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In Memory of Prof. Tsung Dao Lee
When I was a undergraduate student, my first research project was supported by  Prof. 

Tsung Dao Lee

Pioneer Q-ball by Prof. Lee: Friedberg-Lee-Sirlin model 

1. R. Friedberg, T.D. Lee and A. Sirlin, A Class of Scalar-Field Soliton Solutions in Three 

Space Dimensions, Phys. Rev. D 13 (1976) 2739

2. Mini-soliton stars, Phys. Rev. D 35 (1987) 3640

3. Fermion-field nontopological solitons, Phys. Rev. D 15 (1977) 1694

4. Soliton stars and the critical masses of black holes, Phys.Rev.D35 (1987) 3637 éé

More references see the references in the following review  paper
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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 II: gauged Q -ball DM

Case III: filtered DM

3. Heavy DM from PBHs radiation

4. Summary and outlook
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What is DM ψ DM exists but no one knows what it is!
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Motivation  DM theory and experiments status  

What is 

the microscopic 

nature of DM?

No expected 

signals in these 

region

ü new DM mechanismbeyond thermal freeze out: cosmic 

phase transition, PBH radiation 

ü new detection method: GW detector (LISA, TianQin, Taiji, 

aLIGO , FAST, SKA, NanoGrav, Cosmic Exploreré)

arXiv: 1904:07915

Snowmass 2021, 

arXiv: 2209.07426

keVρπ eV GeV 100TeV

Ultralight DM:

Axion/ALP

WIMP

Heavy DM:

Q-ball/filtered/

PBH (radiation)
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Motivation  DM in post-Higgsand GW Era  

The observation of 

Higgs@LHC

and GW@LIGO initiates a new 

era of exploring DM by GW.

SFOPT by Higgs could provide

a new approach for DM 

production.

Higgsôdeep connections to 

cosmology,  such as EW 

baryogenesis,

DM testableby GW signals.

What is the role of Higgs in the early universe? 

DM

Baryon

EW 

baryogenesis

Dynamical DM

EW phase 

transition
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Why we need cosmic phase transition

Bubble wall is a natural filter 

for baryon and DM production
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What is GW ?

Isolated 

sources:

quadrupole

radiation

Stochastic 

sources:

anisotropic

stress

tensor



2025/02/27 ᴧῷ (Fa Peng Huang), Q -ball dark matter from cosmological first -order phase transition 9

GW in a nutshell
The quadruple nature of GW !

EM wave 

radiation

GW

radiation

momentum conservation
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GW experiments 

LISA /TianQin/Taiji ~2034

Ɏᶽⱥɏ
åHarpe in spaceæ
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Radio telescope and pulsar timing array

2023June 29th̔NANOGrav, EPTA, InPTA,Parkes PTA, CPTA

Hellings-Downs correlation curve

First observation of stochastic GW

FAST SKA
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General GW in the early  universe

Possible sources of anisotropic stress tensorin the early universe 

arXiv:1801.04268 

eg. Collisions of bubble walls,  cosmic string

eg.Sound waves and turbulence in the fluid

eg.Primordial magnetic fields (MHD 

turbulence)

V phase transition:TeV 

physics  (focus)

V cosmic defects: cosmic 

string, domain walléanisotropic stress tensor
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DM production in the early universe
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DM and GW

Credit: Gianfranco Bertone et. al. 

ỏ The observation of GW@LIGO initiates a 

new era of exploring DM by GW.

ỏ DM can trigger a SFOPT in the early 

universe and detectable GW signals.

ỏSFOPT could provide a new approach for 

DM production.
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Phase transition in a nutshell

ҕ҉ ̆

calculate the finite-temperature effective 

potential using the thermal field theory:
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Phase transition GW in a nutshell

anisotropic stress tenor:

source of GW
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Phase transition dynamics

Finite-temperature effective potential

Bubble wall velocity

this talk

Energy budget

(1). Daisy resummationproblem: Pawanischeme vs. Arnold scheme
(2). Gauge dependence problem: see Michael J. Ramsey-Musolfôsworks

(3). No perturbative calculations: lattice calculations 

and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al 

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

Avi Friedlander,Ian Banta,James M. Cline,David Tucker-
Smith arXiv:2009.14295v2
Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903
Siyu Jiang, FPH, xiao wang, 
Phys.Rev.D107(2023)9,095005é

F. Giese, T. Konstandin, K. Schmitz and J. van de Vis
,arXiv:2010.09744
Xiao Wang, FPH and Xinmin Zhang, 
Phys.Rev.D103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP07 (2023)006

