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First order phase transitions in cosmology 

⟨ϕ⟩ = 0

⟨ϕ⟩ ≠ 0

⟨ϕ⟩ ≠ 0

(p, V, T, N) (H(t) =
·a
a )

Kitchen scale: Early Universe scale:
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Why study first order phase transitions?

B. P. Abbott et al. [LIGO Scientific and Virgo], “Observation of Gravitational Waves from a Binary Black 
Hole Merger”, 2016
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The recent discovery of Gravitational Waves (GWs)  
from compact object mergers:

A first-order phase transition that releases large amounts of energy is a potential source of detectable 
Gravitational Wave signals
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A snapshot of a 
cosmic event !

Its gravitational 
signal has some 

characteristic features 
that can help us to 

detect it?

Can we detect a Stochastic 
Background of GWs from a first 

order phase transition?

.. A new era of cosmology ! 
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The GW spectrum for runaway bubbles

The observable:
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Gould O., Sukuvaara S. and Weir D., “Vacuum bubble collisions: From microphysics to gravitational waves”, 2021

∝ R*, ΔV, δR*

• Latent heat of the transition 
• Bubble radius at collision  
• Bubbles thickness at collision

Jinno R., Konstandin T., Takimoto M., “Relativistic bubbles collisions- a closer look”, 2019

ΔV
R*

δR*
{
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Why we talk about bubbles: a theory of false vacuum decay

ϕtrueϕfalse ϕmax

Barrier

ϕ

Stable phase  
or true vacuum

Metastable phase 
or false vacuum 

V(ϕ)

Coleman, S. “Fate of the false vacuum: Semiclassical theory”, 1977 

Single scalar field theory: ℒ =
1
2

∂μϕ∂μϕ − V(ϕ)

4

X

Y
ϕfalse

ϕtrueϕtrue

ρ2 = τ2
E + ⃗x2

Euclidean picture

Z

Energy scale of the theory

Euclidean action  
of the tunnelling 

Γdecay ∝ R−4
c e−SE
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Why we talk about bubbles: a theory of false vacuum decay
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What is a thick bubble?
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Rc r ≡
Vmax − Vfalse

Vfalse − Vtrue
= ΔRRc

Thick bubble nucleation Thin bubble nucleation

Δ
h

ϕ+ ϕ- ϕ

V(ϕ)

ϕ+ ϕ- ϕ

V(ϕ)

ϕesc

Δ
Δ

≫≪

h h

h Δh Δ

ϕfalse
ϕfalse ϕtrue ϕtrue

Thick wall regime Thin wall regime

ΔR
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V(ϕ )

ϕ false ϕ trueϕmax ϕ

Evolution of a thick bubble in Minkowski

ϕ(tosc) = ϕpeak

s

ϕ (s)

ϕesc

ϕesc

The field rolls towards the minimum…

…and then starts oscillates around it

Field point of view:
ϕtrue

t = 0

6

s = t2 − x2

Minkowski picture
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V(ϕ )

ϕ false ϕ trueϕmax ϕ

Evolution of a thick bubble in Minkowski

ϕ(tosc) = ϕpeak

s

ϕ (s)

ϕesc

ϕesc

The field rolls towards the minimum…

…and then starts oscillates around it

Field point of view:
ϕtrue

t = 0
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ΔRϕesc Rthin
Rc ΔR

ϕtrue

t = 0 ΔEvol = − ΔEwall tosc

Bubble point of view:

R2
c = ⃗x(t)2 − t2

s = t2 − x2

Minkowski picture
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Macroscopic evolution of the transition I
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Macroscopic evolution of the transition II

Γdecay

H4
≃ 1

The average time of collision 

tn

tpVBubble ≃
1
3

Vtotal

VU ∼
1

H(T )4

VU

VU

The transition rate competes with Hubble 
expansion..
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Duration of the transition:

β = H*T*
dSE

dT T*

= H* βH
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Can we collide thick bubbles?

tp > tosc

tp < tosc

Thin bubble collision

Thick bubbles 
collision

Previous work assumptions:

Our question:
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t = 0

t = 0
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What is next?
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tp < tosc
Upper bound  from the signal  

of SGWB su  βH ≲ 103

Model-independent  
parametric  

for slow roll scenarios

Thick wall  
regime

Thin wall  
regime

Gould O., Sukuvaara S. and Weir D., “Vacuum bubble collisions: From microphysics to gravitational waves”, 2021

Existent simulations

We are simulating them !

The slow roll scenario requires new simulations 

Develop realistic potential in which we collide thick bubbles  

Identify a series of new bubble shapes which depends on 
the slope of the potential after the tip of the barrier

WORK IN PROGRESS !!

m
|ΔV |1/2 < #

βH

MPl
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My current interests, besides bubbles:
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Very dark, dark sectors 

What if visible and dark sector interact only 
gravitationally?

Cosmology & astrophysics  
are the only probes  

of these dark sector dynamics!

Dark long range interactions 

Recoupling Dark Matter



Thank you for your attention !
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How do we realise thick bubble collisions?

V(ϕ)

ϕesc ϕtrueϕfalse

Steep potential

ϕ

ϕesc ≪ ϕtrue

V(ϕesc) ∼ V(ϕfalse)

Rethink the thick wall regime:
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∝ − #λϕ4 ϕ

ϕescϕfalse ϕtrue ϕ

V(ϕ)

Slow roll potentialϕesc ≪ ϕtrue

V(ϕesc) ∼ V(ϕtrue)

ΔV = ϕ4
escλesc

groll =
m

ϕesc

One parameter theories ! Two parameter theories !

ΔVΔV

m ΔV≪
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