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Why Cosmological First Order Phase Transitions (FOPT)?

—~Baryogenesis

e

Bubble nucleation

>Primordial magnetic fields

Stochastic background of
gravitational waves

Particle Dark Matter
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All these processes depend crucially
on the velocity of the expanding

bubble wall, &,
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The wall velocity &
The Klein-Gordon equation for the background field

The parameter &, is closely connected to the friction on the expanding wall ¢

A% dm? ( d° |
n 0 n Z i J P
dag dg | 2n)’ 2F;

[1¢ f(p",x") =0

l

V, is the zero-temperature potential
. f.is the distribution function of the i—th particle
m,, L; are the mass and energy of the i—th particle

F is the free-energy of the system
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The wall velocity &
The Klein-Gordon equation for the background field

The parameter &, is closely connected to the friction on the expanding wall ¢

dV, dm? [ d°p 1
+—+ ) — J = f(pt.x") = 0
do dp ) 2n) 2E,

T~ 0F
D¢+E—%(¢)=O

[1¢

l

V, is the zero-temperature potential

. f.is the distribution function of the i—th particle - o
Equilibrium back Out of equilibrium

m., E. are the mass and energy of the i—th particle : ..
b JY P reaction friction

F is the free-energy of the system
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The wall velocity ¢,
Solving the Boltzmann Equation (BE)

The dynamics of the particles in the plasma can be described by the BE

Enrico Perboni

pro, f; (x*, p*) + up m?0,.f; (x*,p") + €,; = 0,

The source term dri

particles out of ec

-/
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N terms, couples the

different species in the plasma

[1407.3132] Konstandin et al.
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The wall velocity ¢,
Solving the Boltzmann Equation (BE)

The dynamics of the particles in the plasma can be described by the BE

Ho H o pH la 20 H ph) + €. =0
P ﬂﬁ'(x’p)_l_z ul p”fi(x’p)"" i = Y

7 ™

The soUree term drives Collision terms, couples the
. : . different species in the plasma
particles out of equilibrium

We transtform this integro-differential equation into a set of ODEs by:

1. Linearisation and Ansatz on distributions: Jip" X)) = foqi + ofi(P", X¥)
d°p d°p d°p
' : H M
2.Taking momenta: J (2n)3E’ [ (2ﬂ)3Epﬂu ’ [ (zﬂ)3Epﬂu - [1407.3132] Konstandin et al.
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The wall velocity &
Back to the friction

We transtorm this integro-differential equation into a set of ODEs by:

1. Linearisation and Ansatz on distributions: Jip" X)) = foqi + ofi(p", X¥)
d? d? d?
2.Taking momenta: J r , J o p, u”, J r p i, ..
2x)3E ) 2r)3E" " (27)3E " "
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The wall velocity &
Back to the friction

We transtorm this integro-differential equation into a set of ODEs by:

1. Linearisation and Ansatz on distributions: Jip"s xF) = foqi + Of(PH, X)
d? d? d?
2.Taking momenta: J r , J o p, u”, J r p i, ..
2x)3E ) 2r)3E" " (27)3E " "

fluid Ansatz of = f'0,, 0, = op + p*(ou, — u,0T/T)

N

BEs for the 3 fluctuations

ou, chemical pot. fluctuations
ou,, velocity fluctuations

o1, temperature fluctuations
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The wall velocity &
Back to the friction

We transtorm this integro-differential equation into a set of ODEs by:

1. Linearisation and Ansatz on distributions: Jip" X)) = foqi + ofi(p", X¥)
d’ d’ d’
2.Taking momenta: J r , J o p,u”, J r p, i, ..
2x)3E ) 2r)3E" " (27)3E " "

fluid Ansatz of = f'0,, 0, = op + p*(ou, — u,0T/T)

\ T,(z) = Ty, + 6Ty(2),

BEs for the 3 fluctuations Vi(2) = Vi, + 0Vi(2)

Usual approach:

ou, chemical pot. fluctuations
ou,, velocity fluctuations

o1, temperature fluctuations
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The wall velocity &
Back to the friction

We transtorm this integro-differential equation into a set of ODEs by:

1. Linearisation and Ansatz on distributions: Jip" X)) = foqi + ofi(p", X¥)
d’ d’ d’
2.Taking momenta: J r , J o p,u”, J r p, i, ..
2x)3E ) 2r)3E" " (27)3E " "

fluid Ansatz of = f'0,, 0, = op + p*(ou, — u,0T/T)

\ T,(z) = Ty, + 6Ty(2),

BEs for the 3 fluctuations Vi(2) = Vi, + 0Vi(2)

Usual approach:

Inserting the fluctuations in the linearised version of the Klein-

ou, chemical pot. fluctuations

Gordon equation we can solve for the wall velocity fw and width L, du,,, velocity fluctuations

o1, temperature fluctuations
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A new way for solving Boltzmann Equations

Once obtained the fluctuations 0T}, ov; and ou,, we go back to the KG equation and solve

for &, and L : ) VT ) Z dmin, Sy 1
o dp ) (2n)’ 2E,

— " of(p,x) = 0.

l

— F |

1 OF
dz (KGeq.)xX¢d' =0 - _
J' < ( g ) ¢ Ti Ti sz (02 Tbg) EYa +fﬂ +fiight =(

3
2 ¢ W
JdZ (KG GQ-) X @' (2¢ — ¢o) = () 15(T, L,,)> (T_J?) | 75 -8+ &lighy = 0
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A “sonic boom” in the friction

3%10™ . l
-3 < data
1x10 | o ! — pheno fit
% ¢0/T=1
o) 4)0/T=2 q -3
— pheno fit | 2x10
. 3L —_
mi 5,0)(10 q-;%o
-
~ 3
\l: 1x10
ha 3
2.5x10 [

O,O "::_'.77:::.3:,-.-

[1407.3132] Konstandin et al.

A divergent friction coming from massless
particles is found at the speed of sound!
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A “sonic boom” in the friction

3)(10.3 ' T ' l N
-3 . . . . , < data
7,5%10 l ' ! ! — pheno fit
X ¢0/T=1
o) 4)0/T=2 q -3
— pheno fit | 2x10
Wy -3
e 5,0x10°[ —,
i ey
-
~ 3
\l: IXIO
ha 3
2.5%10

O,O "::_'.77:::.3:,-.-

[1407.3132] Konstandin et al.

A divergent friction coming from massless s it phvsical?
particles is found at the speed of sound! pny -
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The origin of the singularity
Hints from hydrodynamics

Hydrodynamics tells us that macroscopic quantities change across a phase transition
front to satisfy 0ﬂT/’”’ = (). This gives us the conditions

[1004.4187] J.R. Espinosa et al.

yiviw, —F, =yVio_ —F

2 — A2
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The origin of the singularity
Hints from hydrodynamics

Hydrodynamics tells us that macroscopic quantities change across a phase transition
front to satisfy dﬂT/’”’ = (). This gives us the conditions

[1004.4187] J.R. Espinosa et al.

yiviw, —F, =yVio_ —F

2 — A2

If the temperature and the velocity on the two sides
of the wall are not the same, it would impact on the

validity of the linearisation procedure.
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The origin of the singularity
Energy-momentum conservation

The singularity arises because of an interplay between the energy-momentum
conservation in the BE and the linearisation procedure

[2112.12548] C. Dorsch et al.
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The origin of the singularity
Energy-momentum conservation

The singularity arises because of an interplay between the energy-momentum
conservation in the BE and the linearisation procedure

A-g+1'-g=3S§

[2112.12548] C. Dorsch et al.
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The origin of the singularity
Energy-momentum conservation

The singularity arises because of an interplay between the energy-momentum
conservation in the BE and the linearisation procedure

A-g+1-g=S§

LTwo vectors y suchthat y - I' =0

[2112.12548] C. Dorsch et al.
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The origin of the singularity
Energy-momentum conservation

The singularity arises because of an interplay between the energy-momentum
conservation in the BE and the linearisation procedure

A-qg+1 -q

S )(-A-Aq=)(J'Sdzo<m2T2
LTwo vectors y suchthaty - 1" =0 /

[2112.12548] C. Dorsch et al.
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The origin of the singularity
Energy-momentum conservation

The singularity arises because of an interplay between the energy-momentum
conservation in the BE and the linearisation procedure

A-qg+1 -q

S )(-A-Aq=)(J'Sdzo<m2T2
&Two vectors y suchthat y - I' =0 /

. [2112.12548] C. Dorsch et al.
We enforce energy-momentum conservation at full non

linear level to find ng(z) and Tbg(z) and implement
perturbation theory on top of this.
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A new way for solving Boltzmann Equations

We define the background by imposing the conservation of its energy-momentum across
the phase transition wall. This means solving

1
2 .2 2
Yoa’bg®bg ~ F g E(GZgb) = ki,
2 —
ngybga)bg = k2. Scalar field contribution

Modified matching conditions
for ng(z) and Tbg(z)
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A new way for solving Boltzmann Equations

We define the background by imposing the conservation of its energy-momentum across
the phase transition wall. This means solving

