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*d' In Memory of Prof. Tsung Dao Lee

When | was a undergraduate student, my first research project was supported by Prof.
Tsung Dao Lee

Pioneer Qball by Prof. Lee: Friedberjee-Sirlin model

1. R. Friedberg, T.D. Lee and 8irlin, A Class of ScalaField Soliton Solutions in Three
Space Dimensions, Phys. Rev. D 13 (1976) 2739

2. Mini-soliton stars, Phys. Rev. D 35 (1987) 3640
3. Fermionfield nontopological solitons, Phys. Rev. D 15 (1977) 1694

4. Soliton stars and the critical masses of black hBlegs.Rev.B 5 (1987) 3637 ¢éeé
More references see the references in the following review paper

1. North-Holland PHYSICS REPORTS

Nontopological solitons®

T.D. Lee
parmien

...............................
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< Outline

1. Dark matter (DM),Gravitational wave (GW) and strong
first -order phase transition (SFOPT) In a nutshell

2. Heavy DM from SFOPT and GW signals

Case I: Q-ball DM

Case Il: gauged Q -ball DM

Case lll: filtered DM

3. Heavy DM from PBHSs radiation

4. Summary and outlook
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*Jd What is DM
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weak lensing (e.g. in clusters)
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*Jd Motivation

What is

DM theory and experiments status

arXiv: 1904:07915

: : 10-% o i T Snowmass 2021,
the microscopic T | Currently excluded arXiv: 2209.07426
nature of DM Eroup
§ New Technology
No expected
signalsin these chll — ”
region 2l . = Heavy DM:
Ultralight DM = Q-ballffiltered/
Axion/ALPl = s PBH (radiation)
<_I ) - 10— 1 10 DarknlgltermassllgzeV/c‘] 10 o o L
pt eV keV GeV WIMP 100TeV
new DM mechanismbeyond thermal freeze out: cosmic
phase transition, PBH radiation
new detection method GW detector (LISA, TianQin, Taiji,
aLIGO, FAST, SKA,NanoGravy, Cosmi c Expl -
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<]r Motivation DM in post-Higgsand GW Era

The observation of - ﬂﬁ%ﬁ%)ﬁ?‘iﬁﬂ%ﬂ & HIHEFAEBRIE €= X 0 B tr
Higgs@LHC Dynamical DM EW _J
and GW@LIGO initiates a newl baryogenesis
era of exploring DM by GW.

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

Hi g degpdconnections to

cosmology, such as EW

baryogenesis,

DM testableby GW signals.
What is the role of Higgs in the early universe?
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*d Why we need cosmic phase transition

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

‘Z)w l\\ FS o T4

\
Baryon

Bubble wall is a natural fi Bubble
for baryon and DM production ~ wall velocity
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d Whatis GW  ?
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*<d GW in a nutshell

The quadruple nature of GW !

EM wave
radiation
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*d GW experiments

LISA /TianQin/Taliji ~2034

pove T

Yy
AHarpe in spaceea
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<‘r Radio telescope and pulsar timing array
2023June 29 NANOGrav, EPTA, InPTAParkes PTA, CPTA
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HellingsDowns correlation curve
First observation of stochastic GW
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:d General GW in the early universe

a

. , V2 V phase transition: TeV
hij(x,t) + 3 H hij(X,t) — —5 hyj(x,t) = 167TGM physics (focus)
a V cosmic defects: cosmic

anisotropic stress tensorst i ng, dom

Possible sources ahisotropic stress tensiorthe early universe

Scalar field gradients  I1;; ~ [&;gb@ﬂb]TT eg. Collisions of bubble walls, cosmic stri

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

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

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

o .. arxiv:1801.04268
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*J' DM production in the early universe

Electroweak QCD
Inflation | Reheating phase transition | | phase transition BBN
5 0 0
Preheating 100 Ge 200 MeV 1 MeV 50 keV
I|||‘I|||’|||I|||I| ||||‘||||‘||I|‘|I|| ||||‘||||‘I|||||||| ||||‘||||‘I|||‘|III |||||||||‘|||I‘II|I ||||‘|I||‘||||.
0.1ns 0.1ps Is 5 min
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*Jd DM and GW

® The observation of GW@LIGO initiates a
new era of exploring DM by GW.

