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SM built in the past ~ 50 years
in dialogue with
colliders/detectors

Standard Model of E Particles

Dark sector
Neutrino masses
Gravity

AUGE BOSONS

CTOR BOSONS

1””]

EPTONS

Baryogenesis
Hierarchies
and others...

COLLIDERS
HAVE BECOME
RETICENT...
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Gravitational wave detection!

N Access to new
/ cosmic messengers!

Can we extract
information on

Laser

particle physics from
gravitational waves?
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14 billion years -
11lgllﬁquears"' il Cosmological

sorssim o\ @2 s e phase transition!

Star formation peak eSS
Galaxy formation era\ \
Earliest visible galaxie

Recombination Aloms torm
Relic radiation decouples (CMB| j plasma of

/ massless particles
( electroweak) P

symmetry
broken
m#0

Matter domination

Onset of gravitational colapse
symmetry

broken

symmetry
preserved

Nucleosynthesis
Light elements created - D, He, Li - m#0

Nuclear fusion begins - 0 \

Quark-hadron transition T . Bubble collisions = GWs!

Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Spectrum depends on

Axions etc.? g
transition temperature

Grand unification transition —~ B energy released
Electroweak and strong nuclear B S0y
forces differentiate £ 3 J duration

Ilulan:::;: gravity wall bubble wall velocity!

I

Spacetime description breaks down  \ J A A "o e 0
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Outline

Bubble wall velocities in phase transitions with the fluid Ansatz

@ Bolzmann equation and the fluid Ansatz

Linearization, solutions and the problem of the singularity

Improving the linearization procedure:
getting rid of the singularity

Results N

P
Conclusions and outlook AN ~

plasma of
/’ massless particles

( electroweak ) r'd

symmetry
broken
m#0

symmetry
preserved
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Boltzmann equation and the fluid Ansatz

Higgs VEV

5/’—

plasma of

e

\ / massless particles
electroweak r’e — Broken
symumetry ( symmetry ) Plasma ! phase
broken preserved i i
m#0 i/
s \ L
AR 2 i,

Energy-momentum conservation

2
¢D¢+¢8VT¢ Zgz /807;7; (2d)§JE sz(p7x)_0
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Boltzmann equation and the fluid Ansatz

/

symmetry
broken
m#0

inner
pressure

G. C. Dorsch

plasma of
massless particles

electroweak re N
( symmetry )

preserved

Plasma

Higgs VEV/

Broken
phase

L passage of the bubble
heats up the plasma
(equilibrium effect)

(UFMG)

2 4 z/Ly
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Boltzmann equation and the fluid Ansatz

Higgs VEV/
N I

plasma of 5 ;
AN /" massless particles ; 1 1

electroweak re N IR i Broken

symmetry ( symmetry ) Plasma, H i phase
broken preserved ! !
m#0 i
s \ .

R 2 126,

gi E)m
o 2"

/ (27r \ 0

non-equilibrium
effects

inner
pressure

passage of the bubble
heats up the plasma

(equilibrium effect) o)
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Boltzmann equation and the fluid Ansatz

Higgs VEV/
AN I

Symmetry ! |
plasma of broken i 1
\ / massless particles m#0 . 1 !

electroweak Plasma —— i Broken

symmetry i i phase
2 1 ]
oH*m ! :

H ) ) iy = ; T

PHOufi+ S Opu fi+ Clf] T S i

~—~

collision
source

1 Clear physical
e (5:—1—“4—””4—... . .
fi ePlPrun—3) £ 1)’ \ P mterpretation

] RN
chemical temperature dissipative

potential & velocity effects
fluctuations

For other approaches see e.g.

S. De Curtis et al., JHEP 08 (2022) 163
Cline and Laurent, PRD 106 (2022) 2
Ekstedt et al., JHEP 04 (2025) 101
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Boltzmann equation and the fluid Ansatz

Higgs VEV/
plasma of ; g
'\ / massless particles ) | !
electroweak Plasma —— i Broken
symmetry i i phase
2 1 ]
o'm : :
H ) ) y = ; y
POufi+ S5 O fi+ CLI) . ———r

~—~

collision
source

1 Clear physical
= 5:+“+””+... . .
fi eBPruu—3;) +1) \ P Interpretation
] R
chemical temperature dissipative
potential & velocity effects
fluctuations

Linearized system

For other approaches see e.g.

S. De Curtis et al., JHEP 08 (2022) 163 /

Cline and Laurent, PRD 106 (2022) 2 A . q + F : q — S

Ekstedt et al., JHEP 04 (2025) 101
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Boltzmann equation and the fluid Ansatz

; Higgs VEV/
Include the
= : :/F_
g background i j
=53 ACK : : :
&5 variation into J; i |
52 N :
‘ ™ Plasma ‘l"_é E Broken
h H ' phase
R ! !
/L : |
Mm 2 E é
p a fz p# fz C[f] =0 74 ) 3 T T
~—~
collision
source

Clear physical

1
P = é ‘ + Y . .
Ji= 8) +1) P interpretation

First attempt: \. .
constant chemlcal temperature dissipative
background! potential & velocity effects
) fluctuations

Linearized system

For other approaches see e.g.
S. De Curtis et al., JHEP 08 (2022) 163
Cline and Laurent, PRD 106 (2022) 2
Ekstedt et al., JHEP 04 (2025) 101
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First attempt: constant background ., ¢ ...+ coriior s

