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[Caprini et al., JCAP04(2016)001]
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 [Recent templates: JHEP07(2025)217,  JCAP10(2024)020]
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[Adapted from B. Świeżewska’s slides, Scalars 2025]

ΩGW = Ωϕ + Ωsw + Ωturb

Gravitational waves and the nucleation rate
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[Caprini et al., JCAP04(2016)001]

Seff[ϕb, T] = {
Sd+1[ϕb] low-T

Sd[ϕb]/T high-T

Γ(T) = A(T) e−Seff[ϕb,T]
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[Adapted from B. Świeżewska’s slides, Scalars 2025]

 [Recent templates: JHEP07(2025)217,  JCAP10(2024)020]

(In equilibrium)

Gravitational waves and the nucleation rate
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⏟ ⏟
∼ T d∼ T

[Linde, Nuclear Physics B216 (1983) 421]

• Naive estimates (d=spatial dimensions)

Γ(T) ∼ [Adyn] [Astat] 𝒥ϕ e−Seff[ϕb,T]

Improvements in the calculation
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Improvements in the calculation

⏟ ⏟
∼ T d∼ T

Γ(T) = A(T) e−Seff[ϕb,T]

• Instanton method

Adyn =
ω−

2π
,

Γ(T) = Adyn Astat

[Linde, Nuclear Physics B216 (1983) 421]

Astat = 𝒥ϕ
det S′￼′￼eff,fv

det(+)S′￼′￼eff,b
e−Seff[ϕb,T]

(d=spatial dimensions)

Γ(T) ∼ [Adyn] [Astat] 𝒥ϕ e−Seff[ϕb,T]

• Naive estimates

Ekstedt, Gould, Hirvonen. 
[arXiv:2308.15652v2]

BubbleDet

Adyn =
|λ− |

2π
,

https://arxiv.org/pdf/2308.15652v2
https://arxiv.org/pdf/2308.15652v2
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Dissipative effects are neglected!
• Langer’s dissipative model

[Assumes: Langevin dynamics]

[Langer, Annals of Physics 54 (1969) 258-275]  
[Hänggi, Mojatabai. Phys.Rev.A.26 (1982), 1168]

Adyn =
1

2π [ ω̃2
− +

η̃
4

−
η̃
2 ]
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Simulations
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[Pîrvu et al., IntJModPhysA39(2024)34, 2445007, arXiv:2407.06263v1]

V(ϕ) =
m2

2
ϕ2 −

λ
4!

ϕ4 ϕf.v. = 0
ϕt.v. = ± ∞

ΓE =
ω−

πV
β ImF

ΓLanger =
1

πV [ ω− +
η
2

−
η
2 ] β ImF

(Pîrvu, Shkerin, Sibiryakov. 2024)

https://www.worldscientific.com/doi/10.1142/S0217751X24450076
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ω−

πV
β ImF

ΓLanger =
1

πV [ ω− +
η
2

−
η
2 ] β ImF

(Pîrvu, Shkerin, Sibiryakov. 2024)

• By direct comparison with the instanton rate, it is clear that 
>>> Langer’s rate formula breaks down at low η

η ≪
ω−

βFb
⇒ η−1 ∼ τthermal ≫ τdecay βFb

https://www.worldscientific.com/doi/10.1142/S0217751X24450076
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[Pîrvu et al., IntJModPhysA39(2024)34, 2445007, arXiv:2407.06263v1] m2
th = m2 −

3λT
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3
2

̂T)

̂T−1
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Simulations
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[Gould, Hirvonen, arXiv:2505.22732]

(Gould, Hirvonen. 2024)

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

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

Conservative systems follow Langer’s rate 
without friction



Theory (Langer)
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[Gould, Hirvonen, PRD 104 (2021) 9, 096015]

[Berera et al.,, PRDD 100 (2019), 076005]

[Additive Gaussian noise]
[Classical nucleation theory]

Assumptions:

□ ϕξ(x) = − V′￼(ϕξ) − η ·ϕξ(x) + ξ(x),

⟨ξ(x)ξ(x′￼)⟩ξ = 2ηTδ(x − x′￼)
⟨ξ(x)⟩ξ = 0



6

[Gould, Hirvonen, PRD 104 (2021) 9, 096015]

[Berera et al.,, PRDD 100 (2019), 076005]

E[ϕ, π] = ∫x [ π2

2
+ ( ⃗∇ ϕ)2

+ V(ϕ) ]

d
dt ( ϕξ

πξ ) = (
πξ

∇2ϕξ − V′￼(ϕξ) − ηπ ) + ( 0
ξ )

d
dt ( ϕξ

πξ ) = − ( 0 −1
1 η )( ∂E/∂ϕ

∂E/∂π ) + ( 0
ξ )

Theory (Langer) [Additive Gaussian noise]
[Classical nucleation theory]

Assumptions:

d
dt

P(ϕ, π; t) = − ⃗∇ ⋅ ⃗J

Psteady(ϕ, π) = P0(ϕfv, πfv) ζ(u)

ζ(ϕfv, πfv) → 1 , ζ(ϕ > ϕb , π) → 0



UV modes

IR modes
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UV

  (inverse critical bubble radius)Λ = Λnucl ∼ R−1
c

7

A real-time EFT perspective

highly-occupied @ high-T

Quantum

Classical
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1. There is a hierarchy of scales 

- EFT for the IR modes. (UV: integrated out) 

- ϕ(x) = ϕIR(x) + ϕUV(x)
UV modes

IR modes

k

IR

UV

  (inverse critical bubble radius)Λ = Λnucl ∼ R−1
c
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A real-time EFT perspective
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2. A precise real-time description requires 

Density matrices
Closed-time-path formalism

1. There is a hierarchy of scales 

- EFT for the IR modes. (UV: integrated out) 

- ϕ(x) = ϕIR(x) + ϕUV(x)
UV modes

IR modes

k

IR

UV

  (inverse critical bubble radius)Λ = Λnucl ∼ R−1
c

highly-occupied @ high-T

Quantum

Classical

A real-time EFT perspective
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ϕ(x) = ϕIR(x) + ϕUV(x)

A real-time EFT perspective
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ϕ(x) = ϕIR(x) + ϕUV(x)

̂ρIR(tf) = TrUV{Û(tf , ti) ̂ρ (ti)Û†(tf , ti)}

A real-time EFT perspective
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Z = ∫B.C.
Dϕ+

IRDϕ−
IR ρIR,ini[ϕ+

IR, ϕ−
IR] e

i
ℏ Seff,Λ[ϕ+

IR,ϕ−
IR]

Partition function:

ϕ(x) = ϕIR(x) + ϕUV(x)

̂ρIR(tf) = TrUV{Û(tf , ti) ̂ρ (ti)Û†(tf , ti)}

A real-time EFT perspective
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Z = ∫B.C.
Dϕ+

IRDϕ−
IR ρIR,ini[ϕ+

IR, ϕ−
IR] e

i
ℏ Seff,Λ[ϕ+

IR,ϕ−
IR]

Partition function:

Influence functional:

ϕ(x) = ϕIR(x) + ϕUV(x)

̂ρIR(tf) = TrUV{Û(tf , ti) ̂ρ (ti)Û†(tf , ti)}

A real-time EFT perspective

e
i
ℏ Seff,Λ[ϕ+

IR,ϕ−
IR] = e

i
ℏ SC[ϕIR] ∫B.C.

Dϕ+
UVDϕ−

UV ρUV,ini[ϕ+
UV, ϕ−

UV] e
i
ℏ (SC[ϕUV]+Smix,C[ϕUV;ϕIR])
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Z = ∫B.C.
Dϕ+

IRDϕ−
IR ρIR,ini[ϕ+

IR, ϕ−
IR] e

i
ℏ Seff,Λ[ϕ+

IR,ϕ−
IR]

Partition function:

Influence functional:

e
i
ℏ Seff,Λ[ϕ+

IR,ϕ−
IR] = e

i
ℏ SC[ϕIR] ∫B.C.

