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First order phase transition (FOPT) in the

Universe high-T after inflation:cooling of primordial soup

o QFT = landscape of minima = PT
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First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT
@ Potential V(T, ¢) = V()(ﬁb) + ‘/thermal(Tv ¢)

Potential

=

-0.015
_0.020 Reheat
-0.025
-0.030

-0.035

Miguel Vanvl | (Uni ity of B: lona, ICCUB and COST A¢ Production of particles from expanding bubble walls June 25, 2026 2/54




First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT

° POtential V(T7 ¢) = V()(ﬁb) + ‘/thermal(Tv Qb)
@ High T: V 2 ¢2T? = sym restoration y

Potential

=

-0.015
_0.020 Reheat
-0.025
-0.030

-0.035

Miguel Vanvl | (Uni ity of B: lona, ICCUB and COST A¢ Production of particles from expanding bubble walls June 25, 2026 2/54




First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
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First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
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o QFT = landscape of minima = PT

@ Potential V(T, d)) = Vo(qb) + ‘/therrnal(T7 (b) ) Potential

@ High T: V 2 ¢2T? = sym restoration % ,

o FOPT feature a barrier between two vacua and = L\
COO“ng (j_‘nuc < TCI’) :22::

@ Nucleation controlled by bounce solution -0.015

_0.020 Reheat

-0.035

Ss -0.025
I~ T4El‘p |:— T] -0.030

Miguel Vanvl | (Uni ity of B: lona, ICCUB and COST A¢ Production of particles from expanding bubble walls June 25, 2026 2/54




Nucleation and early expansion

@ Energy released AV = Driving energy:
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Nucleation and early expansion
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Nucleation and early expansion
@ Energy released AV = Driving energy:
4
Ediiving = —gnAVR?’ VS APiension = 4mo R

Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢

@ Strength of the FOPT
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FOPT pictorially
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The bubble wall in time
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FOPT and Gravitational waves

@ Bubbles can produce a stochastic GW background from

GW

from turbulence

e bubble collision O 2

AN
e sound waves

e turbulence

1
= bubbles coll. q 9104
0001 4o typical sensitivity
- turb.
107 | -~
0o T
10-12 typical GW signal
0.1 1 10 100 1000 10! 10°
[[Hz]

Primordial GWs could be observed soon: Frequency = information about Tien: fpeak X Tren




o Pheecmeiecesof FOPTs
FOPT and PBH

© FOPT can create a large abundance of PBH



FOPT and PBH

© FOPT can create a large abundance of PBH
K. Sato, M. Sasaki, H. Kodama, and K.-i. Maeda (1981-82), M. Lewicki, P. Toczek, and V.
Vaskonen (2023), Gouttenoire, Volansky (2023)

Old vacuum-dominated region (outside bubbles)

. New radiation-dominated region (inside bubbles)
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Pheno consequences of FOPTs

FOPT and Magnetic fields

@ FOPT can create Magnetic Fields
Vachaspati, Durrer, Neronov, Balaji, Fairbairn, Olea-Romacho, Vaskonen, Lewicki ...
Suggested by Fermi-LAT /HESS (2306.05132) B ~ 10715 G and A ~ 1 Mpc

0.001 0.01 0.1 1

In the SM from dumbbells 7 2412.00641: Brandenburg, Vachaspati
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FOPT and Baryogenesis

@ Bubbles can create baryon anti-baryon asymmetry

A N MG mechanism

Figure: Credit:T.Konstandin [1302.6713]
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FOPT and DM

Supercool DM: Hambye, Strumia, Tesi 18’

Azatov, Yin, MV 21",
Baldes, Sala, Gouttenoire, 22’
Azatov, Yin, Nagels, MV 24’
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Production of heavy particles in PT

Production of heavy particles in PT

[arXiv:2010.02590] with Aleksandr Azatov
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Out-of-equilibrium heavy states

¢ scalar, x light fermion, N heavy fermion: L, = YoXN + MNN
ny(M > T) ~ (MT)3/2e=M/T 0.
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Production of out-of-equilibrium heavy states via wall[2010.02590]:Idea

Out-of-equilibrium heavy states

¢ scalar, x light fermion, N heavy fermion: L, = YoXN + MNN
ny(M > T) ~ (MT)3/2e=M/T 0.

@ ¢ undergoes FOPT with relativistic walls
° py = (E,0,0,E),py = (E,0,0,VE? — M?): Ap, = pi —p; #0

Q: X = N possible?

e Nowall: (2m)%0%(py —pN): = x—
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Production of out-of-equilibrium heavy states via wall[2010.02590]:Idea

Out-of-equilibrium heavy states

¢ scalar, x light fermion, N heavy fermion: L, = Y¢xN + MNN
ny(M > T) ~ (MT)3/2e=M/T 0.

