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What is the role of Higgs in the early universe? 

How to test?

Motivation
After the discovery of 125 GeV scalar,  it becomes a realistic portal to 
study the fundamental physics and its deep connections to cosmology.

Post Higgs Era: Higgs particle cosmology

Tianqin/Taiji
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Higgs  (bouncing ) inflation
Preferred by CMB data
at Planck

neutrino mass and 
leptogenesis

EW phase transition/ 
baryogenesis

Higgs portal dark matter

Relaxion

Higgs’ deep connections to cosmology,  such as EW 
phase transition/baryogenesis, dark matter(DM)
testable by colliders &GW signals

Motivation Post Higgs Era: Higgs particle cosmology
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Motivation

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变及其动力学

电弱重子生成机制
暗物质产生新机制
/新信号

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

Post Higgs Era: Higgs particle cosmology
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SFOPT for mH < 75 GeV Cross over  for mH > 75 GeV

Extension of the Higgs sector is needed to SFOPT for 125 GeV Higgs boson.

From 
lattice 
simulation

We discuss well-motivated extensions (baryogenesis, DM…) of Higgs section to realize strong 
first-order phase transition (SFOPT) with abundant cosmological effects. 
EW phase transition and its GW signals becomes realistic after the discovery of Higgs by LHC 
and GW by LIGO.

Motivation
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EW phase transition/ 
baryogenesis:
LISA/TianQin/Taiji/CEPC

credit:D.Baumann

100 
MeV

100
GeV

LISA/Tianqin/Taiji in 
synergy with CEPC helps 
to explore the  early
universe around 100 GeV, 
DM and baryogenesis.

Motivation
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Motivation

Particle approach
CEPC/SppC, FCC etc.

Wave approach
LISA/TianQin/Taiji ~2034

Relate by Higgs 
physics:EW phase
transition/
baryogenesis 

Double test on the 
Higgs potential and 
baryogenesis, DM

Complementary

“天琴”
“Harpe in space”
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GW in a nutshell
The quadruple nature of GW !

EM wave 
radiation

GW
radiation

<latexit sha1_base64="6k6n6Xnsp6XWHfIY8b121ysSHTs="></latexit>

d̈ =
X

particles A

mAẍA = ṗ = 0

momentum conservation
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Phase transition GW in a nutshell
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calculate the finite-temperature effective 
potential using the thermal field theory:
free energy density.
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Phase transition GW in a nutshell
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Phase transition GW in a nutshell

电弱相变对应的峰值频率在mHz附近，刚好也在空间引力
波实验(LISA、天琴、太极)的探测区间
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Bubble collisions

Turbulence

Sound wave

E. Witten, Phys. Rev. D 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))Mark 
Hindmarsh, et al., PRL 112, 041301 (2014); Lots of unlisted papers.
See Huai-ke and Ligong’s works for current constraints from GW data

Phase transition GW in a nutshell
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Phase transition GW in a nutshell
早期宇宙普遍的引力波源 各向异性

剪切应力张量
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Phase transition dynamics
Finite-temperature effective potential

 

Bubble wall velocity Energy budget

(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme
(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 

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.D 107 (2023) 9, 095005

F. Giese, T. Konstandin, K. Schmitz and J. van de Vis
,arXiv:2010.09744
Xiao Wang, FPH and Xinmin Zhang, 
Phys.Rev.D 103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

Theory: 相变引力波信号、
相变暗物质、早期宇宙电弱
重子数产生机制最核心却最
难计算的参数是泡泡膨胀速度

Experiment: 因此实验
上最重要的相变参数
也是泡泡膨胀速度
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Phase transition dynamics

EW baryogengesis favoredStronger GW signal favored
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Phase transition dynamics

Classify the SFOPT into four cases:

• Slight  supercooling:                          the GW is too weak 
to be detected by LISA, might be within the sensitivity of 
BBO and ultimate-DECIGO.

•Mild supercooling:                                          the GW 
could be detected by LISA, TianQin, Taiji, BBO, DECIGO.                        

• Strong supercooling:  
•Ultra supercooling:
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Motivation

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变及其动力学

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

电弱重子生成机制
暗物质产生新机制
/新信号
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SFOPT and Higgs potential
What is the shape of Higgs 
potential?

Current data tells us nothing but the 
quadratic oscillation around the VEV 
246 GeV with 125 GeV mass.

