
Based on: 2503.13597, 2506.15496, 2607.18233 

Nucleation in supercooled 
cosmological phase transitions 

Maciej Kierkla, Uppsala University



Why study 
supercooled PTs?

DM/pBHs 
production

PTA 
data

Strong GW 
signal!

LISA is coming

We need 
robust 

framework



Tp

V (')
<latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit>

'
<latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit>

φ

V(φ)V (')
<latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit>

'
<latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit>

ΔV

Field theory Cosmology
Bubble nucleation rate

Γ
H4

Key quantity for PT dynamics



See also: J.Hirvonen, O. Gould, 2108.04377, J. Hirvonen, 2403.07987, A. Ekstedt 2201.07331 

Idea: use EFT for long-range modes 

Take quantum fields, integrate out UV 
modes, and obtain nucleation EFT 

 Feff ⟷ Snucl

F′￼′￼eff ⟷ S′￼′￼nucl

Building blocks of field ϕ

DRDRSeff



See also: J.Hirvonen, O. Gould, 2108.04377, J. Hirvonen, 2403.07987, A. Ekstedt 2201.07331 

Idea: use EFT for long-range modes 

We expand around the O(3)-symmetric 
stationary point of the action 

 Astat = 𝒱
det′￼S′￼′￼nucl[ϕCB]
det S′￼′￼nucl[ϕmeta]

− 1
2

modes E<Λnucl

e−ΔSnucl[ϕCB]

modes E>Λnucl



Computing effective action - 3D toy model

Γ ∼ e−(Seff[ϕb] − Seff[ϕF]) = ∫ 𝒟χe−S[ϕb,χ]

ℒ3 =
1
2

(∂iΦ)2 +
1
2

(∂i χ)2 +
1
2

m2Φ2 +
λ
4

Φ4 + κχ2Φ2 +
1
2

M2χ2

Φ → ϕb(r) + H(x)
ℒ ⊃ χ (−∇2 + M2 + κϕ2

b)
ℳχ

χ

eiSeff[ϕb] ∼ [det (−∇2 + M2 + κϕ2
b)]

− 1
2

e−S3[ϕb]

Expand field on its 
background

At 1-loop we need  
quadratic terms only

Performing the  ∫ 𝒟χ



One-loop contributions to nucleation rate 

Γ = Adyn DetS
⏟

E<Λ

DetX0
DetXG e−ΔS3[ϕb]

E>Λ



Derivative expansion of gauge-Goldstone det

−log DetXG ≃ ∫x

−3
48π

g3ϕ3
b

𝒪(g3) LO

+ ∫x

1
2

δZ[ϕb](∂ϕb)2

𝒪(g4) NLO

+ …

m3

mX
≪ 1

Barrier generating term Terms with higher powers in 
derivatives

δZ = −
11

16π
g3

ϕb

See also: A. Ekstedt, O. Gould, J. Hirvonen, 2308.15652; A. Ekstedt 2104.11804, J. Hirvonen et al 2112.08912,  
MK, B. Świeżewska, T.V.I Tenkanen, J. van de Vis, 2312.12413 



Results: nucleation rate from different “recipes”

Note:
 

everywhere 
except [NLO det]

Adyn det S ≃ T4

“Common”  
4d approach

“Usual”  
3d EFT

[2503.13597, with P. Schicho, B. Świeżewska, T.V.I. Tenkanen and J. van de Vis,]

“Best”  
3d EFT



Results: nucleation rate from different “recipes”

Note:
 

everywhere 
except [NLO det]

Adyn det S ≃ T4

Implications for PT parameters: 
 

 

•  

•

ΔQ ≡
Q[NLO det] − Q[daisy]

Q[NLO det]

ΔTp ∼ 𝒪(30%) − 𝒪(80%)

ΔR∗H∗ ∼ 𝒪(15%) − 𝒪(20%)



How do dim-6 operators affect the nucleation rate?

F. Bernardo, MK, N. Leister, P. Schicho, P. Schwaller, 2609.xxxxx

ℒ1 = αϕ2F2FijFijϕ†ϕ + αD2ϕ4 (Diϕ†Diϕ) (ϕ†ϕ)
+αD2ϕ2B2

0 (Diϕ†Diϕ) B2
0 + αB2

0ϕ4B2
0 (ϕ†ϕ)2 + αϕ6 (ϕ†ϕ)3

Bounce sol  
gets modified

Quadratic terms 
get modified

DetX0
= Det (∂2 + m2

X0
+

1
2

αϕ4B2
0
ϕ4

b + αD2ϕ2B2
0
ϕ′￼b

2)
Example:



HT validity => small effect of dim-6 operators

F. Bernardo, MK, N. Leister, P. Schicho, P. Schwaller, 2609.xxxxx

(Prelim
inary)



The relative difference for is up to 7%DetX0

F. Bernardo, MK, N. Leister, P. Schicho, P. Schwaller, 2609.xxxxx

(Prelim
inary)



 changes up to 4%, while  up to 1%Tp R∗H∗

F. Bernardo, MK, N. Leister, P. Schicho, P. Schwaller, 2609.xxxxx

(Prelim
inary)

(Prelim
inary)

(Plots due to courtesy of N. Leister)



What can happen for extreme supercooling?

MK, N. Ramberg, P. Schicho, D. Schmitt, 2506.15496
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MK, N. Ramberg, P. Schicho, D. Schmitt, 2506.15496
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Strongly coupled regime: 
 should grow largeβ/H

QCD transition: 
 grows larger due to new 

“mass” term ~
β/H

ΛQCD

Estimate for  breaks down: 
Volume of false vacuum is not 
decreasing

Tp

What can happen for extreme supercooling?



It’s unlikely to go below β/H ∼ 5

MK, N. Ramberg, P. Schicho, D. Schmitt, 2506.15496
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NLO corrections are 
mandatory for reliable 

pheno predictions 

Derivative expansion  
for gauge modes introduces 

significant errors. 

Dim-6 operators 
seem to have little 

effect on nucleation 
Go to NNLO to 

a
a
a

Summary

Precise predictions for 
PTA daa

It’d be nice to haa
a

aaa

Outlook

Min value 
of  β/H ≃ 5



NLO corrections a
aaa



Derivaa
a

fa

Dim-6 opera
a

ffa
Go to NNLO to 

assert convergence of 
perturbative 
expansion

Summa

Precise predictions for 
PTA data

It’d be nice to have a 
comparison to lattice!

Outlook

Min va
β/H ≃ 5



Thank you!



High-temperature Dimensional Reduction (DR)

x x

Z3 = ∫ Dϕn=0 exp (−
1
T ∫ d3r ℒ3)

Integrating out
ωn≠0

Z = ∫ Dϕ exp (−∫
1
T

0
dτ∫ d3r ℒE)

Fields: ϕ3, X3, X0,3

ωbosons
n = 2πTn

ϕ(x, τ) =

τ

Fields: ϕ, X

∞

∑
n=−∞

ϕn(x)eiωnτ

Couplings: g, λ Couplings: m3(T), g3(T), λ3(T)

ϕ3(x)


