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Bubble dynamics: A balance of pressure

When the two pressures balance

'/ Prriction = Pdriving

Vs

Pfrirtion

e the system reaches a steady state

=—-terminal wall velocity

= = Pdriving - = = Uy
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Bubble dynamics: A balance of pressure

When the two pressures balance

,/ Prriction = Pdriving

Bl

Pfri(*rion

e the system reaches a steady state

=—-terminal wall velocity

= = Pdriving - = = Uy

Goal: does a stable steady state exist? If
so, what is v,,?
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Kinetic vs. kick

Two main approaches exist for studying the dynamics of a single bubble
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Kinetic vs. kick

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

Kinetic picture
[Moore and Propokopec '95]

Set of dynamical equations

dm?
dg@z fp 5f7,(p7$) =0

Op +U'(p) + 3
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Kinetic vs. kick

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
/ dmf
Do +U'(e) + 32 57 Jp0fip,z) = 0 Prick = Z/ dP; x (p) fi(P) ApL isx
dfi _ _c. i,X 7P
dt iLf, el
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Kinetic vs. kick

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
/ dmf
Do +U'(e) + 32 57 Jp0fip,z) = 0 Prick = Z/ dP; x (p) fi(P) ApL isx
dfi _ _c. i,X 7P
dt — z[fu 90]

The two are not equivalent: they can give different predictions, e.g. when particle
production is relevant.
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Goal: a unifying description of the bubble expansion that

» captures non-equilibrium phenomena (like the kinetic picture),

» and includes quantum processes, such as particle production (like the kick picture),
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Objective

Goal: a unifying description of the bubble expansion that

» captures non-equilibrium phenomena (like the kinetic picture),
» and includes quantum processes, such as particle production (like the kick picture),

» from first principles, in a single closed, self-consistent scheme.
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The framework
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The framework

We need a closed system of equations for bubble profile ¢(z) + plasma
populations A(z,y)
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populations A(z,y)

—> 2Pl effective action I';pj[p, A]

closed and self-consistent: no double counting
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The framework
We need a closed system of equations for bubble profile ¢(z) + plasma
populations A(z,y)

—> 2Pl effective action I';pj[p, A]

closed and self-consistent: no double counting

olopr
| = ]

'

[ bubble EoM ]
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The framework
We need a closed system of equations for bubble profile ¢(z) + plasma
populations A(z,y)

—> 2Pl effective action I';pj[p, A]

closed and self-consistent: no double counting

5F2PI 6F2PI
= O =
L 0 J 5A
[ bubble EoM ] [ Kadanoff-Baym eqgs. ]
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The framework
We need a closed system of equations for bubble profile ¢(z) + plasma
populations A(z,y)

—> 2Pl effective action I';pj[p, A]

closed and self-consistent: no double counting

5F2PI 6F2PI
= O =
L 0 J 5A
[ bubble EoM ] [ Kadanoff-Baym eqgs. ]

~» Boltzmann egs. / kinetic theory
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The bubble wall equation of motion
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

m?2 4
Cple) + Ul + 54 [ G o) + [ TT%ep)ets) =0
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

m?2 4
Cola) + Ul + s [ g o) + [ T0a0)(s) =0

B One-loop term

d 2 47, d 2 4 . d 2 3
1 dmg / d*k T( ) = 1 dmg / d*k i . mg, / d°k f(k, )
2de(z) ) (2m)* 2dp(z) J 2m)2 k%2 —m2+ie  de(x) ) (2m)32Ey
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

m?2 4
Cpla) + V() + 54 [ g o) + [ T1%a0)e(s) =0

B One-loop term

d 2 47, d 2 4 . d 2 3
1 dmg / dk‘AT( ) = 1 dmg / d*k i L mg, / d°k (k. 2)
2dp(z) ) (2m)* 2dp(z) ) 2m)*k2—m? +ie  dp(z) ) (27)32E

T=0 correction to U
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The bubble wall equation of motion
The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

m?2 4
Cpla) + V() + 54 [ g o) + [ T1%a0)e(s) =0

dep()
B One-loop term
1 dm?a / d*k ZT(/{: 7) = 1 dmi / d*k i N dmi / d3k k)
2dp(z) J (2m)* ’ 2dp(z) ) 2m)* k2 —m2+ie  de(z) ) (27)32E " "
T=0 correction to U/ f=feq+df=(T#0) corr. + off-eq.
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

dm 4L __

D (@) + Up(e(x)) +
B One-loop term
1dm2 [ d% —r A dk i dm? 4’k
. Al (k,z) = 2 o /
2 dep(x) / (2m) k.2) 280(56)/ (2m)% k2 —m? + ie + de(x) (2#)32Ekf(k’x)
B Packing it into a more familiar form

