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

QFT = landscape of minima ⇒ PT

Potential V (T, ϕ) = V0(ϕ) + Vthermal(T, ϕ)
High T: V ⊃ ϕ2T 2 ⇒ sym restoration
FOPT feature a barrier between two vacua and
cooling (Tnuc < Tcr)
Nucleation controlled by bounce solution

Γ ∼ T 4Exp
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Nucleation and early expansion

Energy released ∆V ⇒ Driving energy:

Edriving = −4
3π∆V R3 VS ∆Ptension = 4πσR2

Expansion when Rinitial > Rc ∼ σ/∆V

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

Strength of the FOPT

αn ≡ ∆V
ρr(Tnuc) ∝ 1/T 4

nuc

Duration of the FOPT

β ≡ texp

tPT
= 1
tPTH

∝ R−1
collision
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Hartree

2PI
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FOPT pictorially
Cutting, Hindmarsh and Weir:[1906.00480]: video in

https://vimeo.com/showcase/5968055
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The bubble wall in time
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Pheno consequences of FOPTs

Pheno consequences of FOPTs
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Pheno consequences of FOPTs

FOPT and Gravitational waves

1 Bubbles can produce a stochastic GW background from

bubble collision

sound waves

turbulence
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Primordial GWs could be observed soon: Frequency ⇒ information about Treh: fpeak ∝ Treh

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 7 / 54



Pheno consequences of FOPTs

FOPT and Gravitational waves

1 Bubbles can produce a stochastic GW background from

bubble collision

sound waves

turbulence
0.1 1 10 100 1000 104 105

10-12

10-9

10-6

0.001

1

 

 

Primordial GWs could be observed soon: Frequency ⇒ information about Treh: fpeak ∝ Treh

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 7 / 54



Pheno consequences of FOPTs

FOPT and PBH
1 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)
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Pheno consequences of FOPTs

FOPT and Magnetic fields

1 FOPT can create Magnetic Fields

Vachaspati, Durrer, Neronov, Balaji, Fairbairn, Olea-Romacho, Vaskonen, Lewicki ...
Suggested by Fermi-LAT/HESS (2306.05132) B ∼ 10−15 G and λ ∼ 1 Mpc

In the SM from dumbbells ? 2412.00641: Brandenburg, Vachaspati
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Pheno consequences of FOPTs

FOPT and Baryogenesis
1 Bubbles can create baryon anti-baryon asymmetry

Figure: Credit:T.Konstandin [1302.6713]

Traditional EWBG: vw ≲ cs

Yin, Azatov, MV 21’:
γw ≡ 1/

√
1 − v2

w ≳M2
B/vTnuc

Baldes, Blasi, Mariotti, Sevrin, Turbang 21’ γw ≳M2
∆/vTnuc

𝑵

𝑵

decay after penetration

𝒀𝑩−𝑳 generated

& frozen (temporary)

Bubble collisions

𝑻 = 𝑻𝐧𝐮𝐜 𝑻 = 𝑻𝐫𝐞𝐡

𝒀𝑩−𝑳 𝐰𝐚𝐬𝐡𝐞𝐝 𝐨𝐮𝐭
(weakly)

𝐻

𝐿

𝑁

dilution = 𝑻𝐧𝐮𝐜/𝑻𝐫𝐞𝐡
𝟑

+ ⋯

𝑚𝑁 = 0

𝑚𝑁 ≠ 0

𝑚𝑁 ≠ 0𝑚𝑁 ≠ 0 𝑚𝑁 = 0

reflection

(subdominant)

Eung,Dutka,Jung, Nagels, MV, 23’: γw ≳MRHN/Tnuc
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Pheno consequences of FOPTs

FOPT and DM
Supercool DM: Hambye, Strumia,Tesi 18’

Azatov, Yin, MV 21’ ,
Baldes, Sala, Gouttenoire, 22’
Azatov, Yin, Nagels, MV 24’
γw ≡ 1/