@ ¢ undergoes FOPT with relativistic walls
° py = (E,0,0,E),py = (E,0,0,VE? — M?): Ap, = pi —p; #0

Q: X = N possible?

e Nowall: (2m)%0%(py —pN): = x—
o With wall: if E > M, x — N allowed

v=yy

sin Ap, Ly,

3 iApy T 1zAp, 3¢2
Symmetric Broken /d zie /<¢>(Z)e dz (27T) 4 (APL)5(AE) Aszw

@ Exchange momentum bound: Ap, < 1/L,, ~ vy Ap~<F
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Production of out-of-equilibrium heavy states via wall[2010.02590]:
computation

Out-of-equilibrium heavy states

¢ scalar, x light fermion, N heavy fermion:  Lin, = YoxN + MNN
ny(M > T) ~ (MT)3/2e=M/T 0.

@ Assume very fast wall: v, = —\/ﬁ >1

@ In the wall frame: E ~p, ~YuwpToue > vg

2
2 2,2 E (sinAp.Ly — 2 N2 M
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Production of out-of-equilibrium heavy states via wall[2010.02590]:
computation

Out-of-equilibrium heavy states

¢ scalar, x light fermion, N heavy fermion:  Lin, = YoxN + MNN

nn(M>T) ~

(MT)3/2e=M/T 0,

Symmetric

Th
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@ Assume very fast wall: 7, = \/% > 1
—
@ In the wall frame: E ~p, ~YuwpToue > vg
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Creation of out-of-equilibrium states: consequences

e Each production induces a kick[2010.02590]: Ap, ~ g/f—;
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Creation of out-of-equilibrium states: consequences

e Each production induces a kick[2010.02590]: Ap, ~ QJ—EQ

Y2277

18 O(YuwpToue — M*L,,) (pressure on the wall)

= Poxny, xAp, x P(x - N) ~

@ Production of stable states (Dark Matter ) via portal ©?¢2[2101.05721]: ¢ — @¢
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Creation of out-of-equilibrium states: consequences

e Each production induces a kick[2010.02590]: Ap, ~ g/f—;

V202772

18 O(YuwpToue — M*L,,) (pressure on the wall)

= Poxny, xAp, x P(x - N) ~

@ Production of stable states (Dark Matter ) via portal ©?¢2[2101.05721]: ¢ — @¢
@ out-of-equilibrium abundance of N via y — N [2106.14913 |: baryogenesis



Baryogenesis from relativistic walls

Baryogenesis with relativistic walls

ardinary matier

’
..'f dark matter
L 2%

dark energy
E3%

Production of matter

[arXiv:2106.14913] with Aleksandr Azatov and Wen Yin

Miguel \ lasselaer (University of Barcelona, ICCUB and COST A« Production of particles from expanding bubble walls

June 25, 2026
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o Beenesfometistiowalls
Problem of baryogenesis and Sakharov conditions

@ Inflation: erase the initial conditions
e Inflation produces ng = ng (likely...)
i. Proton = Antiproton Annihilation ii. Electron - Positron Annihilation
(pmlon) Y (alac\mn]
/;% \. ﬁﬂ
[MWW ‘1’1& tposrmnnrannelsmn; M
In each case the particle and its antiparticle annihilate £ach other,
mmmg a p:lir of high-enorgy gamma nhmu“
np—ngp —20 . Y. .
o “E=TE 5 (107 2Y...) (naive expectation): empty universe

Ty

o "E-"B — 10~ !¥ (observation): need a process that turns one out of 10'” anti-baryon — baryon
Y

Idea of baryogenesis with relativistic bubble walls
o Out-of-equilibrium situation; Automatically embedded via the process of production in y — N
e CP-violation: I'(x — N) # I'(x — Nr)
@ B-number violation
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Idea of baryogenesis with relativistic bubble walls
@ Out-of-equilibrium situation: y — N via relativistic bubble expansion
e CP-violation: T'(xy — N;) #T(x — N;) 7?




CP violation inside the bubble wall [2101.05721]: Azatov, MV, Yin

Ingredients: Higgs field H, ¢ scalar, 2 heavy Ny, SM SU(2)-fermions L, and y; light fermions

L =—~MiNiN; — Yii¢N;Prx;

v=vy

Symmetric ken
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Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
@ Out-of-equilibrium situation: y — N via relativistic bubble expansion
@ CP-violation: CP-violating phase in the yukawas 17, from interference tree-loop level
@ B-number violation: B or L-violating interactions




Possible baryogenesis ? [2101.05721]: Azatov, MV, Yin

Idea of baryogenesis with relativistic bubble walls
@ Out-of-equilibrium situation: y — N via relativistic bubble expansion
@ CP-violation: CP-violating phase in the yukawas y;, from interference tree-loop level

@ B-number violation: B or L-violating interactions

Phase transition induced leptogenesis

EWPT Baryogenesis with relativistic walls
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Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

Lsy+ Y Yi(BrH)PLQ+M; BBy + ymx°PLBr + kn°bt + SMX X +mi|nf*.