Oe(z) + U'(e dm /5fz P,z / Rz, y)ely) = 0
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

mg 4.
;ddsO( )/(SWI;AT(’“"”H/y I (2, y)p(y) = 0

Dip(x) + Up(eo(x)) +

W One-loop o call kinetic approach: Oy + U’(p) + 3, dg:f Jo0fi(p,x) =0

1 dm

— k
2dep(z) / (2m)* N 27 J 2m)* k7 —m? 4 ie de(z) J (27T)‘52Ekf( )

B Packing it into a more familiar form

Oe(z) + U'(e dm /5fz P,z / Rz, y)ely) = 0
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The bubble wall equation of motion

The Kadanoff-Baym equations are reduced to the known Boltzmann equations for the
plasma distribution functions. As for the bubble EoM

mg 4.
;ddso( )/(SWI;AT(’“"”H/y I (2, y)p(y) = 0

Dip(x) + Up(eo(x)) +

ldOne-Ioo recall kinetic approach: Oy + U'(¢) + 3 dg:f Jo8fi(p,z) = 0
;d:Z:v) / (2m)F T DAY B 73 e e 2 a2 TN
B Packing it into a more familiar form NEW TERM!

Oe(@) + U'(p(x) + (,) + [ (2, 9)p(0) = 0
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The vertex pressure in Wigner space

Matthias Carosi | Bubble wall dynamics from nonequilibrium QFT | SEWM 2026



The vertex pressure in Wigner space
Focus on the new term

d
Pvertex = - /dz dzl 9(01(22) WR(Z7 Z/) SD(ZI) = -Tr |:7TR ‘2 az90:|
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The vertex pressure in Wigner space

Focus on the new term

d
Pyertex = — / dzdz’ 9(01(2) 7TR(Z7 Z/) SD(ZI) = -Tr |:7TR ¥ az%"]
z
It is a trace. In Wigner space it stays a trace,

ﬁMM:/M

-~ -~ dk —~ 1
bt I 2 19 _ ]=R
2WduA(/-c,u) B(k,u) = Pyertex /27Tdu<p (l{:,u)b@u zk‘]ﬂ (k,u)
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The vertex pressure in Wigner space
Focus on the new term
Prertex = / aza2/ BELZR o) = —e[rf oyl

Itis a trace. In Wigner space it stays a trace,

Tr[A B] = / %duA(k: w) B(k,u) =  Puertex = / gﬁdu;? (k,u) [;a/— ik}%R(k,u)

Matthias Carosi | Bubble wall dynamics from nonequilibrium QFT | SEWM 2026 7



The vertex pressure in Wigner space

Focus on the new term

Prertex = / aza2/ BELZR o) = —e[rf oyl

Itis a trace. In Wigner space it stays a trace,

Tr[A B] = / %duA(k: w) B(k,u) =  Puertex = / gﬁdu;? (k,u) [;a/— ik}%R(k,u)

Split by parity in k:  Re7 even, Im7 odd
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The vertex pressure in Wigner space
Focus on the new term
d
Prertex = / dzd “’ V(e ) () = ~Ti[nR po.]

Itis a trace. In Wigner space it stays a trace,

Tr[A B] = / %duA(k: w) B(k,u) =  Puertex = / gﬁdu;? (k,u) [;a/— ik}%R(k,u)

Split by parity in k:  Re7 even, Im7 odd
Re7': odd integrand ~» 0

enters only at NLO in gradients
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The vertex pressure in Wigner space

Focus on the new term

d
Prertex = /d dz’ (p Lz, ) () = —Tr |7 0.0]

Itis a trace. In Wigner space it stays a trace,

Tr[A B] = / %duA(k: w) B(k,u) =  Puertex = / gﬁdu;? (k,u) [;a/— ik}%R(k,u)

Split by parity in k:  Re7 even, Im7 odd
Re7: odd integrand ~~ 0 Im 7%: even integrand ~~ LO

enters only at NLO in gradients genuine dissipation (fluctuation—dissipation)
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The vertex pressure in Wigner space

Focus on the new term

d
Prertex = / dedo S22 “’ V(e ) () = ~Ti[nR po.]

Itis a trace. In Wigner space it stays a trace,

Tr[A B] = / %duA(k: w) B(k,u) =  Puertex = / gﬁdu;? (k,u) [;a/— ik}%R(k,u)

Split by parity in k:  Re7 even, Im7 odd
Re7: odd integrand ~~ 0 Im 7%: even integrand ~~ LO

enters only at NLO in gradients genuine dissipation (fluctuation—dissipation)

vertex - /7dUk(P )Imer(k‘/U')
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Particle production
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Particle production

B Introduce a heavy scalar field y in the Lagrangian

Ling O —%& 20 my>mg, T = fy~0
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Particle production

B Introduce a heavy scalar field y in the Lagrangian
g .2 2
Ling D —Zqﬁ , my > mg, T = f, ~0