® DM can trigger a SFOPT in the early i
universe and detectable GW signals.

0 SFOPT could provide a new approach for
DM production.

- tI:Il :lr)l;tive Gravitational Environ-
- DM pro- wave probes mental Dephasing

duction of dark matter effects

Light DM
clouds

Direct Scalar
searches stars

Credit: Gianfranco Bertone et. al.

with .
pulsar . Vt”t]: BH mim- Captured
timing ]‘IDI:TI(/QI‘Z;;S ickers DM
arrays
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*J Phase transition in a nutshell

~ .. - calculate the finitaemperature effective

‘og

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

2G . - -
hij = o QLT (t - 7/c) l 871G .
Overlapping of sound Ry —SR 8y +A 8w =73 710'
Bubble collision verlapping of soun 2 c i
K shell
s . . V2
l \ hij (X,t) + 3Hh” (X,t) — ? hij(x,t) = 167TG H’L’j (X, t)
Shells of rarefaction o
A Shells of compression
Overlapping of sound an |SOtrOp|C 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 T Kosowsky and M. S.
eneral 1orm 11;; Turner, Phys. Rev. D 49,
2837 (1994))
' (1T
[0ip0 ;P EW phase transition
Turbulence GW becomes more
interesting and
. F T listic after th
[—EiE,' = BI_BJ.] re-a istic after the
discovery of
. . . V. J;P Higgs by LHC and
Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045 0¥, 0,4 1888 DY an

GW by LIGO.
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*d Phase transition dynamics

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

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

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

Wa” Velocity Uw (2). Gauge dependence problenszee Michael J. Ramseylu s o Wwdrké s
(3). No perturbative calculations: lattice calculations
and dim-reduction method: by D. Weir, Michael J. RamseyMusolf et.al

Experiment: GW Bubble wall velocity' \ Energy budget

experiment is most this talk ¢, K

sensitive to bubble
S. Hoche, JKozaczuk A.'J. Long,'J. Turner and Y. Wang F. Giese, TKonstandin K. Schmitz and J. van

wall velocity v,,  arxiv:2007.10343 arXiv:2010.09744
Avi Friedlanderjan BantaJames M. ClineDavid Tuckef  Xjao Wang,FPH and Xinmin Zhang,
. Smith - arXiv:2009.14295v2 _ Phys.Rev.DL03 (2021) 10, 103520
arXiv: 2404.18703 Xiao Wang,FPH, Xinmin Zhang,arXiv:2011.12903 Xiao Wang, Chi TianFPH, JCAPO7 (2023)006
Aidi Yang, FPH Siyu Jiang,FPH, xiao wang,

Phys.Rev.D107(2023)9,0 95005 é
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*d Bubble wall is essential (like a filter)

10~

The most essential parameter for

LISA

phase transition GW, phase 1071
transition DM, baryogenesis U, 10710 S
GW detection favolager Uy, 1070
EW baryogenesis favamaller Uy, g
= 10-12 4

Dynamical DM is sensitive toU,,,

S. Hoche, JKozaczuk A. J. Long, J. Turner and Y. Wang@rXiv:2007.10343 10713 4
Avi Friedlander)an BantaJames M. ClineDavid TuckerSmith
arXiv:2009.14295v2

Xiao Wang,FPH, Xinmin Zhang,arXiv:2011.12903

Siyu Jiang,FPH, xiao wangPhys.Rev.D107(2023)9, 095005

10—14 m

10—]5

1073 102 10-1
f[Hz]

Deflagration

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

FPH, Chong Sheng LPhys.RevD96 (2017) no.9, 095028;

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Vi
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:d Bubble wall is essential (like a filter)

ng = B ~6.5x 10710
Ty

405T sp1 / dzpup, fapne 43 ezl /47000

B = A2, 00 9 T
David E. Morrissey, Michael J. RamsMusolf, New J.Phys. 14
(2012) 125003
| . 3 _ in
1 ps >my | () = vy nt =it =g / P e[pz Ml /%J)]L
m;)(utN,I;l ] z x _>> ; _>, m > T, X X X (271’)3 elp[/Tn +1 /U;(n
............... ¢ Uw<—‘
§—<— --------------- o pe < ; . 4 Bubble wall velocity is essential for baryogenesis
ey X~z I T filtered DM and Gball DM!
¢ _____ @‘ M }l, ¢ @ SM
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*d Phase transition  dynamics