I=1,2 production decay dark sector B-violating

@ x; Massive majorana, n diquark, By heavy vectorlike
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Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

_ _ 1.
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Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

_ _ 1 B
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Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

_ _ ]_ _
Lsy+ Y Yi(BrH)PLQ+M; BBy + ymx°PLBr + kn°bt + SMX X +mi|nf*.
N————
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production v B-violating
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Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

_ _ 1 _
Lsn + g Y (BrH)PLQ+M;BrBr + yrmx“PrBr + knbt + §mxXCX +mZn|*.
—_———
=12

ducti decay dark sector
production v B-violating

xi Massive majorana, 7 diquark, By heavy vectorlike
b-like quarks. B(n) =2/3,B(x) = 1.

@ B broken by two units: m, x“x :l;boroken] [::o:en } e &
n 5 X‘<Eu‘;
PARRN BEXHA oy w <l
s Vs B XA A2 ud'u‘d‘d’ Q-Q =3¢
g J /
X ro 0 Q B 45— ududd |/ gow
. . ! symmetric 2 transitions b
@ CP violation: P o e 2 [udugd ||
. 75 |ududd” q
@ Production: P(Q — Br) # P(Q° — BY) ) L
Q >
] AnB = nSM—q — nSM_q ~ 3”2 ZI 9%6] @ asymmetric gc

IF: v = 1/(1—v2) > M3 /(Tvew)




- fpyetcmemsess............_______________
Low energy baryogenesis: constraints [2101.05721]: Azatov, MV, Yin
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Low energy baryogenesis: constraints [2101.05721]: Azatov, MV, Yin
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Low energy baryogenesis: constraints [2101.05721]: Azatov, MV, Yin
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Low energy baryogenesis: constraints [2101.05721]: Azatov, MV, Yin
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Observation prospects of GW

(Treh ; B y  Qn, vw)

GW signal =10 ape=1
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Using Bulk flow model: Konstandin, Jinno, Takimoto, ...




o Bamegmesfomdaivticowals
EW bubble and EWBG

Relation BAU and velocity:
BAU — 0, Uy — 1

Credit:T.Konstandin [1302.6713]
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Figure: Credit: Giulio Barni
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Phase transition induced leptogenesis

Z <K1(¢X¢)PLNI + K?NIPR(CﬁTXi)) —V(¢)+Z A XX + Z MININI+Z Yor(H Lo s0) PrNT
il : 7 ol

production sector Majorana mass CP-violation

@ x; Majorana, ¢ scalar, Ny Heavy Dirac RHN:
UL(]-) : L(X) = _15L(N) = 15L(¢) =2. ‘\;::;or::n v¢==o,mx=Axvq
@ Production P(x; — Nj) # P(x¢ — N§) x 6%

3
Ang . ﬁ Thue |y1a|2
° s Zi]a €1 X G T, X lyra|?2+|Yir|?

|= mixing |

fast transitions

asymmetric N Decay to SM

symmetric

reh

asymmetric 3

Symmetrization DS

X «—> X




Phase transition induced leptogenesis

> <Yu(<z>xi)PLN1 + Y1 N1 Pr(o! m)) “V(@)+Y  MXXi + Y MININI+Y  yar(H Lo sa) PrNs
il i I al

—_——

. ~-
production sector Majorana mass CP-violation

@ x; Majorana, ¢ scalar, Ny Heavy Dirac RHN:
UL(]-) : L(X) = _15L(N> = 15L(¢) =2. ‘\;:;o:\:n v¢==o,m,<=Axvq
@ Production P(x; — Nj) # P(x¢ — N§) x 6%

3
Ang, s O Toe __lyral?
° s Zi]a €1 X G T, X lyra|?2+|Yir|?

reh

|= mixing ]

fast transitions
Decay to SM

symmetric asymmetric N

@ Wash-outs impose:

X .
c asymmetric  “
A v X Symmetrization DS|
10°GeV < v < 10%3GeV, X~ > 15 ﬁ X0 N e
Treh X ¢
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o Beenesfometistiowalls
Conclusion baryogenesis

Production of heavy states far away from equilibrium when fast walls

Interference between tree-loop level diagrams induces CP violation

fast wall EWBG via upscattering:

2 TeV < Mp ~my ~my

EDM bounds are relaxed
Typical GW signal from this scenario is enhanced: likely observable in LISA



Production of Dark Matter

Production of Dark Matter

e 2 T

dark energy
69%

Production of Dark Matter
[arXiv:2101.05721] with Aleksandr Azatov and Wen Yin

Miguel \ lasselaer (University of Barcelona, ICCUB and COST A« Production of particles from expanding bubble walls June 25, 2026
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Production mechanism[2101.05721]

o Portal Dark Matter: £ D —3h%¢? — M3¢?* — V(h)
@ Non-vanishing VEV:

h—h+v trilinear coupling | £ D —Avhe?

