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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Nambu-GotoF %5 | ik

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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loop production function is loop distribution of the scaling
numerically obtained loops is directly extracted from

numerical simulation
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New dataset from PTAs

Correlation coefficient
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Gravitational wave sources for Pulsar Timing Arrays
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F H TZ A DFSZ 5 A

The action in expanding universe with spatially flat FLRW metric:

(e fd4X\/_( — 8M(p aV(P t V((P)) mi OcaA4 2} PQ complex scalar: (p:(l)l +i¢2

n N>
](;12 (T/A)6.68

axion field bias term

] 2 A » m’ (T){/I / /
V(cp)=zk(‘cp‘ —v2)2+gT2‘cp‘ v (1-cos(N,,0))-Zv’ (pe™ +h.c.)

| o }
Y |

PQ era, PQ symmetry broken, second QCD era, axion acquires a non-zero mass due to the
order phase transition, T.~ 109-101"GeV QCD non-perturbative effect, T ~ 100MeV
Axion(global) strings form and String-domain wall hybrid networks
enters the scaling regime form and eventually decay

\ /
Y

Gravitational waves and axion radiated by
topological defects of two eras

5 Detection of axion dark matter

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

PQ before PQ
era: transition

after PQ
transition

QCD  with nonzero axion mass
era. without bias term i
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RNl
PQ era-the first stage

' 2 2
{pl" + 2%(])1' ~- V2, = -a’[M, (@ +; -V +§T2) = m]\(g)v (cos6 cos Ny, 8 + Ny, sin6 sin N, ,0) — 251" cosd |

DW

m”(T)v’
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3 DW

Initial condition

thermal spectrum

n 1 1 w
Py (k) = Pyl = & = Pi, (k) = Py, (k) = mowy =~ —

Wi Wi e /T —1°

we = \JR/RE + mi2y m2g = AT?/3 - v?)

two-point correlation functions

N 3
(i ®)p;(K)) = (2’ Py(k)6(k — K')6i;, (g0 = ( 5xphy) Pok),  ($:K)) =0,
($i(K);(K)) = 2y Py (k)o(k — K')5;;, - T .
($:(K)p;(K)) = 0. (Ip:®)P*) = 5xphy) Py k),  ($iK) =0,
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FHAIRA

String penetrates the square loop if the minimum phase range which contains the four
points is greater than m and the phase changes continuously
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For a specific square loop, assuming that the minimum phase at four points is 6min

(1) Bpin < .

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

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

(4) Denote the phase closest to & in all phases greater than & as 6,, and denote the phase closest to & in all phases smaller than
as 0, it 1s required to meet 6, — 6, < .

(5) Calculate the difference between the phases at each of two adjacent points in a counterclockwise direction, the multiplication
of the four differences is required to be negative.
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FH54A9scaling

l/t; Axion string network in the
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In the scaling regime, Lm increases linearly with t, and the scaling parameter tends to
be a constant. The same logarithmic increase behavior, as 1809.0924, 1906.00967,
1806.0467,1806.05566
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B55% (Domain wall) iR5l

Top view of the shape of potential energy The distribution of fields in phase space
=" Npw=3
3
0,=2m
=T
p=2" 2
3
Comoving area density
iy 8,i (i = . spatial derivatives of the dimensionl ion field 6
= 2% 1516, + 16 1 (i=x,y, z) : spatial derivatives of the dimensionless axion field 6(x)
' — 4 _ Pwall : _ OwalA
Area parameter A of DW (scaling parameter of DW)  €aw =A= 7 with puan = 205
- V) _ 2. . .
A= AAI%;S(SW 6716 AA = (bx)” is the comoving area of one grid surface
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String-wall evolution

Axion string-domain wall hybrid network in our simulation

Red region . Axion string
Blue region - Domain wall
Ny =3
1nN=4.6 n=10
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String-wall evolution

n=15.4 N=20.8 1N=26.2

Axion string-domain wall hybrid network destruction with gravitational waves
and axions emitted during this process
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Domain wall Area parameter

Area parameter

Area parameter
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Domain wall decay to free axions
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W(x) = Wy(x) X Waw(X),
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Domain wall decay to free axions
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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 Now
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Domain wall decay to axion Dark matter

Qa,new(tO)hz =ngh2 + Qa,O(tO)hz + Qa,st(tO)hz

Axion DM from Wall decay:

Q h2 = pa(tO)
. pO,c/h2

Misalignment mechanism:

Axion DM from pure axion string:

— 1.024 x 10—19( )3/(2p)(2P )C3/(2p) 1( m )3/p—3/2( Ja )4 3/pgl- 3/(2p)(csc(7r/NDW)

GeV N3,
(Qao(to)h? = 4.63 X 1073(fynew/101°GeV)119)

Q (t)h =2.0x(f /10°GeV)""
a,st \"0 a

WD excl.:

3

ldee < WD -
dec WD Iwp T

Mass excl.:
bias term dominating over the QCD instanton
effect in the contributions to axion mass term

1019GeV
Ja

E < 2x 107 Nga (

)4

Q (1,)h* <0.12
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String-wall 5| 7Kt &
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axion string-wall networks mainly decay to axion
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String-wall 5| 7Kt &
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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 G\W detection experiments in the future

Npw=6, m,=1073 eV Now=6, m,=1 KeV

-2 2
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s anck+BAO AR = o
N S ¥
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Log10[=] Log10[=] f(Hz)

Simultaneously explanation of DM and GWs with axion string-

wall networks, only for Npy,>1 of ALP scenarios.
For Npyw = 1, the GW energy density appears undetectable for QCD axions and axion-
like particles.
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F H TZ A KSVZih-1pi

The action in expanding universe with spatially flat FLRW metric:

5=— [ as*v=5 (Ou0"o+ 0,100+ V (6,1,7))

Thermal effective potential

V((P, haT) = Vl (‘,O,T) + ‘/2 ((;07 h7T)

2
A A 1 1 1 1
) . (?q) i %h) T?lol*  Valp,s,T) =57 (T2 = T§) * + SATH® + k' + SAcnlel*h?

Te = vV As/(s/3+ Agn) fa Potential Shape

D5/32 Yongtao Jia, Ligong Bian, 2412.04218




ERVYSES

Equations of motion PQ era
i iy a 8‘7 O 0 h
(p”—v2<p+2—90'=—a2 . e ¢=— h=— P
{ a Al¢| 2|l I+ e B
_ / ¥ .
hl/_62h_|_2_h’ _a2a_Y, - V(f*@avf*haT) s
a Oh V= 202 i

Initial condition

thermal spectrum

1 Wi
) -
Wi = \/kz/Rz +m§ﬂ, mi = ()‘<P/3 + /\¢h/6)T2 — )\d,vi

two-point correlation functions

( N\
(9i1)9,(K)) = (2m)* Py(k)3(k ~ K6 o) = | 5xphy) Po(),  (#i(k) =0,
($i1)$;K)) = 2n)* Py (k)5(k - K)6;, . .
($i(K)$,;K)) = 0. (.09 = | 5xphy) Py, (k) =0,
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Axion-Higgs String evolution

fi=9.0 n = 14.0

‘?>4x, N F ¢ 0

AN
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FH5ZRYscaling

scaling parameters Energy density
1014
0.50 j
045 7 100._
wn 0.40 A i,
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0.35 A
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bt —— Axion-Higgs-2 = z;zz-mggs-z
— Axion : , : . . : ,
. . . . . . . 3.50 3.75 4.00 4.25 4.50 4.75 5.00
3.50 3.75 4.00 4.25 4.50 4.75 5.00 logm,/H
log(m,/H)
g = log(mr/H) +/B dpstr(t) . . dpstr(t)
a = 0.096,0.093,0.15 - L
pgt( ) —4H (t)pa(t) + ps(;;( ) ,
B = —0.009,0.054,—0.27 d - Jemi1
- e _ _sn@yeye)+ |2l
linear growth of log(mr/H), : Jemi2

same as arXiv:2007.04990. 1806.04677 Pgw/Pa ~ O(1073-1072)
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Dark Matter relic abundance

o 02 2.0 Ja
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(d(a*pg)/dt/(d(a*p,)/dt) = yGu?/ f2
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SENRE

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

*Axion Dark Matter

 Updated a semi-realistic DM relic abundance from two-stage simulation of
axion string wall

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

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

e Axion minihalo? Axion star?

»Lattice simulation

 Nucleation/Sphaleron rate simulations

e PT-GW simulation

* Topological defects: Magnetic monopoles, cosmic strings, domain walls,
string-wall

e PBH

* Magnetic fields
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