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Driving pressure vs. friction

7Dfriction
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Driving pressure vs. friction Tm

When the two pressures balance

'Pf cti _
riction Pfriction - Pdriving

the system reaches a steady state

=terminal wall velocity
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Driving pressure vs. friction Tm

When the two pressures balance

friction Prriction = Pdriving

the system reaches a steady state

=terminal wall velocity

Goal: identify v,, from the steady state
condition.
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(some) Sources of friction

Matthias Carosi | Bubble wall dynamics from non-equilibrium QFT | 26/06/2025



(some) Sources of friction

Mass gain
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(some) Sources of friction

Mass gain Mixing
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(some) Sources of friction TUmM

Mass gain Mixing Particle production
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Current status

Two main approaches exist for studying the dynamics of a single bubble
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Current status
Two main approaches exist for studying the dynamics of a single bubble

Kinetic picture
[Moore and Propokopec ‘'95]

Set of dynamical equations

{Dwv'«o) -3 f fi(paa) = 0
&= =cl]
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Current status T|.|T|

Two main approaches exist for studying the dynamics of a single bubble

Kinetic picture Kick picture
[Moore and Propokopec ‘'95] [Dine et al. '92, Bodeker and Moore '09, '17]
Set of dynamical equations Pressure from the flux of particles
/ dm? z z
Do+ V(@) + 3 57 Jp filp,z) = 0 Prick = Z/ 2p* dPi x () fi(P) Api_, x
& = —clf] P
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Current status T|.|T|

Two main approaches exist for studying the dynamics of a single bubble

Kinetic picture Kick picture
[Moore and Propokopec ‘'95] [Dine et al. '92, Bodeker and Moore '09, '17]
Set of dynamical equations Pressure from the flux of particles
/ dm? z z
Do+ V(@) + 3 57 Jp filp,z) = 0 Prick = Z/ 2p* dPi x () fi(P) Api_, x
& = —clf] P

includes fluidodynamics effects

X misses higher order scattering effects,
e.g. pair production
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Current status T|.|T|

Two main approaches exist for studying the dynamics of a single bubble

Kinetic picture Kick picture
[Moore and Propokopec ‘'95] [Dine et al. '92, Bodeker and Moore '09, '17]
Set of dynamical equations Pressure from the flux of particles
/ dm? z z
Do+ V(@) + 3 57 Jp filp,z) = 0 Prick = Z/ 2p* dPi x () fi(P) Api_, x
& = —clf] P

. . . includes all scattering processes
includes fluidodynamics effects gp

X needs a quasi-particle interpretation, i.e.

X misses higher order scattering effects, only valid for fast walls

e.g. pair production
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Current status T|.|T|

Two main approaches exist for studying the dynamics of a single bubble

Kinetic picture Kick picture
[Moore and Propokopec ‘'95] [Dine et al. '92, Bodeker and Moore '09, '17]
Set of dynamical equations Pressure from the flux of particles
/ dm? z z
Do+ V(@) + 3 57 Jp filp,z) = 0 Prick = Z/ 2p* dPi x () fi(P) Api_, x
& = —clf] P

. . . includes all scattering processes
includes fluidodynamics effects gp

X needs a quasi-particle interpretation, i.e.

X misses higher order scattering effects, only valid for fast walls

e.g. pair production

Goal: extend the kinetic picture to capture all the microphysics
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Outline

The language of non-equilibrium QFT: CTP and 2PI
B Brief review of the CTP formalism

Introducing the 2P effective action

The full dynamical equations

Identifying sources of friction
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The tools of non-equilibrium QFT

real time correlators = CTP formalism

dynamical equations — 2Pl effective action
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The in-out formalism
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The in-out formalism T|.|T|

The path integral formulation of quantum field theory is built to study transition rates. This
we call the in-out formalism
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The in-out formalism T|.|T|

The path integral formulation of quantum field theory is built to study transition rates. This
we call the in-out formalism

[W1N) [Pour)
® 4 *—)
t; = —00 tinterm ly =400
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The in-out formalism 'I'I.I'I'I

