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SUPERCOOLED
PHASE TRANSITIONS
AN D
GRAVITATIONAL
WAVES




SUPERCOOLED PHASE TRANSITION

i)

natural with
classical scaling symmetry

generically strong,
observable GW signal

possible explanation
of the PTA signal?

Production of
orimordial black holes (?)




THE MODEL
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STRONG GW SIGNAL

log1o SNR (LISA) [NLO det]
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[Image adapted from: M. Kierkla, PhD thesis, University of Warsaw, 2025,
See also M. Kierkla, P. Schicho, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]



STRONG GW SIGNAL
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STRONG GW SIGNAL

log1o SNR (LISA) [NLO det]
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The typical scenario in

SU(2)cSM is falsifiable
through GW.

How robust are these
oredictions?
How well can we infer
from the data”?




THERMODYNAMICAL PARAMETERS VS GW

QGW

* a. - phase-transition

strength = latent heat
released

e (. (Rs) - inverse time
(length) scale of the
transitions

e T. - characteristic
temperature



INCREASING THE
PRECISION IN
BUBBLE NUCLEATION




BUBBLE NUCLEATION RATE

T Adyn | AStat - Adyn . Adet ' eXP(

non-equilibrium guantum solution of the classical Euclidean

effects fluctuations equation of motion (the bounce)



BUBBLE NUCLEATION RATE - BASIC APPROACH

I'= Adyn ' Astat — Adyn ' Adet - exp(

) S
non-equilibrium guantum solution of the classical Euclidean
eftects fluctuations equation of motion (the bounce)
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EFFECTIVE FIELD THEORY FOR NUCLEATION

[O. Gould, J. Hirvonen, Phys.Rev.D 104 (2021) 9, 096015]

nucleation intermediate thermal




EFFECTIVE FIELD THEORY FOR NUCLEATION

[O. Gould, J. Hirvonen, Phys.Rev.D 104 (2021) 9, 096015]

nucleation intermediate thermal

< A. < wl

nucl nt

I = Adyn ' Astat — Adyn ' Adet + CXP (=3 eff[wb])
= A

contributions from ) \

fluctutations of the . .

, the effective action at
fields that are not .

, the nucleation scale
integrated out at the

nucleation scale



SUPERCOOLING VS HIGH-T EFT?
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SUPERCOOLING VS HIGH-T EFT?
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SUPERCOOLING & HIGH-T EFT
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HT EFT CONSTRUCTION
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HT EFT CONSTRUCTION
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NUCLEATION RATE BEYOND LEADING ORDER

FzAdyn.A

stat

e — (Sl 1+Cle,))

det O det O
A, = H IV, e/—“((pF) 7 |ﬂ
a \ det @a(wb)

A
,, A
/ R Remove ’b
contribution from the
/ scale shitting fields

Inclusion of fluctuations Test of validity of the Test of the
from the scale-shifting fields momentum expansion approximations for the

scalar prefactor &
guantum fluctuations

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



COMPARISON OF DIFFERENT APPROXIMATIONS
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THE INVERSE
PROBLEM
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THE FISHER MATRIX




EXTRACTING

INFRMATION FROM GW SPECTRUM
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RECONSTRUCTION OF U(1T) MODEL PARAMETERS
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RECONSTRUCTION OF U(1) MODEL PARAMETERS
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THICK BUBBLES AND SUBSEQUENT EVOLUTION
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THE METHOD

Nucleation (Euclidean)

O(3,1)—symmetricr . 3 . ,
A HO + 90 = V(@) =0

O(4)-symmetric
bounce

Evolution (Milne)

3
P(s) + ?éb(S) + Vigp(s)) =0

[K. Yamamoto, T. Tanaka, and M. Sasaki, PRD 51 (1995) 2968, T. Hamazaki, M. Sasaki,
T. Tanaka, and K. Yamamoto, PRD 53 (1996) 2045, N. Herring, S. Cao, and D.
Boyanovsky, PRD 109 (2024), 105021]
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EVOLUTION

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




ENERGY BUDGET

g, =08, My =3-10° GeV
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ENERGY BUDGET

g, =08, My =3-10° GeV
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EQUATION OF STATE
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EQUATION OF STATE
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The bubble-

fluctutations system

does not behave as

radiation
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The bubble-

fluctutations system
does not behave as
radiation

Possible

consequences for
reheating, GW
spectrum and PBH

formation




ENERGY SPECTRUM

GeV]

dE

d log £

12

10

10

10

1000

/
%

— T'xt=2.00
— T xt=4.00

— T xt=06.00
— T xt=28.00
— T xt=10.00

Ll | RN

0.01

0.10 1

10 100

k |GeV]

1000

10000

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



ENERGY SPECTRUM
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SUMMARY




CONCLUSIONS
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CONCLUSIONS

Strong GW
signals need

strong theory.

And weak as well




CONCLUSIONS

Supercooled PTs

are accompanied
by efficient
particle
oroduction.




CONCLUSIONS

Supercooled PTs

are accompanied
by efficient
particle
oroduction.

't changes the
energy budget,

FoS and can
source GWs.
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MODE DECOMPOSITION
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ENERGY DENSITY AND PRESSURE
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'S THE PERTURBATIVE APPROACH RELIABLE?
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[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]



WHAT'S NEW AT NLO?

|
S;EFT, NLO _ 471.J'dr I.2 (EZI;ILO(V3)( aiv3)2 n V];FT, NLO(V3)>

 New effective * two-loop matching
operator in the kinetic e NLO potential
term * Includes missing (4d)
e Behaves badly for RG scale dependence
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Up to 100% corrections to percolation temperature!



MOMENTUM EXPANSION
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VALIDITY OF EFT — SCALE-SHIFTERS

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



SCALAR DETERMINANT
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PRECISION FOR WEAKER SIGNALS
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ACCURACY OF PREDICTIONS

INLO V]
g INLO det]Tp
04 08 12 16 20 24 238

3.2 0.150

1.1
1.0

= z

= =
0.9 g perturbativity of gx %

s B &

0.8 45 =

= o

= =
0.7 Wlaﬁon

Tp < TQCD
0.6 QCD-sourced PT .
2
M
log1o Gov

INLO V]
0 INLO det] 1, H,
0.175 0.200 0.225

perturbativity of gx

‘ no percolation

Tp < TQCD
QCD-sourced PT
4 0 3
Mx
loglo GeV

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



SCALE DEPENDENCE - SOURCE OF UNCERTAINTY
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MODIFIED EXPANSION AFFECTS THE SIGNAL
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WHAT CAN WE LEARN FROM THE SIGNAL?Y
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WHAT CAN WE LEARN FROM THE SIGNAL?Y
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WHAT CAN WE LEARN FROM THE SIGNAL?Y
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WHAT KIND OF PT CAN BE OBSERVABLE?

Large couplings
or many BSM fields
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[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]



