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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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Motivation

First-order transitions produce GWs

Nucleation rate:

▶ Temperature
▶ Duration

Large uncertainties from nucleation
rate
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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
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Scales of interest

Nucleation scale, mnucl

Thermal scale, T

Intermediate scale, M

▶ E.g. symmetry breaking
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Figure: Nucleation
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Figure: The energy scales in thermal
nucleation.
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Effective description for nucleation

Integrate out higher energy
scales

▶ S → Snucl

Bose enhancement: Classical

▶ Langer’s rate with Snucl

No double counting
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Figure: The energy scales of particular
interest in thermal nucleation.
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Prefactor

Often non-negligible

Python package:
BubbleDet
[Ekstedt, Gould & Hirvonen ’23]

▶ Built-in
CosmoTransitions
[Wainwright ’11]

▶ Only for one
nucleating field

▶ No mixing
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Figure: Action vs. dets
[Ekstedt, Gould & Hirvonen ’23]
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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]
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Classically scale-invariant model: Results
[Kierkla, Świeżewska, Tenkanen & van de Vis ’23]

Improvement for thermal scale

Bubble radius at percolation
R∗H∗

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: Different improvements
[Kierkla, Schicho, Świeżewska, Tenkanen, van de Vis (future)]

Non-negligible!

Thermal scale
▶ Two-loop apart from daisy

Intermediate scale
▶ NLO: two-loop
▶ Gradient expansion vs.

fluctuation determinant

Nucleation scale
▶ Determinant (negligible)

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

Fluctuating field, ϕ

▶ Thermalization from particles

Fluctuating particle distributions,
δfa

▶ Boltzmann equation

Rate needs a rederivation

▶ Done for negligible collision
terms [Hirvonen ’24]
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Figure: Bubble in a particle shower
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Result

Langer’s rate formula prevails!

▶ Equilibrium approaches OK

Exponential growth rate, κ

▶ Modified
▶ Approximation from

BubbleDet: κ ≈
√
|λ−|

ϕ = ϕCB + δϕ exp(κt)

fa = f eqa + δfa exp(κt)

Particles

x

ϕ,δfa

Figure: Exponentially growing bubble,
pushes particles out of equilibrium
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Future directions

Beyond Langer

Another (minor) reorganization

Comparison with real-time simulation
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Beyond determinants

Thermodynamic quantities need
and have high precision

How big effects, when important?

Analytical results for rate [Ekstedt ’22]
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Need to reorganize the perturbation expansion?

Radiatively induced phase
transition

▶ Gauge loops
▶ (Intermediate scale)

Higher loop corrections worsen
results [Ekstedt ’22]

Reorganization with
δm2 ≡ m2

nucl(T )−m2
nucl(Tcrit)

[Gould, Güyer, Rummukainen ’22]

▶ Still LO amount to improve in
rate
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Figure: Inverse duration predictions
(Lattice: [Gould, Güyer, Rummukainen ’22] & [Moore,

Rummukainen ’00])
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Contrasting with real-time simulations

1+1, real scalar,
V (ϕ) = ϕ2/2− ϕ4/4

No match with Langer, rate
decreases [P̂ırvu, Shkerin & Sibiryakov ’24]

Initially Langer [Hirvonen & Gould (future)]

▶ Solid understanding in PT

Questions

▶ When matters?
▶ Analytic description?
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Figure: Numerical nucleation rate as a
function of time [Hirvonen & Gould (future)]
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Summary

EFTs facilitate needed accuracy increase

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

Still things to find out!
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Thanks for listening!

EFTs facilitate needed accuracy increase

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

Still things to find out!
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