Systematically calculation of bubble wall velocity in specific model:

Standard Model (small Higgs mass):
Guy D.Moore, TomislavProkopeg¢How fast can the wall move? A Study of the electroweak phase

transition dynamicsPhys.Rev.[b2 (1995) 71827204

Minimal Supersymmetric Standard Model:
P. John, M.G. SchmidDo stops slow down electroweak bubble wald@c¢l.Phys.B598 (2001) 294305

Higgs + scalar singlet:
Jonathan KozaczulBubble Expansion and the Viability of Singletiven Electroweak Baryogenesis,

JHEP 10 (2015) 135
Avi Friedlander, lan Banta, James M. Cline, David Tuekenth, Wall speed and shape in singlet

assisted strong electroweak phase transitiehgs.Rev.DL03 (2021) 5, 055020

Inert Doublet Model:
Siyu Jiang FPH Xiao Wang Bubble wall velocity during electroweak phase transition in the inert

doublet modelPhys.Rev.D1L07 (2023) 9, 095005

2025/02/27 A @ (Fa Peng Huang), Q -ball dark matter from cosmological first ~ -order phase transition 20



*d Phase transition  dynamics

The Guy Mooreds method would be 1 nv.
some other solutions:
New ansatz:

Benoit Laurent, James M. Cline, Phys.Rev.D 102 (2020) 6, 063516

James M. Cline, Avi Friedlander, Doiing He, Kimmo Kainulainen, Benoit Laurent, Phys.Rev.D 103
(2021) 12, 123529

Marek Lewicki Marco MerchangdMateusz ZychJHEP 02 (2022) 017
Benoit Laurent, James M. Cline, Phys.Rev.D 106 (2022) 2, 023501

Stefania De Curtis, Luigdelle Rose, Andre&uiggiani Angel Gil Muyor, GiulianoPanicg JHEP 03
(2022) 163

Hi gher order corrections iIin Guy Mooreos

Glauber C. Dorsch, Stephan J. Huber, Thomas KonstaidAR 04 (2022) 04, 010
Glauber C. Dorsch, Daniel A. Pinto, arXiv:2312.02354

Phenomenological parametrization of friction (frictie=)
Ariel Megevand et.al,Nucl.Phys.B820 (2009) 4774,Nucl.Phys.B825 (2010) 1541 7 6 €
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*d Phase transition  dynamics

Hydrodynamical backreaction:

Marc Barroso Mancha, Tomisld&®rokope¢BogumilaSwiezewskaJHEP 01 (2021) 070
WenYuan Ai, BjornGarbrecht CarlosTamarit JCAP 03 (2022) 03, 015

WenYuan Ai, Benoit LaurentJorindevan de Vis, JCAP 07 (2023) 002

ShaeJiang Wang, Zivan Yuwen Phys.Rev.DL07 (2023) 2, 023501

JunChen Wang, Zivan Yuwen, Yu-Shi Hao, Shadiang Wang, arXiv:2310.07691
TomaszKrajewski Marek Lewicki, MateusZych, Phys.Rev.0L08 (2023) 10, 103523

Bubble wall velocity for ultrarelativistic bubble walls (ruiaway criterion):

Dietrich Bodeker Guy D. Moore, JCAP 05 (2009) 009

Dietrich Bodeker Guy D. Moore, JCAP 05 (2017) 025

StefanHahe, JonatharKozaczuk Andrew J. Long, Jessica Turn¥ikun Wang, JCAP 03 (2021) 009
AleksandrAzatoy, Miguel VanvlasselagerJCAP 01 (2021) 058

YannGouttenoire Ryusukelinng Filippo Sala, JHEP 05 (2022) 004

Wen-Yuan Ai, JCAP 10 (2023) 052

2025/02/27 A @ (Fa Peng Huang), Q -ball dark matter from cosmological first ~ -order phase transition 22



