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Symmetry Breaking in the early Universe
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Stochastic gravitational wave background and New physics

The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Collider&GW search for Electroweak symmetry breaking
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Vacuum decay and FOPT
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Bubble dynamics of FOPT
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Perturbative theory for PT
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Gauge dependence of the PT parameters
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Gauge dependence of the PT parameters
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Gauge dependence of the PT parameters
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Gauge dependence of the PT parameters
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1+1D simulation-across Quantum-Thermal crossover

The decay probability is formulated as a phase-space average over field configurations, with the false-
vacuum basin specified by an indicator functional

DH
Prv(t) =
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p = l e BH The interacting thermal state 1s approximated by

Consider 1nitial density matrix operator: , , .
Z a self-consistent Gaussian quasi-free state.

Mode-by-Mode Positive Wigner Sampling:
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This positive Hartree-Gaussian Wigner functional allows direct Monte Carlo sampling of 1nitial field and
momentum modes, including both zero-point and thermal fluctuations.
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1+1D simulation-across Quantum-Thermal crossover

The 1nitial quantum-thermal ensemble 1s evolved by classical Hamiltonian trajectories after neglecting
higher-order h%terms in the Wigner equation.
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1+1D simulation-across Quantum-Thermal crossover

Coarse-Graining: A method for eliminating high-k noise

Short-wavelength high-k modes introduce local noise irrelevant to large-scale decay dynamics;

we thus adopt coarse-grained fields to filter short-range fluctuations, extract bubble-nucleation-
dominated low-energy physics, and enhance numerical stability and physical clarity.

de(z,t) = / dyWi(z — y)d(y,t) €= c1€pv, Epv ~ My .
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=
' 4
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Coarse graining suppresses UV pointwise noise and i1solates the long-wavelength structures relevant
for bubble nucleation.



1+1D simulation-across Quantum-Thermal crossover

Indicator Functional: How to Define a field configuration Decay?

Pv() = [ DogonlaWiem  ZZEZDNTE A~ > e [ol]

The main ambiguity 1s not the Monte Carlo average itself, but how Og,1s implemented for an extended field
configuration. Different choices define different real-time observables.

® Global survival:

Q_Sg(t) > ¢,.  Whole-volume average crossing.
@ Connected-cluster survival:

¢¢(z,t) > ¢ over a connected interval with L > L., At > Ty,014. Persistent supercritical domain.

® False-vacuum fraction:

(i) 1 i
t d e l 1, t , . - .
rv(t) = L / ! ((b” P (@ )) Global and connected-cluster criteria are sample-level survival
Pprac(t) = % N v, observables, while P¢ ,comeasures spatial conversion.



1+1D simulation-across Quantum-Thermal crossover

Real-Time Dynamics: Low vs High Temperature
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1+1D simulation-across Quantum-Thermal crossover

Effective Temperature:

Since the sampled ensemble contains both thermal and zero-point fluctuations, the comparison with thermal
nucleation theory uses a low-k effective temperature T o¢, not simply T;,;
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1+1D simulation-across Quantum-Thermal crossover
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1+1D simulation-across Quantum-Thermal crossover
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1+1D simulation-across Quantum-Thermal crossover

For the benchmark potential, the uniform background ¢is treated as a scanning variable. At each fixed ¢,
we solve the same renormalized Hartree gap equation as in the initial-state construction.
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1+1D simulation-across Quantum-Thermal crossover
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Lattice electroweak theory-classical simulation

d(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 , ®(t, x), Ui (t, x) and V;
(t, x) are defined at time steps t + At, t + 2A¢t, .. .;

Conjugate momentum fields: II(t+At/2, x), F (t+At/2, x) and E(t+ At/2, x), are defined at time steps t + At/2, t + 3At/2.

1

Uz(t, ([;) = exp ( — %QAZEO'O'W,I;G) D;® = A_CU [Ui(ta x)‘/'i(t) x)q)(tax + Z) o (I)(ta CE)]
: 1
Jut0) = oxp  — Sqszewy) D = 1 0ot V0 1000+ 50) (02
i O(t+ At,x) =D(t,z) + Atll(t + At/2, x)
Vi(t,z) = exp ( - —gAa:Bz-) 1
? Vi(t+ At,z) =2 g AsAtEy(t + At/2,2)Vi(t, @)
Vo(t, z) = exp ( - §9At30)° Ui(t + At,z) =gAzALF;(t + At/2, )Ui(t, ),
Temporal gauge o leapfrog

Uo(t, x) =12, Vo(t,x) =1
Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102



1st order EWPT simulation-quantum tunneling

Field basis equation of motion Lattice implementation
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Bubble collision and PMF
1st Phase transition + Magnetic field = Matter-antimatter asymmetry 2
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Bubble collision and PMF
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Bubble collision and PMF

Hypermagnetic field strength g’ BS¥/m3y at electroweak scale
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“ Summary

 Gauge invariant calculation of the nucleation rate reduces uncertainty for GW prediction

 Connected-cluster survival provides a local, sample-level decay diagnostic across the
quantum-to-thermal crossover

* global survival is delayed by spatial averaging at high T, while false-vacuum fraction can be
contaminated by transient spatial conversion at low T

 Primordial helical MF during EWPT can generate BAU through Chiral Anomaly

< Future

 Dark matter and PT
e Lattice/Quantum simulation on topological defects

 Magnetic fields, baryogenesis, and Axion dynamics
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