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Transition Parameters

e Critical and nucleation -
temperatures: 1., 1., Vet (0, Tt )

’
’

 Transition strength:
0, —0,

ST

p = O =e— %
where p is pressure,
e and w are energy and
enthalpy densities while
¢, Is sound speed in a broken
phase.
« Terminal bubble wall velocity &,




Primordial plasma

In equilibrium plasma energy-momentum tensor reads
T3" = wutu” — g"p,

where u* is the plasma four velocity.

Hydrodynamics EOMs in the shockwave are
2
v o o [pEY) 3 1N 5
2€ = ~v~(1 vﬁ)[ > 1]85?), Oew = w(l + Cz)w puoev.

with ,Ll/(fy U) — 1§_—€Uv and g — T/t

Matching conditions:
UJ_|_’}/_2|_U_|_ = w_fy%v_

wiYivE +py =w_yivZ +p_
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Solution types

Deflagration Hybrid Detonation




Local thermal equilibrium

New matching condition’

S+ UL

Entropy conserved —

In LTE &, is fixed by
e tansition strength oy '
» enthalpy ratio ¥, = «¢{In) /hsj

Net pressure on the wall

ws(Th)
e sound speed c¢s, Cp 2-

o

Pressure

|
N

NO Stable detonat|ons ] Deflagration/Hybrid Detonation
exist in LTE, only run-away -4 L

solutions with &, — 1. ~6 . . i ,
0.0 0.2 0.4 0.6 0.8 1.0
Credits: M. Zych Sw

[1] W.-Y. Ai et al. Model-independent bubble wall velocities in local thermal
equilibrium, JCAP 07 (2023), arXive: 2303.10171.



Stable LTE profile or run-away?

Real-time EOM solutions fall into two c:ategories:2
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= ) __ matching method NN . __ matching method
simulation ~ prediction simulation prediction
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0.00 0.00
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§ §
Ultrarelativistic detonation Stable deflagration/hybrid

(run-away in LTE)
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[2] T. Krajewski at al., Hydrodynamical constraints on the bubble wall velocity, _ .: ;
Phys. Rev. D., (2023), arXive:2303.18216. Plots curtesy of M. Zych. 7 UW



New matching condition
beyond LTE

Dissipation model:
Op(sut) = L (utd,¢)*.

Entropy produced in the wall

we can estimate AS as
W
AS ~ ﬁT_+7—2|—v—2|—7
_|_

nvg ., M
Bwily  3ws(Ty)Ly

7’7 —
AS = / dz%(u“auqb)?.
wall

Using the ansatz for the The new matching codition is

background field profile

~Wi 9 9
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¢(z) = % <1 — tanh (i



Implications for LTE limit

LTE limit (AS = 0)
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LTE selection rule
vs real-time simulations

Z O Qv
W (Oé97 \Ifn) %
Runaway detonation Deflagration/hybrid

Solution type in LTE

10— % ¢ dynamic runaway
e dynamic defl. /hybrid

o no detonation branch

107° . I I
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Summary

* Quantitative study of first-order phase transitions requires
the computation of &,,.

* The stationary wall velocity is determined by the entropy
balance across the wall.

* |In some cases, multiple stationary states can coexist, and
one must perform real-time simulations to determine &,,.

* In the local thermal equilibrium limit, the system

preferentially converges to the fastest available solution.
The slow deflagration/hybrid shock waves form if no

stable detonation branch exists.



Cross-check with the real-time
lattice simulations

Benchmark 1 (xSM) Benchmark 2 (xSM)
1.0 A deflagrations 1.0 + x detonations deflagrations
— exact — exact — exact

o approx “ approx “ approx

0.8 - % hydrodynamic simulations 0.8 - % hydrodynamic simulations
0.6
0.4 -
0.2
N ok k... i oS 0.0
1072 1071 10° 10! 102 10~2 107! 10° 10! 102
n/Te n/Te
Only deflagration/hybrid Deflagration/hybrid and
branch in LTE detonation branch coexist
in LTE _ _.



Wall velocity beyond LTE

Ballistic

=095 -~ limit
—

_El 3 /y
10_1 2 sl S Ove\ocﬁy gaP
E no 7 —
13 #,..-—5',9'/‘0‘;'/
S e 2 é 0.999 0'9999/
10 E e
1 =
4
10 3 ‘ £y o> 1 LTE
10-5 4 i I | limit
1072 aLTe Qlcrit 10~*
8%
2
- T Uy
77 ~




Effective dissipation model

Dissipative friction is often Cross-check with WallGo®
modelled with ansatz
x10°

.F — 77 U’ua'u¢, 2.0 - — ;Vall;}oiriction
where 7 is a constant. o T
Assuming that % 0

8 T,Lu/ (9 T,Lu/ 0.5

0.0

one obtains the entropy rate o ° 0 ;

[3] A. Ekstedt et al., How fast does the WallGo? A package for computing
velocities in first-order phase transitions, arXive: 2411.04970.



Estimation of the Wall Width

T’/TC x \/S(’_Vb e ZZV Cosmotr. & =
0.7 I_ 10t 0.5
0.6 - NP — .
T 0.5+ - 10° I>0.3— g e s —
e 0.4 i = 05
O, A 0.2 - g
0.3 - - 1071 G /
= o \ ~ 0.1+
A VS S —— == WAk e e n kaw *
0.1 I I T T l 102 0.0 ' ' I I
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t/tmax Ly [GeV™Y]
Evolution of the wall width L, Different analytical
in the real-time estimations of L,
hydrodynamic simulations in LTE limit
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Scalar field dynamics

The EOM of the scalar field in the bubble wall reads

oV (o) dm? d>p -
qu_l_ a¢ +Z: d¢ (27T)32E7, (feq. _|_5f7,) =0

V(b T dm2 B35

|:| =
e, io | @, i =0
d¢
dz—
/Wall dz
Backreaction Dissipative friction
(’ﬂ/eﬂ: dl’ d>p
AV,
/Wall Qi Z/ 2’7'(' 32E 5f fo
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Equilibrium interactions

The equations of state Stress-energy tensors read
relate plasma to scalar field T = wuu” + pgh”,
p=— eff(¢, T)7 .

TL = 010" ¢ — 5 g" 0% $dag.
which also implies 2

B TdVeﬂ:(gb, T) The energy-momentum
A AT conservation
dVeg (@, T y ,  OVp
e = ‘/eff(¢’ T) — T d(T ) a,UJT;; — —8MT€J — a—;a ¢’

VT(¢7 T) — ‘/eff(¢7 T) _ V(¢)

Common temperature couples background field
and plasamal! N
F..
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Out-of-equilibrium
interactions

The 0 f“ can be computed by solving Boltzmann equations
L. [foq + 01 = —C[of°]

where C is a collision term and Lruy. = p"0, + 5(9,m2)dpn.

Exact solutions:
» Local thermal equilibrium (C — oo, §f% = 0)
+ Ballistic limit (C' — 0, 6 f* > f& )

Approximate methods:
Fluid ansatz, relaxation time approxmation, ect. B j;;
/’/; Uw



Nucleation

New phase bubbles nucleate
at a rate

I'= A(T) GXp(—%),
where
AT) =T (35) 7

while S5 is an O(3)-symmetric
solution to equation of motion
(EOM).

Nucleation criterium:

(T, /H e
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