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The universe might
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or multiple first order

phase transitions



Cosmological PTs

Broken symmetry at zero
temperature

Quantum corrections modify the
shape and restore the symmetry
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Zero temperature
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Conseqguence
of BSM physics
(coupling to the
Higgs, or dark
sector)

Bubble collisions
source a gravitational TN
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With what velocity do these bubbles expand?
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or multiple first order
phase transitions

Many scenarios
predict the
generation of the
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Baryon asymmetry depends on v,

Baryogenesis from CPV lepton dim-6

Yukawa
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Baryogenesis by c-t mixing
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Gravitational wave spectrum depends on v,

—— LISA SR sensitivity curve Vw
10781 —-— QGalactic binaries 0.4
-== Extragalactic compact binaries 0.5

f [Hz]

(a) Fixed: « =0.2, 7r,=0.1, T, =100 GeV.

Figure from: Gowling, Hindmarsh 2021
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Challenge

Usually v, can be determined for one bubble in isolation
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Challenge

Usually v, can be determined for one bubble in isolation

However...
Computation of the wall velocity is numerically challenging

Many phenomenological predictions do not include a model-dependent
computation of v, resulting in significant uncertainties

What is the theoretical error in v, ,?
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Computation of the wall velocity



Weakly coupled bubble wall-plasma system

Energy release provides outward pressure

Bubble wall

Plasma particles provide friction by reflections Plasma particles
and by gaining mass by entering the bubble 7 ®
Hydrodynamic backreaction effects @
—>
Wall velocity follows from | P, ward | = | Pinward | ®
~
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Weakly coupled bubble wall-plasma system

Prokopec, Moore 1995, Laurent, Cline 2022

Scalar fields:

oVeli(p . T om? [ d°
V9T | 5 o J L spapx) =0,  fiUp.x) =f(p.x) + 5 (p.x)

>
i 0p; 0p; ) (2m) 2E

Fluid velocity and temperature follow from energy-momentum conservation 6MT”” =(

a

%0 = vlvylflvpl + Tou = €
1% =—(04)° = VI, T) +wry + vy + T =

Boundary conditions from hydrodynamics
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Boltzmann equations for out-of-equilibrium particles

Boltzmann equation for particles in the plasma

1 .
(P10, + > Vmg - Vp)f'(p.x) = = G,[f]
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Boltzmann equations for out-of-equilibrium particles

Boltzmann equation for particles in the plasma

1 .
(P10, + > Vmg - Vp)f'(p.x) = = G,[f]

Collision term contains (higher-dimensional integrals over) terms of order f4, making this
eqguation very difficult to solve in practice

Collision terms are very hard to compute beyond leading-log

These equations are coupled with the equations for ¢;, T, v
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Two approximations based on
limits of the collision terms




Two approximations based on limits of the collision term

1 .
(P10, + > Vmg - Vp)f'(p.x) = = G,[f]

Collision term large: local thermal equilibrium, 6f = 0
Collision term small: ballistic limit

The wall velocity becomes much easier to determine in both cases
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Local thermal equilibrium

No friction, but backreaction force from the fluid: the effective driving force becomes
smaller when the fluid in front of the bubble heats up

This limit provides an upper bound on the wall velocity
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Local thermal equilibrium

Equilibrium-only friction is a
reasonable approximation for
deflagrations and hybrids in
SM+singlet
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Figure 5. Scatter plot of relative errors of the wall velocity
(blue points) and thickness (red points) due to neglecting the
out-of-equilibrium pressure contribution, as a function of v,,.

Figure from: Laurent, Cline 2022



Model-independent computation of the wall velocity in LTE

LTE corresponds to entropy conservation and can be understood as additional
matching condition: s, y. v, = s_y_v_, the wall velocity can be determined

without solving the scalar field equation of motion

We used a model with constant sound speeds to find v,, model-independently

Determined by a, ¢;, ¢, ¥, = w,(T)/w(T,)
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Model-independent computation of the wall velocity in LTE
Al, Laurent, JvdV 2023

No nucleation

0.2 0.4 0.6 0.8
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Ballistic Iimit

Assume Ry 1pie = Lygep > L, /y,,*: particles are in equilibrium far away from the wall (on
hydrodynamic scales), but do not equilibrate over the region where ¢ varies

0.m?>
Boltzmann equation reduces to (%az ;E Opz>f (p,2) = 0, which can be solved
analytically
Pressure on the wall is given by .. = AT, with T = ZJ D) f(p,2)
fric f f (2][)3 Ei I\

i
Velocity follows from & y;vine + Phiiction = 0

Lower limit on the wall velocity

*In e.g. the regime is rather Ly;pp > Ry 01 => L,,/7,,; corresponding to highly relativistic bubbles, and no equilibration
24
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Limits of the Boltzmann equations

LTE and ballistic approximations provide simple estimates of the wall velocity

The approximations are valid in the regime of large/small collision terms

If v, is similar in both limits, we might be content with the result

When the difference is large, we should really solve the Boltzmann equations
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How fast does the

Q/A<(@ 07?

