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Where to go for BSM?
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Current Universe

13.8 billion years

Formation of galaxies

Stochastic gravitational-wave background

Primordial GWs: inflation at large scales

. a— Induced GWs: inflation at small scales
GWs from preheating: inflaton-SM couplings
Gravitational atom GWs from FOPT: BSM with FOPT (this talk)

GWs from MBH, SMBH, EMRI: DM properties

Black hole+orbital clouds: GW/EM
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Cosmological FOPT

Bubble expansion
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GWs from wall collisions

Envelope approximation Jinno et.al. PRD 95 (2017) 024009 Analytic auxiliary modeling
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GWs from fluid motions

Analytic auxiliary modelin _ _ _
9 Numerical simulation (sound waves)

Sound shell model Hindmarsh 18, Hindmarsh & Hijazi 19
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Microscopic dynamics
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Microscopic dynamics

Microscopic scalar-dynamics
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Microscopic dynamics

Microscopic scalar-dynamics Cai & SJW 2020
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Microscopic dynamics

Microscopic plasma-dynamics
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Macroscopic hydrodynamics

Assumptions: thin-wall steady-state bubble in a flat background of thermal plasma without shear and

bulk viscosity
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Macroscopic hydrodynamics

Bag equation of state
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Micro-Macro-Relation

Microscopic plasma-dynamics
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Weakly/Strongly coupled FOPT

Weakly coupled FOPT Bubble wall velocity is in principle calculable (but in practice difficult)

(kﬂa” + m,.F;‘a;;> OUKk)S(k* + mHf(x, k) = C[f] = f'=V¢ (
|
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Strongly coupled FOPT

Effective potential cannot be perturbatively defined
Holographic QCD models Cai et al. 2201.02004 He et al. 2210.14094
Bounce action from holography Ares et al. 2109.13784, 2110.14442
Collision terms cannot be known exactly/approximately

Holographic numerical simulations Bea et al. 2104.05708, 2202.10503
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Holographic QCD models

Pure gluon He, Li, Li, SUW 2210.14094
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Holographic numerical simulations

Planar wall Bea et al. 2104.05708 - 035 2=1/3
02t ™
S 2 d> : R : (0)> — V() 2. B | Tt
= — X4/ — —N — — — : 1 0.05} i erit |
2] VT T2 4 e
£ 15] 7 R
4 1 AT “ T s 0 05 0
of 0.35 0.45 0.55 0.65
V(g) = — =W()* + —W'(¢p)* : A _
3 2 1. .\_\.\
s
2 4 6 0> —=
B/ ”’/
LW(¢)=———¢——¢—+¢— _rg_,O__.B—_-AQL—-"
9) 9) 4¢1%/I ¢é 0. B | . .
0.3 0.35 0.4 0.45 0.5
0.3F T/A
0.2
0.2+ — 1.95 AP/EA
0.1t
P:
0.1} At
0. —=== tA =400
"""" Ideal hydro
01 First-order hydro
0.% 1 . . -0.
0. 0.05 0.1 0.15 | | 1
Pe — Pa 100 150 200 250
Ea zA\

Cylindrical wall Bea et al. 2202.10503 .,,, Spherical wall Not yet, Currently



Holographic numerical simulations

Planar wall Janik et al. 2205.06274
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Strongly coupled FOPT

: : . e
Lesson 1: Terminal wall velocity seems to prefer a non-relativistic one }/Wq ~ |1

Heuristic proof by contradiction p, = p; o+ f (7, )PNLO

f,,) — (1) 3}’w PrLo
=1+ — —
fh) = f(1) 2”w 2r) f(}’ ) PNLO

— 1112 m2
Pro = Am?T?/124 Am? = Z Cl-gl-Ami2 m = m, (¢ ) — m (¢+)

Do —pro = AV 1 Aw + @(im3 /T3 is largely independent of gauge couplings for a bag EoS |
dr = FLO — 0 ; |

Am- = m. — m.
YPNLO = 78 2AmVT3 2Amv = E gl/lem ! {P-) (D)
1

- - . eq _
Strong gauge coupling limit 4,>1 7, = 5y g i2Am < 1

Physical argument: as a bubble wall strongly interacting with the thermal plasma, the
backreaction force is so rapidly growing that it only takes a very short moment of time
for acceleration before the backreaction force had already balanced the driving force
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Strongly coupled FOPT

Lesson 2: Hydrodynamics still serves as a good approximation away from the wall

Unlike the relativistic case where the local thermal equilibrium around the
bubble wall cannot be sustained as the particles had not had enough time
to fully thermalize before the bubble wall swept over, the non-relativistic
case could largely retain the local thermal equilibrium and hence the perfect
fluid hydrodynamic approximation near (but not right at) the wall interface.

Assumption MIT bag EoS for strongly coupled FOPT
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Fluid EoM + junction conditions
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Phase pressure difference

Two kinds of phase pressure difference

Phase pressure difference away from the bubble wall

1 1 3
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Phase pressure difference near the wall
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Pdar [ Wy

Phase pressure difference
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wallP | Wy

A

Phase pressure difference

We have found a universal scaling
for different wall geometries

P+ —D
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— = 3ay(1 — 3ay)E2 + O(E3)

This can be understood as the phase

pressure difference near the wall does not
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sound shell from different wall geometries
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Conclusions and discussions

2302.10042 Li, SJW, Yuwen “Bubble expansion at strong coupling”

We have solved the problem of wall-velocity computation for strongly coupled FOPT

ow = INT T "4 oInT

5 _AY AV (1 1 alnAVeff)‘l
4 +9ay Pr AV,

Possible generalizations
Beyond bag EoS: piecewise function of sound velocities inside and outside of the bubble wall

Relaxing thin wall: the bubble wall at the non-relativistic limit is not yet becoming a thin wall

Numerical simulation: holographic numerical simulations for spherical-wall bubble expansion
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