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The aim:

Clarify how expanding bubbles in first-order phase transitions experience friction-
like forces even in local equilibrium, as opposed to common assumptions

The novelty:

We relate previous results in the literature and provide a new understanding in terms
of entropy conservation

We illustrate the effect for detonations in the wall frame, for which the friction
decreases with the wall velocity

We confirm directly the friction effect by studying time-dependent solutions, and relate
local friction to the field-dependence of enthalpy

The plan:

A puzzle in the usual understanding of bubble friction
Friction in local equilibrium from local stress-energy conservation

Carlos Tamarit



A puzzle in the usual understanding of
bubble friction



Why do we care about bubble friction?

c.f.[van de Vis]'s talk

* Bubble dynamics in a 1*t order phase transition associated with relevant physics:
Colliding bubbles can produce gravitational waves

Out-of-equilibrium transport of particles across a bubble wall can
generate baryon number (electroweak baryogenesis)

» If there is friction, bubbles may reach a constant terminal velocity as oppossed to
runaway behaviour

» The size of the velocity can have a crucial impact on the physics!

Large velocities good for gravitational waves, usually bad for
baryogenesis
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Vacuum bubbles
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Vacuum bubbles
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Vacuum bubbles
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Vacuum bubbles

* |n the vacuum, the scalar equation of motion is:

IV (e)

=0
0¢

Lo +

* Lorentz invariance of equation allows for bubble solutions invariant under boosts:

O(T,t) = d(a?) = ¢(t* — %)

« A bubble front with ¢ = const is localized at t* — RZ ;. = const’

Rpubble = \/t2 — COIlSt’2

Uniformely accelerated motion, approaching asymptotically the speed of light
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Bubbles in a plasma

* Energy considerations have to be based on the free-energy density

Z[T = 1/8) = Tr(e™PH) = ¢=PF = =8V

e Finite T field theory relates free-energy in background ¢ to effective potential

Z[(/gy T = Z(Vacuum diagrams) = e~ BVVr($,T)

 Thermodynamics relates free-energy density to pressure

F -
dF = SdT'— pdV = f = or = —p=Vp(¢,T)
oV |

dU = TdS — pdV
F=U-TS
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Bubbles in a plasma

thermal hopping
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Bubbles in a plasma

gb—|— ) T = Tnuc

Vr(¢py, T) — Vp(¢—,T) ~ —Ap >0 Accelerated expansion in equilibrium?

Adding fluid dynamics (dynamic fluid velocity v and temperature T),

there are two main expansion modes
Carlos Tamarit



Bubble hydrodynamics: deflagration

<¢> — 07 T = Tnuc
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Bubble hydrodynamics: detonation
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Friction from beyond-equilibrium effects

* The usual treatment is based on the scalar equation of motion, averaged in plasma

O¢ +

[Prokopec-Moore ’95]

oV (o) dm? d>p
55 T2 a4 | Gk

e For particles in equilibrium one recovers the finite T effective potential
filp,z) = f;*(p) + 6 fi(p, )

oVr(o,T) dm? d>p
90 +2. is | @n2E

ng—F 5fi(p7x) =0

)

Friction effect from deviations of equilibrium

Carlos Tamarit
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Friction force per unit area

2 3
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Friction force per unit area

do Vi (6,T) dm? Pp

7

):0
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Friction force per unit area

deb OV (6, T) dm? [ d%p
Q/Q&——-<D¢ 5+ | )%Hgafxp,>> 0

(In the static wall frame)

d°p
AVy = - 2/@ sy i)
. Friction per unit area, out of eq.
Driving force [Bodeker-Moore]

Carlos Tamarit
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Is there friction in equilibrium?

* |n a finite-temperature medium in equilibrium, the scalar equation of motion is:

aVT(¢7 T)

By =0

Lo +

Still looks Lorentz invariant at first sight no friction naively expected

» For friction to appear, one generally expects terms of the form:

aVT(¢> T)

Lo + 90

+nut0,¢ =0

“background” wu* breaks Lorentz invariance friction possible

Carlos Tamarit
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... but there seems to be friction with 7 =0

Phenomenological friction term
8VT(¢, T)
0

[Ignatius, Kajantie, Kurki-Suonio, Laine ‘93] | [Espinosa, Konstandin, No, Servant “10]
g, (deflagrations)

Oo + +nut0,¢ =0
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Subluminal velocity for deflagrations without friction?