1
2 2 I 2 _
Yoa’bg®bg ~ Fpg + 5(8Zgb) = kj,

2 —
ngybga)bg = k2. Scalar field contribution

0.5501

Moditied matching conditions .
for ng(Z) and Tbg(Z) o0

=0.475-
0.450
0.4251
0.400
0.3751—
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A new way for solving Boltzmann Equations

1
Going back to the BEs: p*a,f; (x”,p”) + Eéﬂmzdpﬂfi (x”,p”) + 6, =0

Old approach Our approach
Ti(z) = Ty, +6Ty(z)  Ti(2) = Ty (z) + 0Ti(2)
Vi(Z) = Vi, + 0Vi(2) Vi(Z) = Vpo(2) + 0Vi(2)

piz) = ppo +0pf2)  U(2) = Pye(2) + Op(2)
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A new way for solving Boltzmann Equations

Going back to the BEs:

Old approach
Vi(Z) — \_]bg + 5Vi(Z)

Hi(2) = Ppg + Op(2)

Our approach
T.(z) = Tbg(z) + oT.(z)
Vi(Z) = Vi,(2) + 0Vvi(2)

Hi(2) = Upo(2) + Op(2)

Enrico Perboni

p*ad,f; (x”,p”) + l() mzdp,,fi (x”,p”) + €. =0

2/4

This conceptual difference implies the
presence of a new term (one for every particle)

in the BEs!
Z 0T
b b ,p'up 7
pﬂaﬂfi : (X,p) > (fz g) T (ul/ T aﬂuv)

This new “source” term is fundamental
to ensure energy-momentum
conservation at BEs level
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Benchmark model: SM with low cutoff

2 X 1
F (P, T) = Vy(h) — %T“ + §¢2T2, Vi(gh) = — ’“‘7¢2 + 20"+ =0

Results

For the heavy particles, the
main source of friction

0.61 Old formalism

——  New formalism

comes from the 0m?*(z) term

1.21

------- Old formalism
1.0

——  New formalism

Enrico Perboni DESY Theory Workshop, DESY Hamburg




Benchmark model: SM with low cutoff

Resu Its F (), T) = Vo(¢) - %T“ + %qszz, Vold) = — %2¢2 + %~¢4 + L€b6

82
0.0000
3x10° T T [ 1
—0.0002- < data
— pheno fit
—0.00041 B
2x10
—0.0006; 2
3=
—0.00081 . 1x10”
New
—0.0010 \‘ Old
0.0 0.2 0.4 0.6 0.8 1.0 0g o1
U
_ 0.000-
2,4x10° T
For the "light o .
. — pheno fi
particles thenew .

12y, |

source term takes ..
away the —0.008- _
divergence! I R [ [

0.0 0.2 0.4 0.6 0.8 1.0

8 0x10™
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Results

Pressure acting on the
expanding wall for

A = 625 GeV and

A = 690 GeV
0.1 wommee- Equilibrium only
0.0 —— Total
01 Hybrids
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Benchmark model: SM with low cutoff

FP.T) = Vo) = ST + 7"

0.06-
0.041
0.02-

Qié 0.00-
—0.021
—0.041

—0.061

------- Equilibrium only
—— Total
Hybrids
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2

Vo(@) = — 7¢

/f
2 b
_l__ _I_

1 5
82




Benchmark model: SM with low cutoff

Results 0T = U ST vy~ A Ly

Pressure acting on the 0.061 - Equilibrium only
. —— Total
expanding wall for 0.041 | / .
Hybrids Solutions of & for
A = 625 GeV and R . f\\)v
AT 0.001
A = 690 GeV o different
=004y 7 1.0
0.1 - Equilibrium only —0.061 | | | | 0.9- Det Cs,b
0.01 —— Total | '
01 Hybrids

The grey region represents the
limit where the old approach is
not trustable anymore
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Thank you for your attention!
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The origin of the singularity

v | 2+ 2 ]
— a; +—a, ——| ,
_ 3T 3

1 V_ N 1 N
v, = — +
T 1l4a, 2 6v_ \

which is regular it we send v_ — ¢, but become singular if in a second

moment we linearise with respect to a, .
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“sonic boom” in the friction
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A divergent friction coming from
massless particles is found at the

speed of sound!

Is it physical?



The solutions for L,
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¢”+O‘G’Z+deizj 0 1 rpxy=0
_ (D %) =
op  ~dp ) @ny 2k

1. sz[l.h.s of KGx¢'=0

fi= = Jd dm; ( St + Cpyd )
= <, C CrnOT }
17 o do \ACFFT o) T

2. sz[l.h.s of KG] X ¢'2¢p — ¢py) = 0




