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Gravitational wave experiments

Figure: Park 2021
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Gravitational wave experiments

Figure: Park 2021

First order (electroweak) 
phase transition 

Grojean, Servant 2006

3

Talks by Andrea 
Mitridate and 
Carlo Tasilo



• Sum of many independent 
events


• Spectral parameters contain 
information about the source

Stochastic signal

Figure: Stuver/LIGO

Figure: LISA Cosmology working group
4



• Barrier separating high- and low-
temperature phase

First order phase transition

Figure: Rubakov, 2015

High T

Low T
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• Barrier separating high- and low-
temperature phase

• Nucleation of inhomogeneously 
distributed bubbles

• Released vacuum energy 
sources stochastic gravitational 
wave signal

First order phase transition
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• Phase transitions in the Standard 
Model: electroweak and QCD 
Both cross-overs 

GWs from a cosmological phase 
transition: sign of new physics
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• Phase transitions in the Standard 
Model: electroweak and QCD 
Both cross-overs


• New particles coupling to e.g. 
the Higgs can make the phase 
transition first order


• Phase transitions at 
 or T ≪ 100 GeV

T ≫ 100 GeV

GWs from a cosmological phase 
transition: sign of new physics

?
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Talks by Pedro 
Schwaller and 
Daniel Schmitt



Predicting the GW spectrum
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Pipeline
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Pick a model
Compute the PT 

parameters 
(microphysics)

Determine the 
bubble expansion 

velocity 
(microphysics and 
hydrodynamics)

Extract  
from the many 

bubbles

Tμν
Compute  and 

redshift
Ωgw



Thermodynamics of a bubble
Dependent on the particle physics model

Symmetric phase

Broken phase

• Scalar field interacting with a plasma
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Thermodynamics of a bubble

Bubble is characterised by


• Nucleation temperature 


• Phase transition strength 


• Phase transition rate 

Tn

α

β

Symmetric phase

Broken phase
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• Follow from the pressure: 
 p = − Veff

Determining the thermodynamical quantities Tn, α, β

(a) (b) (c) (d) (e) (f) (g) (h)

(i) (j) (k) (l) (m) (n) (o)

Figure: Tenkanen, JvdV 2022
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• Follow from the pressure: 
 


• Higher-loop effects matter!

p = − Veff

Determining the thermodynamical quantities Tn, α, β
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Figure: Gould, Tenkanen 2021

Talks by Philipp 
Schicho and 

Graham White



Dimensional reduction for supercooled PT
Kierkla, Swiezewska, Tenkanen, JvdV 2023

• Classical conformal model: SU(2)cSM


• Large amount of supercooling


• Construction of EFT with high-
temperature expansion still useful since 
escape point at ϕ ∼ T

15

Escape point

m ≫ T

ϕ

V



Thermodynamics of a bubble

Bubble is characterised by


• Nucleation temperature 


• Phase transition strength 


• Phase transition rate 


• Expansion velocity 

Tn

α

β

vw

Symmetric phase

Broken phase
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Later in this talk



Thermodynamics of a bubble

Bubble is characterised by


• Nucleation temperature 


• Phase transition strength 


• Phase transition rate 


• Expansion velocity 


• Number of degrees of freedom in the plasma, adiabatic index, speed of 
sound…

Tn

α

β

vw

Symmetric phase

Broken phase
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Pipeline
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Pick a model
Compute the PT 

parameters 
(microphysics)

Determine the 
bubble expansion 

velocity 
(microphysics and 
hydrodynamics)

Extract  
from the many 

bubbles

Tμν
Compute  and 

redshift
Ωgw



Contributions to the GW signal

• Gradient energy in the scalar field

19



Contributions to the GW signal

• Gradient energy in the scalar field


• Sound waves
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• Dominant source for , e.g. scalar extensions of the SM (SM + gauge 
singlet, 2HDM, real triplet extension…)


• Interactions between the scalar field and plasma generate sound waves


• Sound waves persist after collisions, and effectively source GWs  
Hindmarsh, Huber, Rummukainen, Weir 2013

α ≲ 1

Sound waves
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Hydrodynamic simulations
Scalar field + plasma system
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Figure: Hindmarsh, Huber, Rummukainen, Weir 2015

Talk by Henrique Rubira 
about alternative 

simulation scheme



Fit of the signal
LISA Cosmo-wg, 2019 (based on Hindmarsh, Huber, Rummukainen, Weir 2015 & 2017)

•  
dΩgw

d ln( f )
= 0.687Fgw,0K2H*R*/csΩ̃gwC (f/fp,0)
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Fit of the signal
LISA Cosmo-wg, 2019 (based on Hindmarsh, Huber, Rummukainen, Weir 2015 & 2017)

