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Overview of the talk

Introduction

Effective field theory (EFT) approach

Real-time, off-equilibrium nucleation with Boltzmann equations

Future directions
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GWs from first-order phase transitions

Scalar field (e.g. Higgs) transitions

▶ ϕ = ϕ1 → ϕ = ϕ2

▶ Forms bubbles of region ϕ2

Supercooled transition

▶ Growing bubbles
▶ Stirred plasma

Stochastic GW signal

▶ Possibly observable with e.g.
LISA

▶ Signal from BSM physics

ϕ

VT

ϕ1 ϕ2

Figure: Potential with a transition

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

1. Phase-transition
parameters

▶ Strength
▶ Duration
▶ Bubble growth

2. Simulate plasma with
bubbles

▶ GW source
▶ GW signal

3. Detecting the signal

▶ Sensitivity
▶ Noise
▶ E.g.

astrophysical
foreground

Figure: Pipeline from models to signals [LISA CosWG ’19]

Joonas Hirvonen 8 Apr 2025 4 / 19



Nucleation rate and GW spectrum

Dictates time and duration

▶ Strength
⋆ Amplitude

▶ Time and length scales
⋆ Peak frequency

Large uncertainties from nucleation
rate

ϕ

VT

Figure: When to
nucleate

Figure: Growing
bubbles

10
-5

10
-4

0.001 0.010 0.100 1

10
-23

10
-19

10
-15

10
-11

10
-7

Figure: GW uncertainties from
nucleation rates [Gould, Tenkanen ’21]
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Langer’s rate, Γ [Langer ’67, ’69, ’74]

Effective description, Snucl,
for nucleation

Formula

▶ Exponential suppression,
SCB

▶ Fluctuations around
critical bubble

▶ Exponential growth rate,
ϕ = ϕCB + δϕ eκt
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Figure: Nucleating bubble and critical
bubble, ϕCB
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Effective field theory approach [Gould & Hirvonen ’21]

Effective description, Snucl,
from high-T QFTs

Assuming equilibrium
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Scales in high-temperature nucleation

Particles

Fields

E ∼ L−1

mnuclNucleation scale

(M)(Intermediate scale)

TThermal scale

x

χ

M

Bubble

ϕCB

x

ϕ

mnucl
-1
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Effective description for nucleation

Integrate out higher energy
scales

▶ Strong effects
▶ S → Snucl

Use the rate formula

Prefactor possible (BubbleDet
[Ekstedt, Gould & Hirvonen ’23])

Λ

E

Snucl

mnucl (M)

S

T

Figure: The energy scales of particular
interest in thermal nucleation.
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Integrating out energy scales

ϕ nucleates, χ heavy

▶ mnucl ≪ M
▶ Integrate out E ∼ M

Usual perturbative 1PI action. . .

▶ . . . but expand in light masses
[Burgess ’20, Hirvonen ’22]

Thermal scale

▶ Matsubara modes heavy,
Mn = 2πnT
[Kajantie et al. ’95, Braaten & Nieto ’95]

▶ DRalgo [Ekstedt, Schicho & Tenkanen ’23]

Z =

∫
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=

∫
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Classically scale-invariant model: Results
[Kierkla, Świeżewska, Tenkanen & van de Vis ’23]

Improvement for thermal scale
(particles)

Bubble radii R∗

Comparable shift in peak
frequency

∆(R∗H∗) /R∗H∗

Figure: Change in percolation radii with
the improved computation
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Classically scale-invariant model: To robust results
[Kierkla, Schicho, Świeżewska, Tenkanen, van de Vis (’25)]

Accuracy improvements for
scales

Honing in on accurate rate
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Figure: Scales

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

Correct real-time, off-equilibrium description

Langer’s rate prevails
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Real-time description

Nucleating field, ϕ

Particles, δfa

Rate needs a rederivation

▶ Done for negligible collision
terms [Hirvonen ’24]

▶ Equilibrium approaches OK!

□ϕ+ V ′
T (ϕ) = −

∑
a

dm2
a

dϕ

∫
d3p

(2π)32E
δfa

(∂t + v ·∇+ Fa · ∂p) fa = C [f ]

Figure: Bubble in a particle shower
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Future directions

Beyond Langer

General robustness for predictions
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Beyond Langer

Higher orders in Langer’s
framework

▶ Analytical results for rate
[Ekstedt ’22]

▶ When important?

Are the assumptions solid?

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

▶ Still time dependent [P̂ırvu, Shkerin

& Sibiryakov ’24]
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Figure: Numerical nucleation rate as a
function of time [Hirvonen & Gould (future)]
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Robustness for good?
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Figure: Scales

Bad result
?⇔ Mishandled scale

▶ Possibly here [Gould, Tenkanen ’23]

Nucleation rate can be difficult
[Ekstedt ’22]

▶ (Most likely) due to the
critical bubble requiring
special care
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Figure: GW uncertainties [Gould, Tenkanen ’21]
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Inverse duration
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Figure: Inverse duration predictions
(Lattice: [Gould, Güyer, Rummukainen ’22] & [Moore,

Rummukainen ’00])
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Summary

Approaching nucleation with scales in mind facilitates robustness

Real-time, off-equilibrium Boltzmann approach corroborates
equilibrium computations

Still things to find out!
▶ Robust perturbative predictions in the horizon?
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Thanks for listening!

Approaching nucleation with scales in mind facilitates robustness

Real-time, off-equilibrium Boltzmann approach corroborates
equilibrium computations

Still things to find out!
▶ Robust perturbative predictions in the horizon?

Joonas Hirvonen 8 Apr 2025 19 / 19


