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Stochastic gravitational wave background and New physics

The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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New dataset from PTAS

Correlation coefficient
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Gravitational wave sources for Pulsar Timing Arrays

PPTA
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Kibble mechanism

3D snapshots of the pure DW networks



Nambu-Goto=FE5%5| 1k

Nambu-Goto (NG) action is the leading-order approximation when the
curvature scale of the strings is much larger than their width
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Nambu-Goto vs Lattice simulation 3| 3§

— e =0.0005
— e=0.05

10—4-

102 101 100

Figure 2: GW spectra for different gauge couplings at
In(ms/H) = 5.5. Solid lines show the spectra obtained
from lattice simulations, while dashed lines show the
spectra reconstructed using the transfer function
F(z,y). Circles, inverted triangles, and squares denote
the NG spectra assuming GW emission dominated by
kink—kink collisions, kinks, and cusps, respectively.

1 z1(k) — xna(k))?
st = \/m > fan(6). fon(l) = @8~ ncl6)

r = log,, {2, and z;, z g denote the results

obtained from the lattice simulation and the
NG method

Table I: Average differences fqig between lattice results
and NG method results

faig e = 0.0005|e = 0.05|e = /\/2

cusp 0.092 0.035 0.158

kink 0.068 0.048 0.154
kink-kink collision| 0.043 0.065 0.147

Zizhuo Zhao, Ligong Bian, Jing Shu, 2507.00685
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The action in expanding universe with spatially flat FLRW metric:

S=- / dz*y/—g (auso"‘@“so + %fhh@“h +V (p,h, T ))

Thermal effective potential

Vg, h,T) = Vi(p,T) + Va(p,h,T)

2 ) 1 1 1 1
Vit D) = (1o - 22) + (G222 ) TP Valpn ) =5y (T2~ TE) W24 AT 4 D0+ SAllH

Potential Shape
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Yongtao Jia, Ligong Bian, 2412.04218
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Equations of motion PQ era
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thermal spectrum 1 Wi
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two-point correlation functions
3
(BiK)B,(K)) = 1) PRk — K)6i5 1.0 = () Pah. 0000 =0,
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($:(K) (k) =0. CAORE ( . ) Py k), (k) =0,
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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 mand the phase changes continuously
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For a specific square loop, assuming that the minimum phase at four points is 8min

1) Opin < .

2) There exists at least one phase at another point minus 6y, 18 greater than .
3) There exists at least one phase at another point minus 6, 15 smaller than 7.
4) Denote the phase closest to  in all phases greater than 7 as 6, and denote the phase closest to 7 in all phases s

(
(
(
(

aller than 7

as 6y, 1t 15 required to meet 6, — 6, < .

(9) Calculate the difference between the phases at each of two adjacent points in a counterclockwise direction, the

ultiplication

of the four differences 1s required to be negative.
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Cosmic string simulation

FOPT

Cstr Of the string network 1s essentially the typical bubble diameter for SFOPT???

FIG. 1. Three bubbles of the broken symmetry phase (p=7)
colliding. If the phase change of the scalar field around the loop
y 1s £2m, a string (or antistring) is formed. If the phases «; are
ordered, then the requirement for a string is a, + 7 < a; < a,+ 7.

Phys.Rev.D 49 (1994) 1944-1950  Aust. J. Phys., 1997, 50, 697722



FOPT

Cosmic string simulation
snapshots of the phase field at 7 = 1.0 and 5.0, masked by |o| > 0.5¢,
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Cosmic string simulation

Scaling parameter from phase-winding string counting
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The action in expanding universe with spatially flat FLRW metric:

PQ complex scalar: P=0, + 10,

S =-[d'v gz ( L3 000 +7@) I

min > —= > M,
fa (T / A) '
'/ . axion field bias term

/ /

1 2 RN 7\ 2 2 (T)V
Vip) =—7»(‘cp‘ v +—T ‘cp‘ (1- cos(NDWG))—_v (pe ™ +h.c)
4 6 N’ .
\ )| )
| |
PQ era, PQ symmetry broken, second order phase QCD era, axion acquires a non-zero mass due to QCD non-
transition, T, ~ 10%-101GeV perturbative effect, T ~ 100MeV

| |

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

| /
I

Gravitational waves and axion radiated by
topological defects of two eras

. Detection of axion dark matter

Yang Li, Ligong Bian, Rong-Gen Cai, Jing Shu, 2311.02011
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Equations of motion PQ era-the first stage