@ In the wall frame: Ey ~ p.p ~ YupT >T

reh

2,2 DM

v
Phspp ~ Fge(%pT — M Ly)
@ Behind the wall, accumulation of relics ¢

T3 A2 _ M
ng- R T Mz e+ O(1/ )

Symmetric

i Broken
v=0
1 Ao\ [ v\ [T\ M0 ‘
= QK2 ~ 5.4x10°% (—) ( ) ( ) ( "“°> e 2w
¢#,BE g«s (Treh) GeV Treh




The DM |S Heavy [2101.05721]: Azatov, Yin, MV

h is a dark Higgs h is a the Higgs

nuc

Then = 50(GeV), v = 200(GeV), % =30
Then = 2000(GeV), v = 2000(GeV) :

1F
’l, ----
/ QXg‘f’f’ ’
4 - 3
ol p, o .
/{ N
] K
i i
~ _1k / i /, ,<S :
i AR B Ty 8 e D
~ =2+ ’ Tnuc
7 Overproduced DM 1

-4k | . . | J . . . . . .
2 3 4 5 6 7 30 35 40 45 50 55 6.0
Log;oMgy/GeV Log,oMy/GeV
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L Preduction of ek Matier
. and fast ' [2207.05096]: Baldes, Gouttenoire, Sala
o Warm Dark Matter
Voq $4.2x107° From Lyman-«

= Mwpm ~ keV

@ At production

_ 1 M;
E¢,p|asma ~ oz
2 Thue

o If free streaming

TeoEy ~ 10-108 X My

Vg =~ 0.3
o« reh M, [0) Treh Tnuc




. and fast | [2207.05096]: Baldes, Gouttenoire, Sala
@ Warm Dark Matter

Voq $4.2x107° From Lyman-a

= Mwpwm ~ keV

@ At production

_ 1 M
E¢),p|asma ~ oz
2 THUC

o If free streaming

Tqu¢ ~ 10710 GeV x M¢

Vg =~ 0.3
o« reh Mqﬁ Treh Tnuc

@ Heavy WDM for

Veq ~ 1075, v ~10°GeV, M, ~ 105GeV




- emdgeate.................._____________________
Secluded Sectors ? [2101.05721]: Azatov, Yin, MV, [2406.12554 ]:Azatov, Yin, Nagels, MV

1 Thermalisation of DM
1 target -"’h
wyg slow h

HDM

kinematics:

CDM

Py (p0) = [VI?©(1 — Ap.L,)O(A? —2pgv) @ Free-streaming regime
- @ Thermalised regime
b= 66,08, 77, e e .
@ Transition between the regimes



Secluded sectors ? [2101.05721]: Azatov, Yin, MV, [2101.05721]:Azatov, Yin, Nagels, MV

2R MpyT,
R)~ ool & 0.06—2—"
r}/w( ) 3Rnuc ~ ’Yw ﬁ’l)2

EFT bound : s & 7, Tv < AZ, adiabaticity : s > M?

Non — supercooled (3 = 10) Non — supercooled (3 = 10)
e 114 . 6 T ;

1| losioVea || o810 Vea
= -4 =
-5
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= o = 11
g g -13
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DM from bubble wall [2101.05721]: Azatov, Yin, MV, [2406.12554 |:Azatov, Yin, Nagels, MV

hhapa) hhEFF
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About the pressure on the bubble wall

About the velocity of the bubble wall




The problem at hand

M, 1
In vacuum: w X ~ RTue — =2 (Runaway - = ————
7> Rinitial pu ( ) = A [

In plasma: AV = AP(y, = yMAX) (Runaway or terminal velocity)

??

Code for vy, L,,: [2411.04970]: Ekstedt, Gould, Hirvonen, Laurent, Niemi, Van de Vis

2 -
nucleated

=~ 0,
bubble @ Fisn @
saris O ~
080w Ty =0 <4 e terminal

i)

() =0 velocity

7 or
keep accellerating|

plasma ()

Figure: Credit: Giulio Barni, thanks to him
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Kinetic picture
[Moore and Propokopec '95]

Set of dynamical equations
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Kinetic vs. kick (big thanks to Matthias Carosi for the slides)

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
!/
{Dso U (p) + 5, B 045 0) = P =Y [ OFiox(5) () p icox
—Cilf, ] e

v/ includes nonequilibrium effects
X misses production processes
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[Moore and Propokopec '95] [Dine et al. '92, Bodeker and Moore '09, '17]
Set of dynamical equations Pressure from the flux of particles
!/
DSD +U () + 3 89: f*(sfz - Prick = Z/ OP;,x(P) fi(P) ApL imx