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

d ~ -
Pryertex = — / % ql |(p(qi)‘2 Imﬂ-R(QL)
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Particle production

B Introduce a heavy scalar field y in the Lagrangian
g .2 2
Ling D —Zqﬁ , my > mg, T = f, ~0

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

2
[N

dg. ~ o
Pertex —/?quw(qi)\Q m#%(g1)} ~ Im {*—* =

)
X

optical theorem = cutting rule
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Particle production

B Introduce a heavy scalar field y in the Lagrangian
g .2 2
Ling D —Zqﬁ , my > mg, T = f, ~0

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

2

X

dgi ~ ~ S o
Pvertex ~ —/%qL |<,0(CI¢)\2 Imﬂ'R(qL)} ~ Im |:¢\i¢ = | —<

2
g
— 5/ (27r)25(2)(p” — kl,ll — kZH)(Qﬂ)(;(EI()@ _ El(()f) B El({);))x
p.ki,ka

x fo(p) Api |@(Apy)®
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Particle production
B Introduce a heavy scalar field y in the Lagrangian

Ling O —%& 20 my>mg, T = fy~0

B The new term leads to a new contribution to the friction, encoding higher-order effects
2

[N
—
N

X -
X+

dg. ~ - i
Prees = [ M g, 3(a0)? 7 (q.)) ~ T {‘—» | =
-

2

g

= 5/ (27r)25(2)(p” —ky ) — kZH)(Qﬂ)(;(EI()@ _ El(()f) _ El(é))x
p.ki ko

density of incoming particles X f(b(p) Apy  [p(ApL) ‘2

)

Matthias Carosi | Bubble wall dynamics from nonequilibrium QFT | SEWM 2026



Particle production
B Introduce a heavy scalar field y in the Lagrangian

Ling O —%& 20 my>mg, T = fy~0

B The new term leads to a new contribution to the friction, encoding higher-order effects
2

[N
—
N

X -
X+

dg. ~ - i
Prees = [ M g, 3(a0)? 7 (q.)) ~ T {‘—» | =
-

2

g

= 5/ (27r)25(2)(p” —ky ) — kZH)(Qﬂ)(;(EI()@ _ El(()f) _ El({);))x
p.ki ko

density of incoming particles X f(b(p) Apy  [p(ApL) ’2

)

momentum exchange
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Particle production
B Introduce a heavy scalar field y in the Lagrangian

Ling O —%& 20 my>mg, T = fy~0

B The new term leads to a new contribution to the friction, encoding higher-order effects
2

[N
—
N

X -
X+

dg. ~ - i
Prees = [ M g, 3(a0)? 7 (q.)) ~ T {‘—» | =
-

2

g

= 5/ (27r)25(2)(p” —ky ) — kZH)(Qﬂ)(;(EI()@ _ El(()f) _ El({);))x
p.ki ko

~ 2
density of incoming particles X f(b(p) Apy  [p(ApL)l 4——Fourier tf. of the wall

)

momentum exchange
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Particle production
B Introduce a heavy scalar field y in the Lagrangian

Ling O —%& 20 my>mg, T = fy~0

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

2
X

[N

recall: Prick = > x Jp dPimsx (P) fi(P) ApL imx

~
Pvertex ~ N

= =

2

g

= 5/ (27r)25(2)(p” —ky | — kZH)(Qﬂ)(;(EI()@ _ El(()f) B El({);))x
p.ki ko

~ 2
density of incoming particles X qu(p) Apy  [¢(ApL) 4——Fourier tf. of the wall

momentum exchange
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Summary and outlook
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Summary and outlook

B Nonequilibrium QFT (CTP + 2PI) gives a unifying, closed and self-consistent
framework for the wall-plasma system: all thermal, quantum and nonequilibrium
effects at a given order, with no double counting.
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Summary and outlook

B Nonequilibrium QFT (CTP + 2PI) gives a unifying, closed and self-consistent
framework for the wall-plasma system: all thermal, quantum and nonequilibrium
effects at a given order, with no double counting.

B The condensate EoM gains a non-local self-energy, whose imaginary part is a genuine
dissipative friction at LO in the gradients. It describes the momentum-exchanging
processes between wall and plasma, e.g. particle production, unifying the kinetic and
kick pictures.
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Summary and outlook

B Nonequilibrium QFT (CTP + 2PI) gives a unifying, closed and self-consistent
framework for the wall-plasma system: all thermal, quantum and nonequilibrium
effects at a given order, with no double counting.

B The condensate EoM gains a non-local self-energy, whose imaginary part is a genuine
dissipative friction at LO in the gradients. It describes the momentum-exchanging
processes between wall and plasma, e.g. particle production, unifying the kinetic and
kick pictures.