√
1 − v2

w ≳M2
DM/vTnuc

Baldes,Gouttenoire, Sala, Servant, 22’ : γw ≫ 1

Falkowski, No, 12’ Giudice, Pomarol, Lee, Shakya 24’ :
Runaway walls: γw ∼ Mpl/v → 1015
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Production of heavy particles in PT

Production of heavy particles in PT

Production of heavy particles in PT

[arXiv:2010.02590] with Aleksandr Azatov
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Production of heavy particles in PT

Production of out-of-equilibrium heavy states via wall[2010.02590]:Idea

Out-of-equilibrium heavy states
ϕ scalar, χ light fermion, N heavy fermion: Lint = Y ϕχ̄N +MN̄N
nN (M ≫ T ) ∼ (MT )3/2e−M/T → 0.

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

ϕ undergoes FOPT with relativistic walls
pχ = (E, 0, 0, E), pN = (E, 0, 0,

√
E2 −M2) : ∆pz = pzN − pzχ ̸= 0

Q: χ → N possible?

No wall: (2π)4δ4(pχ − pN ) : ⇒����χ → N

With wall: if E > M, χ → N allowed∫
d3x⊥e

i∆p⊥·x⊥

∫
⟨ϕ⟩(z)eiz∆pzdz ∝ (2π)3δ2(∆p⊥)δ(∆E) sin ∆pzLw

∆pzLw

Exchange momentum bound: ∆pz ≲ 1/Lw ∼ vϕ �����∆pz ∝ E
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Production of heavy particles in PT

Production of out-of-equilibrium heavy states via wall[2010.02590]:
computation

Out-of-equilibrium heavy states
ϕ scalar, χ light fermion, N heavy fermion: Lint = Y ϕχ̄N +MN̄N
nN (M ≫ T ) ∼ (MT )3/2e−M/T → 0.

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

Assume very fast wall: γwp ≡ 1√
1−v2

w

≫ 1

In the wall frame: E ∼ pz ∼ γwpTnuc ≫ vϕ

|M|2 ≈ Y 2v2
ϕ × E

∆pz

(
sin ∆pzLw

∆pzLw

)2
∆pz = E −

√
E2 −M2 → M2

2E

P (χ → N) ≈ θ2 × Θ(γwpTnuc −M2Lw), θ ≡ Y vϕ
M
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M
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Production of heavy particles in PT

Production of out-of-equilibrium heavy states via wall[2010.02590]:
computation
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nN (M ≫ T ) ∼ (MT )3/2e−M/T → 0.
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Production of heavy particles in PT

Creation of out-of-equilibrium states: consequences

Each production induces a kick[2010.02590]: ∆pz ∼ M2

2E

⇒ P ∝ nχ × ∆pz × P (χ → N) ∼ Y 2v2T 2

48 Θ(γwpTnuc −M2Lw) (pressure on the wall)

Production of stable states (Dark Matter φ) via portal φ2ϕ2[2101.05721]: ϕ → φφ

out-of-equilibrium abundance of N via χ → N [2106.14913 ]: baryogenesis
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Baryogenesis from relativistic walls

Baryogenesis with relativistic walls

Production of matter
[arXiv:2106.14913] with Aleksandr Azatov and Wen Yin
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Baryogenesis from relativistic walls

Problem of baryogenesis and Sakharov conditions
Inflation: erase the initial conditions
Inflation produces nB = nB̄ (likely...)

nB−nB̄

nγ
→ 0(10−20...) (naive expectation): empty universe

nB−nB̄

nγ
→ 10−10 (observation): need a process that turns one out of 1010 anti-baryon → baryon

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation; Automatically embedded via the process of production in χ → N

CP-violation: Γ(χ → NI) ̸= Γ(χ̄ → N̄I)
B-number violation
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Baryogenesis from relativistic walls

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation: χ → N via relativistic bubble expansion

CP-violation: Γ(χ → NI) ̸= Γ(χ̄ → N̄I) ??
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Baryogenesis from relativistic walls

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

Ingredients: Higgs field H, ϕ scalar, 2 heavy NI , SM SU(2)L-fermions Lα, and χi light fermions

L = −MIN̄INI − YiIϕN̄IPRχi − yIα(HL̄α)PRNI + h.c.