—Cilf, ¢] X 7P

v includes nonequilibrium effects v includes all production processes

X misses production processes X only valid for ultrarelativistic walls



S Memmeprsweonthebubbleall
Kinetic vs. kick (big thanks to Matthias Carosi for the slides)

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
!/
DSD +U () + 3 Bcp f*(sfz - Prick = Z[ OP;,x(P) fi(P) ApL imx

—Cilf, ¢] X 7P

v includes nonequilibrium effects v includes all production processes

X misses production processes X only valid for ultrarelativistic walls

Why would we care about processes which are higher order in the couplings?



o Mewthepesueonthebibblewall
Pressure from 1 to 1 (Relativistic regime)

e 1—1,A=X with my > mgy:

iE

- = — 2 2 2
dZ 05 E \/pJ_+pz+m (Z)

symmetric

Broken
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Pressure from 1 to 1 (Relativistic regime)

e 1—1,A=X with my > mgy:

dE
dz
@ LO relativistic pressure [0903.4099]:

0, E=\/p +p2+m3)

symmetric

Am?
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o Mewthepesueonthebibblewall
Pressure from 1 to 1 (Relativistic regime)

e 1—1,A=X with my > mgy:

dE
dz
@ LO relativistic pressure [0903.4099]:

0, E=\/p +p2+m3)

symmetric

Am?
/dPA—>A—>17 (P —p?) ~— 5F .
Am2T?
= ,Pl—)l — Z 2;1 ) Am? = mgra,i_miym,i

@ Entering in the wall ? need p, s ~ 7T > Am

Broken
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Pressure by splitting

@ NLO relativistic pressure; gauge bosons V[1703.08215]

/ . 0 ifTS
ATVAT £ Wall breaks TS

@ Soft bosons emission Ap ~ my

@ Pressure induced

v s
=|Pioa~ > gi 16277
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Pressure by splitting

@ NLO relativistic pressure; gauge bosons V/[1703.08215]

/ . 0 ifTS
ATVAT £ Wall breaks TS

@ Soft bosons emission Ap ~ my

@ Pressure induced

v s
=|Pioa~ > gi 16277
i

e What about 1 — N?7?: claim Pi_,y ~ ay’T? in
[arXiv:2007.10343] but disputed in [arXiv:2010.02590] and in
[arXiv:2112.07686]: P1n ~ P12 X log %
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Pressure by mixing with heavy states[2010.02590]

e Toy model; Lin; = YOXN + MyNN, My > Thue
7.0 Probability of transition

Y292

APxﬁN ~ M_]ZV,

Lo p=(B0,0.E)  py=(B0,0,VEP-ME) = Ap~ gk
e Non-adiabatic regime; ApL,, <1 = multiply by ©(yT — M%L,,)
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Pressure by mixing with heavy states[2010.02590]

e Toy model; Lin; = YOXN + MyNN, My > Thue
7.0 Probability of transition

Y292

APx%N ~ M_]ZV,

Lo p=(B0,0.E)  py=(B0,0,VEP-ME) = Ap~ gk
e Non-adiabatic regime; ApL,, <1 = multiply by ©(yT — M%L,,)

v=v, @ Pressure on the wall

Symmetric Broken Y2T2 2
‘ Aszmzng ~ 48 Y @(")’T — M2Lw)

Pressure depends on M only in the O-function




How to compute the velocity of the bubble wall ? Contributions

Mass Gain pressure [0903.4099], BM

Am2T?
~ i 2 2
APro ~ E o4 Am; = Mpyg ;= My ;

1

Soft bosons emission pressure [1703.08215], BM

3
Jgauge? 3

A,PNLO ~ Zgz 1672 'prT
[

Mixing pressure [2010.02590] Ap, ~ 12”—;

Y20277?

Apmixing ~ 4—8@(’7prnuc — M2Lw)

Regime of expansion:
AV > APt : Runaway| Vs |AV = APiot (7 = Veer)

Terminal velocity




Different regimes give different GW signal

Transition strong enough for relativistic walls : | AV > AP0

Runaway regime: acceleration until collision Terminal velocity regime: v — yMAX
Energy in the thin bubble wall: scalar field Energy in the plasma through sound waves

10 105

10°° 10°

107 1071

107 107

102 102!

0.001 10 10° 0.001 10 10°

Observable effects 77




Bubble dynamics from first principles

time
AV
driving /
N Jore v
nucleated
bubble N AL Y
starts © ~ —
togrow Ty @ =0 4 i terminal
T el velocity
or
keep accellerating
p - (runaway)

Bubble dynamics from first principles

[arXiv: 2504.13725] with Wen-Yuan Ai, Matthias Carosi, Bjorn Garbrecht
and Carlos Tamarit




- mamsiedeges............____________________
Bubble dynamics from first principles

Goal: develop a description of the bubble expansion from first principles using nonequilibrium quantum
field theory and bridge the gap between kinetic and kick approaches.