: ' 1 “(THv? . .
¢, + Za_q)l — V2P, = —a’[AP, (P +P; —V7 +§T2) — m]\(fz )V (cosO cos N0 + N, sin0O sin N,,0) —2Ev’ cosd ]
a DW
1. ' 1 2(THW? | . . .
P, + 2a_¢2 — Vo, = —a’[AN, (¢ +P; —V° +§T2) — m]\(fz )V (sin® cos N0 — N, cosO sin N,,0) —2=1>sind ]
a DW

thermal spectrum

Initial conaition
ny 1 1 Wi

Tol0) = Fa(B).= oo = Py, (k) = Py, (k) = mpwy =

wr  wr e /T —1° evr/T — 1
wi = JK2/R2 + m2, m2e = A(T?/3 —v?)
two-point correlation functions
3
($i(K)¢;(K)) = 2n)* Py(k)6(k — K55, I ( . ;Vh ) Po(k),  (pi(K)) =0,
($i(K)$,;(K)) = 2n)’ Py(k)5(k — K')Si), fod

3
(pi(K)p;(K)) =0. (¢:(K)*) = (5xphy) Py (k), (pi(kK)) =0,



Domain wall’s identification

Top view of the shape of potential energy The distribution of fields in phase space
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62: 3
31
. . 2
Comoving area density
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AV = C;kfl@,xl 16, +16,] 0,i (i = x,y, z) : spatial derivatives of the dimensionless axion field B(x)
, _ 4 _ Pwan : _ OwanA
Area parameter A of DW (scaling parameter of DW) faw S A= 6 Withpen = Ty
. Vo) 5 , .
A=AA Z 5|9 1+ 10, + 10,1 AA = (&x)” is the comoving area of one grid surface
links ' ¥ ; o



ZEERCIR

before PQ transition after PQ transition

PQ era:

with nonzero axion mass with bias term

QCD era;

without bias term
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Axion string-domain wall hybrid network destruction with gravitational waves and axions emission
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Qp new (o) =QPVH? + Q, o (t0)H> + Qg s(to)h?

Axion DM from Wall decay:

) ~19,8 2p-1. _3/0p-1, M = fo o ta csc(mr/Npw) \>/P~2
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po.c/h* (3) (3 - 2p) f (GeV) (GeV) N2,

Misalignment mechanism: (Qa,o(to)hz ~ 4.63 X 10—3(fa,new /IOIOGeV)1°19)
Axion DM from pure axion string: Q, (to)hz =2.0x(f. /10" GeV)1'19
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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

Npw=6, m,=10"2 eV Now=6, m,=1 KeV

_4| SN1987A | _al

ol Planck+BAO ol \g\
o C o
P -8 @ - = -8l
I Tl = ]
-10/ \g\ﬁﬁ T f ol
OXCL A DM excl.
~12

-12t% ‘ : . . : —
-70 -60 -50 -40 -30 -20 -10

~70 -60 -50 -40 -30 -20 -10
Log10[=]
Npw=6, my=1 TeV

GeV]
f

Log10[

S50 40 29D =90 10

50 .40 30 20 =10
Log10[=] Log10[Z]

1077 - |
WV
l ’\
T
~N v/ '
.=; 10—12 ‘ '
O
@
10-17 EC/GO
NANOGRAV
- CSDW-1 — CSDW-2
PPTA  — CSDW-3
10~° 1077 10-5 0.001 0.100 10
f(Hz)

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.




Domain wall solution by FOPT
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Domain wall solution by FOPT
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 Earth
« Solar System
» Galaxies and galaxy clusters

* 171000 Gauss

Amplified Magnetic fields

I Dynamo and flux conserving compression

Primordial magnetic fields
I ?7?7? (Inflation, Phase transition, ---)
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* The action and potential are
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a A

ma(T)* = f2(r/A)668 (T >100MeV, f, = Zm)

e The EOMs are
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Magnetic fields spectrum
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determines the helicity of magnetic field. nis

the spectrum index [ dkEp(k)/k
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QCD era - Lattice implementation
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“ Summary

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

* GW of ALP particles in the DFSZ case can be probed by GW detectors
 Primordial magnetic field leads to DW decay

< Future

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

 Magnetic fields, baryogenesis, and Axion dynamics
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