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The current understanding:
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energy near the wall
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turbulent fluid + magnetic field
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Bubble Collisions Sound Waves Magnetohydrodynamic Turbulence
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theorist

Standard Model of Elementary Particles

10
three generations of matter interactions / force carriers
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Phase Transition

Parameters Particle Physics Model

LIGO, LISA/Taiji/Tianqin, PTA, ...

Gravitational Wave Spectrum

_
experimentalist

Problem: parameter degeneracy
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Current work
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Ghosh,HG;Han,Liu, JHEP [2012.09758]

Many models can lead to the same PT parameter values

Solutions: New Observables

® Anisotropy

Geller, Hook, Sundrum, Yuhsin Tsai, PRL [1803.10780]
Li, Huang, Wang, Zhang, PRD [2112.01409]
Li, Yan, Huang, PRD [2211.03368]

® Primordial magnetic field
Di,Wang,Zhou,Bian,Cai, PRL [2012.15625]
Yang,Bian,PRD [2102.01398], ...

® Primordial black holes and solitons

Hong, Jung, Xie, PRD [2008.04430]
Kawana,Xie,PLB [2106.00111]
Liu,Bian,Cai,Guo,Wang, PRD [2106.05637]
Lu,Kawana,Xie, PRD [2202.03439]

® Curvature perturbations

Liu,Bian,Cai,Guo,Wang,PRL[2208.14086]
Jiang,Liu,Sun,Wang, PLB [1512.07538]

Anything directly readable from the isotropic GW spectrum?
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GW depends on (large) bulk velocity of the system

| 10—22 M/M@ @)2
r/100Mpc \ ¢

N 4

/Dissipative effects dissipate away the bulk kinetic energy (leaves imprint)\

o 3

T Navier—Stokes equations (Newtonian fluid mechanics) g o cloiceliieEi N

0 (av (v - V)v) = —Vp —|—[;N2v + [ < l,u)v(v : vﬂ “

GW calculation requires: relativistic (magneto-)hydrodynamics
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Analytical Modelling

® Refine the sound shell model

@® Synergy with simulations

Sound: Shell Model

Hindmarsh, PRL [1608.04735]

Hindmarsh, Hijazi, JCAP [1909.10040]

HG, Sinha, Vagie, White, JCAP [2007.08537]
Cai, Wang, Yuwen, PRD Letter [2305.00074]
Pol, Procacci, Caprini [2308.12943]

Numerical Simulation

® Suppression found for strong transitions with small vw

® Need to cover more parameter space (very strong PT)
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Sound Shell Model

Hindmarsh, PRL [1608.04735]

Hindmarsh, Hijazi, JCAP [1909.10040]

HG, Sinha, Vagie, White, JCAP [2007.08537]
Cai, Wang, Yuwen, PRD Letter [2305.00074]

Pol, Procacci, Caprini [2308.12943]
/ .
D

; d’ |, —iwn+iq- % _iwn—iq-
R e

linear superposition

(core of SSM)
Ny,
Vg = 'Ufl(n)

forced fluid motion ‘ — A

freely propagating sound

l

dQGW B dQGW forced dQGW
dink ey Aok | din % |gw
Neglect possible forced motion in the following. Cai, Wang, Yuwen, PRD Letter [2305.00074]

free
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® \elocity power spectrum and stress tensor correlator are generally non-stationary
(unequal time correlator depends not just on time difference)

® Damping at large frequencies (small scales)

All plots assuming constant effective damping length for illustration (leads to stationary spectrum)
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Viscosity in the early universe is very small
But can be significant for phase transitions in the dark sector

Can also be stronger when BSM physics are included (from very weak interactions)

Analogy: Silk damping of CMB Anisotropy damping of GW

Viscosity and transport coeffieicnts calculable from semi-classical kinetic theory or Green-Kubo relations

——dariiped
----undamped

(kR.)’ Py /(21%)
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Hu,White, ApJ [9609079] HG [2310.10927]
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> Dissipative effects can serve as new obervables for cosmic phase transitions
> New portals to probe microscopic particle (very weak) interactions

> Experimental searches of new spectrum are desired