The tools of nonequilibrium QFT

nonequilibrium QFT

real-time dynamical
correlators equations
‘ @IET o ’ \/ ‘ 2P effective ’

action




.~ Bubbledynamics from first principles Brief review of the CTP formalism
The in-out formalism



.~ Bubbledynamics from first principles Brief review of the CTP formalism
The in-out formalism

The path integral formulation of QFT is built to study transition rates: the in-out formalism



.~ Bubbledynamics from first principles Brief review of the CTP formalism
The in-out formalism

The path integral formulation of QFT is built to study transition rates: the in-out formalism

|¥1n) [YouT)
® ° —)
t; = —00 tinterm tf = +o0



.~ Bubbledynamics from first principles Brief review of the CTP formalism
The in-out formalism

The path integral formulation of QFT is built to study transition rates: the in-out formalism

|¥1n) [YouT)
® ° —)
t; = —00 tinterm tf = +o0

Using it, we compute transition amplitudes between asymptotic states

A= (Bour| O(0) [¥) = A [ (D4 Wy (6)0(6)brx(9)e'S™



.~ Bubbledynamics from first principles Brief review of the CTP formalism
The in-out formalism

The path integral formulation of QFT is built to study transition rates: the in-out formalism

|¥1n) [YouT)
® ° —)
t; = —00 tinterm tf = +o0

Using it, we compute transition amplitudes between asymptotic states
A= (Bour| O(0) [¥) = A [ (D4 Wy (6)0(6)brx(9)e'S™

But how can we compute time (and space) dependent correlators?
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The CTP formalism

We obtain the in-in, or closed time path (CTP) formalism

t; + time branch ty
o
ot (t:) ¢t (ty)
- time branch
<t—-0
o () ¢~ (ts)

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.




. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

Time ordering is replaced by ordering on the CTP T — Tcrp.



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

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



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

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

(Terpo™ (2)07 () = (To(2)d(y)) = AT (z,y)



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

Time ordering is replaced by ordering on the CTP 7" — Tcrp. We then have four two-point functions
(Terrd™ (2)¢* (1)) = (To(x)d(y)) = AT (z,y)
(Terrd™ ()6~ () = (To(@)(y)) = AT (z,y)



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

Time ordering is replaced by ordering on the CTP 7 — Tcrp. We then have four two-point functions
(Torpe™ ()6 () = (To(2)d(y)) = AT (z,y)
(Toree™ ()6~ () = (To(@)o(y)) = AT (z,y)
(Terpd™ ()6~ (1)) = ((W)6(@)) = A<(z,y)



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

Time ordering is replaced by ordering on the CTP 7 — Tcrp. We then have four two-point functions
(Torpe™ ()6 () = (To(2)d(y)) = AT (z,y)
(Toree™ ()6~ () = (To(@)o(y)) = AT (z,y)
(Terpd™ ()6~ (1)) = ((W)6(@)) = A<(z,y)
(Terpd™ ()67 (1)) = ($(2)6(y)) = A (w,y)



. bubbledynamics from first principles Brief review of the CTP formalism
The CTP formalism

Time ordering is replaced by ordering on the CTP 7 — Tcrp. We then have four two-point functions
(Torpe™ ()6 () = (To(2)d(y)) = AT (z,y)
(Toree™ ()6~ () = (To(@)o(y)) = AT (z,y)
(Terpd™ ()6~ (1)) = ((W)6(@)) = A<(z,y)
(Terpd™ ()67 (1)) = ($(2)6(y)) = A (w,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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- bibledymmicsfomintpicples Intoducing the Pleffectiveaction
Introducing the 2Pl effective action

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

VIR 70 R] = / D] S [ I@6@+3 [, ¢@)R@y)ow)
and define the two-particle-irreducible (2PI) effective action
1
Lomal, &) = max —WILE]+ [ J@p@)+; [ ARG
J,R © 2 Jay

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

0L 9p1 _0 0l9p1 _0

dp() SA(z,y)




The tools of nonequilibrium QFT

nonequilibrium QFT

real-time dynamical
correlators equations
‘ CTP formalism ’ / 2P| efFeCtiVe /
action
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Perturbative expansion

2PI effective action + CTP formalism = out-of-equilibrium dynamical equations

Loop expansion of the effective action:
Dopr[p®, A% = S[pt] — S[p™] + %trlog Aty %tr G;lA + Ty, A

and the trace runs over the CTP indices as well. The inverse tree-level propagator reads
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- Gdbledmamicfomintpicples Theful dymamicalequations
Perturbative expansion

