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New exploration window In order to compare with the experiment

we need precision

We are
here!
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(GGravitational waves and the nucleation rate

Qow = @y + Qi + Qg o - (Ki(“) “) (H) A 80
_ l+a p R

[Caprini et al., JCAPO4(2016)001]
[Recent templates: JHEPO/(2025)217 JCAP10(2024)020]

(K, B/H,, T)

Qew(f)

[Adapted from B. Swiezewska's slides, Scalars 2025]



(GGravitational waves and the nucleation rate

Qow = @y + Qi + Qg o - (’9'(“) “) (H) A 80
' 1 +a p R

[Caprini et al., JCAPO4(2016)001]
[Recent templates: JHEPO/(2025)217 JCAP10(2024)020]

(K, B/H,, T)

Qew(f)

[(T) = A(T) e >nl%u 1]

B Sqv1ldp]l  low-T
il o 11 = { Sqld )/T  high-T

[Adapted from B. Swiezewska's slides, Scalars 2025] (In equilibrium)



Improvements in the calculation

e Naive estimates (d=spatial dimensions)

[(T) ~ [A cvlyn]\[ Avsta[] 7y o Vel P T |
~T ~T¢

|Linde, Nuclear Physics B216 (1983) 421]
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Dissipative effects are neglected!
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Dissipative effects are neglected!
o Langer’s dissipative model [Hanggi, Talkner, Borkovec. RevMod Phys.62 (1990), 251]

'Langer, Annals of Physics 54 (1969) 258-27/5]
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| Assumes: Langevin dynamics]
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Improvements in the calculation

Naive estimates (d=spatial dimensions)
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|Linde, Nuclear Physics B216 (1983) 421]

Langer’s dissipative model

'Langer, Annals of Physics 54 (1969) 258-27/5]
| Hanggi, Mojatabal Phys.Rev. A 26 (1982), 1168]

| Assumes: Langevin dynamics]

BubbleDet

Ekstedt Gould, Hirvonen.

larXiv:2308.15652v2]
Instanton method
[(T) = A(T) e~SaldoT Aan = 25 °
I'(T) = Adyn Asgtat _ det Sefr
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det(_l_) eff,b

Dissipative effects are neglected!
' Hanggi, Talkner, Borkovec. RevMod.Phys 62 (1990), 251 ]

Langer’s rate breaks down for

weak dissipation

e eff[¢b’T]
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S j_mU]_ a_t j_ O n S (Pirvu, Shkerin, Sibiryakov. 2024)

Langer’s
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Nucleation rate

S j_mu1atj_0ns (Gould. Hirvonen. 2024)

---- Langer’s rate, ['Langer

B Rate in A¢ bin
Linear fit
Initial rate, Flattice

4 6 8 10
Time, ¢

|Gould, Hirvonen, arXiv:2505.22732]

Initial thermalization procedure
Non-perturbative extraction of the rate
Hamiltonian evolution post-thermalization

Conservative systems follow Langer’s rate
without friction

In out-of-eq settings, the system is not initially thermalized...
thus, the validity of Langer’s rate depends on the values of 7.



Assumptions:
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|Classical nucleation theory
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Theory (Langer)

Assumptions:

| Additive Gaussian noise
|Classical nucleation theory
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A real-time EFT perspective
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A=A~ R (inverse critical bubble radius)
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A real-time EFT perspective

k 1. There is a hierarchy of scales
Quantum |
UV modes EFT for the IR modes. (UV: integrated out)
UV e P(x) = pr(x) + Pyy(x)
A=A~ R (inverse critical bubble radius)
e
IR L
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IR modes



A real-time EFT perspective

k 1. There is a hierarchy of scales
Quantum |
UV modes - EFT for the IR modes. (UV: integrated out)
UV \ M - P(x) = quR(X) + ¢UV(X)
2. A precise real-time description requires
A=A~ R (inverse critical bubble radius) Closed-time-path formalism
Density matrices

i
L K

\

Classical  highly-occupied @ high-T
IR modes



A real-time EFT perspective

P(x) = Prr(x) + Pyy(x)
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A real-time EFT perspective

P(x) = Pr(x) + Qva(x) —t,

pr(t) = Trgy (U, 1) p U, 1)) ~ty-if

Partition function:
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INnfluence functional:
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A real-time EFT perspective

P(x) = ¢IR(X) + Cva(x) —{, (1) Lo
. (2)
—to—li to—l—
Pr() = Tryyd U 1) p (1) U T(tf 1)) ot
Partition function: Reminiscent of
7 — J Dqﬁﬁr{])qﬁﬁ{ Pir ini[¢ﬁr{, b ] o7 Ser Al PR PiR] > Background-field method
B.C. > Wilsonian effective action

INnfluence functional:

e%Seff,A[¢I—Ea¢ﬁ{] — e%SC[¢IR] J D ¢ [_IJ_VD ¢6V pUV,ini[ ¢ [_Jl_V’ ¢6V] 8% Sclouv]+Snix cleuy:@rl)
B.C.



A real-time EFT perspective
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Feynman-Vernon influence functional

UV.in1
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For a single scalar field with self-coupling 4, the mixing action S ;, ¢ can be parametrized via

—A Ce/xfz(fﬂ) ov(2)



A real-time EFT perspective

Setr Al PR PRl = Scldr] — ifln <€%Smix’c[¢UV;¢IR]> = Scldr] + Sipldr PRl

Feynman-Vernon influence functional

UV.in1

For a single scalar field with self-coupling 4, the mixing action S ;, ¢ can be parametrized via

—A Ce/xfe(l’) ov(2)

In the semiclassical limit, up to O(1°) corrections:

0S¢ [Prg] 0 Re Sir 5fé/_\ (y)
+ = — [ &
Otk (2) |ga_o OPR(2) |4a_ /f“ ¥ 5of @

IR qbIR_




A real-time EFT perspective

_ _ of, ( ¢Z R(X) )
% — -
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J Gf}f(xa Y, ﬂ,)ff(QEIR(Y)) =
Y

Dissipation

10



A real-time EFT perspective

_ _ of, ( ¢Z R(X) )
% — -
)+ V(B p0) ; )

|Memory-dependent friction]

aff ¢IR(X))
a¢IR(X) |

J Gy D) (. (0)) = Zéf (x)
y

Dissipation Noise

| Multiplicative Gaussian noise]

10



A real-time EFT perspective

_ _ o (Pr@) [ . of (Prr))
V’ — - G v :
D) + V() ; Oprr(X) J y bl (90) = 25 ) Op1r(X)
Dissipation Noise
| Memory-dependent friction] | Multiplicative Gaussian noise|

> Out-of-eq Fluctuation-dissipation relations exist.
> In the High-T limit, the kernels become local.
> Langer’s rate is reproduced only if we neglect multiplicative noises.
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Summary

The nucleation rate depends on microphysics.

here are theoretical uncertainties in the GW spectrum due to dissipation.

The nucleation rate requires due care at low friction.

Effective (generalized) Langevin equations can be derived from first principles (Influence action).
Realistic physics goes beyond additive white noise.

Memory effects can affect the nucleation rate (deviations from the traditional result).

There might be theoretical uncertainties in the GW spectrum due to dissipation.
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