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Overview of the talk

4

@ Introduction ‘

Effective field theory (EFT) approach

Real-time, off-equilibrium nucleation wijth Boltzmann equations

Future directions

Fig: arXiv:1906.00480
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GWs from first-order phase transitions

\%)
@ Scalar field (e.g. Higgs) transitions /

> p=¢1 = Q= )
» Forms bubbles of region ¢» $ W

@ Supercooled transition

. Figure: Potential with a transition
» Growing bubbles

» Stirred plasma ™, b=d1
@ Stochastic GW signal \ \ /H‘;\\ N
» Possibly observable with e.g. b= ‘ \ |
LISA ( b=o ||
» Signal from BSM physics 4 // ‘
. N y

. -

Figure: Growing bubbles [cutting et al. 20]
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From models to signals

- 3. Detecting the signal
1. Phase-transition 2. Simulate plasma with

parameters bubbles > Sensitivity
» Strength > Noise
» Duration » GW source » Eg
» GW signal astrophysical
» Bubble growth foreground

Particle
physics model

PT parameters R
GW power spectrum LISA sensitivity

Effective action — 3, H. )
Numerical simulations — Configuration + noise level —

iy el ‘ B2 Qaw (f; Hey B, v) 12 Quons(F)

Bubble wall dynamics — vy,

Signal-to-noise ratio

Figure: Pipeline from models to signals [LisA CoswG '19]
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Nucleation rate and GW spectrum

@ Dictates time and duration

> Strength
* Amplitude

» Time and length scales
* Peak frequency

@ Large uncertainties from nucleation
rate

Joonas Hirvonen
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Figure: When to Figure: Growing

nucleate bubbles
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Figure: GW uncertainties from
nucleation rates [Gould, Tenkanen '21]
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Langer's rate, [ [Langer '67, '69, '74]

1

Tz (G| ) s
V) 2 1 x72 " ——
\7;’ 4 det ( v + VCB) crit. bub.
@ Effective description, Spud, ayn. equilibrium fluctuations
for nucleation
@ Formula [0)]
» Exponential suppression, — Bubble
SCB — ¢c8
» Fluctuations around
critical bubble
» Exponential growth rate,
¢ = ¢cg + et
X

Figure: Nucleating bubble and critical
bubble, ¢cg
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Effective field theory approach [Gould & Hirvonen '21]

y

, M

@ Effective description, Sy, r B/ 5 4 det(—V2+ v ) L
. _ = A T\ et —ScB
from high-T QFTs vV o ( 27 ) det’ (=V? + Vi)
@ Assuming equilibrium IS correct

Fig: arXiv:1906.00480
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Scales in high-temperature nucleation

@ Particles

(Intermediate scale) +

@ Fields

E~L?

A

Thermal scale 1

N

Nucleation scale t
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Effective description for nucleation

Snucl A S .
@ Integrate out higher energy Moy | (M) 7— "E
scales
» Strong effects Figure: The energy scales of particular
> S — Shud interest in thermal nucleation.

@ Use the rate formula

1
2
—Sce

det(— V2 + Vi)
det’ (—=V?+ V)

© Prefactor possible (BubbleDet \/[\_|/Sc)?
[Ekstedt, Gould & Hirvonen '23]) % - o (?)

E<A
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Integrating out energy scales

Z= / D¢Dy e~ >
@ ¢ nucleates, x heavy

_Snuc
> Mpye K M = /DO|R € : )
> Integrate out E ~ M

@ Usual perturbative 1PI action. .. Snua = — In/ e’

> ...but expand in light masses
[Burgess '20, Hirvonen '22]
1 1 m?
@ Thermal scale 272%7_%6'4_.”
P+ Myl P P
» Matsubara modes heavy,

M, =2xnT

[Kajantie et al. '95, Braaten & Nieto '95]
> DRalgo [Ekstedt, Schicho & Tenkanen '23]
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Classically scale-invariant model: Results
[Kierkla, Swiezewska, Tenkanen & van de Vis '23]

A(R,H,)/ R.H,
0.45 0.50 0.55

[ B

1.1R

perturbativity of gx

@ Improvement for thermal scale
(particles)

@ Bubble radii R,

@ Comparable shift in peak
frequency

gx

no EW minimum

N
\

0.6k

g
510 GeV
Figure: Change in percolation radii with

the improved computation
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Classically scale-invariant model: To robust results
[Kierkla, Schicho, Swiezewska, Tenkanen, van de Vis ('25)]

X ¢

N —oe
N\ AN
N /’ A /, Vo
\ /
\A/
W/ x

Figure: Scales

. 250
@ Accuracy improvements for 0 _

scales 200 1
e Honing in on accurate rate 3 150
= nucleation
= (7
= 10049 A
‘ [daisy] - INLO det T
504 — [LO] —— [NLO det]
| —— [NLO V)
0 10 20 30 10 50

Figure: Nucleation rate improvements
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Boltzmann description for nucleation [Hirvonen '24]

4

@ Correct real-time, off-equilibrium description

@ Langer's rate prevails

Fig: arXiv:1906.00480
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Real-time description

dm
d(,) 32E

06 + Vi (@) =

(O +v-V+F, 0,)f = C[f]
@ Nucleating field, ¢
@ Particles, 6f,
@ Rate needs a rederivation

» Done for negligible collision
terms [Hirvonen '24]
» Equilibrium approaches OKI!

Figure: Bubble in a particle shower
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Future directions

4

@ Beyond Langer

@ General robustness for predictions

Fig: arXiv:1906.00480
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Beyond Langer

O-O+O0+©

le—4 Langer vs numerical, T=0.11

E== Rate in a bin, Apesc/At
——- Langer's rate

@ Higher orders in Langer’s
framework

> Analytical results for rate
[Ekstedt '22]

» When important?

Nucleation rate

@ Are the assumptions solid?

» First confirmation by
simulations [Hirvonen & Gould (future)]

» Still time dependent [pinvu, Shkerin
& Sibiryakov '24]

Time, t

Figure: Numerical nucleation rate as a
function of time [Hirvonen & Gould (future)]
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Robustness for good?

.

Figure: Scales
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Figure: GW uncertainties [Gould, Tenkanen '21]

Lattice vs Strict expansion:
Inverse duration

2 g
@ Bad result & Mishandled scale oo e
-loop
. + det 0
> Possibly here [Gould, Tenkanen '23] o latice
@ Nucleation rate can be difficult 5 .
[Ekstedt '22]
104 .
> (Most likely) due to the
critical bubble requiring e T T —
special care X=salg3s

Figure: Inverse duration predictions
(Lattice: [Gould, Giiyer, Rummukainen '22] & [Moore,

Rummukainen '00])
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Summary

Yy

@ Approaching nucleation with scales in mind facilitates robustness ‘
@ Real-time, off-equilibrium Boltzmann approach corroborates
equilibrium computations
o Still things to find out!
» Robust perturbative predictions ifi the horizon?

Fig: arXiv:1906.00480
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Thanks for listening!

/i o

° Appro;;{'hing nucleation with scales in mind facili'ites robust;é‘é‘s?--n--___
° ReaI tHIne off-equilibrium Boltzmann approach corroborates

utations |

o Still thlnks to fin ! f

> Robu}( perturbative predictions in the horlzonj
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