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First-order phase transitions

e FOPTSs can happen when a potential has several local minima
separated by a barrier,

o If the relative depth between the minima changes with 7', the true
vacuum state can change (at T'= T.) and cause a phase transition
where some fields acquire a VEV,

@ Because of the potential barrier, the phase transition does not
happen at T., but at the nucleation temperature T,, < T¢.
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Bubble nucleation

The tunneling rate is
I = Ae 53/T

where S3 is the O(3)-symmetric bounce action
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S3=47T/d7"7"2 7<@) + Vr
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Why are they interesting?

Baryogenesis: Gravitational waves:

© FOPTs offer a mechanism to @ When bubbles collide, spherical

explain the observed baryon symmetry is broken and GWs
asymmetry of the Universe (e.g. can be generated
b

electroweak baryogenesis),
@ In the main mechanism, the

o Baryogenesis requires a energy in the wall is converted

departure from eq]llilibrium, into sound waves which are then
which can be provided by the dissipated as GWs
K

bubble wall.
@ These GWs could be detected by

1+ %y future space-based experiments
such as LISA.
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Morrissey and Ramsey-Musolf (1206.2942). (1304.2433)
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Why is &, important?

asymmetry:

[nel
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Cline and Laurent (2108.04249)

Gravitational waves:
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Fluid equations

The evolution of the bubble wall can be derived from the conservation of
the energy-momentum tensor
0=0,T" = OH(TQ’;" +TH ),

plasma

where

g
T(b

000% " | 10.00°% - 1o(0)].

Thima = D / L i)
plasma - (27r)3Ez 2 ) .

The distribution functions are expanded in equilibrium and out-of-equilibrium
parts:

fi = feq +5f’L,

fea = {eXp (ﬁpwﬁl(X)) + 1} - :

T[‘fl;sma then becomes

T fosma = wWupup — prn'™” + TH(0f),

plasma
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Matching equations

Assuming a thin wall compared to the bubble radius, the fluid equations
can be directly integrated:

A (wf}/ﬁlv}‘)l) = 07
A (w'yglvgl + p) =0.

where broken symmetric
has has:
AX = X4 - X_, prese e
p = pr—VW

3
= iTZ/ (12171;3 log[1 £ exp(—E;/T)] — Vo,

iy
oT
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Matching equations

Assuming a thin wall compared to the bubble radius, the fluid equations
can be directly integrated:

A (wf}/ﬁlv}‘)l) = 07
A (w'yglvgl + p) =0.

where broken symmetric
AX = Xi-X_, phese phoss
p = pr—W
= iTZ/ & log[1 + exp(—E;/T)] — Vo
~J (2m)? ’
w = T@,
aT

In the simplest case, we know v+ and T3, but v_, &, and T_ are unknown.

We need one more equation!

Benoit Laurent (McGill University Wall velocity in LTE May 12, 24 10/ 26



3 types of solutions

Depending on the wall velocity and the strength of the phase transition,
3 types of solutions are possible:
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Deflagration:
@ Subsonic: £y < cg

@ v_ = £y and Tiw =Tp

@ Shock wave
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3 types of solutions

Depending on the wall velocity and the strength of the phase transition,
3 types of solutions are possible:

Deflagration: Detonation:
@ Subsonic: £y < cg @ Supersonic: &y > £7 > cs
.viszandTiW:Tn @ vy =&y and Ty =Tn
@ Shock wave @ Rarefaction wave
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3 types of solutions

Depending on the wall velocity and the strength of the phase transition,
3 types of solutions are possible:

. . Hybrid:
Deflagration: Detonation: y
. °
@ Subsonic: £y < cg @ Supersonic: £y > £y > cs es < fw <&y
_ sw_
© v_ =gy and TYY =T, @ v =&y and Ty = Tn @ v_=csand TV = Tn
@ Shock wave @ Rarefaction wave @ Rarefaction and shock
waves
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How to compute &,,7

Equation of motion:

av ) d?
o2+ Vil 22 (m?) / QW)fE 5fi(x,p) =0
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How to compute &,,7

Equation of motion:

av ) d?
o2+ Vil 22 (m?) / QW)fE 5fi(x,p) =0

Boltzmann equation:

(p-0- = J0-0n2)0,. ) £e.p) =~
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How to compute &,,7

Equation of motion:

3
g D S5 O [ it p) =0

Boltzmann equation:

(p-0- = J0-0n2)0,. ) £e.p) =~

Collision integral:

i d*prd®pn
clfl = X g | vt Mol 6 i+ ;= b = )P
PU) = fify(1 £ (1 ) = GG & mom).
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LTE approximation and
model-independent fluid equations
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Entropy conservation in LTE

Let’s assume ¢ f; = 0.
We can contract the divergence of T"” with u” to get

0=u,0,T" =u"d,¢ {a% + %T} + 79,8,
with the entropy flux
S = s =u' 2
T
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Entropy conservation in LTE

Let’s assume ¢ f; = 0.
We can contract the divergence of T"” with u” to get

0=u,0,T" =u"d,¢ {a% + %T} + 79,8,
with the entropy flux
S = s =u' 2
T

If the EOM is satisfied:

0=29,8" iA(vv%) =0
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Entropy conservation in LTE

