mg =10"", My =10T, |

10—4 1 o ‘MX — 104 GeV

—=..M, = 10° GeV GW
107" —— M, =105 GeV " K
oo — My=10°Gev “te. A

— M, =10"GeV [T D

ol eSS | e e BN e
10—16 _
10—19 a
10-22 &
[ DM from UV

10== 1, ' T T ' .
/ 10! 103 10° 107 109 freeze-in
My, (g)

DM from gravitational freeze-in
Siyu Jiang, FPH*, arXiv:2503.14332, JCAPO6 ( 2025 ) 023
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*J Kerr PBH: superheavy DM

Since the DM is pseudo-Goldstone boson, it can also be produced by superradiance
process of Kerr BH.

The superradiance is efficient when the Compton length of the DM particle is comparable
with the gravitational radius of Kerr BH.

The superradiant rate can be given approximately and analytically

M. [ Mppy M, \°® The event horizon
FSR: X < PBH X) (a/*_zMXT+)

2
24 My re =re(1+4/1—a?)
2

Op (sin @ 0yS) + {a:fr; (oﬂ _ /ﬂ) cos2 ) — + /\] S=0,

Or more accurately by solving the Teukolsky equation numerically

1
sin @

sin2 0

A0y (OrR) — A [/127’2 + aETSwZ —2wmayrgr + (w (7’2 + afrg) —m a*frg)2 + )\] R=0
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*J Kerr PBH: superheavy DM

a™ = 0.999
PP IR N _ dNSR
1072 ( s [ Ha X = FSRNERJ 5
1020 et — nPM/s da .
// ‘nF]/S‘ H dMPBH — (M MPI {M r NSR]
—925 | L’ X —= g y Ay ,
1072 —~ R i (MpgH, ax) M2 x1 SRIVy
10—3() ! ! ! ! ! ! I ! da M4
L Ha—= = —a.[v(Mpgu, ax) — 2¢(MppH, a.)]—5—
' \ —— Mpgu/Mi, da MPBH
: M2
0.5 y [— [\/_— 2aa*} FSRNER 2Pl }
. i M
with SR i B PBH
--=-- without SR 1 : dN. OPBH
107° 1072 10 10* 107 1010 108 10 da MPBH [ PBH=X SRTX |
M, /T
. H dN)E‘I _ 3 H d'/\/’)?R _ 3
Superradiance reduces the BH angular i 207 Yy HH . 2074
momentum before the Hawking radiation,
DM is malnly prOduced by Superr‘adlance. Solve by using ULYSSES (230105722)
2025/08/28
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*J Kerr PBH: superheavy DM

a® = 0.999, A\ys = 107", M, =10 T},

10—11
with SR
107184 =-=--- without SR )’> BBN
10~ 15+ ( [ DM from
. f/ superradiance
Q. :
10—19_ 5 A
10-2L ] E M, =10% GeV
2 ,‘ / M, = 10° GeV
10—23 | v‘ =~ // = — ﬂfx =10% GeV
d D) = A :
5 . - - : —U———> DM from UV
107 10t 103 10° 107 10° .
1 _ M, (g) freeze-in
DM from gravitational freeze-in in (&

Siyu Jiang, FPH*, arXiv:2503.14332, JCAPO6 ( 2025 ) 023
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*J Induced GW from superheavy DM

10-8 B =10"° When the PBHs begin to dominate the energy
_ A density of the Universe, the inhomogeneous
iy ) distribution of PBHs leads to curvature
T perturbations. Subsequently, at second order,
10-10 I - these perturbations can generate GWs.
o AN .\ -5/6
o 107" 16~ 1.7 x 10° Hy M,
G 104 g
/CE
10~ M 1/3
—— M, = 10" GeV ~ 0.33 Hz X
101 : —— My =102 GeV (109 GeV)
— M, = 10" GeV
i X 16/3 / ppo N 34/9
10~ 10-2 100 102 10 106 Q;Ghz ~9x 1077 (%) (1071 )
f (Hz) &
G G f 11/3 o
. . . | 2 1 2 I
Siyu Jiang, FPH*, arXiv:2503.14332, Qawh” ~ Q,"°h (TG) o =)
p