Produce a SFOPT, large deviation of 
Higgs trilinear coupling, and GW

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067;C. Grojean, G. Servant, J. Well PRD71(2005)036001
D.J.H. Chung, A. J. Long, Lian-tao Wang Phys.Rev. D87(2013) 023509
FPH, et.al, Phys.Rev.D94(2016)no.4,041702 ;  FPH, et.al, Phys.Rev.D93 (2016) no.10,103515
arXiv:1511.06495,  Nima Arkani-Hamed et. al.; PreCDR of CEPC;  arXiv: 1811.10545,CDR of CEPC           

mass

https://arxiv.org/abs/1811.10545
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SFOPT and Higgs potential

See the new work of
Lilin Yang, Zhao Li
Yu Jia et.al, 

SFOPT leads to obvious deviation of the 
tri-linear Higgs coupling 

 

At one-loop level, deviation of the 
tri-linear Higgs coupling

The Circular Electron  Positron 
Collider (CEPC), ILC, FCC-ee can  
precisely test this scenario by precise 
measurements of  the hZ cross 
section (e- e+       hZ). 
SM NNLO hZ cross section recently 
by Lilin Yang, et al 2016҅Yu Jia et 
at 2016 
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Hints at hadron collider: Modify the invariant 
mass distribution of Higgs pair due to 
interference effects:

 

SFOPT and Higgs potential

LHC上的详细讨论见
成曈光、李数老师的报告
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SFOPT and Higgs potential
Correlate particle collider and GW signals: double
test on Higgs potential from particle to wave 

FPH, et.al, Phys.Rev.D94(2016)no.4,041702 ;  FPH, et.al, Phys.Rev.D93 (2016) no.10,103515
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SFOPT produces large 
modification 
of trilinear Higgs coupling

dominates the hZ cross section 
deviation 

Taking a general study of the scalar extended models and the composite Higgs 
model as examples, we find that the Higgs sextic scenario still works well after 
considering all the dim-6 operators and the precise measurements.

SM EFT

Qing-Hong Cao, FPH, Ke-Pan Xie,  Xinmin Zhang, arXiv:1708.0473,

SFOPT and Higgs potential
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Using Covariant Derivative Expansion method, the matched dim-6 operators and their 
coefficients in the doublet scalar models are obtained:

One examples Qing-Hong Cao, FPH, Ke-Pan Xie,  Xinmin Zhang, arXiv:1708.0473,

SFOPT and Higgs potential
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Motivation

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

电弱重子生成机制
暗物质产生新机制
/新信号
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SFOPT and EW baryogenesis

(CMB, BBN) 

A long standing problem in particle cosmology is 
the origin of baryon asymmetry of the universe.
After discovery of Higgs@LHC & GW @aLIGO,  

EW baryogenesis becomes a testable scenario.
SM technically has all the 3 elements for
baryogenesis(Sakharov conditions)
Ø B violation from anomaly in B+L current;
Ø C and CP-violation: CKM matrix, but too weak, 

need new CP-violating sources;
Ø Departure from thermal equilibrium: SFOPT 

with expanding Higgs bubble wall



2024/01/20 黄发朋 (Fa Peng Huang), 电弱相变物理 28

SFOPT and EW baryogenesis

Credit:
T. Cohen

D. E. Morrissey and 
M. J. Ramsey-Musolf, 

 New J. Phys. 14, 
125003 (2012).
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SFOPT and EW baryogenesis

Credit:
T. Cohen
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SFOPT and EW baryogenesis

Precise calculation of EW baryogenesis requires to solve the transport equations

vacuum expectation value insertion approximation (VIA)

semiclassical (WKB) formalism

A.Riotto, Phys.Rev.D53, 5834(1996),
Nucl.Phys.B518,339(1998).

M. Joyce,T.Prokopec,andN.Turok, Phys.Rev.Lett.75,1695 (1995);
J.M.Cline and K.Kainulainen,  Phys.Rev.Lett.85,5519 (2000).

In Phys.Rev.D 101 (2020) 6, 063525, James Cline and Kimmo Kainulainen make a comparison between the 
two methods in a given model, they found that the predictions typically differed by factors of 10-40.

理论困境:Bubble wall velocity is essential in EW baryogenesis
low/high bubble wall velocity, thin/thick wall, local/non-local
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SFOPT and EW baryogenesis
Recently, it has been pointed out that the VIA 
source terms exactly vanish by performing 
correct resummation of 1PI self energy.

EW baryogenesis 
with high bubble 
wall velocity
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SFOPT and EW baryogenesis

Dynamical CP violation for baryogengesis ?

Large enough 
CP-violating source

for successful 
EW baryogenesis

pretty small 
CP-violation 

to avoid strong EDM 
constraints

Strong tension 
in most cases

Science 381 (2023) 6653

How to alleviate this tension for successful baryogenesis?

实验困难：
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SFOPT and EW baryogenesis
Question: How to alleviate the tension for successful baryogenesis ?

Large enough 
CP-violating source

for successful 
EW baryogenesis

Answer: Dynamical CP-violating source
Negligible  
CP-violating source
at current time
to avoid strong EDM 
constraintsDynamical/cosmological evolve 

Alleviate by assuming the
 CP-violating source is time dependent

Ø Effective field theory: FPH, Zhuoni Qian, Mengchao Zhang,Phys.Rev. D98 (2018) no.1, 015014;FPH,Chong Sheng Li, 
Phys. Rev. D 92, 075014 (2015); lots of works

Ø Renormalizble model: Complex 2HDM,Xiao Wang, FPH, Xinmin Zhang, arXiv: 1909.02978, work in progress with Eibun 
Senaha, Xiao Wang in an extended IDM model
Baldes, T. Konstandin and G. Servant, arXiv:1604.04526;I. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073 

