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The aim is to derive a phenomenological model for friction for
sizable wall velocities
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Phase transition at T~100 GeV?

Possibly, the electroweak phase transition drove the Universe out-of-
equilibrium.
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Electroweak symmetry breaking

It can also be a strong phase transition if a potential barrier
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Electroweak symmetry breaking

It can also be a strong phase transition if a potential barrier
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First-order phase transitions

e first-order phase transitions proceed by
bubble nucleations

* in case of the electroweak phase
transition, the "Higgs bubble wall”
separates the symmetric from the broken
phase

 this is a violent process ( Va1 =~ O(c))
that drives the plasma out-of-equilibrium



Length scales

Lo =~ few T1 " bubble size
Ryupple ~ H ™!

wall thickness 3

planar (\m../ —— \/ ~ Mp1/ T

out-of-equilibrium / / spherical

friction _/ hydrodynamics



Phase transition

Hydrodynamics

Friction



Hydro setup

[Landau & Lifshitz]
|deal fluid, gradients very small

T = WUy — Guy D ut = v(1,v)

Enthalpy and pressure depend ultimately on the Higgs vev and
the temperature.

For simplicity: bag model

1

P+ = §a1T4 — €4

Spherical symmetry and energy conservation demands self-
similar solutions 8“TW(§) —0 £ = fr/t



Solutions of the velocity profile

Full solutions are obtained by gluing together patches
using the discontinuities
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Detonations

Detonations are supersonic expansion modes with a
rarefaction wave behind the wall
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Deflagrations

Deflagrations are subsonic expansion modes with a a shock
wave and a shock front in front of the wall.

The shock front constitutes a discontinuity without phase change.
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Supersonic expansion modes with rarefaction wave
and shock.
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Energy budget

The hydro calculation is used for
> setting the boundary conditions of the friction calculation

> determining the energy budget: bulk kinetic motion vs.
heating
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The aim is to derive a phenomenological model for friction for
sizable wall velocities
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But in a microscopic
approach: .
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Equation of Motion

The EoM of the plasma particles are the (relativistic) Kadanoft-
Baym equations (neglecting the self-energy)

(p> — m?) e*®/2 G<(p, z) = coll.

Moyal star product

expansion in
gradients: (p2 . m2) G<(p, ) = 0

(PO + %8Mm28p'u)G< (p,x) = coll



Quasi particles

Using the quasi particle
ansatz
G=(p,x) = 27 f(p,x) 6(p* — m?)

leads to a Boltzmann type
equation:

1
(pu0" + §8um28pu) f(7,x) = coll

/ force term that will induce particle reflection
= at the wall — rarefaction/shock — latent heat

Notice that the mass is space-dependent through an implicit
dependence from the Higgs vev



The Higgs equation of motion is obtained by
conservation of the total energy-momentum tensor

2 dS
Z p;zf( 2) =0

In equilibirum this will reduce to S
d dF / equilibrium?

=
and hence

friction = Z/d¢ 2 dg})j ! 0 fn (P, )

This agrees with the classical analysis of M&P.




To linearize the equations we use the flow ansatz

7
f = ! X = &2 [1—5—T+u]

eX —1 T

This should work if the plasma thermalizes
locally. But we do not resort to small velocities.

We don't have to because e.g.

T
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depend only on m and T but not the velocity
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Particle content in the SM

EW gauge bosons uw , 0w /T, vy
top quarks L (5Tt/T, Vy
everything else 0Ty, /T, v
background Hog » 0Tbg /T Vbg

AF = frictionyy; + frictiony,

N/

depends on ¢7 Lwalla Vwall



Numerical results
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Numerical
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No hybrids
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Conclusions

Microscopic friction calculations can be
generalized to Vwatr ~ O(1) # cs

The dynamics of expanding bubble walls is not
very well captured by phenomenological
models for sizable velocities but fine for vy <K 1

Hybrid solutions to hydrodynamics are
disfavored by the friction analysis.

Moderately strong phase transitions « > 0.1
proceed via detonations or even runaway.
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