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Stochastic gravitational wave background and New physics
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Cosmic string
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Domain wall
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Cosmic string simulation: the DFSZ axion model

The action in expanding universe with spatially flat FLRW metric:

PQ complex scalar: ©=0; +i¢,

S=-[d "xy-g ( —%tp 0,9 +V () At
ST A on field bias t
/ axion rie 1as (erm

2 2 / /
V(cp)=%7\.(‘cp‘ —v2)2+gT2 " m]\([T )V (1-cos(N,,,0))—Ev (pe™ +h.c.)
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PQ era, PQ symmetry broken, second order phase QCD era, axion acquires a non-zero mass due to QCD non-
transition, T, ~ 10%-10"GeV perturbative effect, T ~ 100MeV

| |

Axion(global) strings form and enters the String-domain wall hybrid networks form and
scaling regime eventually decay

\ /
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Gravitational waves and axion radiated by
topological defects of two eras

A

. Detection of axion dark matter

Yang Li, Ligong Bian, Rong-Gen Cai, Jing Shu, 2311.02011



Shape of the potential

before PQ transition after PQ transition

PQ era:

with nonzero axion mass with bias term

QCD era;

without bias term




Simulation setups

Equations of motion PQ era-the first stage
~¢, + 2a—'(|)1' — V2P, = —a’[A, (¢ +P; — V7 + %T2) — mj\(fz)vz (cosO cos N0 + N, sin0O sin N,,0) —2Ev’ cosd ]
a DW
P, + Za—'q)z' — VP, = —a’[AN, (¢ +P7 =V + %Tz) — m;(ff)vz (sin® cos N0 — N, cosO sin N,,0) —2=1>sind ]
a DW

Initial condition

thermal spectrum
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P¢1(k) = P¢2 (k) = —

Wi

Wi

Wy = JICZ/R2 + mgﬁ

wi e /T — 1°

Py, (k) = Py, (k) = npwy =

e /T — 1

mZ. = A(T?%/3 —?)

two-point correlation functions

(pi(K)p;(K)) = 2n)’ Py(k)d(k — K')S;;,
(Pi(K)p;(K)) = )’ Pyk)d(k — K')d;,
(pi(K)p;(K))=0.
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(i (K)|*) = ( 5 ) Py (k), (pi(K)) =0,
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. N \° .
(p:(K)[*) = ( 5 ) Py, (K, (pi(kK)) =0,
Xphy



Domain wall’s identification

Top view of the shape of potential energy The distribution of fields in phase space
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String-wall evolution

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




Domain wall Area parameter
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Domain wall decay to free axions
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Domain wall decay to free axions
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Domain wall decay to axion Dark matter

Qp new (o) =QPVH? + Q, o (t0)H> + Qg s(to)h?

Axion DM from Wall decay:
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String-wall GW
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String-wall GW
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Axion DM and GW from String-wall

Our research provides the possibility of searching for axion models or constraining model
parameters through GW detection experiments
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Simultaneously explanation of DM and GWs with axion string-wall networks, only for Npyy,>1 of

A

P scenarios.

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




Axion DM with PMF

* The action and potential are

- 1 P . J i 22
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% T 2 - a . v e
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, a . 0.00-
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Axion DM with PMF

SN1987A
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Zhao, Di, Bian*,Shu*, 2511.22949



Potential, V(¢)

Tunneling

Peter Athron , Csaba Balazs, Andre
Fowlie, Lachlan Morris ,
Lei Wu, 2305.02357

Vacuum decay and FOPT

-

Energy budget -

PT parameters

Effective action — 3, H.

Bubble wall dynamics — vy

> a, K(a, Uy)

Thermal fluctuations

Potential, V (¢, T)

Bounce solution

Upturned potential, —V

Heat bath

Rolls from near
true vacuum ...

...and comes to rest
at false vacuum

Thermal EFT+MC lattice simulation

Classical lattice simulation

v,

Chiara Caprini et al JCAP03(2020)024

GW power spectrum

Numerical simulations —
hzﬂc,w(f; H*, a, ﬁ, ’Uw)

T =P = A@)e L
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140:-""
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80P it
] B0O+B1, A=570 )
60+ A BO+B1,/\=590J i
I NI |

T (GeV)
Jie Liu, Renhui Qin, Ligong Bian,
e-Print: 2512.05565

LISA sensitivity

Configuration + noise level —
b Qs (i)

LISA, TianQin, Taiji,- -


https://arxiv.org/abs/2512.05565

1st order EWPT simulation-thermal fluctuation

Wigner function in field theory

PR(T)EAdXh//(X, T)|? — PR(t)zLD¢|W(¢,t)|2
W(q,p;t) ~ ¥ (x,t)|* U(p,t)= (P(x)|V(t)) = / Do (P|U(t]10) i) (i (x)[¥ (1))
F) — — £ pu Ul A _u , Nt ot TT( e , M - _90("13)
W(q,p;t) = / due#7 (q+ 5| p(t) |- 5) mm) W(p(2), (@) t] = [ Dp(@)exp |-+ [ dall(@)p(a)| x ( d(x) + | (t) () —

Wigner function: (¢, 1) phase space Quasi-probability distribution

1 A
p(0) = Ee_ﬂH

Wip(x), I(x);t] 2 0

Wo(x), II(z); 0] :% / D () exp [—% / d:z:H(:r)cp(:z)] X <¢(:1:) +@ e=BH | () — @>
o
~ %&’Ep [—B/da:[%ﬂ%x)%— %(v¢(x))2+v(¢)]l QS(CU) is the real scale field
@) = 56
z=Trp= [ Dota) 25 wWio _A() = [T (D) ((t) )

Stanistaw Mréwczynski and Berndt Miiller, Phys. Rev. D, 50:7542—-7552, Dec 1994.