(2016);S. Bruggisser,T.Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017)

See Matthew Reece’s recent study on the dynamical CP-violation.
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SFOPT and EW baryogenesis
Taking the effective scenario as a representative example:

Phys.Rev. D98 (2018) no.1, 015014 , FPH, Zhuoni Qian, Mengchao Zhang

The singlet and the dim-5 operator can come From many types composite 
Higgs model,  arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,
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Motivation

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变及其动力学

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

电弱重子生成机制
暗物质产生新机制
/新信号
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SFOPT and new DM mechanism/signal

Gravitational
wave probes

of dark matter

Primordial

Black Holes
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perturbative
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Solitons

Dark

photons

Phase

transitions
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Hidden

sectors

Dark con-

finement

Credit: Gianfranco Bertone et. al. 

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

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

➢ SFOPT could provide a new approach for 
DM production.
J.Jaeckel, V. V. Khoze, M. Spannowsky, 
Phys.Rev. D94 (2016) no.10, 103519
Zhaofeng Kang,et.al. arXiv:2101.03795, arXiv:2003.02465
Yan Wang, Chong Sheng Li, and FPH, arXiv:2012.03920
FPH, Eibun Senaha Phys.Rev. D100 (2019) no.3, 03501
FPH PoS ICHEP2018 (2019) 397
FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
FPH, Jiang-Hao Yu, Phys.Rev. D98 (2018) no.9, 095022
FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-
Haipeng An, et.al, arXiv: 2208.14857, arXiv:2009.12381, arXiv:2201.05171
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SFOPT and new DM mechanism/signal

Inert Doublet Models

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.D 104 (2021) 5, 053004； 

DM Case I:
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SFOPT and new DM mechanism/signal

New DM production scenario filtered by the bubbles 
during a SFOPT in the early universe.

The cosmic phase transition with Q-balls production can explain 
baryogenesis and DM simultaneously, where constraints on DM mass 
and reverse dilution are significantly relaxed. We study how to probe 
this scenario by GW signals and collider signals at QCD NLO.
FPH, Chong Sheng Li, Phys. Rev. D96 (2017) no.9, 095028

DM Case II: anti-fileter case 
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SFOPT and new DM mechanism/signal

39

SFOPT naturally correlates DM, baryogenesis, particle 
collider and GW signals.

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

The global 
Q-ball model 
proposed by 
T.D. Lee
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SFOPT and new DM mechanism/signal

40

In the recent two years, this dynamical DM formed by phase transition has 
became a new idea and attracted more and more attentions. 
Namely, bubbles in SFOPT can be the “filters” to packet your needed heavy DM.

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin
arXiv:1912.02830, Michael J. Baker, Joachim Kopp,and Andrew J. Long
arXiv:2012.15113, Wei Chao, Xiu-Fei Li, Lei Wang
arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin
arXiv:2103.09827,  Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov
arXiv:2103.09822,  Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov
arXiv:2008.04430 Jeong-Pyong Hong，Sunghoon Jung, Ke-pan Xie
Haipeng An, et.al, arXiv: 2208.14857
Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218
more and more new works…

DM Case III: fileter case 
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SFOPT and new DM mechanism/signal
Michael J. Baker, Joachim Kopp, Andrew J. Long,Phys.Rev.Lett. 125 (2020) 15, 151102 
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SFOPT and new DM mechanism/signal
Bubble wall dynamics
plays an essential 
role in the filtered 
DM mechanism.

Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218, Phys.Rev.D 108 (2023) 6, 063508
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SFOPT and new DM mechanism/signal

particles

Original work:
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SFOPT and new DM mechanism/signal
Energy-momentum 
tensor of scalar field

Energy-momentum 
tensor of fluid

Energy-momentum 
conservation
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SFOPT and new DM mechanism/signal

We found:

(a) for

(b) for

: the DM relic density is enhanced

: the DM relic density is reduced

General phase-transition model
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SFOPT and new DM mechanism/signal
Boltzmann equation
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SFOPT and new DM mechanism/signal
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SFOPT and new DM mechanism/signal
The hydrodynamic effects play essential 
roles in the filtered DM mechanism. For 
the deflagration mode with low bubble wall 
velocity, the hydrodynamic effects 
significantly enhance the relic density. In 
contrast, for the detonation mode, the relic 
density is obviously reduced. For the hybrid 
mode, the hydrodynamic correction is
extremely large.

Precise calculation of filtered DM relic 
density can help to decide the phase-
transition parameters precisely. This gives 
more accurate phase-transition GW spectra.
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通过CMB限制

The quest for small-scale power spectrum——The road less traveled

ü A complete model of inflation requires a solid understanding of the small-scale primordial power spectrum;
ü however, it is hard! 

Phys. Rev. D 85, 125027

Anisotropy and primordial seeds 
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Anisotropy and primordial seeds 

distribution function
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Anisotropy and primordial seeds 
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ü The anisotropy of PTGW is stronger than CMB anisotropy at all scales
ü The anisotropy of PTGW goes up at small scale Angular power spectra
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ü The anisotropy of PTGW keeps more small-scale information.