Let’s assume ¢ f; = 0.
We can contract the divergence of T"” with u” to get

0=u,0,T" =u"d,¢ {a% + %T} + 79,8,
with the entropy flux
S = s =u' 2
T

If the EOM is satisfied:
w
- 8,58 = A ( 7) -
0=0,5" = T 0
‘We now have 3 matching equations
Awy*v) = A(wy*v® + p) = A(YT) = 0.

for the 3 unknown quantities v—, T_ and &,.
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Mbotivations to use LTE

e Model-independent fluid equations,
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Mbotivations to use LTE

e Model-independent fluid equations,

e Good approximation (~ 12% error in the xSM),

Set an upper bound on the true &,

There are large uncertainties on C[f],

o C[f] must be linearized.

enoit Laurent (M



Template model

It is common to approximate the equation of state (EOS) with the bag
EOS, where one assumes ¢? = 1/3 and p ~ T,
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Template model

It is common to approximate the equation of state (EOS) with the bag
EOS, where one assumes ¢? = 1/3 and p ~ T,

It is straightforward to generalize this EOS to get any constant speed of
sound. One then obtains the so-called template model:

1 1
p+(T) = ga"‘rT# -6 p—(T) = gG_TV,

with 1 1
14—, v=14 =
1% + Ci’ v + C%
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Template model

It is common to approximate the equation of state (EOS) with the bag
EOS, where one assumes ¢? = 1/3 and p ~ T,

It is straightforward to generalize this EOS to get any constant speed of
sound. One then obtains the so-called template model:

1 1
p+(T) = ga"‘rT# -6 p—(T) = gG_TV,
with 1 1
n = 1+g, V= 1+g.

Any particle physics model can be fitted to the template model, as long
as the plasma has approximately uniform speeds of sound:

dey(r)  de—(r)
dr = dr

=~ 0.
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Model-independent fluid equations

‘We define

_ (1) - 0_(T)
3w (T) wy(T)

f=c— 2 a(T)

b
2
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Model-independent fluid equations

We define
p 0. (T) — 0_(T) w_(T)
f=c— L Ty =2\ 70 ) - .
T o(T) 3wy (T) w(T) wy(T)
One can eliminate 7_ from the matching equations:
vy vpv— (v —1) — 1+ 3a(T4)
v wvyo—(v—1) =1+ 3vv_a(Ty)’
1= 3a(Ty) - (2£) w(ry) 1
vpv- = Sa(Ty) [1—-(v—1vpv_].
with
_p—v, w(T) _p—v _ w(Ty) )"
a(r) = 0 0 (agn) - £ V) wirn = wm (40
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Model-independent fluid equations

We define
p 0. (T) — 0_(T) w_(T)
f=e—L ar =122 gy = .
T o(T) 3wy (T) () wy(T)
One can eliminate 7_ from the matching equations:
vy vpv— (v —1) — 1+ 3a(T4)
v wvyo—(v—1) =1+ 3vv_a(Ty)’
1= 3a(ry) - (2) w(ry)
vpv- = ~ [1—-(v—1vpv_].
3VO((T+)
with
a(Ty) = P=v 0@ (o y J BV gry) = w(r,) (20 e
T Tw@) UV e ) T T (T

The system can be described in terms of 4 parameters evaluated at T,:

‘a(Tn), U(Tn), V.‘
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Results and discussion
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Detonations

vy =€y >coand Ty =T,
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Detonations

vy =& >c_and Ty =T,
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Are LTE detonations physical?

4 i)
2 4
0]
—
7 O
0
a -2 Deflagration/Hybrid Detonation
1
}
}
[}
1
1
1
1

0.6 0.8 1.0
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Deflagrations/Hybrids

v =min(éy,c_) and TSP = T, 0.12
One must integrate the fluid equations o.10 A
through the shock wave:
0.08
2 2 oo
dev = i v [u (i,v) _1] 0.06
£v?(1—vg) = 0.04
1
dew = w <1 + C—2> Y (€, v)dev 0.02
0.00-
. t—w 057 058 059 060 0.61
with § = r/t and pu(§,v) = $=;- I3
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Deflagrations/Hybrids




Range of «,,

One can show that

oan > —— = AV >0.




One can show that
anp>——— = AV >0.

No bubble nucleation can happen below that bound.
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One can show that
anp>——— = AV >0.

No bubble nucleation can happen below that bound.

The upper bound amax is reached when &, = & = &5

103
102<
101<
100<
1071<

1072<

10734 T v T T
0.75 0.80 0.85 0.90 0.95 1.00




Kinetic energy fraction

Let’s define 5
K= o= [deeoru

€n

This quantity is important to determine the GW spectrum:

Qew ~ K%? or K2.




o The LTE approximation can significantly simplify the fluid
equations used to compute &,

o Even in the case where LTE is badly violated, it can be useful as it
offers an upper bound on &,,

o Using the template model, the fluid equations can be written in a
model-independent way which only depends on 4 free parameters,

e For U, <0.75, there is always a deflagration/hybrid solution, no
matter how strong the phase transition is,

o For these models, baryogenesis and GW production could be highly
efficient.
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Thank youl

11 velocity in L
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