Carlos Tamarit
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Friction in local equilibrium
[Konstandin, No “10]

e First direct study of bubble velocity in local equilibrium

e Subluminal velocities as a result of hydrodynamic equations causing the fluid to
heat up in front of the bubbles, which reduces driving force

o Effect thought to happen only in deflagrations

Carlos Tamarit
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More friction in local equilibrium

[Barroso Mancha, Prokopec, Swiezewska ‘20]

e Stress-energy conservation plus Lorentz invariance, away from bubble wall

U

Tplasma — (p + p)uuuv - in

Fi
—Ap+AVy = (42 — 1)TAs = Zf

= Tsulu” — pnt”

5" ="V (¢)

(ATZ) + (AT ) =0 Driving force Friction

plasma

* No distinction between detonations and deflagrations

e Friction grows with v,,: no runaway behaviour

 Emphasized that bath of d.o.f. in local equilibrium lead to larger friction

Carlos Tamarit
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Questions addressed in this talk

* |s the hydrodynamic obstruction of [Konstandin, No] the same effect as
the equilibrium friction force of [Barroso Mancha, Prokopec, Swiezewska] ?

* If so, can one extend results of [Konstandin, No] to detonations?

e Does the equilibrium friction force really grow with Y«» and prevent
runaways?

 Where is friction encoded in the time-dependent, differential equations
for the scalar and plasma?

 What is wrong with the derivation in the beginning linking friction to
out-of-equilibrium effects?

Carlos Tamarit 18



Friction in equilibrium from local
stress-energy conservation

Carlos Tamarit



It is all about pressure

* Pressure free-energy density finite T corrections to potential

p=—-ArV =—(Vr(¢,T) - V(9))

e Calculable in arbitrary model from finite 7 field theory

1
Vr(¢,T) = WTLL

Carlos Tamarit
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Everything follows from thermal potential

» Standard thermodynamical identities relate entropy/enthalpy to pressure/ V+

__oFr 4 OF
dF = SdT — pdV P="%y =7
S:a_s I A ) )
—ov|, ovar  9Tov T
oU Op
dU = TdS — pdV = | =Ts—p=T—-—= —
P £ oV |1 o p ar
wzp—l—psz:Tg—?

e Matches direct computations of {(T'*”) [Barroso Mancha, Prokopec, Swiezewska]

Carlos Tamarit 21



Hydrodynamic + scalar effects

e Planar wall, static frame with bubble propagating in z+ direction, v = v~®.

% QbZQb_, ¢:¢+7

= T=T_, T="T,,

= v=v_, v =10y,

-

_92 p=Dp- T—7¢—)7 p:p+(T—i—7¢—|—)a

2 p=p-(T-,¢-) p=p+(T, o4)
bubble wall,
changing ¢

 Computed from the thermal potential, which fixes equation of state!

Carlos Tamarit
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symmetric phase
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Hydrodynamic + scalar effects

7 plasma/scalar unknowns: Uy, v4+,v—, 14, T ¢4, ¢

4 constraints from boundary conditions:
fluid at rest far from the bubble: fixes Vw from v+, V—
T matches T... far from the bubble

¢ settles to minima of potential far in front or far behind bubble

2 matching conditions from stress-energy conservation 8,77 = 0, 3,T°* = 0

1 e.om. scalar field Solvable system!

VU Calculable

Carlos Tamarit 23



Local stress-energy conservation

TH = TUY 4 T
1
71 =060 — i ( 30,00~ V(9) )
T = (p+plutu! —n"p = wuru! —n*p

v, TH =
a o aVT(¢7T) .
06+ 55 (V(9)-1) =0, g+ =8 =0
O (wuru” — n“”p)—kg—];@”(b =0.