The path integral formulation of quantum field theory is built to study transition rates. This
we call the in-out formalism

[PIN) [Pour)
® 4 *—)
t; = —00 tinterm ly =400

Using it, we compute transition amplitudes between asymptotic states

A= (Tour| O@) i) = N [ [D4] W ()0(0)Tin(@)es™
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The in-out formalism 'I'I.I'I'I

The path integral formulation of quantum field theory is built to study transition rates. This
we call the in-out formalism

|PN) Your)
® 4 *—)
t; = —00 tinterm ly =400

Using it, we compute transition amplitudes between asymptotic states

A= (Wour| 0(6) [¥x) = N [ [P6] oy (6)0(0)¥n(6)e
But how can we compute time (and space) dependent correlators?
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The in-in formalism T|.|T|

Setting: we know the state at some initial time ¢; and want to know how it will be at time .

Matthias Carosi | Bubble wall dynamics from non-equilibrium QFT | 26/06/2025 6



The in-in formalism T|.|T|

Setting: we know the state at some initial time ¢; and want to know how it will be at time .
Idea: fold the time contour onto itself, namely introduce a closed time path (CTP)
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The in-in formalism T|.|T|

Setting: we know the state at some initial time ¢; and want to know how it will be at time .
Idea: fold the time contour onto itself, namely introduce a closed time path (CTP)

t; + time branch ty
°
ot (t:) ot (ty)
- time branch
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The in-in formalism T|.|T|

Setting: we know the state at some initial time ¢; and want to know how it will be at time .
Idea: fold the time contour onto itself, namely introduce a closed time path (CTP)

ti + time branch ty
®
ot (t:) ¢ (ty)
- time branch
~<}—0
o () ¢~ (ty)
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The in-in formalism 'I'I.I'I'I

Setting: we know the state at some initial time ¢; and want to know how it will be at time .
Idea: fold the time contour onto itself, namely introduce a closed time path (CTP)

ti + time branch ty
°
ot () ot (ty)
- time branch
~<}—0
o () ¢~ (ty)

We introduce the label =+ for the time branch, double our degrees of freedom, and can now
use all the tools from the path integral formalism.

Matthias Carosi | Bubble wall dynamics from non-equilibrium QFT | 26/06/2025 6



The tools of non-equilibrium QFT

real time correlators =— CTP formalism \/

dynamical equations = 2P| effective action
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Introducing the 2PI effective action

We introduce the generator of connected one- point functions
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Introducing the 2PI effective action

We introduce the generator of connected one- point functions

and define the one-particle-irreducible (1Pl) effective action

Tiptle | = max - WI[J ]+/33J(x)<p(x)
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Introducing the 2PI effective action

We introduce the generator of connected one- and two-point functions

eW[J,R] _ Z[J, R] _ /[qu] eiS[QbH'fz J(z)q&(:c)—o—% fI‘y é(z)R(z,y)d(y)
and define the one-particle-irreducible (1Pl) effective action

Tiptle | = max - WI[J ]+/93J(x)<p(x)
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Introducing the 2PI effective action

We introduce the generator of connected one- and two-point functions

eW[J,R] _ Z[J, R] _ /[qu] eis[d'i'fz J(z)q&(z)—o—% fIy d(x)R(z,y)d(y)
and define the two-patrticle-irreducible (2P1) effective action

Copilp. Al = max W]+ [ el [ ARGy
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Introducing the 2PI effective action

We introduce the generator of connected one- and two-point functions
NUR — 717 R] = / (D] S [, J@(@)+3 [, | 6@ R(zy)o(y)
and define the two-patrticle-irreducible (2P1) effective action
Copilp. Al = max W]+ [ el [ ARGy

Equations for the one- and two-point functions are then easily generated

0l'ap1 _ 0 0lapr — 0
do() OA(x,y)
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The tools of non-equilibrium QFT

real time correlators = CTP formalism \/

dynamical equations —> 2Pl effective action \/
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Perturbative expansion Tm

2P| effective action 4+ CTP formalism = out-of-equilibrium dynamical equations
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Perturbative expansion Tm