2PI effective action + CTP formalism = out-of-equilibrium dynamical equations

Loop expansion of the effective action:
Top1[e®, A%] = S[p™] — S[p~] + %trlog ATt %tr G;lA + To[p®, A%
and the trace runs over the CTP indices as well. The inverse tree-level propagator reads
G () = i (& — )ad™ (0 + U"(6"))
All terms of loop order larger than two are inside I'y

T’y D two-particle-irreducible vacuum diagrams with two or more loops
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Topi[e®, A% = S[p*] — S[p~] + %trlog AT+ %tr Gyt A 4 Tafp®, A%

— < )

02p1
St (z)

‘ bubble EoM ’
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The full dynamical equations

Top1[p?, A“b] = S[pT] - Slp] + %trlog AT+ %tr GalA + Fg[cp“,A“b]

0l 2p1 _0 0I'opr _0
dpt(x) dAD(z,y)

Boltzmann egs.

‘ bubble EoM ’ ‘ Schwinger-Dyson egs.




- Gdbledmamicfomintpicples Theful dymamicalequations
The full dynamical equations

Top1[p?, A“b] = S[pT] - Slp] + %trlog AT+ %tr GalA + Fg[cp“,A“b]

5F2p1 —0 5F2PI -0
dpt(z) 0N (z,y)

‘ bubble EoM ’ Schwinger-Dyson egs.
Boltzmann egs.

We obtain a system of coupled equations that include all thermal, quantum and nonequilibrium
effects at the given perturbative order.
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The bubble wall equation of motion

Having solved for the two-point function at leading order in the gradients, we have the EoM for the
bubble wall
1 Om? Mk —r
Op(z) + U (e(x —i———@/—A k,x +/ IR (z,y) ¢(y) =0

8T
Sp(x)sp(y)
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Having solved for the two-point function at leading order in the gradients, we have the EoM for the
bubble wall

1 3mi

4
Opla) + Ugle(@) + 5505 [ i o)+ [ T @a)et) =0

@ One-loop term

1 Om2 9k 1 A ok i om? PeT )
29¢(x) / Coke (k,2) = ?p(m)/ iR —mItic | Op(a) / (27r)32E;zf(k’m)
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The bubble wall equation of motion

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

om? 4
Ople) + Uyle(@) + 5505 [ Gy o)+ [ T @a)ets) =0
Yy

@ One-loop term
10m% [ 9%k —r A 'k i om? Pk
2 9p(2) / it B2 = 3¢ / 20 R —mZ tic | Op(a) / (27)32E;

T=0 correction to U}

f(k,x)
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The bubble wall equation of motion

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

1 ami 9k —r
z IR X — _
2 9p(x) / omis o)+ /y (z,9)¢(y) =0

O (z) + Ug(p(a)) +

@ One-loop term

L Omg [ 9% xr A Pk AR
2 0p(w) / (27")4A () = 5@(3})/ (2m)* k2 — m? + ie + () / (27r)32EEf(k’x)

T=0 correction to U/ f=feq+df=(T#0) corr. + off-eq.
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The bubble wall equation of motion

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

1 3mi

4
Ople) + Ugle(@) + 5505 [ Gmyid o)+ [ T @a)ets) =0

@ One-loop term

1omZ [ 0% T A 'k i om? Pk, -
2 99(z) / omil ko) = el / e R —mitic T 0p(a) / @npzg, ! F0)
@ Packing it into a more familiar form

Op(x) + U'(¢(x)) + Z

3m?

()

/amRm+/HWamﬂw=o
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The bubble wall equation of motion

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

om? A
Ople) + Ugle(@) + 5505 [ Gmyid o)+ [ T @a)ets) =0

@ One-loop tern recall kinetic approach: O + U'(p) +

ZB(pf(sf’ -

-

1 (9m?0 R ) h ,
5690@) / (2m)4 (k,x) = §<p(m)/ (2m) k2 — m2 + ie + 360($)/ (27r)3ZE'Ef( ,T)

@ Packing it into a more familiar form

m?2
(o) + Up(o) + 3 s [ ateea)+ [ 1w )et) = 0
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The bubble wall equation of motion

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

om? A
Ople) + Ugle(@) + 5505 [ Gmyid o)+ [ T @a)ets) =0

@ One-loop tern recall kinetic approach: O + U'(p) +

ZB(pf(sf’ -

-

1 (9m?0 R ) h ,
5690@) / (2m)4 (k,x) = §<p(m)/ (2m) k2 — m2 + ie + 360($)/ (27r)3ZE'Ef( ,T)

@ Packing it into a more familiar form

Dp(x) + U'(p +Z

NEW TERM!