标量扰动原初功率谱
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Anisotropic PTGW, Benchmark 2

Yongping Li, FPH, Xiao Wang, Xinmin Zhang, Phys.Rev.D 105 (2022) 083527 
and work in progress

Anisotropy and primordial seeds 

±GW

-0.00196774 0.00227284

Application to EWPT：相变引力波的各向同性能谱可能探测暗
物质的信号，各向异性信息有助于了解暴涨产生的原初扰动信息



2024/01/20 黄发朋 (Fa Peng Huang), 电弱相变物理 56

Motivation

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变及其动力学

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

电弱重子生成机制
暗物质产生新机制
/新信号
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Phase transition dynamics
Finite-temperature effective potential

 

Bubble wall velocity Energy budget

(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme
(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 

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.D 107 (2023) 9, 095005

F. Giese, T. Konstandin, K. Schmitz and J. van de Vis
,arXiv:2010.09744
Xiao Wang, FPH and Xinmin Zhang, 
Phys.Rev.D 103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

Theory: 相变引力波信号、
相变暗物质、早期宇宙电弱
重子生成机制最核心却最
难计算的是泡泡膨胀速度

Experiment: 实验
上最重要的相变参数
也是泡泡膨胀速度
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Phase transition dynamics
Systematically calculation of bubble wall velocity in specific model: 

Guy D. Moore,Tomislav Prokopec, How fast can the wall move? A Study of the electroweak phase 
transition dynamics, Phys.Rev.D 52 (1995) 7182-7204

Standard Model (small Higgs mass):

P. John, M.G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl.Phys.B 598 (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.D 103 (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.D 107 (2023) 9, 095005
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Phase transition dynamics
The Guy Moore’s method would be invalid at around sound velocity, there are 
some other solutions:

New ansatz:

Higher order corrections in Guy Moore’s 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=𝜂𝑣!) 
Ariel Megevand, et.al, Nucl.Phys.B 820 (2009) 47-74, Nucl.Phys.B 825 (2010) 151-176 …
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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, Bogumila Swiezewska, JHEP 01 (2021) 070
Wen-Yuan Ai, Bjorn Garbrecht, Carlos Tamarit, JCAP 03 (2022) 03, 015
Wen-Yuan Ai, Benoit Laurent, Jorinde van de Vis, JCAP 07 (2023) 002
Shao-Jiang Wang, Zi-Yan Yuwen, Phys.Rev.D 107 (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.D 108 (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, Ryusuke Jinno, Filippo Sala, JHEP 05 (2022) 004 
Wen-Yuan Ai, JCAP 10 (2023) 052
见康召丰老师的报告
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Phase transition dynamics
Bubble wall velocity 
beyond leading-log 
approximation 
in electroweak
phase transition
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Phase transition dynamics

The EOM of Higgs filed (order parameter field)
• Energy momentum conservation of scaler-plasma system in WKB 

approximation

Zero-temperature part of 
effective potential

Full thermal effective 
potential Friction term

Deviation from equilibrium

Field dependent mass

Bubble wall velocity beyond leading-log approximation in 
electroweak phase transition
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Models

EOM of Higgs field 
(order parameter field) Boltzmann equation

EOM with first order 
approximation of 

perturbation
Bubble wall velocity

Ener
gy 

mom
ent

um
 

con
ser

vat
ion Flow ansatz

Truncation scheme

First-order 
approximation

Phase transition dynamics

Wall profile

Bubble wall velocity 
beyond leading-log 
approximation 
in electroweak
phase transition

arXiv:2011.12903, Xiao wang, FPH, Xinmin Zhang
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Phase transition dynamics

With WKB approximation                 , we can describe it with Boltzmann 
equation

To solve the Boltzmann equation
• Appropriate form for the distribution function (flow ansatz)
• Specific truncation scheme
• Proper treatment of collision term

The deviation distribution part for each massive particle is crucial
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Phase transition dynamics

The collision term in Boltzmann equation

To the first-order approximation:

Key point: calculate the particle scattering amplitude in thermal plasma
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Phase transition dynamics

Top quark: 𝑡
¯
𝑡 → 𝑔𝑔 

• Interactions of 𝑂(𝑔"#) 

W/Z boson: 𝑊𝑢 → 𝑑𝑔
• Interactions of 𝑂(𝑔"$𝑔%$ )

Higgs boson: 𝐻𝐻 → 𝑡𝑡
¯

• Interactions of 𝑂(𝑦&#)
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Phase transition dynamics

To the first order of perturbations, we can derive the following EOM of 
the Higgs field.