JCAPO6 (2025) 023 JCAP 04 (2021) 062; JCAP 03 (2021) 053; JHEP 03 (2023) 127
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<Jd GW from Hawking radiation

1071

Min — 108 g, (Lm =

*

graviton

0.999, M, = 10° GeV

10712 4

1071

BH 2
Qawh

10716 ]

10—18 4

---- without SR
with SR

10~

2025/08/28

dpGw 0
dln pg

dpaw ngrav
= 2
didp npgH(t)p dtdp

l, public code
BlackHawk

a0
=2 % 1028M_*Pph | ™" da

0 | s “exp [(wpo — mQ) /Topn] — 1
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*] Heavy DM from cosmic phase transition

Renaissance of quark nugget DM idea by E. Witten. .
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, Taec Hyun Jung, Chang Sub Shin
Phys.Rev.Lett. 125 (2020) 15, 151102 , M. J. Baker, J. Kopp,and A. J. Long

Case I:(gauged) Lafge 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

2025/08/28 Fa Peng Huang, New dark matter production mechanism and the gravitational wave signals 30



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

PHYSICS REPORTS (Review Section of Physics Letters) 221. Nos. § & 6 (1992) 251-350. North-Holland PHYSICS REPORTS

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

Nontopological solitons*
T.D. Lee
Deparmment of Physics. Columbia University, New York. NY 10027 US A
*
Q-BALLS

and

Y. Pang Sidney COLEMAN

Brookhaven National Laboratory. Upion. NY 11973, US4
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Recceived May 1992: editor: D.N. 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.

¢ = (g +idr)/V2 Q= /jodw = /(¢I¢R - ¢R¢I> dz. S(E—-wQ)=0

B- [ {% 3+ 01+ (Von)* + (Vén)?] +U E (% + ¢§)} }da: b= f(r)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 FOPT. —_
This talk
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xd Case I: Q-ball DM

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

4 3/4 3y _4p3/4
PoMUy - = 73.5(2nB50)" AsoT New DM production

Qbal formation scenario by the
bubbles.

The global Q-ball
model proposed by
T.D. Lee

my = ky(S) > Ty

True vacuum

[ E]

Friedberg-Lee-Sirlin

model
(a) Bubble nucleation:x particles trapped in the false (b) Q-ball formation:After the formation of Q-balls, |2 Friedberg, T.D. Lee
vacuum due to Boltzmann suppression they should be squeezed by the true vacuum  and A. Sirlin.
7 C C
FPH, Chong Sheng L1, Phys.Rev. D96 (2017) no.9, 095028; Rev. D 13 (1976) 2739
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*J  Casel: Gauged Q-ball DM

(h) #7 0
(@) =0

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

() =0 £ = (D)l (D"9) + 30,hd*h — A, A —V(6,1)

@) 70 V(,h) =2|¢|2 + 28 (12~ 0B)”
£

0 Interestingly, this portal coupling also naturally
induces a strong FOPT.

J, =i (qﬁT(g)uaﬁ + 2@5;M¢I2) Q= / dB3zJ°

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

L= (Do) (D") + %a#haﬂh - %LWAW —V(¢,h) V(g,h) = A"ﬁh h2|ol° + (h2 )2
A = w LA, ot = e ho) = wH(o) el L i