2P| effective action 4+ CTP formalism = out-of-equilibrium dynamical equations

Doing a loop expansion of the effective action

1

Dopile®, A% = Sle*] = S[p7] + 5 Trlog A™ + 2

Tr G;lA + To[p®, A%

and the trace runs over the CTP indices as well.
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Perturbative expansion Tm

2P| effective action 4+ CTP formalism = out-of-equilibrium dynamical equations
Doing a loop expansion of the effective action
a ab + — i -1 v —1 a ab
Topr[p®, A% = Slp™] — Sl ]—i—iTrlogA + 5 Tr G, A + Ta[p? A%

: \f
and the trace runs over the CTP indices as well.
CTP indices = +
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Perturbative expansion TUTI

2P| effective action 4+ CTP formalism = out-of-equilibrium dynamical equations

Doing a loop expansion of the effective action

1

Dopile®, A% = Sle*] = S[p7] + 5 Trlog A™ + 2

Tr G;lA + To[p®, A%
and the trace runs over the CTP indices as well. The inverse tree-level propagator reads

G (a,y) = 6D (x —y)ad™ @+ V" ("))
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Perturbative expansion TUTI

2P| effective action 4 CTP formalism = out-of-equilibrium dynamical equations
Doing a loop expansion of the effective action
a ab + — i -1 i -1 a ab
Dopr[p®, A% = S[e™]| — Slp~ ] + iTrlogA —|—§TrG§D A + Do[p®, AY]
and the trace runs over the CTP indices as well. The inverse tree-level propagator reads
ng’_l(a:, y) = i6W(z — y)ad® O+ V" (¢"Y)
All terms of loop order larger than two are inside T';

Ty D two-particle-irreducible vacuum diagrams with two or more loops
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The full dynamical equations

The equations of motion are now readily obtained
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The full dynamical equations

The equations of motion are now readily obtained

5F2p1 ’ . oS _1 dm2
dpt(x)lpr=p==¢p  dp(z) 2dp()
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The full dynamical equations
The equations of motion are now readily obtained

5F2p1 oS 1 dm2 (5F2

= - = AT (z,2) + ——= =0
S @ et meme = Tol) " 20 D o
0l2p1 b_1 b1 )
— ab, __ ab, 2 —
SA®(z,y) 0 = APy -G @)t "SA (2, y) !
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The full dynamical equations
The equations of motion are now readily obtained

5F2p1 oS 1 dm2 (5F2

= - = AT (z,2) + ——= =0
S @ et meme = Tol) " 20 D o
0lopr ab—1 ab—1 .oy
Az, y) 0o = A (x,y) GSO (z,9) +2Z7§Aab($,y) =0

For a scalar theory with quartic self-interaction, we have

A
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The full dynamical equations
The equations of motion are now readily obtained

6 9p1 S 1 dm? oI

= ? AT < -0
S @ et meme = Tol) " 20 D o
olgpr ab,—1 ab,—1 .oy
Az, y) 0 = A (x,y) GSO (x,y) + 2Z5Aab(a:,y) =0

For a scalar theory with quartic self-interaction, we have

A .
o Q@ oy
0Ty :CE } Q < )
—_ (z,a
do(z) 6Aab(x Y) (z,a) (y,b
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The bubble wall equation of motion
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The bubble wall equation of motion Tm

Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall
1 dmi

Oe(e) + Vi) + 500

4
[ i o) + [ty et =0
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The bubble wall equation of motion Tm

Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall

dm? i
Oel) + Vi(ole)) + 335 [ i )+ [ @ty TG y)pty) =0

B One-loop term

Ldmg o dt o A d'k i dm? &k
s ] @t )= 5900 | G a0 ) s )

Matthias Carosi | Bubble wall dynamics from non-equilibrium QFT | 26/06/2025 10



The bubble wall equation of motion Tm
Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall

dm? e _
Oel) + V3(o(e) + 3357 [ gy )+ [ @ty TG y)pty) =0

B One-loop term
1dm} [ d'%k —r A d'k i dm? d*k

- A (kx)= 2 0 / K
500 ] @ B9 = 590 | GoyiE s * 4 ] @es 1)