Theory: The most important 

and difficult phase transition 

parameter for GW, dynamical 

DM, baryogenesis is bubble 

wall velocity

Experiment: GW

experiment is most 

sensitive to bubble 

wall velocity

arXiv: 2404.18703

Aidi Yang, FPH
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Bubble wall is essential (like a filter)
The most essential parameter for 

phase transition GW, phase 

transition DM, baryogenesis

GW detection favorlager

EW baryogenesis favorsmaller

Dynamical DM is sensitive to

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. WangarXiv:2007.10343
Avi Friedlander,Ian Banta,James M. Cline,David Tucker-Smith
arXiv:2009.14295v2

Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903
Siyu Jiang, FPH, xiao wang, Phys.Rev.D107(2023)9, 095005

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028; 
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David E. Morrissey, Michael J. Ramsey-Musolf, New J.Phys. 14 

(2012) 125003

Bubble wall velocity is essential for baryogenesis, 

filtered DM and Q-ball DM! 

Bubble wall is essential (like a filter)
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Phase transition dynamics
Systematically calculation of bubble wall velocity in specific model: 

Guy D. Moore,TomislavProkopec, How fast can the wall move? A Study of the electroweak phase 

transition dynamics, Phys.Rev.D52 (1995) 7182-7204

Standard Model (small Higgs mass):

P. John, M.G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl.Phys.B598 (2001) 291-305
Minimal Supersymmetric Standard Model:

Higgs + scalar singlet:
Jonathan Kozaczuk, Bubble Expansion and the Viability of Singlet-Driven Electroweak Baryogenesis, 

JHEP 10 (2015) 135

Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith, Wall speed and shape in singlet-

assisted strong electroweak phase transitions, Phys.Rev.D103 (2021) 5, 055020

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

doublet model, Phys.Rev.D107 (2023) 9, 095005
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Phase transition dynamics
The Guy Mooreôs method would be invalid at around sound velocity, there are 

some other solutions:

New ansatz:

Higher order corrections in Guy Mooreôs ansatz

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

James M. Cline, Avi Friedlander, Dong-Ming He, Kimmo Kainulainen, Benoit Laurent, Phys.Rev.D 103 

(2021) 12, 123529

Marek Lewicki, Marco Merchand, Mateusz Zych, JHEP 02 (2022) 017

Benoit Laurent, James M. Cline, Phys.Rev.D 106 (2022) 2, 023501

Stefania De Curtis, Luigi Delle Rose, Andrea Guiggiani, Ángel Gil Muyor, Giuliano Panico, JHEP 03 

(2022) 163 

Glauber C. Dorsch, Stephan J. Huber, Thomas Konstandin, JCAP 04 (2022) 04, 010

Glauber C. Dorsch, Daniel A. Pinto, arXiv:2312.02354

Phenomenological parametrization of friction (friction=–ὺ ) 
Ariel Megevand, et.al, Nucl.Phys.B820 (2009) 47-74, Nucl.Phys.B825 (2010) 151-176 é
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Phase transition dynamics

Bubble wall velocity for ultra-relativistic bubble walls (run-away criterion):

Hydrodynamical backreaction:
Marc Barroso Mancha, Tomislav Prokopec, BogumilaSwiezewska, JHEP 01 (2021) 070

Wen-Yuan Ai, Bjorn Garbrecht, Carlos Tamarit, JCAP 03 (2022) 03, 015

Wen-Yuan Ai, Benoit Laurent, Jorindevan de Vis, JCAP 07 (2023) 002

Shao-Jiang Wang, Zi-Yan Yuwen, Phys.Rev.D107 (2023) 2, 023501

Jun-Chen Wang, Zi-Yan Yuwen, Yu-Shi Hao, Shao-Jiang Wang, arXiv:2310.07691

Tomasz Krajewski, Marek Lewicki, Mateusz Zych, Phys.Rev.D108 (2023) 10, 103523

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

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

Stefan Höche, Jonathan Kozaczuk, Andrew J. Long, Jessica Turner, Yikun Wang, JCAP 03 (2021) 009

Aleksandr Azatov, Miguel Vanvlasselaer, JCAP 01 (2021) 058

Yann Gouttenoire, RyusukeJinno, Filippo Sala, JHEP 05 (2022) 004 

Wen-Yuan Ai, JCAP 10 (2023) 052
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DM induced SFOPT (wall velocity)