/5f1 p,z) + /yNewTermHR(z,y)w(y) =0
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|dentifying sources of friction

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

X||
A
(@ 0 (@) =0
>Z
Uy
@
<>
Ly,
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|dentifying sources of friction

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

om? -

6;’(%;") / Sf(k,z) + / 02ml(2,2") p(2') =0
k N——

[ o@yoa" IR (z,)

2
(2) + U'((2), T) +

9227
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In the stationary planar wall limit ¢(x) = ¢(z), with the wall centered at z = 0 in the wall frame

/ 6mi . ’ / Ny o_




|dentifying sources of friction

©(z), with the wall centered at z = 0 in the wall frame

/6z )>:0

In the stationary planar wall limit ¢(x) =

[ o (am)w((

P

ou T
oT 0z

)
= / 0z
-5
om?

T (z, 2’)@(2’)]




|dentifying sources of friction

©(z), with the wall centered at z = 0 in the wall frame

/6z )>:0

In the stationary planar wall limit ¢(x) =

[ o (am)w((

P

ou T
oT 0z

)
= / 0z
-5
om?

T (z, 2’)@(2’)]
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In the stationary planar wall limit ¢(x) = ¢(z), with the wall centered at z = 0 in the wall frame

, Bmi g /! R ! / —
/ az— (a (2 )+U(<p(z),T)+&p(z)/Eéf(k,Z)Jr/@z ™ (2,2)90(2)) =0

= /_25‘2% l% (34222))2 +U(p(2),T)| = /_6682
Om2

AU=Pdriving

v T
oT 0z
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In the stationary planar wall limit ¢(x) = ¢(z), with the wall centered at z = 0 in the wall frame

, Bmi g /! R ! / —
/ az— (a (2 )+U(<p(z),T)+&p(z)/Eéf(k,Z)Jr/@z ™ (2,2)90(2)) =0
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In the stationary planar wall limit ¢(x) = ¢(z), with the wall centered at z = 0 in the wall frame

, Bmi g /! R ! / —
/ az— (a (2 )+U(<p(z),T)+&p(z)/Eéf(k,Z)Jr/@z ™ (2,2)90(2)) =0

= /_25‘2% l% (34222))2 +U(p(2),T)| = /_6682
Om2

AU=Pdriving

ou or _p
oT 0z - LR

= Pdissipative
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|dentifying sources of friction

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

, Bmi g /! R ! / —
/ az— (a (2 )+U(<p(z),T)+&p(z)/Eéf(k,Z)Jr/@z ™ (2,2)90(2)) =0

= /_25‘2% l% (34222))2 +U(p(2),T)| = /_6682
Om2

AU=Pdriving

ou or _p
oT 0z - LR

= Pdissipative

(Z/)] = Fvertex
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@ Introduce a heavy scalar field x in the Lagrangian
) 89 .2 9
[«mtD Z¢ 5 mX>>m¢,T :>fo0

@ The new term leads to a new contribution to the friction, encoding higher-order effects

0 ~ ~
Preriex & = | S a1 [@(q) [ Im 7 (qL)

Y > 1
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Particle production

@ Introduce a heavy scalar field x in the Lagrangian
) 89 .2 9
[«mtD Z¢ 5 mX>>m¢,T :>fo0

@ The new term leads to a new contribution to the friction, encoding higher-order effects

8(1 _ . RN
Prertex = —/2—7:‘qJ_|g0(qJ_)|2 Imﬂ'R(qJ_)} ~ Im ‘\%, —

Y > 1
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Particle production

@ Introduce a heavy scalar field x in the Lagrangian
Line D —L2y2 my > mgy, T = f, ~0
int 1 X X on X

@ The new term leads to a new contribution to the friction, encoding higher-order effects

2

N
~- X

X
dgL - ~ b
Pvertex ~ — / ? q1 |90(QL)|2 Imﬂ-R(qL)} ~ Im ‘\L} - i“\

— 7 25(2) (5 L (&) _ n(x) _ »nx)
=3 EEI,EZ(QW) 1) (p” k1,|| k27||)(27r)5(Eﬁ EE1 EEQ )X

x fs(B) Api |@(Ap.)

Y > 1
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Particle production

@ Introduce a heavy scalar field x in the Lagrangian

Ling D —§¢2X2, my > mg, T = f,, ~0

@ The new term lead r-order effects

— 7 25(2) (5 L (&) _ n(x) _ »nx)
=3 EEI,EZ(QW) 1) (p” k1,|| k27||)(27r)5(Eﬁ EE1 EEQ )X

x fs(B) Api |@(Ap.)

Y > 1

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

P’yw—mo ~ g2U§T2 10 ’YwT
e=xx T 94 x 3272 2mLym2

which approaches the result from the kick picture.



The ultrarelativistic regime

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

’P’Yw_)ooz QQUZ?TQ lo FYU’T
PXX T 24 x 3272 2 Loym?2

which approaches 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

P’Yw—mo% QQUZ?TQ lo waT
P=XX T 24 % 3272 2 Loym?2

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