T=0 correction to Vj
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The bubble wall equation of motion Tm

Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall

dm? i
Oel) + Vi(o(e)) + 3357 [ i )+ [ @ty TG y)pty) = 0

B One-loop term

Ldmg o d' A d'k i dm? &k
i | G B0 = 390 | G ek * e | @

T=0 correction to V f=/feq+6 f=thermal corr. + off-eq.
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The bubble wall equation of motion Tm

Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall

o(0) + V(o) + e [ SR )+ [ aty (o) =0

B One-loop term

1 dm d*k —r A d*k i dm d3k
26190(;60)/(27r)4A o) = 290(:5)/(27?)4 R om?iie dso(;)/(27r)32Ekf(k’x)

B Two-loop term

MZ

(ay) = —5r [(AT(@.2)" — (A% (2.2'))")
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The bubble wall equation of motion Tm

Having solved for the two-point function in Wigner space at leading order in the gradients,
we have the EoM for the bubble wall

o(0) + V(o) + e [ SR )+ [ aty (o) =0

B One-loop term

1 dm d*k —r A d*k i dm d3k
26190(;60)/(27r)4A o) = 290(:5)/(27?)4 R om?iie dso(;)/(27r)32Ekf(k’x)

B Two-loop term

R ”‘2 T < N3] T a! z x!
(r.y) = —5r (AT @2 — (A%@.2))] = (5| + ="

Matthias Carosi | Bubble wall dynamics from non-equilibrium QFT | 26/06/2025 10




Identifying sources of friction
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Identifying sources of friction Tm

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

free energy density
O .

Wp(2))

field profile
¢(2)

Z

broken phase symmetric phase
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Identifying sources of friction TUTI

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

d2 dm?o

29() + V(o). T) + 5

/kéf(k,z)+/dz’7rR(z,z')cp(z') =0
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Identifying sources of friction TUTI

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

2 d d? , dm3 , N
[ el (dzzwz) FViale). 1)+ o5 [ 0502+ [ a7 (e etz >> -0
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Identifying sources of friction TUTI

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

[ad (j2s0<> (o), T) + z')go(zv):o

5 al ng(Z) 2 _ 4 8%ﬁdT
:>/6dzdzl2( . ) +Vlaff(s0(z)7T)] = /5d2[aT dz

_ dg?/kdf(k, 2)

R Cypalr
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Identifying sources of friction TUTI

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

" a? , dmg / Mol
Jr=20 (dzZsO(z) Ve, T)+ s 0502+ [ a7 e el >> =0

o d 1 fde 5 [9VegdT
= [ d - g )| =
/_5 zdz[ 1z ) TVele) )1 /_5dz [ oT d=

dm?
o

— diiz) /dZ/WR(Z,Z,>¢(zI)]
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Identifying sources of friction Tm

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

2 d d? , dm3 , N
[ el (dzmz) FViale). 1)+ o5 [ 0502+ [ a7 (e etz >> -0

s d 1 /dy ’ OVe dT
dz = |- en(p(2), T)| = | d
- /,5 “dz [}%jL Ver () )] /*5 ) [ or dz
A%H—Pdnvmg — %A(gf(k, Z)

—_ dﬁ(;) /dZ/FR(Z,Z/)¢(Z/)1
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Identifying sources of friction Tm

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

2 d d? , dm3 , N
[ el (dzmz) FViale). 1)+ o5 [ 0502+ [ a7 (e etz >> -0

5 df1/de ’ OVess AT
dz |2 g )= [ d - =
:>/75 S L%ﬂq/ff(@(z) )] [5 z [ oT dz Pure
A%H—Pdnvmg — %A(gf(k, Z)

—_ dﬁ(;) /dZ/FR(Z,Z/)¢(Z/)1
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Identifying sources of friction Tm

