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The coupled system

Coupled system: Scalar background
[Moore & Prokopec '95]
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The coupled system

Coupled system: Scalar background +
[Moore & Prokopec '95]
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The coupled system

Coupled system: Scalar background +
[Moore & Prokopec '95]
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LTE [Mancha, Prokopec & Swiezewska '20; Balaji,
Spannowsky & Tamarit '20; WA, Garbrecht
& Tamarit '21; WA, Laurent & van de Vis '23]

Two simple limits Yw —> OO [Bodeker & Moore 09, '17; Hoeche etl. '20;
DifﬁCU”: to solve' ; Azatove & Vanvlasselaer '20; Gouttenoire,

Taking fi(p, z) = f{*(p,z) + d fi(p,x) , we have
2 3
0o+ ZAGT) 5 Imi6) [ &P 500

0o do 2m)32F;
(equilibrium) (out-of-equilibrium)
‘—» dissipative friction

Conventional understanding: finite wall velocities require non-vanishing dissipative
friction; not true! 6



Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has

do  OVeg(o, T) dm?(¢) / d*p
— _ L O : g o 0
/dz dz (D@ T 0] T ZZ: do (2m)32F; filp, )




Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has
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Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has
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Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has
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Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has

do Vet (9, T) dm; () d’p . _
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driving force backreaction force
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Forces on the wall

Multiplying the EoM by d¢/dz, and integrating over z, one has

do OVerr (0, T) dm;(¢) Ly - S B
/dZE (%+ 150) +Zi: do / (2m)32F; Ofi(p’j:)) e

L/ 46 Va1 /dz(d%ﬂamﬂd_r)_mﬁfdzmﬂd_tr

dz dz JdT dz JT dz
OVeg AT dm d>p
A eff — ; i 3
P AV / aT dz Z / ué f Gr2E, (p} @)

/ \

driving force backreaction force

Flais / OV dT Z / d7d¢ dm?( s o)
A oT dz dz (27)32E, S bhip.a

In thermal equilibrium: backreaction force does NOT necessarily vanish if
the temperature is not constant across the bubble wall!

[lgnatius, Kajantie, Kurki-Suonio & Laine '94; Espinosa, Konstandin, No & Servant '10; Konstandin & No '11]
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Two well-known matching conditions

Two well-known matching conditions:
2 2
WYLy = w_y-v_
2 2 2 2
WY1 V3 + P+ = W-_Y_U_ + P

From the second condition, one can identify
(recallw = T's,v* — 1 = v*v?)

F ressure F)a(: ¢ L
P = —Ap, [ Pk — A{(7? - 1)7,9}J

A

(thermal equilibrium)
[Balaji, Spannowsky & Tamarit '21]

ut(2) = v(2)(1,0,0, —v(2))
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Two well-known matching conditions:
2 2
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From the second condition, one can identify — 11+
(recallw = T's,v* — 1 = v*v?)
F ressure F Dac ; I B . — " ;
P A = —A[)q [ 141( —_— A{ (’“}/2 — 1)13}} U (3) — 7(4)(1:050:_1,(3))

(thermal equilibrium)
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If one assumes constant temperature and fluid velocity, one would have
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Two well-known matching conditions

Two well-known matching conditions:
2 2
WYLy = w_y-v_

Wiivi +py = w_yivl +po
—11+

From the second condition, one can identify

(recallw = T's,7* — 1 = v*0?)
Fpl‘essure - —Ap1 [chzk _ A{ ({_}/2 o 1)15}] ut(z) = (2)(1,0,0, —v(2))

A
(thermal equilibrium)
[Balaji, Spannowsky & Tamarit '21]

If one assumes constant temperature and fluid velocity, one would have
F}- — ?
e (,, 2 _ ]‘)'_’[A,q [Mancha & Prokopec & Bogumila "20]

lw

However, as we showed, the temperature cannot be constant for nonvanishing

backreaction force in LTE!



Argument from entropy conservation

In local thermal equilibrium, we have [Hindmarsh, Liben, Lumma & Pauly '20]
oSt =0,(su”) =0 = s(2)y(2)v(z) = const

sz 1= 72,02
Fi Frac
jck _ A{(’Y2 ~1)Ts} = ljélk = const x A{yvT}

Further, dividing wyv = const by s(z)v(z)v(z) = const

v(2)T(z) = const

)
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Argument from entropy conservation

In local thermal equilibrium, we have [Hindmarsh, Liben, Lumma & Pauly "20]
oSt =0,(su”) =0 = s(2)y(2)v(z) = const
,Yz 1= ,szz

u Rk~ Al - 1)Ts} = F‘j"k — const x A{yvT}

Further, dividing w~y*v = const by s(z)y(z)v(z) = const

v(2)T(z) = const

A bonus: a new matching condition in LTE!

