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Phase transitions are important events in the evolution of the Universe

QCD
EW

‣ the SM predicts two of them (crossover)

no strong breaking of thermal equilibrium 
no distinctive experimental signatures

 Thermal History of the Universe
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EWPhT and new physics
New physics may provide first order phase transitions

 h field tunnels from false to true 
         minimum at 
 

transition proceeds through 
         bubble nucleation

The bubble wall in the plasma can produce
1.breaking of thermal equilibrium (BG) 
2.  experimental signatures (GW)
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Two interesting patterns of symmetry
breaking (as the Universe cools down)

1-step PhT
 2-step PhT

✦

1st step 1-step

important to create
a barrier in the potential

2nd step
(EWPT)

Higgs + singlet scalar potential (Z2  symmetric)
in the high-temperature limit

with thermal masses

s

h

2-step naturally realised since singlet is destabilised before the Higgs ‣

Toy example: SSM tree-level potential 3/12



Dynamics of the bubble wall

Plasma conveniently described as a mixture of three components
       1. Scalar fields participating in the transition
       2. Background species: ~ LTE
       3. Species directly coupled to the scalars: OOE contributions relevant
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Scalar field EOMs

We assume a planar wall and a steady state regime



Dynamics of the bubble wall

Plasma conveniently described as a mixture of three components
       1. Scalar fields participating in the transition
       2. Background species: ~ LTE
       3. Species directly coupled to the scalars: OOE contributions relevant
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Equations for the plasma are obtained from the conservation of the stress-energy tensor 

scalar field plasma at
equilibrium

plasma out of
equilibrium

Hydrodynamics of the plasma

Hydrodynamic equations provide solutions to the temperature and velocity profiles

Constants determined from the hydrodynamic regimes: Detonation, Deflagration or Hybrid.

planar limit



Dynamics of the bubble wall

Plasma conveniently described as a mixture of three components
       1. Scalar fields participating in the transition
       2. Background species: ~ LTE
       3. Species directly coupled to the scalars: OOE contributions relevant

6/12

The Boltzmann equation

Assumptions on the plasma:

1.  High temperature, weakly coupled plasma
2.  Only 2 - 2 processes are considered
3.  Plasma made of Top quark and W/Z bosons (other SM particles are assumed to be in LE)



The Collision Term
The collision term is the challenging part of the Boltzmann Equation

The Boltzmann Equation is an integro-differential equation
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Determination of the wall speed

the four parameters are determined by taking momenta of the EOMs
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we solve the EOM of the scalar fields



Numerical results 
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Computation of bubble wall velocity, including OOE contributions, and width
for the SSM scenario

Ultrarelativistic 
detonation

Ultrarelativistic 
detonation
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Numerical results 

The percentage difference between
the bubble wall velocity calculation in
the LTE regime and OOE, respectively.

The behavior of the total pressure
changes following the inclusion of the
OOE contributions

Ultrarelativistic 
detonation

OOE deflagration 
solution



11/12Applications: GW spectrum
The resulting GW signal is dominated by sound wave
contributions, and the spectrum at the peak is given by

To assess the detectability of the predicted GW
background, we computed the signal to noise ratio 



Conclusions:
First order EWPT: theoretically and experimentally compelling

Strategy put forward to provide full solution of the (steady-state) wall dynamics

Conclusions and outlook

In LTE + OOE: complete solution in the parameter space of SSM models

OOE effects have a significant impact on the wall dynamics across the parameter space

The determination of the SNR of GW has shown that OOE contributions reduce the
probability of observation with respect to the LTE estimate
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Outlook:
Study of the effects of W bosons in the collision integral

Evaluation of the effect of velocity and wall width in the calculation of baryogenesis
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