I DM induced SFOPT (wall velocity)

Vo = MDD+ \p(DTD)? + \30T0DTD
Inert Doublet Models + MDD 4+ (As/2)[(®TD)? + hec],
(example) . .
Vo= EMgs2 +M3HH, + 5,1352 |®|? + 4, OH H,

mixed singletdoublet model )
+ A4 |©TH, 2 +55[(c1ff112)2 +H.c]+A[S®H! +H.c).

mixed singlettriplet model Vo = %M%Sz + METr(H3) + kx @ @Tr(H3)
+ g |O|2S2 + £SO HA®.
provide na_;ltural produce SFOPT and phase transition
DM candidate GW

FPH, JiangHao Yu,Phys.RevD98 (2018) no.9, 095022
Yan Wang, Chong Sheng Li, ak®PH, Phys.Rev.0.04(2021)5, 053004
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*J How to calculate wall velocity?

( ] ] A
Equation of Motion (EoM) ot the Higgs field
e dm? d*p Vet (h, T)
1—2)h” : Sf; —— =0

v

( Boltzmann equation
d ceq , sey_ P\ 0 (M) 0\ ieq | sy oS
X E(fz +0fi) = ((’Uw + E) 3  9E ap. (f;7+46f) l:C_;‘_[E.EI‘lj_CS—J?_)]_’:

“alculating the collision terms

Solving the Boltzmann [(

I

I

I . - .

: cquanons tor pCTFLIl'b dtons
1

|

. analytically and numerically
by using flow ansatz . - -

eyl Substituting the perturbations into EoM and finally get bubble wall velocity and width ¥y, L,
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*d Phase transition dynamics

AS|mpIe DM Model: Bubble wall velocity ininert doublet model

)
New ¢_
~ J
if EOM|. , #0
1 Y
' s N
f Boltzmann [Truncation| Perturbations Approximated ’ ' Final
E equation scheme 53 ) EOM \II My E ]
[Speciﬁc model E Prior value | Hydrodynamic | 6— More
Th. G H e L equations if My #0or M, #0
o ] ; L = accurate
| processes
i
2 2 2 2 1 4 1 4
___________ Vo =i @7 + iz nl” + S @7 + S Aeln|
1
+ As| @7 n]* + Aa| @l + §{A5(‘1’Tn)2 + H.e.}, Siyu JiangFPH, Xiao Wang,

Phys.Rev.D1L07 (2023) no.9, 09500%
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< Outline

1. Dark matter (DM),Gravitational wave (GW) and strong
first -order phase transition (SFOPT) In a nutshell

2. Heavy DM from SFOPT and GW signals

Case I: Q-ball DM

Case Il: gauged Q -ball DM

Case lll: filtered DM

3. Heavy DM from PBHSs radiation

4. Summary and outlook
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Citations per year

*d Q-ball DM

8

FPH, Chong Sheng LPhys.RevD96 (2017) no.9, 095028;

I]bu uiFEEﬁé&l’)’ﬁm UZOW 2019 2021 2023 2025

/GREEN COFFEE BEANS GRADING SIEVE/

%) 61 citations

Gauged Gball dark matter
through a cosmological
first-order phase transition
SiyuJiang,FPH,

PyungwonrKo,
JHEPO7 (2024)053
my = ky(S) > T,
D M True vacuum

(S)=0
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< Why Q -ball DM?

WIDM limit unitarity limit

102V b keV  GeV 0T My 10 M,
3 x f | E— —
“Ultralight” DM “"Light” DM~ WIMP | Composite DM | Primordial v . Yi &
non-thermal dark sectors Pty mggets 9 |plack holes 26.8%
bosonic fields sterile v
can be thermal CO u Id D M be
_ Quark Nugget composite state? : \
Witten, Phys. Rev. D 30 (1984) 272285; Dark Atom l‘ ‘ !
Phys.Rev.D 99 (2019) 5, 055047 arXiv:2108.10314 \ ,"

______

QCD _
first-order =)= m—_r Q ba” DM
phase
transition e

wlj
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*J What is Q -ball?