[7+T+ =y J ] [WA, Garbrecht & Tamarit '21]

We will use this new matching condition
to determine the wall velocity in LTE

)
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General logic

Three matching conditions:
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General logic

Three matching conditions:

w_|_’)/_2'_"0_|_ = (U_’)/E’U_
wiYivE + Py =w_y2v? +p_
Y+ 1 = v-1-

Most general equation of state:

1
ps(T+) = ga+(T4) Ti+er(Ty),

pu(T) = %a_(T_) T= e (70,

Three hydrodynamic quantities:

(%a T—: Uy, U—)

can be related to the
nucleation temperature 11,

1
ps(T) = ga+(T+) T; — ey (Ty),

po(T) = %a_(T_) i e )
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General logic

Three matching conditions:

2 2
WiYivy = w_yZv_

wiYivE + Py =w_y2v? +p_

Y+ 1 = v-1-

Most general equation of state:

1
ps(T+) = ga+(T4) Ti+er(Ty),

1

pu(T) = ga_(T_) T= e (70,

Three hydrodynamic quantities:

(%a T—: Uy, U—)

can be related to the
nucleation temperature 11,

1
ps(T) = ga+(T+) T; — ey (Ty),

po(T) = %a_(T_) i e )

However, the temperature-dependence in the “bag parameters” makes it
impossible to carry out (particle physics) model-independent analysis.

Ae

For example:

mmm) Simplifications: 1 bag model;

a4+ T_?_

depends also on T

2 constant sound speeds (template model) 22



Bag model

The bag equation of state: assume no temperature dependence in all the “bag

parameters”
1 —(1—=3ay)r
Vi =
* )7 Ae a; T}

First two matching where o, = ' P
conditions =) vy 3+ (1—3ay)r i a.Td '’ I

vU_ N 1+3(1 +Qf+ / i
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Bag model

The bag equation of state: assume no temperature dependence in all the “bag
parameters”

First two matching
conditions ) Vg

v 1+ 3(1+ ay)r

1
2
Vy = 1+3*U_i\/1+6(60f:i+4a+—1)v2_+9@i
6(1+oy)v-

I
0.8~ Z::],s 5_._‘;_—-1;\0 _

W ---- o-01 &@G,»-

— o =001
0.6 al=0 B
o 1 [Espinosa, Konstandin, No & Servant ’10]
0.4} 4 - -
0.2+ - e
deflagrations
N P o
0 0.2 0.4 0.6 0.8 1 24



Solutions in the bag model

Detonations: ‘ T, = Thuc
Ae
X =N =
a’"f‘TIéllLIC

0.9

08}

= 0.85} [Espinosa, Konstandin, No & Servant '10]

. o AF = (p- —py)lp.. > 0= an > (1—b)/3=0.05

06f

0.060 0.062 0.064 0.066 0.068

anN

[amln ~ 0.059, Omax ~ 0-07]
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Solutions in the bag model

Y. = Uy

_ 0 Need torelate?’,, x4 to T,,,cand a
Deflagrations:

) Ol

)
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Solutions in the bag model

Y = Ui
_ 0 Need torelate?’,, x4 to T,,,cand a
Deflagrations:
i - : Foray > o/, , no solutions exist for
o8] | either deflagrations or detonations
0.4 ﬂ
-~ 03

02| Runaway foray > o). and in LTE,
0.1: .
s APPSR Need to consider nonequilibrium

0.050 0.055 0.060 0.065 0.070 0.075 0.080

effects

(i A 0.0500061, o, A 0.0789645)] .



Constant sound speeds (the template model)

<

Assume constant sound speeds, one has [Leitao & Megevand '14; Giese, Konstandin & van de Vis 20 ]
1 1

e.s(T) — ga-l—(lu’ T 1)T# +E ’ pS(T) — ga’—l—Tﬂ — £,
1 1
a1 = ga_(y - 1T, p(T) = §(’LTV'
1 1
where p=1+—-, v=1+—
Cs Gy
. TDUC
=) new hydrodynamic parameters: (,v, ¥, = <b(Tuc) )
WS(Tnuc)

[WA, Laurent & van de Vis '23]
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Constant sound speeds (the template model)

Assume constant sound speeds, one has [Leitao & Megevand '14; Giese, Konstandin & van de Vis 20 ]
1 1