Ekstedt, Gould, Hirvonen, Laurent, Niemi, Schicho, JvdV: 2411.04970

Publicly availabe code for the computation of the wall velocity

with out-of-equilibrium contributions
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Q//A\((@@

What does it do?

Computes (leading log) matrix elements for out-of-equilibrium particles,
based on DRalgo (Mathematica) %.:}

Computes the corresponding collision terms in C++

Solves the equation of motion for the scalar field(s), fluid equations and
Boltzmann equations for out-of-equilibrium particles in Python

The model and the set of out-of-equilibrium particles are user-defined
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Q//A\((@@

What does it do?

0°¢h; +

eff 1~ 2 3
oV (¢, T) +20m [ d’p 5F(p.x) = 0

0P, op; ) (2m)2E

Assume a tanh-profile for each field, solve for v, , widths and offsets by minimising their
action

A

Solve iteratively for {¢;, T, v} and of", until we find a v, for which the total pressure
vanishes
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Q//A\((@@

What does it do?

Linearized

/
1 .
(P9, + = Vmg - Vp)of'(p,x) = = Eldf"1 + S,
Spectral method of - expansion of of(z, p,, p) in Chebyshev
polynomials: f,(z. p..py) = Y, S T()T(p)Ti(py)

ik

Boltzmann equation becomes a matrix equation, and collisions terms are computed for each
basis element

User can decide which particles are considered out-of-equilibrium

Different from approach by where the Boltzmann eq. Is solved in a
moment expansion
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QW:\((@@

Convergence of the spectral method

M, N: number of polynomials in position/momentum direction
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Comparison with earlier
computation for SM with light Higgs

Moore, Prokopec 1995; Konstandin, Nardini, Rues 2014

1.0
0.8 -
Spectral method (N = 11) versus
three moments 06 -
Some differences in matrix S 04
elements |
Mixing in the Boltzmann equations -
(e.9. eq. for of,,, depends on ofyy ) 0oL . . . .
0 20 40 60 80
Different treatment of mh (GeV)

hydrodynamics to MP
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Comparison for Inert Doublet Model

BM | my |GeV] | m4, Mg+ [GeV] AL T. |GeV] | T, |GeV] | vy [49] | vy [WallGo]
A 62.066 300 0.0015 118.3 117.1 0.165 | 0.191 4+ 0.024
B 65.00 300 0.0015 118.6 117.5 0.164 | 0.180 4= 0.025
C 63.00 295 0.0015 119.4 118.4 0.164 | 0.182 4+ 0.024

Comparison with

between

shows reasonable agreement
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Towards an estimate of the theoretical error

Study on sources of uncertainty forthcoming

(A/A((@@ returns the truncation error from the Boltzmann equation

What are other dominant sources of uncertainty in the computation of v, ?

The effective potential
(Leading log) collisions

Tanh Ansatz (for future versions)

When does the linearization in of break down?
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Dependence on collision term (xSM)

ms = 100 GeV

collisionMultiplier
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Adding multiple out-of-equilibrium particles (Inert Doublet Model)

Increasing PT strength
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V., In phase transitions in strongly
coupled sectors



New strongly coupled sectors (e.g. SU(N))

107
» Can provide stable dark matter 107
candidate, solution to hierarchy 1074
—~ 1071+

prOblem > 10-18 FP-DECIGO

: Nc T BBO

« Cosmological strongly coupled phase = 1.
transitions and GWs? 10-19 -
10-%

1023 R
102 101 10"
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Fig. Halverson, Long, Haiti, Nelson, Salinas 2020
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New strongly coupled sectors (e.g. SU(N))

Can provide stable dark matter
candidate, solution to hierarchy
problem

Cosmological strongly coupled phase

transitions and GWs?