Maxwell model

1
30 (P°0pA) + (v — 2® )87 =0,

o= il = Vrer _mg
T2 T T 2V mp
1
—0p <p28p<1>) + [(V —a?A)? - k2H2] =0, 3
. P V=
relaxation method 1 1 V2Anvo
=50, (0*0,H) — k*HP? — —H (K2 —1) =0.
p 2
.................... L. 1.0 —
A — Pl LOOP\ — Pl g
1 I P2 AN | P2 0.8 /
————— P3 0751 Y\ - P3 f
S SN mlos N ml o 3
<§ \\ Y 0.50 I‘.‘ \ | g:: 04 II —— /2
1 N \ \.\ i i | P2
e 0251 % 3 0.2 Y N P3
S o\ . / :
e PSR L \ \, L/ y A P4
()_ — — ()‘()() \ — ().(] - / ..................... = i
0 5 10 15 0 5 10 15 0 5 10 15
p p p
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d Gauged Q-ball stability

1.006 - a=10
1.004 1 Z Z gz
1.0024 a=0.0
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Q

Stress stability

2

F(r)= gs(r) +p(r) >0
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F(p)/(2Anv5)

0.0

Quantum stability

E <mg@Q or E/Q<1
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*J Gauged Q-ball DM from a FOPT

My [GeV] 108
o 10% 102 10% 100 10%
10° Logjpor = —15 072 & 10"y —— Logjpa = —15 s /, . 1079 4
Logjpor = —16 Q // BN IEE Logyya = —16 ;. o Neutron Stars
—— a=0 B ] a=0 -
10—10 4
107!
.= o hily S 10-11 ] BP,
% — oy TianQin SNR =5
c 1072 g 5
G 10—12 B
10734 10713 4
10 1()'_4 1()"3 10"2 10-_1 100 107 10% 10 2]\]{(21& 109 101 vy Bl
Mo/ ML
2 o 10-2 10~ 10-1
Qqhioo fIHz]
2 3/16 1/4 =2 potrap 3/4 . .
~ 2.81 x (Sohm) (F(T*) > sy /4 Fxapy )3/ AV, (1 I 1085 49 72 «} (;74;;;“) F dt)mp:The fraction of particles
pC AT * .
trapped into the false vacuum.
Aon | T, [GeV] | ap | B/Hy | vw | FJ™ | ng/ne | dozn | GW It is determined by the phase
BP, | 6.8 69.8 012 | 540 | 0.1 | 0.932 | 048 | -0.36% o transition dynamics.
BP. 6.8 70.4 0.12 578 0.6 | 0.805 3.0 -0.36% . .
2 : : Siyu Jiang, FPH,
BP; | 7.0 63.0 0.15 372 0.1 | 0.965 3.4 -0.37% . Pyungwon Ko, JHEP 07 (2024) 053
BPy | 7.0 63.9 0.15 403 0.6 | 0.858 20.8 -0.37% o yung ’
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*J Case ll: filtered DM from a FOPT

\) | F; e ‘_
”' A
y -y ‘

Bubble wall plays an D M

essential role in the
filtered DM mechanism.

FPH



< Case ll: filtered DM

Original work: s z 0 +00
Vg4 = gsh % Vs— V4 T§ v = gw = Vy
Phys.Rev.Lett. 125 (2020) “'_g —> 2
15, 151102, M. J. Baker, J. S article.. | =
— | =
Kopp, and A. J. Long R TS_E | 2T
L )\ J
symmetric phase brokerll phase
V= Tl T'=T (this work with hydrodynamic effects) .
1 0 2 T3 (1 4+, m™(1—3.)/T :
J’li;}n — gX / dCOS GCOS 0/ N dp _ ~p _ gX +( + 7+mX ( v+)/ +) 6_;)7+m;1(1_,z}+)/T+.
(2m)?% Jo oy 7+ (140 cosO)p/ T 471.271(1 _ ,,~)+)2
0 Jin min nin + ni_n ) T3 min nin + ,ni_n
ny = —"* QovIh? = (1 1) 9070 ~6.29 x 10° v (n X3)
YwVw pe/h? g (T_)T? GeV g, (T)T?
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xd Case ll: filtered DM

1
T(;)LV — ay¢8u¢ _ g;U/ |:"(8¢)2 _ VT:O (¢):| Energy-momentL!m
2 tensor of scalar field

3
Z/ d’k ——— K"k [ (k) Energy-momentum
2m)°E; tensor of fluid

17 e 1717 uy o MoV Ny
Iy =T, + T, =wu'u” —pg Energy-momentum

conservation

(w2 +py =0 PF 41, Wb =w 07 |

oy = ¢ (a,T) ro = wy - = (a.T8)/(aT?)