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

A(χi → NI)tree ∝ YiI

+
N

J
N

I

l

h

A(χi → NI)1−loop ∝

+
∑
α,J

YiJy
∗
αJyαI×f

(HL)
IJ

⇒

Γ(χ → NI) − Γ(χ̄ → N̄I)
Γ(χ → NI) + Γ(χ̄ → N̄I)

=

2
∑
α,J,i Im(YiIY ∗

iJyαJy
∗
αI)Imf

(HL)
IJ∑

i |YiI |2
.

and

Im[f (HL)
IJ (x)] = 1

16π

√
x

1 − x
, x = M2

J

M2
I
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Baryogenesis from relativistic walls

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation: χ → N via relativistic bubble expansion
CP-violation: CP-violating phase in the yukawas yIα from interference tree-loop level
B-number violation: B or L-violating interactions
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Baryogenesis from relativistic walls

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

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

Phase transition induced leptogenesis

Or

EWPT Baryogenesis with relativistic walls
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Baryogenesis from relativistic walls

Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

χi Massive majorana, η diquark, BI heavy vectorlike
b-like quarks. B(η) = 2/3, B(χ) = 1.

B broken by two units: mχχ̄
cχ

CP violation:
b

< h >

BJBI

*

Production: P(Q → BI) ̸= P(Qc → BcI)
∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0

b

∑
I θ

2
I ϵI

IF : γw ≡
√

1/(1 − v2
w) > M2

B/(TvEW )

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 22 / 54



Baryogenesis from relativistic walls

Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

χi Massive majorana, η diquark, BI heavy vectorlike
b-like quarks. B(η) = 2/3, B(χ) = 1.
B broken by two units: mχχ̄

cχ

CP violation:
b

< h >

BJBI

*

Production: P(Q → BI) ̸= P(Qc → BcI)
∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0

b

∑
I θ

2
I ϵI

IF : γw ≡
√

1/(1 − v2
w) > M2

B/(TvEW )

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 22 / 54



Baryogenesis from relativistic walls

Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

χi Massive majorana, η diquark, BI heavy vectorlike
b-like quarks. B(η) = 2/3, B(χ) = 1.
B broken by two units: mχχ̄

cχ

CP violation:
b

< h >

BJBI

*

Production: P(Q → BI) ̸= P(Qc → BcI)
∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0

b

∑
I θ

2
I ϵI

IF : γw ≡
√

1/(1 − v2
w) > M2

B/(TvEW )

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 22 / 54



Baryogenesis from relativistic walls

Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

χi Massive majorana, η diquark, BI heavy vectorlike
b-like quarks. B(η) = 2/3, B(χ) = 1.
B broken by two units: mχχ̄

cχ

CP violation:
b

< h >

BJBI

*

Production: P(Q → BI) ̸= P(Qc → BcI)

∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0
b

∑
I θ

2
I ϵI

IF : γw ≡
√

1/(1 − v2
w) > M2

B/(TvEW )

Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 22 / 54



Baryogenesis from relativistic walls

Low energy baryogenesis [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

χi Massive majorana, η diquark, BI heavy vectorlike
b-like quarks. B(η) = 2/3, B(χ) = 1.
B broken by two units: mχχ̄

cχ

CP violation:
b

< h >

BJBI

*

Production: P(Q → BI) ̸= P(Qc → BcI)
∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0

b

∑
I θ

2
I ϵI

IF : γw ≡
√

1/(1 − v2
w) > M2

B/(TvEW )
Miguel Vanvlasselaer (University of Barcelona, ICCUB and COST Action) Production of particles from expanding bubble walls June 25, 2026 22 / 54