Here we take an 
approximation
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Phase transition dynamics

• For a specific benchmark point, the results of beyond leading-log 
approximation with the contribution of Higgs boson

arXiv:2011.12903, Xiao wang, FPH, Xinmin Zhang

Bubble wall velocity beyond leading-log approximation in 
electroweak phase transition
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Phase transition dynamics
A simple DM Model:

Siyu Jiang, FPH, Xiao Wang, Phys.Rev.D 107 (2023) no.9, 095005

More 
accurate 
processes

Bubble wall velocity in inert doublet model
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Phase transition dynamics
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Phase transition dynamics

source term

collision term

truncation scheme
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Phase transition dynamics
Collision terms (Monte Carlo integration)
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Phase transition dynamics
Solving perturbation 
equations:
Green Function 
Method
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Phase transition dynamics

Solving the 
EOM
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Phase transition dynamics

In the allowed parameter spaces, the bubble wall velocity varies slightly around  0.165.

The basic procedure in this work can also be used for any other SFOPT model.
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Phase transition dynamics

New trend: the energy budget/efficiency parameter 
beyond the bag model: 
Xiao Wang,FPH and Xinmin Zhang, PRD 103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

LISA Cosmology working group JCAP 03 (2020) 024 

Xiao Wang, FPH and Xinmin Zhang, JCAP 05, 045 (2020) 

Energy budget (to measure the efficiency of the energy released by 
a SFOPT converting to the kinetic energy of sounding plasma)

J. R. Espinosa, T. Konstandin, J. M. No, and G. Servant, JCAP 06 
(2010) 028.

• GW signals generated during a SFOPT are directly related to efficiency parameter: ℎΩ'(
∝ 𝜅$	or	𝜅

!
"；

• Most of current studies of the efficiency parameter are based on bag EoS, which assume 
the sound velocity is ⁄1 3 in both phases. But for a realistic SFOPT, particle can obtain the 
mass, hence, the sound velocity can deviate from pure radiation phase.  
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Summary

(有限温度)量子场论、相对论流体力学、广义相对论

希格斯势函数形状
电弱相变及其动力学

对撞机信号：
希格斯自耦合系数

引力波信号：
bubble wall velocity
energy budget

Post Higgs Era: Higgs particle cosmology

电弱重子生成机制
暗物质产生新机制
/新信号
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Summary and outlook
Ø EW first-order phase transition has abundant collider and 

cosmological effects in baryogenesis, DM, GW…

Ø The correlation between GW and collider signals at CEPC can 
make complementary test on the Higgs nature, baryogenesis, 
DM and the cosmic evolution history at 100 GeV.

Ø More precise study: reliable resummation, non-perturbative 
calculations, bubble dynamics (wall velocity, energy budget).

Thanks！ Comments and collaborations are welcome!
Email:huangfp8@sysu.edu.cn
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Backup slides

J. Luo et al. TianQin: a space-borne gravitational wave detector, Class. Quant. Grav. 33 (2016) no.3, 035010.

l Expected in 2035
l Geocentric orbit, normal triangle 

constellation, radius ~105km
l Unique frequency band, easier 

for deployment, tracking, control, 
and communication

“天琴”
“Harpe in space”
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SFOPT and new DM mechanism/signal

Wei-Chih Huang, et. al, arXiv: 2012.11614
Mark Hindmarsh, et. al. arXiv: 2011.12878
Bhupal Dev, et. al. arXiv: 1905.00891
Yiyang Zhang, et. al. arXiv:1902.02751
Yang Bai, et. al. arXiv:1810.04360
Andrew Long, et. al. arXiv:1703.04902
Graciela Gelmini, et. al. arXiv:2009.01903
Stephen King, et.al. arXiv:2005.13549
Bhupal Dev, et.al. arXiv:1602.04203
Astrid Eichhorn et.al. arXiv:2010.00017

Yuefeng Di, et. al., arXiv: 2012.15625 
Haipeng An,et.al. arXiv:2009.12381
FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-29,
Jia Liu, et.al. arXiv:2104.06421
Zhao Zhang, et. al. arXiv:2102.01588
Wei Liu，et.al. arXiv:2101.10469
Cheng-wei Chiang, et.al. arXiv:2012.14071
Ke-Pan Xie, et.al. arXiv:2011.04821
Ligong Bian，et.al. arxiv:1907.13589
Zhaofeng Kang,et.al. arXiv:2101.03795
Zhaofeng Kang, et. al. arXiv:2003.02465
a lot of new and nice works unmentioned here 

Phase transition GW can provide a unique way to probe many 
important physics processes: inflation, PQ-symmetry breaking, 
neutrino physics, axion physics, extra dimension, primordial 
magnetic field, cosmic defects...
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Correlation and complementary test with gravitational wave (GW)

Collider signals at loop 
level@CEPC/LHC

Baryon asymmetry of our 
Universe (EW baryogenesis)

Early universe; symmetry 
breaking at high energy 

New dark matter(DM) formation mechanism;
New approach to explore DM

Higgs physics (potential), Z-pole physics, TeV new physics

Phase transition 
(Higgs)and PTGW;
Precise calculation

Motivation
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SFOPT and new physics/early universe

82

FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-29,

Generally
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Phase transition dynamics

Bag EoS

EoS with different sound velocity (DSVM) 

Strength parameter

Strength parameter

Energy budget for phase transition GW

F. Giese, T. Konstandin, and J. van de Vis, JCAP. 07 (2020) 057.
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Phase transition dynamics

• Matching condition

X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520

Energy budget for phase transition GW
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Phase transition dynamics

• Energy momentum conservation 
derive fluid equation:

Velocity profile

Enthalpy profile

Temperature 
profile

Different boundary conditions give 
different hydrodynamical modes.