Inert Doublet Models
(example)

mixed singlet-doublet model 

mixed singlet-triplet model

provide natural

DM candidate 
produce SFOPT and phase transition 

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

Yan Wang, Chong Sheng Li, and FPH,  Phys.Rev.D104(2021)5, 053004̕
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How to calculate wall velocity?
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Phase transition dynamics

A simple DM Model:

Siyu Jiang, FPH, Xiao Wang, 

Phys.Rev.D107 (2023) no.9, 095005

More 

accurate 

processes

Bubble wall velocity in inert doublet model
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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 II: gauged Q -ball DM

Case III: filtered DM

3. Heavy DM from PBHs radiation

4. Summary and outlook
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Q-ball DM
FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028; 

DM

Gauged Q-ball dark matter

through a cosmological

first-order phase transition, 

Siyu Jiang, FPH, 

PyungwonKo, 

JHEP07(2024)053
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Why Q -ball DM?

Ῠ ɚ
Ῠⱶ

26.8%

῞ ⱶ

4.9%

+

-

Dark Atom

arXiv:2108.10314

Quark Nugget

Witten, Phys. Rev. D 30 (1984) 272285; 

Phys.Rev.D 99 (2019) 5, 055047

QCD

first-order 

phase 

transition

Could DM be 

composite state?

Q-ball DM
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What is Q -ball?
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What is Q -ball?

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.
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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.

2. Q-ball formation based on  first-order phase transition

This talk

We do not observe the supersymmetry until now!
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Global Q -ball DM

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

New DM 

production 

scenario filtered 

by the bubbles 

The global Q-ball 

model proposed 

by T.D. Lee

Global Q-ball DM: The cosmic phase transition with Q-balls production 

can explain baryogenesis and DM simultaneously..

Friedberg-Lee-Sirlin

model R. Friedberg, T.D. Lee 

and A. Sirlin. 

Rev. D 13 (1976) 2739 
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Gauged Q -ball?

Gauged Q-ball dark matter through a cosmological first-order phase 

transition, Siyu Jiang, FPH, Pyungwon Ko, arXiv:2404.16509, 

JHEP07(2024)053

When the conserved U(1) symmetry is local,

This introduces an extra gauge field A.

The minimal modelachieving gauged Q-ball formation

Interestingly, this portal coupling also naturally 

induces strong electroweak phase transition.

Conserved charge
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Gauged Q -ball 

relaxation method

Friedberg-Lee-Sirli-

Maxwell model
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Gauged Q -ball 

Values of the three fields at the Q-

ball center and the total energy for 

different values of gauge coupling.

It can be seen that the parameter 

space of gauged Q-ball must be 

finite.
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Gauged Q -ball stability

Quantum stability

Stress stability
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Gauged Q -ball stability

1. Because of the existence of gauge 

field, the viable parameter space of 

stablegauged Q-ball must befinite;

2. The maximal charge or maximal 

mass of gauged Q-ball relies on the 

stress stability ;

3. This means that in order for the 

gauged Q-ball to be the viable DM 

candidate, the gauge coupling has to 

be smallerthan a specific value. 

ü Parameter space of gauged Q-ball
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Gauged Q -ball stability

Mapping method
Phys.Rev.D 103 (2021) 11, 116004

ü analytic description for gauged Q-balls

Frequency 

for gauged 

Q-balls

Frequency for global Q-balls
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Gauged Q -ball stability

By using the mapping method and thin-wall 

approximation, we give analytically the upper 

limit of the charge and energy of gauged Q-

balls



2025/02/27 ᴧῷ (Fa Peng Huang), Q -ball dark matter from cosmological first -order phase transition 40

Gauged Q -ball DM from a SFOPT

Bubble nucleation rate

Fraction of false vacuum
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Gauged Q -ball DM from a SFOPT

Ὂ :The fraction of particles that are trapped into the false vacuum.

It is determined by the phase transition dynamics discussed in previous slides.
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Gauged Q -ball DM from a SFOPT
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Gauged Q -ball DM from a SFOPT

Gauged Q-ball dark matter through a cosmological

first-order phase transition, Siyu Jiang, FPH, 

PyungwonKo, arXiv:2404.16509, 

JHEP07(2024)053
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Case III: filtered DM from a SFOPT

Bubble wall dynamics

plays an essential 

role in the filtered 

DM mechanism.

Siyu Jiang, FPH, Chong Sheng Li, 

Phys.Rev.D108(2023)6, 063508

DM