& % 32 ——mbﬂu% EAML T

7.5 HLL?'G:FE{EL'E’J?%? e eernerreererreareaenneeneeses 121

»
1% 1o . AL S
7.6 BF - ..o veeer 126

3wt 4 —— IR B K BRI B X R R BRI
2. AT AMEIFHEPIILF ANEFEHNES. B

—WMEAE S LB, BTFERERMYFEER, WEDBAFE—T
2307
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*J What is Q -ball?

PHYSICS REPORTS (Review Section of Physics Letiers) 221 Nos, § & 6 (1992) 251350, North-Holland PHYSICS REPORTS .
e secn ot T Leltr e Nuclear Physics B262 (1985) 263-283

© North-Holland Publishing Company

Nontopological solitons™

T.D. Lee
’ ! 7 Q-BALLS*
Deparsment of Phvsics, Columbia Universioe. New York, NY 10027054
and .
: Sidney COLEMAN
Y. Pang Lyman Laboratory of Physies, Harvard University, Cambridge, Massachusetts 02138, USA
Brookhaven Netional Lahoraiore. Upton. NY 11973 USA

Received May 1992: editor: DN Schramm

Q-ball is the most typical netopological soliton, initially proposed by PrdsungDao Leeand
Sidney Coleman. In quantum field theory, a spherically symmetric extended body that forms a
nontopological soliton structure with a conserved global quantum number Q is calledla Q

6= (ontion)/V2 Q= [Pdz = (6165~ ond)da. 5(E — wQ) = 0
B /{% [Cb?z + 1+ (Ver)* + (V¢I)2:| +U E (¢% + qﬁ%)] }da: ¢ = f(r)e
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*J Q-ball production mechanism

Q-ball production
(1) produce the charge asymmetry (i.e.
locally produce lots of particles with the same charge to fofbal)

(2) and packet the same sign charge in the small size after overcoming the Coulomb
repulsive interaction.

1. Supersymmetry Affleck-Dine mechanism. " Qballformation

We do not observe the supersymmetry until now! i *\ ‘

2. Q-ball formation based offirst-order phase transiti—>
This talk l i

2025/02/27
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*d Global Q -ball DM

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

p%Mv,f’UM — 73.5(217350)3)\504F3/4

) Q-ball’formation ’ p rOd u Ctl O n
scenario filtered

;.: by the bubbles
5 The global Qball

g = a7, model proposed
by T.D. Lee

BRC :.: :.: FriedbergLee-Sirlin

modelr. Friedberg, T.D. Lt

(a) Bubble nucleation:y particles trapped in the false (b) Q-ball formation:After the formation of Q-balls?d A.Sirlin.
Rev. D 13 (1976) 2739

vacuum due to Boltzmann suppression they should be squeezed by the true vacuum
FPH, Chong Sheng LPhys.RevD96 (2017) no.9, 095028;

2025/02/27 A @ (Fa Peng Huang), Q -ball dark matter from cosmological first ~ -order phase transition 32



< Gauged Q -ball?

<h> # 0 When the conserved U(1) symmetrydsal,
< > — 0 This introduces an extigauge field A
) = Theminimal modelachieving gauged Qall formation

(h)y =0 L= (Do) (D¢ + %aﬂhaﬂh - iﬁwﬁw —V(¢,h)

(@) 70 V(,h) =2|¢|2 + % (1 —o3)°

(A) #0 Interestingly, this portal coupling also naturally
Induces strong electroweak phase transition.

. AP o T
J, =i (¢T 0 up+ QZQAM‘Cﬁ’z)

Gauged Gball dark matter through a cosmological ficstler phase 3 0
transition, Siyu Jiang-PH, Pyungwon Ko, arXiv:2404.16500, conserved charge Q = [ d’z.J
JHEPQO7(2024)053
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*d Gauged Q -ball

