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真空衰变的数值模拟与研究
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电弱相变

宇宙弦

⾼能标相变低能标相变

LISA,天琴,太极

‣ 研究背景                      随机引⼒波与基础物理

随机引⼒波探测开启了探索早期宇宙背后基础物理的⼀个新的窗⼝

脉冲星阵列计时 激光⼲涉引⼒波天⽂台（LIGO）



PPTA,2306.16215EPTA,2306.16214

NANOGrav,2306.16213CPTA ,2306.16216

New dataset from PTAs



Gravitational wave sources for Pulsar Timing Arrays

Bian,Ge,Shu,Wang,Yang,Zong,2307.02376



‣ 有限温度场论⾥⾯的真空衰变

Peter Athron1 , Csaba Balázs, Andrew Fowlie, Lachlan Morris , Lei Wu, 2305.02357



Bounce solution

PT strength

Phase transition  
inverse duration

Bubble nucleation

‣ GW parameters and FOPT



新物理&相变引⼒波

Chiara Caprini et al JCAP03(2020)024 

有限温场论计算
格点场论模拟建立理

论和实验的桥梁

PTA,LIGO,LISA,天琴,太极,…

Tunneling

重要的引⼒波源，主要科学目标之⼀

相变参数
引⼒波功率谱 实验探测

信噪比

超出粒⼦物理标准模型 
新物理



Φ(t, x) ： Higgs field doublet defined on sites; 

 Ui (t, x) and Vi (t, x) ：SU(2) and U(1) link fields, defined on the link between the neighboring 

sites x and x + i ，Φ(t, x), Ui (t, x) and Vi (t, x) are defined at time steps t + ∆t, t + 2∆t, . . .; 

 Conjugate momentum fields：Π(t+∆t/2, x), F (t+∆t/2, x) and E(t+ ∆t/2, x), are defined at time 

steps t + ∆t/2, t + 3∆t/2. 

Temporal gauge 
 U0 (t, x) = I2, V0 (t, x) = 1 

leapfrog

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102

‣ 格点电弱理论



Field basis equation of motion

‣ ⼀阶电弱相变模拟-量⼦隧穿

Lattice implementation

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102

Lattice Simulation

Expansion&PercolationNucleationFinite-T Veff

Finite-T calculation

PT temperature（      ）
duration（      ）
strength（      ）

Tunneling



γ⋆ = R⋆ /(2Rc ) 

γ⋆ = 2.98，vw=0.94 

γ⋆ = 4.84，vw=0.98 

R⋆ Lw

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102

‣ ⼀阶电弱相变真空泡碰撞、合并产⽣引⼒波



‣ Bubble dynamics of FOPT

Tunneling Fluctuation

From QFT

False vacuum fraction considering bubbles expansion

h(tf)=1/e

2008.09136

2305.02357

Bubble Volume



‣ ⼀阶电弱相变模拟3D-热涨落

 Ligong Bian,Yuefeng Di, Yongtao Jia,Yang Li,Kehao Zeng，arXiv:2505.15360 



‣ ⼀阶电弱相变模拟3D-热涨落

Ti = 1.15M 

Ti = 1.35M 



‣ ⼀阶电弱相变模拟3D-热涨落

p(t) = pf exp[β(t − tf )]



‣ ⼀阶电弱相变模拟3D-假真空⽐例

R =0



‣ ⼀阶电弱相变模拟3D-引⼒波



场论中的Wigner函数

=

 Stanisław Mrówczyński and Berndt Müller, Phys. Rev. D, 50:7542–7552, Dec 1994.

（量⼦⼒学中Wigner函数：(q, p)相空间中准概率密度性质）

量⼦场论中Wigner函数：( )相空间中准概率密度性质𝜙,   Π

‣ ⼀阶电弱相变模拟-热涨落



忽略            

‣ Wigner函数的运动⽅程

HaiYang Wang, Kehao Zeng, Ligong Bian, arXiv: 2506.18334 

https://arxiv.org/abs/2506.18334


⽣成N_samples*N_samples个独立的样本对张成离散的（phi，pi）相空间

Initial condition:

‣ 数值模拟的具体实现

Summation range：i, j = 1,2, 3…𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠



‣ 数值模拟结果

Nsamples = 1000 
Δx = 0.25   
Δt = 0. 01 
Nx = 1024



Vb=0.035 
ΔV=0.06

Vb=0.029 
ΔV=0.1

Vb=0.020 
ΔV=0.18

Vb=0.016 
ΔV=0.24

‣ 数值模拟结果



𝛽𝜔∗ = 1 

1D场演化图

β=1.0

β=1.2 β=1.4

β=0.8

Wave function evolution

‣ 数值模拟结果

V( )ϕP(W)



‣总结和展望

2. DM and GW from FOPT

1. Baryon Asymmetry of the Universe and GW from FOPT
• Sphaleron process, bubble velocity （local equilibrium？） 

• DM and high/low-scale PT, DM out-of-equilibrium & FOPT, PBH DM&FOPT

• Nucleation/Sphaleron  rate simulations 
• PT-GW simulation  
• Topological defects: Magnetic monopoles, cosmic strings, domain walls, string-wall

❖Lattice simulation

❖Pheno

Gravitational waves provide a new window to  
probe/constrain beyond standard model physics
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