[Ignatius, Kajantie, Kurki-Suonio, Laine ‘93]

Carlos Tamarit
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Planar wall frame

Assuming stationary regime in the wall frame 2% =

~6"(2) + 5 (V6. 7)) =0
2 9 1 / 2 —
wy“vT + 2 (¢'(2)) Vr(¢,T) =c1, Also solved in [Konstandin, NO]

w72v =9, cf [Espinosa, Konstandin, No, Servant]
From the second equation, comparing 2 sides of the wall where ¢’ =0

AVr(¢,T) = —Ap + AV(¢) = A(wy?v?) = A((4% — 1)Ts) = FZf

Friction force of [Barroso Mancha, Prokopec, Swiezewska] recovered when assuming
constant v, I’ across wall

Same effect as hydrodynamic obstruction of [Konstandin, NO]

Carlos Tamarit 25



The friction of [Barroso Mancha, Prokopec, Swiezewska] and the hydrodynamic
backreaction effect of [Konstandin, No] can be recovered from the same equations

Both effects are the same phenomenon!

Expect hydrodynamic backreaction for detonations

Carlos Tamarit
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Reduction to single scalar equation

1) a
—¢"(2) + 8_¢(VT(¢’ T)) =0,

P+ 5 (@)~ Va0, T) =en,

wy3v = o,

Carlos Tamarit

T :T(Cl7 C2, ¢7 qsl) — T(’U_|_,T_|_, ¢7 qsl),
v :U(01702,¢, qbl) — (,U+7T+7¢’ ¢/)’
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Reduction to single scalar equation

0

—Qb//(Z) + 8_¢(VT(¢’ T)) :Oa
wy?v? + % (¢'(2))? = V(¢ T) =4, T =T(c1,c2,¢,9") = T(v4, T4, 8, 4"),
2 v :U(Cl7627¢7 ¢/) — (U+aT—l-7¢7 ¢/)7
w7y v = C2,
J - /
_¢//(Z) + a_¢v(¢aT(/U+7T+7¢7¢ ) = 0

[Ignatius, Kajantie, Kurki-Suonio, Laine]

Carlos Tamarit 27



Reduction to single scalar equation

7 0
—¢"(2) + %(VT(¢,T)) =0,

W0+ 2 ( () — V(6 T) = e, T =T(c1,c2,¢,¢") = T(v4, T4, 6,9"),

2 / /
= o, ¢) = (vy, Ty, b, ¢
72/0 Cs, (V) ’U(C]_,CQ, . ) ('U , s @, ),

0 -~
—qb//(Z) + 8—¢V(¢,T(U+,T+, gba gb,) =0

pseudopotential [lgnatius, Kajantie, Kurki-Suonio, Laine]

4 conditions = unique solution
6(2) = 61,9/ (2) = 0, z— o0

In (-) phase, field goes to a minimum [Konstandin, No] ¢"(z) = 0, 2z — —oo0,

Temperature matches T;,,. farin front of bubble

Carlos Tamarit
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Carlos Tamarit

Conservation of entropy current

v 124 8p v
(@L(WU“U —n*'p) + 8_¢a ¢) =0

28
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Conservation of entropy current

Uy (Ou(wu“u’/ —nHp) + g—z(‘?”qb) =0

28



Conservation of entropy current

Uy (Oﬂ(wu“u’/ —nHp) + @8”¢) — 0

010
U U;V :]. v ap v
v ’ Op(wut) —u,0"p 4+ uy, == 0”9 =0
u,0,u” =0 0

Carlos Tamarit

28



Conservation of entropy current

Uy (Oﬂ(wu“u’/ —nHp) + @8”¢) — 0

010
U U;V :]. v ap v
v ’ Op(wut) — u,0"p + uy, == 0”9 = 0
u,0,u” =0 0

Carlos Tamarit

Ip ., Ip .,
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Conservation of entropy current

Uy (Oﬂ(wu“u’/ —nHp) + @8”¢) — 0

010
U UV :]. v ap v
v ’ Op(wut) — u,0"p + uy, == 0”9 = 0
u,0,u” =0 0

Ip ., Ip .,

Op(wu') — u,,@ 0"T =0

Carlos Tamarit
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Conservation of entropy current

