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Electroweak Phase diagram QCD Phase diagram

Symmetry Breaking in the early Universe



EWPT

Cosmic strings

High-scale PTLow-scale PT

‣  Stochastic gravitational wave background and New physics
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PQ era，PQ symmetry broken，second order phase 
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QCD era，axion acquires a non-zero mass due to QCD non-
perturbative effect, T ~ 100MeV

Axion(global) strings form and enters the 
scaling regime

String-domain wall hybrid networks form  and 
eventually decay

axion field bias term

Gravitational waves and axion radiated by 
topological defects of two eras

Detection of axion dark matter
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PQ complex scalar:

The action in expanding universe with spatially flat FLRW metric:
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Yang Li, Ligong Bian, Rong-Gen Cai, Jing Shu, 2311.02011 

‣ Cosmic string simulation:  the DFSZ axion model



‣  Shape of the potential

PQ era:

QCD era:

after PQ transition

with bias term

before PQ transition

with nonzero axion mass

without bias term

NDW=3



‣ Simulation setups

PQ era-the first stageEquations of motion
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Initial condition

two-point correlation functions

thermal spectrum



‣ String-wall evolution
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Axion string-domain wall hybrid network destruction with gravitational waves and axions  emission



‣Domain wall Area parameter

∼DW decay
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‣Domain wall decay to free axions

 Window function Wdw(x) will take 0 near the DW core and 1 near the true vacuum



‣Domain wall decay to free axions

Axion energy density tends to be a constant at the final moment, 
and the energy density of the radiated free axion is (almost) 
proportional to the bias term and NDW



‣Domain wall decay to axion Dark matter

Misalignment mechanism：

Axion DM from pure axion string： 2 12 1.19
,st 0( ) 2.0 ( /10 GeV)a at h fΩ = ×

Axion DM from Wall decay：

Mass excl.: 

bias term dominating over the QCD instanton

effect in the contributions to axion mass term

WD excl.:

2
0( ) 0.12a t hΩ ≤

DM excl.



‣ String-wall GW
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axion string-wall networks mainly decay to axion



‣ String-wall GW

Efficiency parameter        ~ Const. 2 4
gw aGm fρ ∝



‣Axion DM and GW from String-wall

Simultaneously explanation of DM and GWs with axion string-wall networks，

only for N >1 of ALP scenarios.


For NDW = 1, the GW energy density appears undetectable for QCD axions and axion-like particles.
DW

Our research provides the possibility of searching for axion models or constraining model 
parameters through GW detection experiments



 gj(k )⃗ is Gauss random field and σ_M∈[−1, 1] determines the helicity of magnetic field. n is the 
spectrum index. (2409.16124)


magnetic fields


‣Axion DM with PMF



‣Axion DM with PMF

Zhao, Di, Bian*,Shu*, 2511.22949



‣ Vacuum decay and FOPT

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

Chiara Caprini et al JCAP03(2020)024 LISA,TianQin,Taiji,…

Thermal EFT+MC lattice simulation

Classical lattice simulation
Jie Liu, Renhui Qin, Ligong Bian,


e-Print: 2512.05565 


https://arxiv.org/abs/2512.05565


‣ 1+1D simulation-across Quantum-Thermal crossover

Haiyang Wang, Renhui Qin, Ligong Bian, arXiv: 2506.18334 



Ignore            

Nsamples = 10 

Δx = 0.25  

Δt = 0. 01

Nx = 1024
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‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



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

‣ Lattice electroweak theory-classical simulation



Field basis equation of motion
‣ 1st order EWPT simulation-quantum tunneling

Lattice implementation

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

Expansion&PercolationNucleationFinite-T Veff

Finite-T calculation

 temperature（           ）
duration（      ）
strength（      ）

Tunneling



Di, Bian*, Cai*,2409.16124, 2508.07416

‣ Bubble collision and PMF

？



‣ Bubble collision and PMF



Di, Bian*, Cai*,2409.16124, 2508.07416

‣ Bubble collision and PMF

Sphaleron rate



Di, Bian*, Cai*,2409.16124, 2508.07416

‣ Bubble collision and PMF

hfactor = 1hfactor = 0



• Dark matter and PT


• Topological defects: Magnetic monopoles, cosmic strings, domain walls


• Magnetic fields, baryogenesis, and Axion dynamics

❖ Future

❖ Summary

• GW of ALP particles in the DFSZ case can be probed by GW detectors


• GW of Axion/ALP dark matter scenario in KSVZ cannot be probed 


• DW Decay through PMF 


• Direct measurement of the vacuum decay rate at finite temperature


• Bubble dynamics prefer PMF and GW production from EW lattice



谢谢！



T. W. B. Kibble 

Cosmic string

‣Cosmic string

SSB of the U(1)

Yann Gouttenoire et al JCAP07(2020)032 

GW radiationsLoops

Stephen F. King, Silvia Pascoli, Jessica Turner, Ye-Ling Zhou, Phys. Rev. Lett. 126, 021802 



‣ Domain wall

Kibble mechanism
1002.1555



‣ 1+1D simulation-across Quantum-Thermal crossover



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

‣ Bubble collision and GWs generation



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



‣Domain wall’s identification
Top view of the shape of potential energy The distribution of fields in phase space

NDW=3

Comoving area density 

 θ,i (i = x, y, z) ：spatial derivatives of the dimensionless axion field θ(x)

Area parameter A of DW (scaling parameter of DW） 

∆A = (δx)  is the comoving area of one grid surface2



‣ Identification of Cosmic string

String penetrates the square loop if the minimum phase range which contains 
the four points is greater than π and the phase changes continuously

For a specific square loop, assuming that the minimum phase at four points is θmin



‣ Bubble dynamics of FOPT

Tunneling Fluctuation

From QFT

False vacuum fraction considering bubbles expansion

h(tf)=1/e

2008.09136

2305.02357

Bubble Volume