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

2 d d? , dm3 , N
[ el (dzmz) FViale). 1)+ o5 [ 0502+ [ a7 (e etz >> -0

5 d[1/de P g | Wer dT
dz—|= e Ty = | d - =
:>/75 e L%ﬂL Vet (0(2) )1 /4 o [ T dz Pure
AVé =P, rivin dm2
#=P"a g — T;’A&f(k, z) E,Pdissipa‘cive

—_ dﬁ(;) /dZ/FR(Z,Z/)¢(Z/)1
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Identifying sources of friction Tm

In the planar wall limit p(z) = ¢(z), with the wall centered at z = 0 in the wall frame

2 d d? , dm3 , N
[ el (dzmz) FViale). 1)+ o5 [ 0502+ [ a7 (e etz >> -0

6 d[1de " g | Ve dT
dz—|= e Ty = | d - =
:>/75 Zdz [}%vL Verr (¢(2) )] /4 z [ T dz Prre
AVé =P, rivin dm2 =
fF=/d g — T; A 5f(k, Z) = Pdissipative
dp(z
— fli:)/dz/FR(Z,Z/)QD(Z/)} = Fvertex
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Outline

Example: friction from pair production
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The self-energy
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The self-energy Tm

At leading order in the gradient expansion
z

d dg” . zZ |, ~ z
Puaries = — [ deds! Btz o) o — [ St o) P ()
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The self-energy Tm

At leading order in the gradient expansion
z

d z d - 2|~ VA ~ zZ
Puaner = = [ 2! BE Rz, o) = — [ S (") P2 (o)

7
z 2

dg® ~ -
[1mﬁ”(q)771mﬁ”(ﬂ/y RefrH(r/)*RefrH(ﬂ/)} = —/%qz ‘go(qz)|21m7TR(qz)
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The self-energy Tm

At leading order in the gradient expansion

d d # - 2|~ ~ zZ
Puaries = — [ deds! Btz o) o — [ St o) P ()
dq¢?

{lmﬁ”(q) = —Im#f(—q), Rerf(q) = Refr”(ﬂ/)} = — ng ‘@(qz) |2 ImﬁR(qz)
Introduce a heavy scalar field x in the Lagrangian
L D—g¢22 my > mg, T — f, ~0
int 4 X X @ X
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The self-energy Tm

At leading order in the gradient expansion

d d # - 2|~ ~ zZ
Puaries = — [ deds! Btz o) o — [ St o) P ()
dq¢?

o) = mif(-0), Reilo) = Rei(o)] = = [ g |2(°)[” T (¢7)
Introduce a heavy scalar field x in the Lagrangian
Lint D —%gbZXQ, my > mgy, T = f, ~0
_X.\
Im7%(¢7) > Im .\l’
\)_(,,
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The self-energy Tm

At leading order in the gradient expansion

d d # - 2|~ ~ zZ
Puaries = — [ deds! Btz o) o — [ St o) P ()
dq¢?

{lmﬁ”(q) = —Im#f(—q), Rerf(q) = Refr”(ﬂ/)} = — ng ‘@(qz) |2 ImﬁR(qz)
Introduce a heavy scalar field x in the Lagrangian
L D—g¢22 my > mg, T — f, ~0
int 4 X X @ X
,_X_\ X,' ?
Im7%(¢7) > Im .\L’ = L:
\)_(_/ X
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The self-energy Tm

At leading order in the gradient expansion
z

d z d - 2|~ VA ~ zZ
Puaner = = [ 2! BE Rz, o) = — [ S (") P2 (o)

7
z 2

dqz 2= 2)|2 ~R/ =z
{lmﬁ"’(q)7—1111%”(—4/) R(‘fr”(r/)*R(‘ﬁ”(—q)} = — | —¢q ‘gp(q )| Im7 (q )
2
Introduce a heavy scalar field x in the Lagrangian
L D—g¢22 my > mg, T — f, ~0
int 4 X X & X
X X 2
Im#7(¢*) O Im ‘L,* = L — pair production!
\\)2’/ X\‘
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The self-energy

The imaginary part of the self-energy is computed via CTP cutting rules
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The self-energy