— JCAP 08 (2021) 020
Linearized system JCAP 04 (2022) 04, 010

A : q/ + F ) q = S GD, D. Pinto

JCAP 04 (2024) 027

/
Alight * Qlight + Llight - Qlight = 0

Ml — / / 8V(T7 ¢) gi 1 87”? d3p ) 1 _
<M2) B / <¢ D+ ¢ 99 * Z §¢ 0¢ (27)3E; 6f1> (tanh z> =0

0.03
-l ig c
— Mi(vy) g: B Deflagration
......... M(vy) 2 E
0024 i Sific O L V==Typ
:N 4‘1'[2(1 +) "%’ %
= | My(v,, =¥ : 6 QN g2
= 2(vu) oy & ¢°/8M? operator
5 0.01
2 / M = 700, LT = 7.4266
= -
= y
0.00 Py
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Results: wall velocity and convergence

1.0 = GD, D. Pinto, JCAP 04 (2024) 027
0.94
0.8 I Only tops l
. 07>
32
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M [GeV)
8 0941
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Why does a singularity appear at v, — ¢,?

Linearized system

/ Some of these egs. describe
A-¢d+T.-q=S8 9
energy-momentum
Alight * @ight T Dlight * Qlight = 0

Energy-momentum conservation

Some combinations of eqgs. have vanishing T"

x-A-Ag=x-[Sdz for some x

For light species

vw  1/3 . _
A~ (1/3 vw/S) = singular at v,, = 1/\/§

Aqiight blows up if rhs # 0!
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Improving the linearization procedure
Getting rid of the singularity

Spatially- s
1 dependent i .
fi= ) @Prun)-5) £ 1) background! =7
J 52
Find 8(z) and u(z) such that e - :

L . L,
energy-momentum conservation is satisfied o

for this background!

GD, T. Konstandin, E. Perboni and
D. Pinto, JCAP 04 (2025) 033
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Improving the linearization procedure
Getting rid of the singularity

Spatially- s
1 dependent é .
fi= A @Prun()-6) + 1) background! =
J 52
Find $(z) and u,(2) such that e : ;

L . Ly
energy-momentum conservation is satisfied o

for this background!

Plugging back into Boltzmann

9" m?
ot Zs et =0

These terms will give Linearize over spatially-varying background
0. and O uy

Will contribute as new A . q/ _I_ F . q — SOld _|_ Snew

source terms!

GD, T. Konstandin, E. Perboni and
D. Pinto, JCAP 04 (2025) 033
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Improving the linearization procedure
Getting rid of the singularity

Spatially- s
1 dependent 3;3
i = e +1) background! &
J 52
Find 8(z) and u(z) such that e - :

energy-momentum conservation is satisfied
for this background!

Plugging back into Boltzmann e ey

energy-momentum egs.

oHm? :
Ta"“f”rc[f] =0 X - A-Ag =0 (no source of E-M!)

These terms will give Linearize over spatially-varying background
0. and O uy

Will contribute as new A . q/ _|_ F . q — SOld _|_ SHGW

source terms!

GD, T. Konstandin, E. Perboni and
D. Pinto, JCAP 04 (2025) 033

G. C. Dorsch (UFMG) ‘Wall velocities with the fluid Ansatz PLANCK2025 10 /12



Results: non-singular pressure and wall velocities

0.177 —meeev Equilibrium only
0.01 —— Total
Hybrids

[ Non-singular across sound speed ]

—0.1
—0.2
—0.3
—0.4

[ Non-equilibrium relevant! ]

Pmt

Detonations are possible

—0.5 S

Y}
0.0 0.2 0.4 0.6 0.8 1.0

GD, T. Konstandin, E. Perboni and
D. Pinto, JCAP 04 (2025) 033
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Results: non-singular pressure and wall velocities
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Conclusions and outlook

o Cosmological phase transitions:
interface between particle physics & gravitational waves

o Accurate estimate of spectrum < wall velocity
(non-equilibrium!)

o Improved fluid Ansatz
Allows for (relatively) simple physical interpretation

o Non-equilibrium effects are relevant!
Detonations are possible (but seem to be fine-tuned!)

o Comparison between fluid Ansatz and other approaches
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Allows for (relatively) simple physical interpretation

o Non-equilibrium effects are relevant!
Detonations are possible (but seem to be fine-tuned!)

o Comparison between fluid Ansatz and other approaches J

THANK YOU!
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APPENDICES

/all velocities with the fluid



Results: wall velocity and convergence

1.0 GD, D. Pinto, JCAP 04 (2024) 027
Order

Tops + W’s l
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20944 — = P pQ
...... o2
0.92 1 —
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Breakdown of the linearization procedure
Higgs VEV

Yviwy — Vi =420 w_ -V
2 2
VHU+W4 = Y- V-Ww— U Brok
Plasma LOKCLL
. . phase
Bag approximation
a4+ das
Vi=e€s— ?Ti and w4t = TTi
-2 2 4./,
v_ 1
Xe=—4+—
2 6v_

(8
LINEAR REGIME el <1
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Checking the vanishing of the source

4 0. T
_uyaung” =81 = Yulu Z 9.m3N; —’ngaT4 311sz +~20.v
[
“old” source source from background variation
_ 4 0, T
—uyﬁuTé‘gl' =8 = —'ngaT4 ZT + 72 0,0,

source from background variation

0.04 a, = 0.01 Source momentum 0.3 o, = 0.03 Source momentum
- 1 old 1 old
vy = 0.41 . 0.2 v, =081 .
1 new e 1 new
0.02 Uy < Vg . Uy > Vg e ot
' 2 tot 0.1 2 tot
0.001— 0.0
—0.02 -0
—0.2
—0.04
—0.3
—4 4 —4 i
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