•  


• GW signal indeed depends mostly 

dΩgw

d ln( f )
= 0.687Fgw,0K2H*R*/csΩ̃gwC (f/fp,0)

α, β, Tn, vw
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Contributions to the GW signal

• Gradient energy in the scalar field


• Sound waves


• Turbulence (vortical, acoustic, MHD)
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Pipeline

26

Pick a model
Compute the PT 

parameters 
(microphysics)

Determine the 
bubble expansion 

velocity 
(microphysics and 
hydrodynamics)

Extract  
from the many 

bubbles

Tμν
Compute  and 

redshift
Ωgw



The bubble wall velocity vw
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Velocity-dependence of the gravitational wave signal
Gravitational waves in the sounds shell model Hindmarsh 2016
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Fig. Gowling, Hindmarsh 2021



Velocity-dependence of the baryon asymmetry
Example: baryogenesis by c-t mixing

29
Fig. Cline, Laurent 2021

Baryogenesis by c-t m
ixing



Weakly coupled bubble wall-plasma system

• Energy release provides outward pressure


• Plasma particles provide friction by reflections

and by gaining mass by entering the bubble


• Hydrodynamic backreaction effects


• Wall velocity follows from |Poutward | = |Pinward |

30

Bubble wall
Plasma particles



Prokopec, Moore 1995

• Scalar field: 



• Particles in the plasma (schematically):  



• Temperature and fluid velocity profile from EM 
conservation


• Vary wall parameters until all equations  
are satisfied to determine 

□ ϕ + V′￼T(ϕ) + ∑
dm2

dϕ ∫
d3p

(2π)32E
δf(p, x) = 0

∂t f + · ⃗x ⋅ ∂ ⃗x f + · ⃗p ⋅ ∂ ⃗p f = − C[ f ]

vw

Weakly coupled bubble wall-plasma system
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Out-of-equilibrium particles (top)



Challenges

• Scalar field: 



• Particles in the plasma (schematically):  

□ ϕ + V′￼T(ϕ) + ∑
dm2

dϕ ∫
d3p

(2π)32E
δf(p, x) = 0

∂t fi + · ⃗x ⋅ ∂ ⃗x fi + · ⃗p ⋅ ∂ ⃗p fi = − Ci[ fi]

32

Coupled system of equations

Multiple out-of-
equilibrium particles

Collision terms are 
difficult to compute



Challenges

• Scalar field: 



• Particles in the plasma (schematically):  

□ ϕ + V′￼T(ϕ) + ∑
dm2

dϕ ∫
d3p

(2π)32E
δf(p, x) = 0

∂t fi + · ⃗x ⋅ ∂ ⃗x fi + · ⃗p ⋅ ∂ ⃗p fi = − Ci[ fi]
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Coupled system of equations

Multiple out-of-
equilibrium particles

Collision terms are 
difficult to compute

Many papers in the literature  

Let’s 

just assume 

assume vw = 1



Solutions better than choosing vw = 1

• Solve the system e.g. Moore, Prokopec 1995, Dorsch, Huber, Konstandin 2021, Laurent, Cline 
2022


• Use a numerical package: Ekstedt, Gould, Hirvonen, Laurent, Niemi, Schicho, JvdV: in progress


• Neglect the out-of-equilibrium contribution to the friction and determine the 
wall velocity from hydrodynamic back-reaction effects Konstandin, No 2011, Barroso 
Mancha, Prokopec, Swiezewska 2020, Balaji, Spannowski, Tamarit 2020, Ai, Laurent, JvdV 2023, Ai, Nagels, 
Vanvlasselaer 2024
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Talks by  
Carlos Tamarit and 

Miguel Vanvlasselaer



• Even in local thermal equilibrium, 
hydrodynamic effects provide 
friction (backreaction) 
Due to field-dependent terms in 
the energy-momentum tensor of 
the plasma  
Konstandin, No 2011, Barroso Mancha, Prokopec, 
Swiezewska 2020, Balaji, Spannowski, Tamarit 2020 

• Equilibrium-only friction is a 
reasonable approximation for 
deflagrations and hybrids 
(SM+singlet) 
Laurent, Cline 2022 
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Fig. Laurent, Cline 2022 

Solutions better than choosing vw = 1



Model-independent computation of the wall velocity in LTE
Ai, Laurent, JvdV 2023

• Determined by α, cb, cs, Ψn ≡ wb(Tn)/ws(Tn)

36



Model-independent computation of the wall velocity in LTE
Ai, Laurent, JvdV 2023

• Determined by 

• Provides an upper bound on the wall velocity

α, cb, cs, Ψn ≡ wb(Tn)/ws(Tn)
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 in phase transitions in strongly 
coupled sectors
vw
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• Can provide stable dark matter 
candidate, solution to hierarchy 
problem


• Cosmological strongly coupled phase 
transitions and GWs?