<

e.s(T) — ga-l—(lu’ T 1)T# +E ’ pS(T) — ga’—l—Tﬂ — £,
1 1
a1 = ga_(y - 1T, p(T) = §(’LTV'
=] =J! L
where p =1+ 2’ H=2w A = Can be understood as a

) wb(Tnuc) generalization of the
|:> new hydrodynamic parameters: (p,v, ¥V, = ———=) parameter |
WS(Tnuc)

[WA, Laurent & van de Vis '23]
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WYn

Constant sound speeds (the template model)

Assume constant sound speeds, one has [Leitao & Megevand "14; Giese, Konstandin & van de Vis 20 |
1 1

es(T') = §G+(M — I e ; ps(T) = §@+T“ —€,
1 1
ep(1") = ga_(y — )T, Pl = ga_T”.
1 |
where p=1+ c_g , v=1+ c_g = Can be understood as a

wi(Tue) generalization of the

‘ new hydrodynamic parameters: (p,v, V¥V, = ) parameter })

S(TDUC)

0.549

0.91 Gy > AR 0.543

0.537

0.8 1 0.531
E 0.525 =

071 & 0.519

D 0.513

b = 0.507

2 0.501

0.5~ — 0.495

0.2 0.4 0.6 0.8
an
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Fit foru =4, v =4

: 1/p
i = (1EmP + lesienye)

where

3o, + 0, — 1 :
low _ n n high __ 1 —

with @ = 0.2233,b = 1.704,p = —3.433

100— (/’////I‘
10—1_ [,
2
(YW
— Y=0.99
102 - Y=0.95
— ¥=09
— V=07
— W=0.5
. T
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Conclusions

4

There can be an effective friction in LTE, but non-constant plasma
temperature across the bubble wall is a necessary condition

There is a new matching condition for the plasma hydrodynamic
quantities in LTE v+ 1 = y_1_

The new matching condition can be used to fully determine the wall
velocity in LTE (only deflagration and hybrid solutions are “relevant”)

For 1 = 4, v = 4, we provided a fit formula for the wall velocity
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Conclusions

4

There can be an effective friction in LTE, but non-constant plasma
temperature across the bubble wall is a necessary condition

There is a new matching condition for the plasma hydrodynamic
quantities in LTE v+ 1 = y_1_

The new matching condition can be used to fully determine the wall
velocity in LTE (only deflagration and hybrid solutions are “relevant”)

For 1 = 4, v = 4, we provided a fit formula for the wall velocity

T'nank you
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Backup slides



Detonations: equations

Vy = Uy
—> T, =T R
€
AL = N =
i N a—I-Trélluc
Uy > Cs
1 —(1—3an)r
Uwv__3—3(1—|-a )fr_\ 1
N e [1 —3ay +3(1 + an)vs, + /(1 — 3an + 3(1 + an)v2)? — 1202
Vw 3+ (1 —3an)r ] 6V,
v 14+3(1+an)r 4
(22) b+3(1+aw) .
quJTnuc — ’Y—T— U = Uy 4 Where b —_
k ’Y—w) b‘|‘(1—3(IN) at
a T4 y—
r = + L nuc ]

a_ T4
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Detonations: numerical results

e T —————

(b=10.85)

| AF = (p— —py)lp.. >0=ay > (1-b)/3=0.05

0.060 0.062 0.064 0.066 0.068
(&%

[@min = 0.059, amax =~ 0.07]
Balance of the forces:

- oy = 0.0 = oy = o ay = 0.06

wir=0.2 meiemi= ay=04 === ay=06 ay =0.065 = ay =0mx ™ ay =0.075
5,
a4 S £ 1
< 2 s TR R ‘
< ............ P !
1 L 4 |8
[ ‘ ‘ ‘ ‘ ) L ‘ o 4 0.90;



Deflagrations

Y. = D

 Need torelateT’, , v toT,,candavy

4 4
- BKe A el g
T 4 - 4 — BN
Uw < CS (l;_ a+ q . Tnuc )
CLnuc’ T

|

profile away from the bubble wall

the shock-wave front

« Solve the fluid velocity and temperature

« Make use of the matching conditions for



Deflagrations: numerical results

1 0y
| i S B g 0.6F
0.98} 1 05k
096} 1 0.4f
. i
0.94F
& , 5 03
B 092 [
0.2
0.90 i
0.88f 0
0.86 | . . . ‘ , oo’
0.050 0.055 0.060 0.065  0.070 0.075 0.080 0050 0055 0060 0.065 0070 0.075  0.080

ay QN

[, & 0.0500061, )., = 0.0789645]

For ay > o)., , no solutions exist for either deflagrations or detonations

== Runaway for ay > ol .. andin LTE



