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S U P E R C O O L E D  P H A S E  T R A N S I T I O N

V(φ)

φ

natural with  
classical scaling symmetry

generically strong, 
 observable GW signal

possible explanation  
of the PTA signal?

Production of  
primordial black holes (?)



T H E  M O D E L

cSM 
SU(2) x U(1)

New SU(2)/U(1) sector

φ
gX, MX

H

[See also: T.Hambye, A.Strumia, PRD88 (2013) 055022, C.Carone, R.Ramos, PRD88 (2013) 055020, V.V.Khoze, C.McCabe, G.Ro, JHEP 08 (2014) 026, T. Hambye, A.Strumia, 
D.Teresi, JHEP 1808 (2018) 188, I.Baldes, C. Garcia-Cely, JHEP 05 (2019) 190, T.Prokopec, J.Rezacek, BS, JCAP 02(2019)009, D. Marfatia, P. Tseng, JHEP 02 (2021) 022]
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The typical scenario in 
SU(2)cSM is falsifiable 

through GW.

How robust are these 

predictions? 

How well can we infer 

from the data?



T H E R M O D Y N A M I C A L  PA R A M E T E R S  V S  G W

LISA

T*

β*

R* α*

ΩGW

f

•  - phase-transition 
strength  latent heat 
released 

•  ( ) - inverse time 
(length) scale of the 
transitions  

•  - characteristic 
temperature

α*
≈

β* R*

T*
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Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−Seff[φb])

non-equilibrium 
effects

quantum 
fluctuations

solution of the classical Euclidean 
equation of motion (the bounce)



B U B B L E  N U C L E AT I O N  R AT E  -  B A S I C  A P P R O A C H

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−Seff[φb])

non-equilibrium 
effects

quantum 
fluctuations

solution of the classical Euclidean 
equation of motion (the bounce)

≈ T ≈ T3

Seff = ∫ ⃗x
[1

2 (∂iφ)2 + Vtree(φ) + V(1)(φ) + V(1)
T (φ, T) + Vdaisy(φ, T)]

+ + + + …
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E F F E C T I V E  F I E L D  T H E O R Y  F O R  N U C L E AT I O N
[O. Gould, J. Hirvonen, Phys.Rev.D 104 (2021) 9, 096015]

nucleation intermediate thermal

πTmnucl Λint≪ ≪

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−Seff[φb])

the effective action at 
the nucleation scale

contributions from 
fluctutations of the 
fields that are not 
integrated out at the 
nucleation scale
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At large fields , 
use LT approximation to compute , 

MX(φ)/T ≫ 1
Treh ΔV

At small fields , 
use HT approximation to compute , 

MX(φ)/T ≲ 1
Tp R*H*
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At large fields , 
use LT approximation to compute , 

MX(φ)/T ≫ 1
Treh ΔV

At small fields , 
use HT approximation to compute , 

MX(φ)/T ≲ 1
Tp R*H*
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H T  E F T  C O N S T R U C T I O N

(gauge bosons, scalar)

(scalar)

2-loop matching 

with DRalgo

[A. Ekstedt, P. Schicho, T. V.I. Tenkanen, Comput.Phys.Commun. 288 (2023) 108725]

hard

soft

nucleation

πT

2πT

3πT

4πT

5πT

gT

mscalar



N U C L E AT I O N  R AT E  B E Y O N D  L E A D I N G  O R D E R

Γ = Adyn ⋅ Astat

[M. Kierkla, P. Schicho, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153, BubbleDet: A. Ekstedt, O.Gould, J. Hirvonen, JHEP 12 (2023) 056]

Inclusion of fluctuations 
from the scale-shifting fields

Test of validity of the 
momentum expansion

Test of the 
approximations for the 
scalar prefactor & 
quantum fluctuations

Astat = ∏
a

ℐa𝒱a
det 𝒪a(φF)

det′￼𝒪a(φb)
ℐϕ

det 𝒪ϕ(φF)

det′￼𝒪ϕ(φb)
e−(S[φb]+C[φb])

Remove the 
contribution from the 
scale shifting fields



C O M PA R I S O N  O F  D I F F E R E N T  A P P R O X I M AT I O N S

Astat = ∏
a

ℐa𝒱a
det 𝒪a(φF)

det′￼𝒪a(φb)
ℐϕ

det 𝒪ϕ(φF)

det′￼𝒪ϕ(φb)
e−(S[φb]−S[φF])Γ = Adyn ⋅ Astat

[M. Kierkla, P. Schicho, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]
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Astat = ∏
a

ℐa𝒱a
det 𝒪a(φF)

det′￼𝒪a(φb)
ℐϕ

det 𝒪ϕ(φF)

det′￼𝒪ϕ(φb)
e−(S[φb]−S[φF])Γ = Adyn ⋅ Astat

[M. Kierkla, P. Schicho, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]

• Up to 300% difference 

in percolation 
temperature 

• 30% difference in the 

bubble radius



T H E  I N V E R S E  
P R O B L E M  
A N D   
T H E  F I S H E R  M AT R I X



E X T R A C T I N G  I N F R M AT I O N  F R O M  G W  S P E C T R U M

LISA

ΩGW

f

Γij = T∫
df

Ωtot( f )2

∂ΩGW

∂θi

∂ΩGW

∂θj

σ2
ij = (Γ−1)ij

σgX
= σ2

gXgX

σMX
= σ2

MXMX
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theoretical “uncertainty” 
dominates over the 
experimental accuracy

[M. Kierkla, M. Lewicki, P. Schicho, D. Schmitt, B. Świeżewska, 2607.18233]