• Non-perturbative computation of ?vw

New strongly coupled sectors (e.g. SU(N))
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Fig. Halverson, Long, Haiti, Nelson, Salinas 2020

Talk by Michele 
Redi, Di Liu



Large jump in degrees of freedom

• Strongly coupled PTs typically feature a large enthalpy jump (large jump in dof 
)∝ N2

40
Fig. Daniel Baumann 2013 



Using the large enthalpy jump to predict vw
Sanchez-Garitaonandia, JvdV, 2023

• Strongly coupled PTs typically feature a large enthalpy jump (large jump in dof 
)


• We estimate the wall velocity from hydrodynamics in the large-  limit


• We make no further assumptions related to strong coupling (so result would 
also apply to weakly coupled theories)

∝ N2

N
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Hydrodynamics of the plasma around the bubble

• Plasma is described by a perfect fluid: 


• Hydrodynamic equations from continuity equations:  

Tμν = wuμuν − pgμν

∂μTμν = 0

42

enthalpy

pressure



Hydrodynamics of the plasma around the bubble

• Plasma is described by a perfect fluid: 


• Hydrodynamic equations from continuity equations:  

Tμν = wuμuν − pgμν

∂μTμν = 0
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enthalpy

pressure

Figure: Espinosa, Konstandin, No, Servant 2010 

T+T−

TN



Equation of state with a large enthalpy jump

• Low-enthalpy (confined) phase suppressed by  compared to high-enthalpy 
(de-confined) phase*





*  are  numbers in the appropriate units 

1
N2

pL(T) ∼
p̄

N2
, wL(T) ∼

w̄
N2

, eL(T) ∼
ē

N2

p̄, w̄, ē 𝒪(1)
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Equation of state with a large enthalpy jump

• Low-enthalpy (confined) phase suppressed by  compared to high-enthalpy 
(de-confined) phase*





E.g. (bag EoS)   

1
N2

pL(T) ∼
p̄

N2
, wL(T) ∼

w̄
N2

, eL(T) ∼
ē

N2

pH =
aH

3
T4 − ϵ, pL =

aH

3N2
T4
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vw

v+, T+
v−, T−

Large-  limit dictates N v+, T+

• Matching relations: ,         


• Only when , and , matching equations can be fulfilled

v+v− =
p+ − p−

e+ − e−

v+

v−
=

e− + p+

e+ + p−

T+ = Tc v+ = 0
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Solve the fluid profile

• Knowing  and an EOS we can solve the fluid profile: this determines 



• Unique relation between  and  

T+, v+, vw
TN

vw TN
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Comparison with simulation result in holographic model

• Large-  reproduces simulations really well (even though )N N ∼ 3
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• Result of simulation of  
Bea et al. 2022


- Large-  prediction

- Formula by Janik et al.

- Local thermal equilibrium

N



Comparison with simulation result in holographic model

• Large-  reproduces simulations really well (even though )N N ∼ 3
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• Result of simulation of  
Bea et al. 2022


- Large-  prediction

- Formula by Janik et al.

- Local thermal equilibrium

N

Not really fast



Why was the wall velocity so small in the simulation?
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Can not supercool below 
this temperature
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Maximum wall-
velocity in

Improved 

holographic QCD

Fig. Bea, Caselderrey-Solana, Giannakopoulos, Mateos, 
Sanchez-Garitaonandia, Zilhão 2022



Consequences for gravitational waves
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0.01 0.05 0.10 0.50 1 5 10

10-19

10-16

TN /Tc = 0.993, c2
s = 1/3

TN /Tc = 0.993, c2
s = 0.1

TN /Tc = 0.7, c2
s = 1/3

TN /Tc = 0.7, c2
s = 0.1

Fig. Morgante, Ramberg, Schwaller 2022

LISA

Talk by Enrico 
Morgante



Conclusions

• Gravitational waves from phase transitions can teach us about new physics


• The wall velocity strongly affects the spectrum


• It can be approximated by local thermal equilibrium… Ai, Laurent, JvdV 2023


• or predicted in the limit of a large enthalpy jump Sanchez-Garitaonandia, JvdV, 2023


• The prediction reproduces the results of holographic simulations really well


• Slow walls are a consequence of limit on supercooling, not of strong coupling
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