Baryogenesis from relativistic walls

Low energy baryogenesis: constraints [2101.05721]: Azatov, MV, Yin

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

N ↔ N̄ : (
∑

κθIyI )2

M4
ηMχ

ucdcucdcudd

δm
�n−n̄ ∼

Λ6
QCD

M4
ηmχ

(
∑

κθIyI)2 < 10−33GeV

Flavor and collider: 2 TeV ≲ mχ ∼ mη ∼ MB

EDM bounds

de
e

∼ me(yY Ye)2

(4π)6

(
1

Λ2
EDM

)
∼ 3×10−33×

(
10 TeV
ΛEDM

)2
cm
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Baryogenesis from relativistic walls

Observation prospects of GW
(
Treh, β, αn, vw

)
⇒ (ΩGWpeak, fGWpeak)

Using Bulk flow model: Konstandin, Jinno, Takimoto, ...
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Baryogenesis from relativistic walls

EW bubble and EWBG

Credit:T.Konstandin [1302.6713]

Relation BAU and velocity:
BAU → 0, vw → 1

Figure: Credit: Giulio Barni
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Baryogenesis from relativistic walls

Phase transition induced leptogenesis

∑
iI

(
YiI(ϕχ̄i)PLNI + Y ⋆iIN̄IPR(ϕ†χi)

)
︸ ︷︷ ︸

production sector

−V (ϕ)+
∑
i

λχϕχ̄
c
iχi︸ ︷︷ ︸

Majorana mass

+
∑
I

MIN̄INI+
∑
αI

yαI(HL̄α,SM )PRNI︸ ︷︷ ︸
CP-violation

χi Majorana, ϕ scalar, NI Heavy Dirac RHN:
UL(1) : L(χ) = −1, L(N) = 1, L(ϕ) = 2.

Production P(χi → NI) ̸= P(χci → N c
I ) ∝ θ2

iI

∆nL

s ∼
∑
iIα ϵiI × θ2

iI

g∗

(
Tnuc

Treh

)3
× |yIα|2

|yIα|2+|YiI |2

Wash-outs impose:

109GeV ≲ v ≲ 1013GeV, λχv

Treh
≳ 15
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Baryogenesis from relativistic walls

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 ≲MB ∼ mχ ∼ mη

.
EDM bounds are relaxed
Typical GW signal from this scenario is enhanced: likely observable in LISA
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Production of Dark Matter

Production of Dark Matter

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

Production mechanism[2101.05721]

Portal Dark Matter: L ⊃ −λ
2h

2ϕ2 −M2
ϕϕ

2 − V (h)

Non-vanishing VEV:
h → h+ v trilinear coupling L ⊃ −λvhϕ2
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Production of Dark Matter

The DM is Heavy ... [2101.05721]: Azatov, Yin, MV

h is a dark Higgs h is a the Higgs

2 3 4 5 6 7
-4

-3

-2
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0

1

3.0 3.5 4.0 4.5 5.0 5.5 6.0
-3

-2

-1

0

1
Excluded by
XENON1T

Overproduced DM

Under-
produced DM
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Production of Dark Matter

... and fast ! [2207.05096]: Baldes, Gouttenoire, Sala

Warm Dark Matter

Veq ≲ 4.2 × 10−5 From Lyman-α

⇒ MWDM ∼ keV

At production
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If free streaming
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Production of Dark Matter

Secluded sectors ? [2101.05721]: Azatov, Yin, MV, [2406.12554 ]:Azatov, Yin, Nagels, MV

λ

2h
2ϕ2,

h2ψψ̄

Λ ,
h2FF

Λ2

Ph→ψψ̄(p0) ≈ |V |2Θ(1 − ∆pzLw)Θ(Λ2 − 2p0v)

h → ϕϕ, ψψ̄, γγ,

Free-streaming regime
Thermalised regime
Transition between the regimes
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Production of Dark Matter

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

γw(R) ≈ 2R
3Rnuc

→ γcoll
w ≈ 0.06MplTnuc

βv2

EFT bound : s ≈ γwTv < Λ2, adiabaticity : s > M2
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Production of Dark Matter