Energy budget for phase transition GW



2024/01/20 黄发朋 (Fa Peng Huang), 电弱相变物理 86

Phase transition dynamics

• The method to map a particle physics model on the 
DSVM to get efficiency parameter

Particle physics 
model 

Effective potential (free 
energy)

Efficiency parameter

Sound velocity of both 
phases and strength 

parameter

Energy budget for phase transition GW
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Phase transition dynamics

The evolution of sound velocity of broken phase and 
symmetric phase in Dim-6 effective model:

X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520

Energy budget for phase transition GW
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X. Wang, F. P. Huang and X. Zhang, PRD 103 (2021) 10, 103520

GW spectrum and SNR for different EoS with different parameter combination:

Energy budget for phase transition GW

Phase transition dynamics
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Phase Transition dynamics

Xiao Wang, FPH, Yongping Li, Sound velocity effects on the phase transition gravitational wave spectrum in the Sound Shell Model, 
arXiv:2112.14650
Xiao Wang, FPH, Xinmin Zhang, Energy budget and the gravitational wave spectra beyond the bag model ,Phys.Rev.D 103 (2021) 10, 103520

Sound velocity effects on the phase transition gravitational wave spectrum in 
the Sound Shell Model 
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Phase transition dynamics

Xiao Wang, FPH, Yongping Li, Sound velocity effects on the phase transition gravitational wave spectrum in the Sound Shell Model, 
arXiv:2112.14650
Xiao Wang, FPH, Xinmin Zhang, Energy budget and the gravitational wave spectra beyond the bag model ,Phys.Rev.D 103 (2021) 10, 103520
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10°10 10°9 10°8 10°7

f [Hz]

10°17

10°15

10°13

10°11

10°9

10°7

10°5

h
2
≠

G
W

SKA

PTGW, Benchmark 1

PTGW, Benchmark 2

Anisotropy and primordial seeds 

<latexit sha1_base64="z/jvj5olBIJtjEfnTBHwrqrcp20="></latexit>

h
2⌦GW(f) ' 1.64⇥ 10�6

✓
4

3

◆ 1
2

(H⇤R⇤)
2
✓

v↵

1 + ↵

◆ 3
2

⇥
✓
100

g⇤

◆ 1
3

(f/fsw)
3

 
7

4 + 3 (f/fsw)
2

! 7
2

<latexit sha1_base64="e3UuRjenEq971WJsDsKg0r3MwFo="></latexit>

fsw ' 2.6⇥ 10
�5

Hz
1

H⇤R⇤

✓
T⇤

100GeV

◆⇣
g⇤
100

⌘ 1
6

phase transition strength
D.O.F
efficiency factor
bubble wall velociy
characteristic temperature
mean bubble separation

<latexit sha1_base64="ToQA50+EOpWOFnQQEaMYZSgSzC0="></latexit>

↵ = 0.5

g⇤ = 10

v ⇡ 0.44

vb = 0.95
<latexit sha1_base64="q1WP7rhcAhaGmNniI4xi7rV+iWY=">AAACGnicbVDLSsNAFJ34rPUVdelmsFhchUTqYyMU3XQjVOkLmhAm00k7dPJgZiKU0P6GG3/FjQtF3Ikb/8ZJm4W2Hhg4nHMuc+/xYkaFNM1vbWl5ZXVtvbBR3Nza3tnV9/ZbIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO0NbzK//UC4oFHYkKOYOAHqh9SnGEklubpVnjRcGwl5ZU3sAMkBD9Jb0hrbdrE8qU0deD8LmIZ1pmRXL5mGOQVcJFZOSiBH3dU/7V6Ek4CEEjMkRNcyY+mkiEuKGRkX7USQGOEh6pOuoiEKiHDS6WljeKyUHvQjrl4o4VT9PZGiQIhR4Klktr2Y9zLxP6+bSP/SSWkYJ5KEePaRnzAoI5j1BHuUEyzZSBGEOVW7QjxAHGGp2sxKsOZPXiStU8M6Nyp3lVL1Oq+jAA7BETgBFrgAVVADddAEGDyCZ/AK3rQn7UV71z5m0SUtnzkAf6B9/QCf/59T</latexit>