Equal in the classical limit

[H (p—y, I1y,: 0)]?e/d_e_o/-v;[ W (¢, I

A

0

ihop(t) =

(H, p(t),

L:/ x(= 8“gb5‘“gb V(g

0
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A= 55r15¢
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[%‘l‘/dB(
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( 0H

N\

OH
[ 09

oI

d¢

E:

d<I>

—W|o,m;t] = —2H — sin (

(¢)]

H = /d%% /d3

1 1h
Zh )W[¢’ ﬂ-’t]

5 517 1s the Poisson bracket operator

O(h?)

0H 6 o0H 9

= -

ST 66 0¢ Ol

— W[¢—t7 11

t§O]

Nsamples = 10°
Ax = 0.25
At = 0. 01
Nx = 1024

Nsamples*Nsamples for (phi pi) phase space
Summation range: i,j =12,3...N .,
Haiyang Wang, Renhui Qin, Ligong Bian, arXiv: 2506.18334



Simulation results

Wave function evolution

1D field

|Psi|™~2 at Step: 50
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Simulation results
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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
dV (D) I1(t + At/2,2) =I1(t — At/2,2) + At{ ﬁ S [Ust 2)Vilt, 2)®(t,z + )
0;® =D;D;® — : z‘ -
Add —20(t,x) + Ul (t, x —9)V; (t,x — i)®(t,x — )] — 5T
83 B; =—0;B;; + q Im[<I>Jr D;®], Im[Ex (t + At/2,z)] =Im[Ex(t — At/2,7)] + At{A’;;Im[@(t, z+ KUt 2)V] (1, 2)0(t, 2)
33 Wi =—0Wa —g EabCW,?W,;Ck +g Im[(I)T c*D;®] , - g,§x3 PRIACENACERROVACERVAICE)
000; B — q Im[cI>T60<I>] = 0, + Vilt,z — )Va(t, )V, (8,2 J{r kg— i)tf,JT(t,x —a)l} o
Trlic™ Fi(t + At/2,z)] =Tr[ic™ Fi(t — At/2,x)] + Aty —Re[®' (t,x + k)U,.(t,2)V, (t,z)ic™ (¢, x)]
aoaj Wf’-l—g GabCWJba()ch — g Im[(I)Ta“80<I>] = 0. 1 AT k k

~ A Z Trlic™Uk(t, z)U;(t, z + I»::)U,;r (t,x + Z)Uj (t, )

+io™U(t, 2)US (¢, 2 + k — ) UL (t, z — ))Us(t, z — z')]},

Finite-T Veff Nucleation Expansion&Percolation
e [ R i 0
04! — T=0
| — T=Tn L0 o
| — T=Tc
02/ [ *
- | — T>Tc 200 200+
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ol l duration ( B ) 300 300
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h
Finite-T calculation

0 100 200 300 400 500

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



Bubble collision and PMF

1st Phase transition + Magnetic field = Matter-antimatter asymmetry ?

U(1 field st th
Higgs doublet (1) gauge field streng

1 1 1 SU(2), x U(1)y _ Sontaneous uQ)
L= (D,P)"(DFD) — =W WH" — —Y YRV — — YHY L V(P EEEE—) el
( o ) ( SU()Z) 4 MfV . ﬁ 9 + ( ) (I), Wﬁ, YH symmetry breaking A’u, H) ZIM leﬁ
gauge field strengt
. 0 ! v yex
D,=0,— lg?WS —ig’ §(Yu +Y*) is the covariant derivative. R
4 A
N D G
V(D) = —p2(BTD — ) + A(DTD — ?)>/2 + A\(DTD — 1?)? o
gz 9'2 - Adler, PR 177, 2426 (1969) | A + A
. ~ ~ Bell, Jackiw, NCA 60, 47 (1969)
aﬂ-]g — Ng 16 2 It (W,UJVW'L“/) o 39 9 YMI/YMV ‘t Hooft, PRL 39, 8 (1976)
107 T ] ‘t Hooft, PRD 14, 3432 (1976) 6y ;
, w3
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Bubble collision and PMF

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

 Direct measurement of the vacuum decay rate at finite temperature

 Bubble dynamics prefer PMF and GW production from EW lattice

% Future

* Dark matter and P1
 Topological defects: Magnetic monopoles, cosmic strings, domain walls

e Magnetic fields, baryogenesis, and Axion dynamics
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Bubble collision and GWs generation
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New dataset from PTAS

Correlation coefficient

&

Correlation coefficient, I
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Gravitational wave sources for Pulsar Timing Arrays
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Identification of Cosmic string

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

profile of string .-~
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For a specific square loop, assuming that the minimum phase at four points is 8min

(1) Omin < 7.

(2) There exists at least one phase at another point minus 6,;, 1s greater than 7.

(3) There exists at least one phase at another point minus 6, 1s smaller than 7.

(4) Denote the phase closest to  1n all phases greater than « as 6,, and denote the phase closest to o 1n all phases smaller than
as Oy, 1t 18 required to meet 6, — 6, < 7.

(5) Calculate the difference between the phases at each of two adjacent points in a counterclockwise direction, the multiplication
of the four differences 1s required to be negative.



Bubble dynamics of FOPT

From QFT p(t; T) =T/V = |A(T)|e BD/T

Tunneling Fluctuation

VA (SlBT) { det! [V + V7 (9)
AT) =5, ( onT )(det[—V2+V"(¢f)])

- & (D) (i e

2305.02357

N =

a(r) = () )(gf i)

DN [ =

False vacuum fraction considering bubbles expansion
Bubble Volume

h(t) = exp . dt’ —wv (t—t’)3r(tl)1

— log h(t)
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4
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