The imaginary part of the self-energy is computed via CTP cutting rules
(") = — 5 (7 (") = 7(¢7))
2
g
~ = /p . k2(27r)35(3) (a—p+ki+ kQ)(gﬂ)(;(EI()qs) _ El(ff) B E1(<>2<))

x [fo(P) = fo(=P)]
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The self-energy Tm

The imaginary part of the self-energy is computed via CTP cutting rules
i ~ z ~ z
m@(q") = = 3 (77 (") = 7~(¢"))

gz / @r)%6E( g —p+ki +ko)(2m(EY — EY — EY)
P 1’k2 Iy

x [fo(P) — fo(—P)]
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The self-energy Tm

The imaginary part of the self-energy is computed via CTP cutting rules

g
~ /p . k2(27r)35(3) (a—p+ki+ kQ)(QW)5(EI()¢) _ E1(<>f) B El(<>2<))

< Us() — fo(p)

and the pressure due to pair production reads

2
Pox = 5 2m)26® (p1 — ki1 — ko1 )(2m)(EY) — EX — EX)

p.ki1,k2 ! 2
x fs(p) Ap*  |p(ApH))
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The self-energy Tm

The imaginary part of the self-energy is computed via CTP cutting rules
(") = — 5 (7 (") = 7(¢7))
2
g
~ = /p . k2(27r)35(3) (a—p+ki+ kQ)(gﬂ)(;(EI()qs) _ El(ff) B E1(<>2<))

x [fo(P) — fo(—p)]

and the pressure due to pair production reads

Por = L (2m)%6(py — k1 — ko 1) 2m)S(ES — EXY — BXY)

1 2
p;ki1,k2

~ 2
density of incoming particles X f¢>(P) Ap®  [p(Ap?)
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The self-energy Tm

The imaginary part of the self-energy is computed via CTP cutting rules
(") = — 5 (7 (") = 7(¢7))
2
g
~ = /p . k2(27r)35(3) (a—p+ki+ kg)(gﬂ)(;(EI()qs) _ El(ff) B E1(<>2<))

x [fo(P) — fo(—p)]

and the pressure due to pair production reads

Por = L (2m)%6(py — k1 — ko 1) 2m)S(ES — EXY — BXY)

p.ki.ko ! 2
~ 2
density of incoming particles X fd)(P) Ap*  |p(Ap?)|

momentum exchange
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The self-energy Tm

The imaginary part of the self-energy is computed via CTP cutting rules
"R 2 b oy <oz
m@(¢") = = 5 (77(¢") = 7~(¢"))
s /
4 p.ki,
x [fo(P) = fo(—P)]

and the pressure due to pair production reads

%0 =+ ko) 3By - B - BY)

1

2
Posxx = % 2m)26®P (p1 — ki1 — ko 1)(2m)S(EY) — E(X) E(X))

p;ki1,k2

~ 2
density of incoming particles x fs(p) Ap® |3(Ap7)| {—Fourier tf. of the wall

momentum exchange
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The ultrarelativistic regime
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The ultrarelativistic regime Tm

Analytic formula for an ultrarelativistic (tanh)
wall in the limit of light ¢-particles

e, GET? ( T )

$=XX T 24 x 3272 21 Lym?2
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The ultrarelativistic regime

Analytic formula for an ultrarelativistic (tanh)
wall in the limit of light ¢-particles

PIw=0 gQUgTQ 10g< YT )

$=XX T 24 x 3272 21 Lym?2

_o
o

o
=

IS

o
—-

Poos i /(05713277
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The ultrarelativistic regime

Analytic formula for an ultrarelativistic (tanh)
wall in the limit of light ¢-particles

PIw=0 QQUZ?TQ 10g< YT )

o 7 24 x 3272 21 Lym?2

Asymptotically approach the result from the
kick picture.
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The ultrarelativistic regime

Analytic formula for an ultrarelativistic (tanh)
wall in the limit of light ¢-particles

PIw=0 QQUZ?TQ 10g< YT )

o 7 24 x 3272 21 Lym2

Asymptotically approach the result from the
kick picture.
Similarly, we show in our work that particle
mixing and transition radiation are also
captured within this framework.