Non-perturbative computation of v, ?
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Wall velocity from holography

Not really fast

l

Numerical simulations of a
bubble in a holographic model

Gravity 5D Einstein-scalar model.
N ~ 3. Modification of

0. 0.05 0.1 0.15

Fig. Bea, Caselderrey-Solana, Giannakopoulos, Mateos,

We W|” use these reSUItS aS a teSt Sanchez-Garitaonandia, Zilhao 2022
of our prediction
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Large jump in degrees of freedom

Strongly coupled PTs typlcally feature a large enthalpy jump (large jump in dof

x N?)
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Using the large enthalpy jump to predict v,
Sanchez-Garitaonandia, JvdV, 2023

Strongly coupled PTs typically feature a large enthalpy jump (large jump in dof
x N?)
We estimate the wall velocity from hydrodynamics in the large-/V limit

We make no further assumptions related to strong coupling (so result would
also apply to weakly coupled theories)
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Equation of state with a large enthalpy jump

1
Low-enthalpy (confined) phase suppressed by ﬁ compared to high-enthalpy
(de-confined) phase
Ay 4 Ay 4
E.g. (bag EoS) = —171" —¢€, = —7
PH 3 PrL IN2



Large-/V limit dictates v_, /.

P+ — P— 1% e_+p
. Matching relations: v, v_ = SR L= -7

e, —e_ V. e+ p_

- Onlywhen T, =T, and v, = 0, matching equations can be fulfilled
AN /




Solve the fluid profile

Knowing T+, v,,V,, and an EOS we can solve the fluid profile: this determines

n 1.0pr=r—" i B R
........ ~A_
= - i .~'A,\. \\ﬁ
Unique relation between v, and /, s Thal Ny @=0l
! 2 \\A\ \A\
0.6 ci =1/3 A\ \4\
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5 ‘v M
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Comparison with simulation result in holographic model

Large-N reproduces simulations really well (even though N ~ 3)

Not really fast — 0.307; | \'\\' IIIIIIIIIIIIIIIIIIIII i
s * Result of holographic ]
0.25[ N simulation of -
020l . - Large-N pl’edIC’[.IOI’] -
: Formula by Janik et al.
- : N - Local thermal equilibrium
YW 015 i
0.10 . -
N y\\\
I R
u ‘\f‘\:\\\\ -
0.051 N "
N S S R N
0.88 0.90 0.92 0.94 0.96 0.98 1.00



Why was the wall velocity so small in the simulation?
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Fig. Bea, Caselderrey-Solana, Giannakopoulos, Mateos,
Sanchez-Garitaonandia, Zilhao 2022
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Summary

The wall velocity is an important parameter in particle and GW production in first order
phase transitions, but difficult to compute

Approximations:
Local thermal equilibrium, valid in the regime of fast collisions
Ballistic limit, valid in the regime of slow collisions

Large jump in the number of degrees of freedom. Also applicable for strongly
coupled PTs

Q//A\((@@: publicly available code for the computation of v, with out-of-equilibrium effects
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Back-up



Relevant length scales

Hydrodynamics: the wall is infinitely thin, discontinuity in 7, v
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Relevant length scales

Bubble wall scale: Boltzmann equations and scalar field of motion

¢
Iy,vy
Units and scale
T v are arbitrary
L,V —_—



Holography for studying strongly coupled theories

Weakly coupled gravity theory in d+1 dimensions

otrongly couple@QFT in d dimensions

Originally: correspondence between type IIB string theory on AdSs X § > 10
N = 4 supersymmetric Yang-Mills theory

Different gravity descriptions can be used to correspond to different QFTs
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Improved Holographic QCD

5D gravity theory (gﬂy, O, a) (metric, dilaton, axion) with two solutions:

Thermal gass Confined phase

+—>

AdS Black hole Deconfined phase

Dual: large-/NV Yang-Mills

Reproduces e.g. linear confinement, asymptotic freedom inthe UV, ...
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Dependence on the hydrodynamics in the ballistic approximation

We distinguish fluid temperature and velocity in front of and behind the wall
(these follow from hydrodynamics), e.qg.

1

,B+;/+<E — v+\/p22 + m2(z) — m%)
€
|

By (E +V_ 7/ pP? + m?(z) — m%)
) V

f(p?, z: I_ﬁ) _ (pZ < — \/ m? — mz(z)) (transmission from sym phase)

I+

1

ft_(pZ, ZQI_ﬂ) — (pz > \/mz — m2(2)> (transmission from brok phase)

I+

1
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