Uy <8H(wu“u’/ —nHp) + @8”¢) — 0

¢
U UV — ]. v ap v
v ’ Op(wut) — u,0"p + uy, == 0”9 = 0
u,0,u” =0 O
op ., op .,
op .,
Op(wu') — Uy 5 0"T =0
w=17Ts,
Ap Ou(Tsut) —u,sO"'T =0=T0,(us) =0 entropy current
g = £
oT

Carlos Tamarit



Total entropy conservation

Integrate over spatial volume with fluid at rest at the boundary:

d d

— _ — 3 — 3 _ — 3 . g —
dtS o d’xys /d x 0 (7y5s) /d x0;(u's) =0

Entropy density dominated by relativistic degrees of freedom

272
SR
VTR

Phase transition makes some d.o.f heavy: local decrease in entropy density

This has to be compensated by a heating effect in front or behind the bubble wall

Heating reduces net driving force leading to an effective friction

Connection to [Konstandin, No], but should also apply to detonations

Carlos Tamarit 29
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The backreaction force can be understood physically
from the conservation of the total entropy

Should apply for both deflagrations and detonations

Entropy conservation can be seen as a new

matching condition across bubble wall
(not independent from scalar e.0.m)

c.f. [Vanvlasselaer]'s talk

30



Example model

SM extension by NV additional complex singlets allowing for first order phase
transition for the Higgs
A

A
£ —my®T0 — 2(212)? —mixTx — TL0M)* = Am @ exTy .

Higgs Extra scalars

* Pressure from thermal corrections to potential in high- 7 expansion
p(h,T) =

T 2 3¢2 3¢2 A N ; 2 Nm?
: (g*,SM+2N)—T2<h2(y—b+ﬂ+ﬁ+§+ Hx+y—t)+mﬂ+ x

90 8 160 32 24 8

T (3, 4 3B (3¢ )\ 2 N\ smea N\
‘ﬁ(‘ﬂgzh)‘?(?*% Syt ) Ty

h2)\H , 3/2
—QN( 5 X —I—mx>

Carlos Tamarit
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Computations in wall frame: deflagrations

Family of solutions without necessarily imposing ¢”(z) =+ 0, 2z — —c0

Friction force grows with velocity

Physical case with ¢”(—o0) — 0 corresponds to right endpoint of curves

Carlos Tamarit
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Detonations: no growth of force with v,

We confirm that the backreaction also works for detonations

Backreaction force vs. velocity for detonations

0304 @
0.25—3 *
_\ﬁgO.QO ! ® F
<o ? jCk = A((% = 1)Ts) # (72 — 1)TAs
ié0.10
| -07|365' - '07:136' - '0.7|502' - '07;359' - '07(|501
m2 N
N=2 —2 =25 \,=0.085 decreasing Amy,0.95> \g,, > 0.75
myy

We have found that the friction force can deviate from [Barroso Mancha et al] by a large factor

Carlos Tamarit 33



Carlos Tamarit

Backreaction exists for detonations

While backreaction force grows with v for deflagrations,
it decreases in the case of detonations

Backreaction force not guaranteed to prevent runaways
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Time-dependent solutions

* So far, we reasoned in the static wall frame and computed friction forces by
integrating across the wall

Where is the friction-like behaviour coming from in the
local, time-dependent differential equations?

* To see it we solve time-dependent equations assuming spherical symmetry

2 1 2 0VT(¢,T)
O+ OVr (¢, T) 0 Oy — —28r(7" Or¢) + B
8 9
8}? O (wy?) + (9 (r?wy?v) — S—T T =
Op(wu'u” —n""p) + ¢8V¢:0 , , p
O¢ (wy )—|— 8(rw’yv) 8TaT

Carlos Tamarit

=0,

0,

0.
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Time-dependent deflagrations