T⇤ = 1 MeV

H⇤R⇤ = 0.15

<latexit sha1_base64="KZdk1Pkx9CL67YHYCHKD7XQOJaQ=">AAACGXicbVDLSsNAFJ3UV62vqEs3g8XiKiSlPjZC0U03QpW+oAllMp20QycPZiZCCe1nuPFX3LhQxKWu/BsnaRfaemDgcM65zL3HjRgV0jS/tdzK6tr6Rn6zsLW9s7un7x+0RBhzTJo4ZCHvuEgQRgPSlFQy0ok4Qb7LSNsd3aR++4FwQcOgIccRcXw0CKhHMZJK6ulmadro2UjIq7Op7SM55H5yS1oT2y6UprXMgfezgGmUldrTi6ZhZoDLxJqTIpij3tM/7X6IY58EEjMkRNcyI+kkiEuKGZkU7FiQCOERGpCuogHyiXCS7LIJPFFKH3ohVy+QMFN/TyTIF2LsuyqZLi8WvVT8z+vG0rt0EhpEsSQBnn3kxQzKEKY1wT7lBEs2VgRhTtWuEA8RR1iqMtMSrMWTl0mrbFjnRuWuUqxez+vIgyNwDE6BBS5AFdRAHTQBBo/gGbyCN+1Je9HetY9ZNKfNZw7BH2hfPyIcnxk=</latexit>

T⇤ = 5 MeV

H⇤R⇤ = 0.2

Benchmark 1 Benchmark 2

<latexit sha1_base64="4HQBFG5qNVbhWeN2Nqhc7Rl6vlw="></latexit>

H
2
⇤ = ⇢/3M2

pl

Peak frequency

QCD-like DM model
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f [Hz]

10°16

10°14

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

æGW

Isotropic PTGW, Benchmark 1

Isotropic PTGW, Benchmark 2

Anisotropic PTGW, Benchmark 1

Anisotropic PTGW, Benchmark 2

Anisotropy and primordial seeds 

<latexit sha1_base64="lLV81Qid5fwfnmUS8abzofJypus="></latexit>

VarG =
1

4⇡

X

`

(2`+ 1)CG
`

<latexit sha1_base64="64EiOn6jV5nj7C43kKx3Vviu5R8="></latexit>

�GW(p) ⌘ h2⌦GW(p)
q
Var�GW(p)

CMB TT anisotropy

PTGW anisotropy

PTGW energy spectra anisotropy

<latexit sha1_base64="leclX+5pJkYSl2Z2nRnu43lQD9A=">AAACFnicbVDLSsNAFJ34rPXRqEs3g6XgxpJIfSyLgris0LSFNpbJdNIOnUzCzEQsIf8huNXfcCdu3foXfoKTNovaeuDC4Zz74ngRo1JZ1rexsrq2vrFZ2Cpu7+zulcz9g5YMY4GJg0MWio6HJGGUE0dRxUgnEgQFHiNtb3yT+e1HIiQNeVNNIuIGaMipTzFSWuqbpVpP0YBIaFsPyel52jfLVtWaAi4TOydlkKPRN396gxDHAeEKMyRl17Yi5SZIKIoZSYu9WJII4TEakq6mHOljbjJ9PIUVrQygHwpdXMGpOj+RoEDKSeDpzgCpkVz0MvE/rxsr/8pNKI9iRTieHfJjBlUIsxTggAqCFZtogrCg+leIR0ggrHRWxcr8Kqd5q1dp4ylNZMiHWUT2YiDLpHVWtS+qtftauX6dh1UAR+AYnAAbXII6uAMN4AAMYvACXsGb8Wy8Gx/G56x1xchnDsEfGF+/Gx2evQ==</latexit>

4⇥ 10�5

<latexit sha1_base64="G108BWUowPpD4pFdsNNVL0LwElQ=">AAACFnicbVDLSsNAFJ3UV62PRl26GSwFN5ZEirosCuKyQtMW2lgm00k7dDIJMxOxhPyH4FZ/w524detf+AlO2ixq64ELh3Pui+NFjEplWd9GYW19Y3OruF3a2d3bL5sHh20ZxgITB4csFF0PScIoJ46iipFuJAgKPEY63uQm8zuPREga8paaRsQN0IhTn2KktDQwy3Zf0YBIaFsPyVk9HZgVq2bNAFeJnZMKyNEcmD/9YYjjgHCFGZKyZ1uRchMkFMWMpKV+LEmE8ASNSE9TjvQxN5k9nsKqVobQD4UuruBMXZxIUCDlNPB0Z4DUWC57mfif14uVf+UmlEexIhzPD/kxgyqEWQpwSAXBik01QVhQ/SvEYyQQVjqrUnVxldO61au08ZQmMuSjLCJ7OZBV0j6v2Re1+n290rjOwyqCY3ACToENLkED3IEmcAAGMXgBr+DNeDbejQ/jc95aMPKZI/AHxtcvFGqeuQ==</latexit>

1⇥ 10�4

<latexit sha1_base64="yOMgObs2T6Ib/JRjHVVaFm4WiFA=">AAACFnicbVDLSsNAFJ34rPXRqEs3g6XgxpJI0S6Lgris0LSFNpbJdNIOnUzCzEQsIf8huNXfcCdu3foXfoKTNovaeuDC4Zz74ngRo1JZ1rextr6xubVd2Cnu7u0flMzDo7YMY4GJg0MWiq6HJGGUE0dRxUg3EgQFHiMdb3KT+Z1HIiQNeUtNI+IGaMSpTzFSWhqYpXpf0YBIaFsPyXktHZhlq2rNAFeJnZMyyNEcmD/9YYjjgHCFGZKyZ1uRchMkFMWMpMV+LEmE8ASNSE9TjvQxN5k9nsKKVobQD4UuruBMXZxIUCDlNPB0Z4DUWC57mfif14uVX3cTyqNYEY7nh/yYQRXCLAU4pIJgxaaaICyo/hXiMRIIK51VsbK4ymnd6lXaeEoTGfJRFpG9HMgqaV9U7ctq7b5WblznYRXACTgFZ8AGV6AB7kATOACDGLyAV/BmPBvvxofxOW9dM/KZY/AHxtcvIDqewA==</latexit>

