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Gravitational waves from phase transitions

Work-flow:

1. Compute PT parameters: Tk, a, B/ Hy, Uy,

(!) finite-T theory, effective action, bounce solution,
quantum corrections, ...

2. Cosmological simulations:

(!) bubble expansion in plasma, collisions, sound waves,
turbulence, vortices, droplets, particle production, ...
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Quantum-field theory at finite temperature

The of a given model is described by an Euclidean
static involving only

QFT at finite T equivalent to a regular QFT with

Z =Tr(e ) = /wwre—ﬁﬂm

FEach field comes with a tower of (equivalent to
Kaluza-Klein excitations in extra-dimensions)

M ~ 7T —

{ A Y e

i ~N - integrate out




The high-temperature limit of a toy model

Let’s consider a model with a real scalar and a fermion:
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The high-temperature limit of a toy model

Let’s consider a model with a real scalar and a fermion:

1

1 ; i
= 5(890)2 — §m2902 — kp® — Ap* + i D + gy

We integrate out the Matsubara modes, by performing the hard
region expansion of Feynman integrals in

__O_. __ 272
2 _m2 1 g

. ms
We obtain: O

L
2

1
L = 5[(3(890) + mgc,o + K3° + A3p?
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Phase-transition parameters
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Phase-transition parameters

Nucleation temperature: P ~ e~ %slPel 1

Vier]
Strength: o ~ T3 o7
|
Inverse duration: b T, 45s1¢c] - \/

They all depend on . The bounce can be
computed using existing tools:

pe(r) 9
K D T ;Spc — VB/(SOC)
90.6(0) =0, lgn SOC(T) =0
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Phase-transition parameters
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What about all those neglected operators?

o O -

1 1
L = 5[(3(890)2 — émgcpz — /4:3903 + )\3904

+ agrp’ + 6107000 + Beap®0p + - -

We obtain:

They’re unavoidable. They introduce important corrections.
Their effects are however much harder to estimate
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What about all those neglected operators?

o O -

We obtain:
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What about all those neglected operators?

o O -

1 1
5203 — §K3(a(10)2 -+ émgrnz 1oearnd 1Yo

1 ()561@6 -+ 561829082{ strong PT if S;—T z 1

*

We obtain:

They’re unavoidable. They introduce
Their effects are however much harder to estimate
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Problems with effective operators

Sum-integrals:

LN (B |
‘ / 2 i Q2+ m?(Q+ P)? +m?
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Problems with effective operators

Sum-integrals:

LN (B |
‘ / 2 i Q2+ m?(Q+ P)? +m?

Well-known methods/codes for computing the bounce solution
in the presence of a

1 ()
S3 = /d”'“ 7“2[577@:%802 + + V3(p)] K
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Compute the bounce perturbatively

Use the EFT expansion parameter:
e =00 +eo® 4 2@ ... G =804 gl 289 4 ...

And solve for the minimum of the action order by order in
perturbation theory. The leading bounce is the usual one; the
first correction reads:

) 92 e 1 §5W
60+ 250 v (o) g - LI

o

A7tr? Y
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Back to phase-transition parameters

In dashed, we neglect eflective operators. The vertical lines
represent the (very conservative) limit of validity of the EFT
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Back to phase-transition parameters

In dashed, we neglect eflective operators. The vertical lines
represent the (very conservative) limit of validity of the EFT
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Back to gravitational-wave spectrum

In dashed, we neglect eflective operators. The vertical lines
represent the (very conservative) limit of validity of the EFT
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What’s next?

Use dimensional reduction in precision studies of thermal phase

transitions and don’t neglect eflective operators [MC, Criado, Gil,
Lopez-Miras ‘24; Bernardo, Klose, Schicho, Tenkanen ‘25; MC and Guedes ‘25|
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What’s next?

Use dimensional reduction in precision studies of thermal phase

transitions and don’t neglect eflective operators [MC, Criado, Gil,
Lopez-Miras ‘24; Bernardo, Klose, Schicho, Tenkanen ‘25; MC and Guedes ‘25|

If effective operators are important, so are 2- and 3-loop
corrections? We're checking this [MC, Gil, Ren ‘in progress|
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What’s next?

Use dimensional reduction in precision studies of thermal phase

transitions and don’t neglect eflective operators [MC, Criado, Gil,
Lopez-Miras ‘24; Bernardo, Klose, Schicho, Tenkanen ‘25; MC and Guedes ‘25|
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What if we don’t use effective field theory?

Say we don’t integrate out the Matsubara modes:

e Ky e

~N - integrate out

Then usual problems of multiple scales, e.g. more complicated
calculations, unavoidable large logs, ...

As well as specific ones, e.g. at
non-homogeneous backgrounds, -
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Perturbative bounce solution

S3lpe] computed this way is physical (i.e. invariant under field
redefinitions); physical observables independent of how matching
is performed

Perturbative bounce 3-D Euclidean action at perturbative bounce
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