DM from bubble wall [2101.05721]: Azatov, Yin, MV, [2406.12554 ]:Azatov, Yin, Nagels, MV

hhψψ̄ hhFF
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About the pressure on the bubble wall

About the pressure on the bubble wall

About the velocity of the bubble wall
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About the pressure on the bubble wall

The problem at hand

In vacuum: γw ∝ R

Rinitial
≈ RTnuc → Mp

βv
(Runaway) γw ≡ 1√

1 − ξ2
w

In plasma: ∆V = ∆P(γw = γMAX
w )︸ ︷︷ ︸

??

(Runaway or terminal velocity)

Code for vw, Lw: [2411.04970]: Ekstedt, Gould, Hirvonen, Laurent, Niemi, Van de Vis

Figure: Credit: Giulio Barni, thanks to him
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About the pressure on the bubble wall

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
[Moore and Propokopec ’95]

Set of dynamical equations{
2φ+ U ′(φ) +

∑
i
∂m2

i

∂φ

∫
p⃗
δfi(p⃗, x) = 0

∂fi

∂t = −Ci[f, φ]

Kick picture
[Dine et al. ’92, Bodeker and Moore ’09, ’17]

Pressure from the flux of particles

Pkick =
∑
i,X

∫
p⃗

∂Pi→X(p⃗) fi(p⃗) ∆p⊥ ,i→X

✔ includes nonequilibrium effects
✘ misses production processes

✔ includes all production processes
✘ only valid for ultrarelativistic walls

Why would we care about processes which are higher order in the couplings?
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About the pressure on the bubble wall

Pressure from 1 to 1 (Relativistic regime)

1 → 1, A = X with mh > ms:

dE

dz
= 0, E =

√
p2

⊥ + p2
z +m2(z)

LO relativistic pressure [0903.4099]:∫
dPA→A → 1, (pZh − pZs ) ≈ −∆m2

i

2E

⇒ P1→1 →
∑
i

∆m2
iT

2

24 , ∆m2
i ≡ m2

bro,i−m2
sym,i

Entering in the wall ? need pz,s ∼ γT > ∆m

γT ≫ ∆m

AX

symmetricbroken

v⃗

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ Ψ

m = 0 m = m0
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About the pressure on the bubble wall

Pressure by splitting

NLO relativistic pressure; gauge bosons V [1703.08215]

∫
dPA→V A ∼

{
0 if TS
g3v

16π2 Wall breaks TS

Soft bosons emission ∆p ∼ mV

Pressure induced

⇒ P1→2 ∼
∑
i

gi
g3v

16π2 γT
3

What about 1 → N??: claim P1→N ∼ αγ2T 4 in
[arXiv:2007.10343] but disputed in [arXiv:2010.02590] and in
[arXiv:2112.07686]: P1→N ≈ P1→2 × log v

T

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ

Ψ

W,Z

g
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About the pressure on the bubble wall

Pressure by mixing with heavy states[2010.02590]

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

Toy model; Lint = Y ϕχ̄N +MN N̄N, MN ≫ Tnuc

Probability of transition

∆Pχ→N ∼ Y 2v2

M2
N

, ⟨ϕ⟩ ≡ v

pχ = (E, 0, 0, E) pN = (E, 0, 0,
√
E2 −M2

N ) ⇒ ∆p ∼ M2
N

2γT

Non-adiabatic regime; ∆pLw < 1 ⇒ multiply by Θ(γT −M2
NLw)

Pressure on the wall

∆Pmixing ≈ Y 2T 2v2

48 Θ(γT −M2Lw)

Pressure depends on M only in the Θ-function
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About the pressure on the bubble wall

Pressure by mixing with heavy states[2010.02590]
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About the pressure on the bubble wall

How to compute the velocity of the bubble wall ? Contributions
Mass Gain pressure [0903.4099], BM