L = (D, (D"¢) + %Qbha“h — 2 A, A" —V(h,h) Vg, h) = 20 p2ipp2 4 M (n* - ’U%)Q

L
4 2 4
Au(r) = vo 5= Alp), aﬁ(t,r):\%@(p h(r) = voH(p) ~ Friedberglee Siri-

Maxwell model

1 2 2 2
?Bp(pﬁpA)—i-(u—aA)(D =0, o\ i k:\/mfﬂ
T2 T 2V mp
1
—0) (p28p<13) + [(I/ —a?A)? - k‘Q’Hz] ¢ =0, "
. P V= o
relaxation method 1 1 hv0
=50, (P0,H) — k*H®* = SH (M2 —1) =0.
o 2
""""""""" Pi oo R = L0 —
3 : . MY ] P
***** P2 T - P2 0.8 I
——— P73 0.751 4\ ——— P3 o fof
Q2T ~ W e P4 ’S: \ | B e P ~ 0.6 i f_.r
S— . — i \ 4 — I 1 H
< \\ Y 0.50 LA x 04f | ,‘f ; — P{l
14, b ! \.‘ Do i | P2
-\"‘-\_‘ 0.25 “,‘ ‘\_\ "-.“: 0.2 ‘;' !.' _____ P3
______ ::_—- ——— | \\E\\_ P, P1
e ——— 0.00 === = 0.0t
0 5 10 15 0 5 10 15 0 5 10 15
P P P
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*d Gauged Q -ball

Values of the three fields at the Q
5 ball center and the total energy for

| w1 different values of gauge coupling.
[ ==
]| 220 ' It can be seen that the parameter

0 ‘ . space of gauged-@all must be
finite.

B
104
o a=1.0
10774

-_— a\=0.7
10751 — a=0.4
P — a=0.0
1077 : - - - - 02 ; . . : : ‘
0.5 1.0 1.5 2.0 25 3.0 3.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5
v 14
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*d Gauged Q -ball stability
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*d Gauged Q -ball stability

U Parameter space of gaugedall
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v

1. Because of the existence of gauge
field, the viable parameter space of
stablegauged Qball must bdinite;

2. The maximal charge or maximal
mass of gauged-Qall relies on the
stress stability ;

3. This means that in order for the
gauged Gball to be the viable DM
candidate, the gauge coupling has to
besmallerthan a specific value.
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*d Gauged Q -ball stability

U analytic description for gaugediéalls
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Mapping method
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*d Gauged Q -ball stability

=10
By using the mapping method and twall i —
approximation, we give analytically the upper e —_
limit of the charge and energy of gauged Q
10"
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*d Gauged Q -ball DM from a SFOP

‘/eff (ha T) = mree (h) + VCW (h) + VT (h, T) "

i=t,W,Z,h,b...

Temperature [GeV]
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Vow(h) = 3 (-1)" 2 [mff(h) (log i §) +2m3<h)m%<vo)]

o2

2 2 )/ T2
Vr(h,T) = ng / dxx? log[ ( Vot (i ()-+11:)/T )]

Bubble nucleation rate
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27T
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p(T) = e 0 IT
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<‘r Gauged Q -ball DM from a SFOPT

(B # 0
=0T .
‘.
A (¢) #0
o Ay+0 @
°° 4“:‘ ®

"O :The fraction of particles that are trapped into the false vacuum.
It is determined by the phase transition dynamics discussed in previous slides.



*d Gauged Q -ball DM from a SFOP
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*d Gauged Q -ball DM from a SFOP
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Mon | Ty [GeV] | ap | B/Hy | ve | FJ™ | ng/nn | dozn | GW
BP, | 6.8 69.8 0.12 | 540 | 0.1 | 0932 | 048 | -0.36% | e
BP, | 6.8 70.4 0.12 | 578 | 0.6 | 0.805 | 3.0 | -0.36% | e
BP; | 7.0 63.0 0.15 | 372 | 0.1 | 0965 | 34 | -037% | e
BPy | 7.0 63.9 0.15 | 403 | 0.6 | 0.858 | 20.8 | -0.37% | e
BP,

44444

TianQin SNR=5

1073

Gauged Gball dark matter through a cosmological
first-order phase transition, Siyu Jiafid?H,
PyungworKo, arXiv:2404.165009,

JHEPO7 (2024)053
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*d Case lIl: filtered DM from a SFOPT

N\

Bubble wall dynamicsDM
plays an essential

role in the filtered

DM mechanism.

SiyuJiang,FPH, Chong Sheng Li,
Phys.Rev.D108(2023)6, 063508
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