8⇥ 10�4 (            )
<latexit sha1_base64="mm/TlI6LpltD1eYzJ7fYxpNUKZo="></latexit>

> fsw



2024/01/20 黄发朋 (Fa Peng Huang), 电弱相变物理 93

10°10 10°9 10°8 10°7

f [Hz]

1

2

3

4

5

6

7

8

F
re

qu
en

cy
d
ep

en
d
en

ce
g(

f
)

SW,Benchmark 1

SW,Benchmark 2

CO,Benchmark 1

CO,Benchmark 2

Anisotropy and primordial seeds 

<latexit sha1_base64="du9EKrx/LqfKurIHQYc5nxUX5vE="></latexit>

⇢GW(⌘,x) =

Z
d3ppf(⌘,x,p) =

Z
dpdp̂p3f(⌘,x, p, p̂)

<latexit sha1_base64="cxPnj8gGusiHXoSiTWIrIOoIy58="></latexit>

⌦GW(⌘,x, p) =

Z
dp̂

4⇡
⌦̄GW(⌘, p) [1 + �GW(⌘,x, p, p̂)]

=

Z
dp̂

p4

⇢c


f̄(⌘, p)� p

@f̄(⌘, p)

@p
G(⌘,x, p̂)

�

<latexit sha1_base64="NlqhTPx4LSbTeHwmr1/X9fpyNxc="></latexit>

�GW =
�⌦GW(⌘,x, p, p̂)

⌦̄GW(⌘, p)
anisotropy of GW energy spectra

<latexit sha1_base64="LfTZCDWoM6uzCnEu9RMekdsgNFs="></latexit>

�GW(⌘,x, p, p̂) =


4� @ ln ⌦̄GW(⌘, p)

@ ln p

�
G(⌘,x, p̂)

<latexit sha1_base64="/l/ig2IiVg5hXjI3JefIkQHf8Zw="></latexit>

C�GW
l (p) = g2(p)CG

l

<latexit sha1_base64="xXwiO5dPngMmkzdqNDONQ4BZU4w=">AAACDHicbVDNSgMxGMzWv1r/qh69BEvBU9mVoj0WBfFYodsW2qVk0+w2NJssSVYsy76C4FVfw5t49R18Cx/BtN1DbR0IDDPfX8aPGVXatr+twsbm1vZOcbe0t39weFQ+PukokUhMXCyYkD0fKcIoJ66mmpFeLAmKfEa6/uR25ncfiVRU8LaexsSLUMhpQDHSRuqGA0Uj2BiWK3bNngOuEycnFZCjNSz/DEYCJxHhGjOkVN+xY+2lSGqKGclKg0SRGOEJCknfUI4iorx0fm4Gq0YZwUBI87iGc3W5I0WRUtPIN5UR0mO16s3E/7x+ooOGl1IeJ5pwvFgUJAxqAWd/hyMqCdZsagjCkppbIR4jibA2CZWqy6Pc9p0ZZYynLFWCh5mJyFkNZJ10LmvOVa3+UK80b/KwiuAMnIML4IBr0AT3oAVcgMEEvIBX8GY9W+/Wh/W5KC1Yec8p+APr6xc7QZu1</latexit>

g ⇠ 8

<latexit sha1_base64="xEOZVVZC6xRPabMvxwprOEOyjtQ=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWakPpZFQVxW6LSFdiiZNDMNzSRDkhHLML8guNXfcCdu/Qf/wk8wbWdRWw8EDufcV44fM6q0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWIpGYuFgwIbs+UoRRTlxNNSPdWBIU+Yx0/PHt1O88Eqmo4C09iYkXoZDTgGKkjdQJ+4pG8GJQrtg1ewa4SpycVECO5qD80x8KnESEa8yQUj3HjrWXIqkpZiQr9RNFYoTHKCQ9QzmKiPLS2bkZrBplCAMhzeMaztTFjhRFSk0i31RGSI/UsjcV//N6iQ6uvZTyONGE4/miIGFQCzj9OxxSSbBmE0MQltTcCvEISYS1SahUXRzltu7MKGM8ZakSPMxMRM5yIKukfV5zLmv1h3qlcZOHVQQn4BScAQdcgQa4B03gAgzG4AW8gjfr2Xq3PqzPeWnBynuOwR9YX782W5uy</latexit>

g ⇠ 5

±GW

-0.00196774 0.00227284
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SFOPT and new DM mechanism/signal