Dϕ+
UVDϕ−

UV ρUV,ini[ϕ+
UV, ϕ−

UV] e
i
ℏ (SC[ϕUV]+Smix,C[ϕUV;ϕIR])

ϕ(x) = ϕIR(x) + ϕUV(x)

̂ρIR(tf) = TrUV{Û(tf , ti) ̂ρ (ti)Û†(tf , ti)}

A real-time EFT perspective

> Wilsonian effective action
> Background-field method
Reminiscent of:
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Seff,Λ[ϕ+
IR, ϕ−

IR] = SC[ϕIR] − iℏ ln ⟨e
i
ℏ Smix,C[ϕUV;ϕIR]⟩UV,ini

A real-time EFT perspective

Feynman-Vernon influence functional

= SC[ϕIR] + SIF[ϕ+
IR, ϕ−

IR]
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Seff,Λ[ϕ+
IR, ϕ−

IR] = SC[ϕIR] − iℏ ln ⟨e
i
ℏ Smix,C[ϕUV;ϕIR]⟩UV,ini

A real-time EFT perspective

Feynman-Vernon influence functional

= SC[ϕIR] + SIF[ϕ+
IR, ϕ−

IR]

For a single scalar field with self-coupling ,  the mixing action    can be parametrized viaλ Smix,C
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Seff,Λ[ϕ+
IR, ϕ−

IR] = SC[ϕIR] − iℏ ln ⟨e
i
ℏ Smix,C[ϕUV;ϕIR]⟩UV,ini

A real-time EFT perspective

Feynman-Vernon influence functional

= SC[ϕIR] + SIF[ϕ+
IR, ϕ−

IR]

For a single scalar field with self-coupling ,  the mixing action    can be parametrized viaλ Smix,C

In the semiclassical limit, up to  corrections:𝒪(λ3)
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□ ϕ̄IR(x) + V′￼(ϕ̄IR(x)) − ∑
ℓ

∂fℓ(ϕ̄IR(x))
∂ϕ̄IR(x) ∫y

GR
ℓℓ(x, y; λ) fℓ(ϕ̄IR(y)) = ∑

ℓ

ξℓ(x)
∂fℓ(ϕ̄IR(x))

∂ϕ̄IR(x)
.

Dissipation Noise

A real-time EFT perspective
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[Multiplicative Gaussian noise]

□ ϕ̄IR(x) + V′￼(ϕ̄IR(x)) − ∑
ℓ

∂fℓ(ϕ̄IR(x))
∂ϕ̄IR(x) ∫y

GR
ℓℓ(x, y; λ) fℓ(ϕ̄IR(y)) = ∑

ℓ

ξℓ(x)
∂fℓ(ϕ̄IR(x))

∂ϕ̄IR(x)
.

Dissipation Noise

A real-time EFT perspective

[Memory-dependent friction]



10

[Multiplicative Gaussian noise]

□ ϕ̄IR(x) + V′￼(ϕ̄IR(x)) − ∑
ℓ

∂fℓ(ϕ̄IR(x))
∂ϕ̄IR(x) ∫y

GR
ℓℓ(x, y; λ) fℓ(ϕ̄IR(y)) = ∑

ℓ

ξℓ(x)
∂fℓ(ϕ̄IR(x))

∂ϕ̄IR(x)
.

Dissipation Noise

> In the High-T limit, the kernels become local.
> Out-of-eq Fluctuation-dissipation relations exist.

A real-time EFT perspective

> Langer’s rate is reproduced only if we neglect multiplicative noises.

[Memory-dependent friction]



Summary

• The nucleation rate depends on microphysics.  

• There 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.

11
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