R E C O N S T R U C T I O N  O F  U ( 1 )  M O D E L  PA R A M E T E R S

theoretical “uncertainty” 
dominates over the 
experimental accuracy

[M. Kierkla, M. Lewicki, P. Schicho, D. Schmitt, B. Świeżewska, 2607.18233]

experimental error   
residual scale dependence  

in 3d NLOdet approach

∼

difference between  
4d daisy and 3d NLOdet

scale dependence  
in  the 3d daisy approach

≪

≪



TA C H Y O N I C  
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P R O D U C T I O N



T H I C K  B U B B L E S  A N D  S U B S E Q U E N T  E V O L U T I O N
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E V O L U T I O N

s = t2 − r2

[M. Kulejewski, BŚ, Jorinde van de Vis, work in progress]
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gX = 0.8, MX = 3 ⋅ 103 GeV

T = 9 GeV

T = 10 GeV

T = 15 GeV



E N E R G Y  B U D G E T

Energy budget for 
GW predictions is 

altered.

[M. Kulejewski, BŚ, Jorinde van de Vis, work in progress]

gX = 0.8, MX = 3 ⋅ 103 GeV

T = 9 GeV

T = 10 GeV

T = 15 GeV
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E Q U AT I O N  O F  S TAT E

[M. Kulejewski, BŚ, Jorinde van de Vis, work in progress]

The bubble-
fluctutations system 
does not behave as 

radiation

Possible 

consequences for 

reheating, GW 

spectrum and PBH 

formation
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E N E R G Y  S P E C T R U M

[M. Kulejewski, BŚ, Jorinde van de Vis, work in progress]

High-frequency GW 
signal similar to the 

one from preheating 
after inflation?
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C O N C L U S I O N S

Strong GW 

signals need 

strong theory. Supercooled PTs 
are accompanied 

by efficient 
particle 

production.

It changes the 
energy budget, 

EoS and can 
source GWs.

And weak as well



T H A N K  Y O U



B A C K U P  S L I D E S



M O D E  D E C O M P O S I T I O N

δφ̂(s, χ, Ω) = ∫
∞

0
dp

∞

∑
l=0

l

∑
m=−l

[δφplm(s)Yplm(χ, Ω) b̂plm + δφ*plm(s)Y*plm(χ, Ω) b̂†
plm]



E N E R G Y  D E N S I T Y  A N D  P R E S S U R E

ρ = ρ̃ cosh2 χ + P̃ sinh2 χ

Pr = ρ̃ sinh2 χ + P̃ cosh2 χ

ρ̃ =
∞

∫
0

p2dp
4π2 [ |δ ·φp |2 +

p2 + 1
s2

|δφp |2 + m2 |δφp |2 ]

P̃ =
∞

∫
0

p2dp
4π2 [ |δ ·φp |2 −

p2 + 1
3s2

|δφp |2 − m2 |δφp |2 ]



I S  T H E  P E R T U R B AT I V E  A P P R O A C H  R E L I A B L E ?

[figure adapted from: A. Ekstedt, P. Schicho, T. V. I. Tenkanen, Phys.Rev.D 110 (2024) 9, 096006]

[See also: O. Gould and T. V. I. Tenkanen, JHEP 01 (2024) 048, L. Niemi et al. PRL 126 (2021) 
171802, PRD 110 (2024) 115016]

• Convergence in 
thermodynamical 
studies 

• No lattice computation 
with λ < 0
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• Includes missing (4d) 

RG scale dependence 
• 3d scale invariant

• New effective 
operator in the kinetic 
term 

• Behaves badly for 
φ3 → 0
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SEFT, NLO
3 = 4π∫ dr r2 ( 1

2
ZNLO

3 (v3)(∂iv3)2 + VEFT, NLO
3 (v3))

• two-loop matching 
• NLO potential 
• Includes missing (4d) 

RG scale dependence 
• 3d scale invariant

• New effective 
operator in the kinetic 
term 

• Behaves badly for 
φ3 → 0

Up to 100% corrections to percolation temperature!



M O M E N T U M  E X PA N S I O N  

[M. Kierkla, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



VA L I D I T Y  O F  E F T  —  S C A L E - S H I F T E R S

[M. Kierkla, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



S C A L A R  D E T E R M I N A N T

[M. Kierkla, P. Schicho, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]



P R E C I S I O N  F O R  W E A K E R  S I G N A L S

SM + singlet, SNR=10

[M. Lewicki, M. Merchand, L. Sagunski, P. Schicho, D. Schmitt, Phys.Rev.D 110 (2024) 2, 023538]



A C C U R A C Y  O F  P R E D I C T I O N S

[M. Kierkla, P. Schicho, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]



S C A L E  D E P E N D E N C E  -  S O U R C E  O F  U N C E R TA I N T Y

[M. Kierkla, A. Karam, BŚ, JHEP 03 (2023) 007]



M O D I F I E D  E X PA N S I O N  A F F E C T S  T H E  S I G N A L

[A. Gonstal, M. Lewicki, B. Świeżewska, 2502.18436]
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W H AT  C A N  W E  L E A R N  F R O M  T H E  S I G N A L ?

• Decay rate of the scalar 
(inaccessible at colliders?) can be 
determined from the spectrum

• Individual parameters can be 
determined with an accuracy 
better than 10%

[A. Gonstal, M. Lewicki, B. Świeżewska, 2502.18436]



W H AT  K I N D  O F  P T  C A N  B E  O B S E R VA B L E ?

LISA 
SNR 10≥

[Figure adapted from: Phys.Rev.D 100 (2019) 11, 115024, O. Gould, J. 

Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V.I. Tenkanen, D. J. Weir]