O 1 o 2 = -
0.7t _.-="1Ignoring Ow _ 9(T's)
e e ] ¢ ol
0.6¢ g 1 Accelerated expansion
I 0.5¢F ,«/’ -
0.4;‘ ’,¢’ _
0.3 P 3 | dw  O(Ts)
0.2f~o--"""____— : Accounting for 9% = 50
01k I .
0 10 20 30 40 50 Friction-like behaviour!
t mw
m2
N =4, —2 =0.0625, X, =0.085, A, =0.85

My

e Obtained with neural network pre-trained with Mathematica solution

Carlos Tamarit

36



Time-dependent deflagrations

Carlos Tamarit
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Friction-like behaviour can be traced back to the
field-dependence of the enthalpy

Such dependence is ignored if one uses only
the leading term in the high-T expansion!

[Equivalently, if using “bag equation of state”
with constant coefficients]

38



Revisiting the friction force per unit area

3VT (Qb, T) dm? d3p }
<D¢ " 0¢ i ; do (27)32E; 0fi(p, 33‘)) =0

Carlos Tamarit
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Revisiting the friction force per unit area

/ 022 <D¢+ Wrlo.T) | g~dmi [ dp 6fi<p,as>> =0

dz O dp | (2m)32E;

Carlos Tamarit
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Revisiting the friction force per unit area

[ a5 <D¢+ NrloT) s do [P 5fz-(p,:c>> =0

dz 0¢ do (2m)32F;

dVT((b, Z) . 8VT(¢, T) dl’
dz oT dz

Carlos Tamarit
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Revisiting the friction force per unit area

d¢ OV (e, T) dm? d*p B
/dzd—<m¢ Tl g Mip. >>—0

dVT<(b, Z) (’9VT(¢, T) dT

dz B oT dz
oV ( gb, dT d>p
AVr :/dz Z/d¢ )32E Sfi(p, )
Driving force Hydrodynamic backreaction Friction per unit area, out of eq.

[Bodeker-Moore]

[Ignatius et al] [Espinosa et al] [Konstandin-No]

Absorbed hydro backreaction into driving force

Carlos Tamarit 42



Revisiting the friction force per unit area

The hydrodynamic backreaction coincides with our previous expression Aw~y?v?

wy?v? + 5 (¢ (2))* = Vr(9.T) = c, —%ﬁ + 0,0 0%¢ + di(w72v2) =0
Z Z
oVr
D¢+8—§b:0 _8VT ¢—8VT8T 8VT
8o ¥ aT By
or 1 = ;@)

Frack oVr(¢,T) dT' d 2 2y _ 2.2\ _ 2
T - /dz 5T = /dz%(w’y v?) = Alwy“v?) = A(Ts(v* — 1))

Carlos Tamarit
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Revisiting the friction force per unit area

Balance of forces in local equilibrium T gradient across wall

Stress-energy + entropy conservation + T gradient v gradient across wall

Tk A(Ts(y? 1)) # (7~ 1A(Ts)

The 7° growth of the friction force is not guaranteed, as seen in detonations

Carlos Tamarit 44



When does local equilibrium apply?

* Local equilibrium applies for d.o.f. with mean scattering rates << wall length

Can be checked!

e Even if not all d.o.f. reach local equilibrium, some of then will do and contribute to
the hydrodynamic backreaction

 The hydrodynamic backreaction from equilibrated d.o.f. leads considered on its

own leads to upper bounds for v,, (out-of-equilibrium effects contribute
additional friction)

Carlos Tamarit
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Conclusions



Even in local equilibrium, there is a non-dissipative, friction-like backreaction effect

This effect is behind the runaway obstruction of [Konstandin, No] and the friction force
of [Barroso Mancha, Prokopec, Swiezewska]

We provided an intuitive understanding based on entropy conservation

By solving the time-dependent equations for bubble propagation, we showed that the
backreaction is generated locally by the field-derivatives of the enthalpy

We showed that, as expected from the results of [Barroso Mancha et et al], the
backreaction exists for detonations

Friction force departs from v scaling (and decreases with v,, for detonations) due
changes of v, 1" across the bubble. Runaways not necessarily prevented!

Carlos Tamarit
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Thank youl!
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