2
j§=v<1—v§>[’jﬁs—1}0€v

|27 g—
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xd Case ll: filtered DM

Boltzmann equation (LA =CIA]
fo = A(z,p.) f;qu — A(z,p.) exp (_’~Y+(E — 17+pz)>
: T,
4 .
. _ D= 0f _ my Om, Of, _ my(o-) 22
L{f] = BBz I bz ap. my(2) = X2 (1 + tanhL—w>

dp.dp, (P20 _ (Omy) O [O0my) F40y Gy Ty o+ (04p=—/m3+p2) /T4

\gx/ (2r)? L{f ]~ [(mx&z ( 9> )3pz ( g ) T, >A(z,pz)] ey ( V/m3+p2)/T

~

-

N

includingxx <> @@, X® <> XP, XX <> XX> XX <> XX> - - -

dp.Ldp dp,,dp = —_—
gx/ 2n)? yC () = _gxgi/—(Q )QZEPCZHQPZIFUXX—)M) [fxpf;z?,+ - fxg Xj]
dp‘l’dp e (&

= Fp(Z,pz)A (Z,pz) = FI(Z:pz) )

)
N
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*J Case ll: filtered DM

: T d T
in __ + P= oy ~ 2 in)2 2 in)2 +
ny = — 533 A= > Lu, p:) exp [7+ (v+pz — i+ (my)?) [Te| (/P2 + (m7)* + —
YooY+ Jo  (27) Y+
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The missing GW source ?
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< Braking GW from phase transition

New phase transition GW f Bubble wall \
mechanism l
z (¢
O -

o
Vay ////j .
< h > 7é 0 |l ‘ massless’ -------S - ____ massive
Particle Braking
S _—
Pa Pb
False vacuum True vacuum

O <h>=0 \_ - .
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

*J Bremsstrahlung probability

Now, we can calculate the interaction matrix element.

<ﬁ£’°“t,EITIﬁ§> Z/d4 <_J°m kI’Hmt |pa> Feynman amplitude

2025/08/28

d3k’ N
/dz/ / XR 2,0, )61 (2,05 )X (2, k%)

X (2m)4( El EI)5(2)(paJ_ Py — ]ﬁ) <_JOUt kla’ka’lba’Ra|pa>

= (2m)°6 (Z E) 5(2) (Zﬁl) M,

+oo
M, = / dz V1 (2)xr(z02) G (e X (20 K°).

—0o0
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*J GW spectrum

v =105, v, = 10! GeV= m
_7] R
10 w" ::il ’l 'U¢/T — 10
ol Lk ipd vy/T = 50
10710y i
N fSi ve/T = 100
2 &7 v!/ 0
oo 109 Yl
£ . F 3
107164 <
ek BBO E
10—19_
10721 /
10_25 T T T T T T
1074 100 10* 108 102 10 N2 10
f() (HZ)
2(brakes 2 2()brakes
h Qvao(f) o< m* fo, h QGw,o

collinear gravitons

2025/08/28

Fa Peng Huang, New dark matter production mechanism and the gravitational wave signals

arXiv: 2508.04314, Dayun Qi1u, Siyu Jiang, FPH
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https://arxiv.org/abs/2508.04314
https://inspirehep.net/authors/2654015
https://inspirehep.net/authors/1942806

<J 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 alcutoff 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.
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*d Summary and outlook

» Explore new mechanisms to produce baryogenesis & dark matter production

heavy DM beyond thermal freeze out. e
> Cosmic phase transition and PBH can e

naturally produce heavy DM. Vir(h, )
» The associated GW provides new Electroweak

approaches to explore DM. ¥ phase transition

baryon matter

dark matter
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