P (g 047/327%)

0.2
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0.1

0.05F

10 100 1000 10000
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Outline

Conclusions and outlook
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B The full bubble wall dynamics can be described using the language of non-equilibrium
QFT (CTP) and the 2PI effective action
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Conclusions and outlook [2504.13725] Tm

B The full bubble wall dynamics can be described using the language of non-equilibrium
QFT (CTP) and the 2PI effective action

B In the gradient expansion, we find dynamical equations amenable to numerical

implementation, e.g. in WallGo [Eckstedt et al. 24]. These include order by order all
thermal and quantum effects
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B In the gradient expansion, we find dynamical equations amenable to numerical
implementation, e.g. in WallGo [Eckstedt et al. 24]. These include order by order all
thermal and quantum effects

B In the ultrarelativistic limit, we recover contributions to the friction known from the kick
picture, thus showing the completeness of the kinetic approach
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Conclusions and outlook [2504.13725] TUTI

B The full bubble wall dynamics can be described using the language of non-equilibrium
QFT (CTP) and the 2PI effective action

B In the gradient expansion, we find dynamical equations amenable to numerical
implementation, e.g. in WallGo [Eckstedt et al. 24]. These include order by order all
thermal and quantum effects

B In the ultrarelativistic limit, we recover contributions to the friction known from the kick
picture, thus showing the completeness of the kinetic approach

Future directions

B investigate further out-of-equilibrium effects affecting the wall expansion, such as gauge
boson saturation

B study numerically the effect of so far overlooked quantum effects for intermediate wall
velocities
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BACK-UP SLIDES
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The CTP formalism 'I'I.I'I'I

Time ordering is replaced by ordering on the CTP 7 — Tcrp. We then have four two-point
functions

(Terpe™ (2)97 (y) = (To(2)o(y)) = AT (x,y)

(Terpd™ (2)0~ (1)) = (To(x)d(y)) = AT (2,y)
(Terpd™ (2)0 (y)) = (D(y)d(x)) = AS(z,y)
(Terpd™ (2)6" (y)) = (D(2)d(y)) = A~ (2,y)

We can then do perturbation theory, but in particular, we will be interested in generating
equations of motion. For this, we work with the effective action.
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The Wigner transform 'I'I.I'I'I

To put the equations in a useful form, we go to Wigner space

Zab(k:,a;) = /d47’ etk AP (ac + g,l' — g)

Generally, the equations contain derivatives in x of all orders. To leading order in the
derivative (or gradient) expansion we can solve for the two-point functions

A% (k,z) = 2m8(k? — m?) [9(k°) £ (k, z) + 9(~KO)(1 + f(~k, )]
A7 (k,z) = 2m8(k? = m?) [9(K) (1 + f(k, @) + O(—k") f (K, )]
A (k) = m +2md(K? — m?) [D(k°) £ (k, ) + 9(~ k") f(—k, )]

o+ 2m0 (K = m?) [9(k0) (K, ) + 9(—K0) f (K, )

AN (k,z) = —
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A comment on the gradient expansion TUTI

In our derivation, we made extensive use of the gradient expansion. What is the validity of
this approximation?

small field gradients = % <1

1
Vi~ T L,, = wall width

w

k ~ v, T = typical momentum of a particle in the wall frame
= YT Ly > 1

The gradient expansion is valid if the wall is either fast or thick.For the numerical and
analytical results, we assumed the plasma outside the bubble to be in equilibrium, which is
once again only valid if the wall is very fast.
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Mixing
Assume two mixing scalar species x and s
interacting through the background

Ling D —KEXS, and  m, > m;

Particles x are absent in the plasma but are
generated via mixing as s-particles go
through the wall. In the ultrarelativistic limit

2.2 2
w00 _ 2k T
STX T m2 24
X

2, 2
Puix/(K“0p7)

0.003}

0.003}

0.002r

0.0008F

Tl

Lymy*/(y,T)

0.1

0.01 0.001

-

—&— Numeric

Analytic
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