∆PLO ≈
∑
i

∆m2
iT

2

24 , ∆m2
i ≡ m2

bro,i −m2
sym,i

Broken
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Tnuc
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v=0

 v = v0

Ψ Ψ

m = 0 m = m0

Soft bosons emission pressure [1703.08215], BM
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g3

gaugev

16π2 γwpT
3
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Ψ

Ψ
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Mixing pressure [2010.02590] ∆pz ∼ M2

2E

∆Pmixing ∼ Y 2v2T 2

48 Θ(γwpTnuc −M2Lw)
Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

Regime of expansion:
∆V > ∆Ptot : Runaway V S ∆V = ∆Ptot(γ = γter) : Terminal velocity
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About the pressure on the bubble wall

Different regimes give different GW signal

Transition strong enough for relativistic walls : ∆V > ∆PLO

Runaway regime: acceleration until collision

⇓

Energy in the thin bubble wall: scalar field

0.001 10 105

10-21

10-17

10-13

10-9

10-5

Terminal velocity regime: γ → γMAX

⇓

Energy in the plasma through sound waves

0.001 10 105

10-21

10-17

10-13

10-9

10-5

Observable effects ??
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Bubble dynamics from first principles

Bubble dynamics from first principles

Bubble dynamics from first principles
[arXiv: 2504.13725] with Wen-Yuan Ai, Matthias Carosi, Bjorn Garbrecht

and Carlos Tamarit
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Bubble dynamics from first principles

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.
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Bubble dynamics from first principles

The tools of nonequilibrium QFT

nonequilibrium QFT

real-time
correlators

dynamical
equations

CTP formalism 2PI effective
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Bubble dynamics 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

|ΨIN⟩ |ΨOUT⟩A

ti = −∞ tf = +∞tinterm

Using it, we compute transition amplitudes between asymptotic states

A = ⟨ΨOUT| O(ϕ̂) |ΨIN⟩ = N
∫

[Dϕ] Ψ∗
OUT(ϕ)O(ϕ)ΨIN(ϕ)eiS[ϕ]

But how can we compute time (and space) dependent correlators?
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Bubble dynamics from first principles Brief review of the CTP formalism

The CTP formalism

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

ti tf

ϕ+(ti) ϕ+(tf )

ϕ−(ti) ϕ−(tf )

+ time branch

- time branch

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.
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Bubble dynamics from first principles Brief review of the CTP formalism

The CTP formalism

Time ordering is replaced by ordering on the CTP T → TCTP. We then have four two-point functions

⟨TCTPϕ
+(x)ϕ+(y)⟩ = ⟨T ϕ(x)ϕ(y)⟩ = ∆T (x, y)

⟨TCTPϕ
−(x)ϕ−(y)⟩ = ⟨T ϕ(x)ϕ(y)⟩ = ∆T (x, y)

⟨TCTPϕ
+(x)ϕ−(y)⟩ = ⟨ϕ(y)ϕ(x)⟩ = ∆<(x, y)

⟨TCTPϕ
−(x)ϕ+(y)⟩ = ⟨ϕ(x)ϕ(y)⟩ = ∆>(x, 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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Bubble dynamics from first principles Brief review of the CTP formalism
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CTP formalism 2PI effective
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Bubble dynamics from first principles Introducing the 2PI effective action

Introducing the 2PI effective action

We introduce the generator of connected one-

and two-

point functions

eW [J

,R

] = Z[J

,R

] =
∫

[Dϕ] eiS[ϕ]+
∫

x
J(x)ϕ(x)

+ 1
2

∫
x,y

ϕ(x)R(x,y)ϕ(y)

and define the -particle-irreducible (PI) effective action

Γ[φ

,∆

] = max
J

,R

−W [J

,R

] +
∫
x

J(x)φ(x)

+1
2

∫
x,y

∆(x, y)R(x, y)

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

δΓ2PI

δφ(x) = 0 δΓ2PI

δ∆(x, y) = 0
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Bubble dynamics from first principles Introducing the 2PI effective action