Ongoing: implementing this approach into WallGo [Ekstedt et al. '24] for numerical
wall-velocity predictions; general friction bounds; out-of-equilibrium effects.
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Summary and outlook

B Nonequilibrium QFT (CTP + 2PI) gives a unifying, closed and self-consistent
framework for the wall-plasma system: all thermal, quantum and nonequilibrium
effects at a given order, with no double counting.

B The condensate EoM gains a non-local self-energy, whose imaginary part is a genuine
dissipative friction at LO in the gradients. It describes the momentum-exchanging
processes between wall and plasma, e.g. particle production, unifying the kinetic and
kick pictures.

Ongoing: implementing this approach into WallGo [Ekstedt et al. '24] for numerical
wall-velocity predictions; general friction bounds; out-of-equilibrium effects.

THANK YOU

arXiv:2504.13725
+ upcoming work
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BACK-UP SLIDES
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(some) Sources of friction in the kick picture

Vy

(@) #0

o !
p',m,

(@) =0

- - >-">
Mass gain Mixing Particle production
Captured by kinetic pic ~ log~,, for scalars

~ 7. for gauge bosons
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The ultrarelativistic regime

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

Pl gzngz log YTl f\]; 0.2
ST 24 % 3272 21 Lyym? =2
>
which approaches the result from the kick N@ 0.1
picture. 3
Similarly, we show in our work that particle <M
mixing and transition radiation are also 0.t

captured within this framework.

—#— Numeric

""" Analytic

1 10 100 1000 10000

Yw
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Dramatic consequences!

ivi runaway v, 1
= driving pressure 1 way Uy —

= friction local

= friction non-local

terminal v,

terminal
w

5

L L L L L L

local

non-local

Yw t

Evolution of a rigid tanh-wall with L = 1/T =1, g = 3, v = 2, AV = 0.005 and Am?5 = 0.05.

In a region of parameter space, neglecting the non-local self-energy (i.e. particle production)
can mischaracterise whether a wall accelerates indefinitely or reaches a terminal velocity.
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Entropy production in local thermal equilibrium

[Ai, Laurent, Van de Vis '23]: the dissipative friction (total minus the hydrodynamic obstruction) is
proportional to the entropy production As.

inLTE: 6f =0 = As=0 = friction vanishes = upper bound on v,
But this rests on the incomplete EoM. With the new term
As o Pdissipative + Pvcrtcx
——— ~——
xdf=0inLTE  #0inLTE!

» entropy production does not vanish in LTE
» the LTE upper bound on v,, must be revisited
» dissipative effects are captured already in LTE, at LO in the gradients
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Identifying sources of friction
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Identifying 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
/UIU
- @
<
Ly,
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Identifying sources of friction

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

0 2 m2
/ dzdw<z>((fz2¢<z>+v'<so<z>,T>+ e s+ [ dz'wR<z,z’>so<z'>>=o

s dz de(z)
5 d[1/de s [oudr
P U )| = oz L =
:>/_6 S [;%4‘ (p(2), )] /_6(12’ [8T P PrLrE
AU=Privin dm?
d ® - dZ¢/1<5f(k’ Z) E,Pdissipautive
do(z
_ ﬁi ) /dZ/T('R(Z,Z,)QO(Z,)] = Poortex
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The full dynamical equations

The equations of motion are now readily obtained

0l 9pr ‘ _ 0S B 1 dm?o T( $) I o6l ’ —0

dpt(z)lpt=p=p  dp(x) 2dp(z) ’ ot () lot=¢

0l2p1 b1 b1 I
_ox2kl A%b _ ab, vt
SN (z,y) vz (#.9) =G (@ 0) + QZaAab(azy) !

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

Ling = ¢4 — il = Q@ ®@a@
L x@—@ Q W
7, < JI a
dp(z) 6Aab($ Y) (z,a) (y,b
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The self-energy

At leading order in the gradient expansion

vertexE /dd/ (7 /2 Zq |§0 ’ ( )

qz\w( *)* Im7(¢)

{lmﬁ"’(q) = —Im7f(—q), Rei(q) = Rerft(— (/)} =

2w
Introduce a heavy scalar field x in the Lagrangian
) 9.2 2
Lint D 4¢ ) mx>>m¢7T:>fo0
X 2
PRaEREN X,,
Im7"(¢*) > Im ‘\Lf = L = pair production!
\\5(-’/ X\‘
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A comment on the gradient expansion

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

small field gradients = % <1

1
Vi~ 7=, Ly =wallwidth

w
k ~ v, T = typical momentum of a particle in the wall frame

= Yol 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

Pmix/(K2 UbQ)

L, m)(2/('}’wT)

0.00331

0.0025F

0.0017F

0.00083

1. 0.1 0.01 0.001
/ —— Numeric
L I
1 10 100 1000 10000 100000
’)/U/
19
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