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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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New dataset from PTAs
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Gravitational wave sources for Pulsar Timing Arrays
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Potential, V(¢)

Tunneling Thermal fluctuations Bounce solution

Rolls from near
true vacuum ...

...and comes to rest
at false vacuum

Tunnels through barrier

Potential, V (¢, T)
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Bounce solution

Bubble nucleation

PT strength

Phase transition
inverse duration

GW parameters and FOPT
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®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
sitesxandx +1, ®D(t, x), Ui(t, x) and Vi(t, x) are defined at time steps t + At, t + 2At, .. .;

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 .

Ui(t,z) = exp ( - %gA:w“Wi“> D@ = ? Ui(t, 2)Vi(t, ) (t, = + i) — @(t, 7)]

)= o~ Latton) D = 000Vl 18+ 802) 90,
, A = A A

Vi(t,x) = exp ( — 59AaB;) ®(t + At, z) T(t z) + AHI(t + At/2,7)
: Vi(t+ At,x) =-g' AzAtE;(t + At/2,x)V;(t, x)

Vol(t,z) = exp ( - 3gAtBo). 2

’ 2 U;(t + At, z) =gAzALF;(t + At/2,z)Us(t, z),
Temporal gauge leapfrog

Uo(t,x) =12, Vo(t,x) =1

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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Field basis equation of motion Lattice implementation

I(t + At/2,z) =II(t — At/2,z) + At{ﬁ 3 [Uilt, @) Vilt, 2)@(t,  + i)

Bg@ =D;D;® — M, oU
do —20(t,z) + Ul (t,z — i)Vl (t, 2 — ))®(t, z — 3)] — W}
Bng = - BjB,-,- + g' Im[q)TDiQ], g
Im[Ey(t + At/2,z)] =Im[Ey(t — At/2,z)] + At{EIm[QT(t, z + k)U] (t,2)V] (t,z)®(t, z)]
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Bo0;Wi+g e WP0WS — gIm[®T5*9y @] = 0. ‘ ‘ }

Trlic™ Fi(t + At/2,z)] =Tr[ic™ Fy(t — At/2,z)] + At{ AixRe[@(t, T+ k)U(t, 2)V] (t,z)ic™®(t, z)]
1

A > Trlic™Us(t, 2)Us(t, = + k)UL(t, = + i) U] (¢, 7)
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Bubble dynamics of FOPT

From QFT e =k AR

Fluctuation
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171 RIWignerpR 1

PR(T)Edeh//(X, T)|? — PR(t)E/Rng|\II(¢,t)|2

(T 7 %+ WignerZ £: (g, p)48 = 8] P AEALF 8 ) (g, t)= (o(x)[¥(t)) = /D¢i<¢|U(flfo)|¢i><¢i(x)|‘1’(fo)>

W(g,pit) ~ [U(x,t)?

W(q,p;t) =/due‘%”“ <q+ 512() ]q— g> =) Wg(2), [(2);t] = /Dcp(a:)exp {—%/dwﬂ(w)cp(a;)] X <¢(m) 4 90(291) () |b() 99(2:1:)>
+ F %+ Wignerk 35 (¢, IDAR =T a] & A4 £ 58 B
p(0) = %6_5 H Wig(z),l(z);t] 2 O
Wig(e). I):0] = 5 [ Do(a)exp [—% / dzﬂ(m)so(m)] <¢(z) + OO pit | ) ($)>
~

¢(x) is the real scale field
(

~ Se |8 [ @il + Lo + V)]

=

z) 6¢><w>

A1) = [W() (P ()] y

2=Trp~ [ Dola )2 i1

Stanistaw Mrowczynski and Berndt Miiller, Phys. Rev. D, 50:7542-7552, Dec 1994.
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HaiYang Wang, Kehao Zeng, Ligong Bian, arXiv: 2506.18334
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Gravitational waves provide a new window to
probe/constrain beyond standard model physics

»»Lattice simulation

 Nucleation/Sphaleron rate simulations
e PT-GW simulation
* Topological defects: Magnetic monopoles, cosmic strings, domain walls, string-wall

*Pheno

1. Baryon Asymmetry of the Universe and GW from FOPT

e Sphaleron process, bubble velocity (local equilibrium? )

2. DM and GW from FOPT
e DM and high/low-scale PT, DM out-of-equilibrium & FOPT, PBH DM&FOPT