The tools of nonequilibrium QFT

nonequilibrium QFT

real-time
correlators

dynamical
equations

CTP formalism 2PI effective
action✓ ✓
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Bubble dynamics from first principles The full dynamical equations

Perturbative expansion

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

Loop expansion of the effective action:

Γ2PI[φa,∆ab] = S[φ+] − S[φ−] + i

2 tr log ∆−1 + i

2 trG−1
φ ∆ + Γ2[φa,∆ab]

and the trace runs over the CTP indices as well. The inverse tree-level propagator reads

Gab,−1
φ (x, y) = iδ(4)(x− y)aδab (2 + U ′′(φa))

All terms of loop order larger than two are inside Γ2

Γ2 ⊃ two-particle-irreducible vacuum diagrams with two or more loops
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Γ2PI[φa,∆ab] = S[φ+] − S[φ−] + i

2 tr log ∆−1 + i

2 trG−1
0 ∆ + Γ2[φa,∆ab]

δΓ2PI

δφ+(x) = 0

bubble EoM

δΓ2PI

δ∆ab(x, y) = 0

Schwinger-Dyson eqs.
Boltzmann eqs.

We obtain a system of coupled equations that include all thermal, quantum and nonequilibrium
effects at the given perturbative order.
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A unifying picture Extending the kinetic picture

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

2φ(x) + U ′
0(φ(x)) + 1

2
∂m2

φ

∂φ(x)

∫
∂4k

(2π)4 ∆T (k, x) +
∫
y

φ(y) = 0

One-loop term
1
2
∂m2

φ

∂φ(x)

∫
∂4k

(2π)4 ∆T (k, x) =

Packing it into a more familiar form

2φ(x) + U ′(φ(x)) +
∑
i

∂m2
i

∂φ(x)

∫
p
δfi(p, x) = 0

recall kinetic approach: 2φ+ U ′(φ) +
∑
i
∂m2

i

∂φ

∫
p⃗
δfi(p⃗, x) = 0
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A unifying picture Bridging the kinetic and kick pictures

Identifying sources of friction

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

−δ
∂z

∂

∂z
φ(z)

(

⇒=
∫ δ

−δ
∂z

[
∂U

∂T

∂T

∂z

≡ PLTE

−
∂m2

φ

∂z

∫
k⃗

δf(k⃗, z)

≡ Pdissipative

− ∂φ(z)
∂z

∫
∂z′ πR(z, z′)φ(z′)

]

≡ Pvertex
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A unifying picture Bridging the kinetic and kick pictures

Particle production

Introduce a heavy scalar field χ in the Lagrangian

Lint ⊃ −g

4ϕ
2χ2 , mχ ≫ mϕ , T =⇒ fχ ∼ 0

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

Pvertex ≈ −
∫
∂q⊥

2π q⊥ |φ̃(q⊥)|2 Im π̃R(q⊥)

}
∼ Im

 χ

ϕ

χ

 =

∣∣∣∣∣ ϕ
χ

χ

∣∣∣∣∣
2

= g2

2

∫
p⃗,⃗k1 ,⃗k2

(2π)2δ(2)(p⃗∥ − k⃗1,∥ − k⃗2,∥)(2π)δ(E(ϕ)
p⃗ − E

(χ)
k⃗1

− E
(χ)
k⃗2

)×

× fϕ(p⃗) ∆p⊥ |φ̃(∆p⊥)|2

γw ≫ 1
density of incoming particles

momentum exchange

Fourier tf. of the wall

recall: Pkick =
∑
i,X

∫
p⃗
∂Pi→X(p⃗) fi(p⃗) ∆p⊥ ,i→X
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A unifying picture Bridging the kinetic and kick pictures

The ultrarelativistic regime

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

Pγw→∞
ϕ→χχ ≈ g2v2

bT
2

24 × 32π2 log
(

γwT

2πLwm2
χ

)
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.

Numeric
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π
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