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Phase transitions

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT

e Potential V(T ¢) = Vo(¢) + Virermat (T, ¢) Potential

@ High T: V 2 ¢2T? = sym restoration %

o FOPT feature a barrier between two vacua and ENRES L\
cooling (Thue < Tex) Coote

@ Nucleation controlled by bounce solution -0.015
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Nucleation and early expansion
@ Energy released AV = Driving energy:
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Nucleation and early expansion
@ Energy released AV = Driving energy:
4
Edriving = —gnAVR?’ VS APiension = 4mo R

Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = Thc

@ Strength of the FOPT
AV

oy = x 1/T;1uc
@ Duration of the FOPT
tex 1 -1
/8 = ﬁ = tPTH &S Rcollision

@ =0
N

Bounce solution

SN oES =N =S




FOPT pictorially
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The bubble wall in time




- @
FOPT meet Baryogenesis

@ Bubbles can create baryon anti-baryon asymmetry
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FOPT meet Baryogenesis

@ Bubbles can create baryon anti-baryon asymmetry

At MG mechanism

Baldes I., Blasi S., Mariotti A., Sevrin A., Turbang K.

T = Thuc T = Tyep, WP dilution = (Tpue/Tren)?

@ = A o
N ",

lecay after penetration - db a0
y enerp ‘ Bubble collisions ‘ /—
N mv=0 5

Yp-y generated reflection A
& frozen (temporary) | (subdominant)” e asheaolt
(weakly)

asymmetric

my %0

Yin W. Azatov A. and MV (2021)
Eung C., Dutka T., Jung T., Nagels X. and MV (2023)
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FOPT meet DM

@ FOPT can modify and set the DM abundance via

Deconfined Phase Confined Phase

Supercool Dark Matter: Hambye, — e w0
Strumia, Tesi (2018) e !
1 Ean = 3ywpToucf
e q;q q
NN G

Baldes I.,Gouttenoire Y., Sala F., Servant G. (2022)

Yin W. Azatov A. and MV (2021)
Asadi, Kramer, Kuflik, Ridgway Slatyer, Smirnov (2022)
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FOPT meet (emit 7) GW

G Wr'mm turbulence
0017 — s.w.

turb.

@ Bubbles can produce a stochastic GW background from
= bubbles coll.

e bubble collision

typical sensitivity

10°

e sound waves

e turbulence

typical GW signal
1 10 100 1000 10
fH7]

Primordial GWs could be observed soon: Frequency = information about Tien: fpeak X Tren
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Observation prospects of GW

GW GW
(Treh7 Ba A, Uw) = (Qpeak? peak)




FOPT meet Pulsar Timing Arrays

Nanograv BSM study: arXiv:2306.16219 [Or if you prefer arxiv: 2306.09411 :)]

107° 1078 1077 250 E— =
1 (1) logigT./GeV  logyg o logyg H.Re

FOPT could explain the signal of PTA if [ 2 0.1, £ <10 | Need for strong and long FOPT!




Phase transitions

FOPT meet Quarkonium 7?7
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The accelerating bubble wall




FOPT and bubbles

time
AV
d/ ing \ /
nucleated o)
w
bubble @ B
starts O — —
togrow Ty @ =0 ;’l"[f:i,” terminal
T the wall (@) =0 velocity
T, or
e keep accellerating]
(runaway)
plasma
Figure: Credit: Giulio Barni, thank to him
Definitions:

AV = AP(y = yMAY)

%,_/
7

(velocity)

Build the function AP () !l

Velocity: &,

Yw N e




Velocity
Final velocity yMAX = ——1___ of the wall set b
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AV = AP(yMAX) = determination M AX

o AV independent of the velocity of the wall

symmetric

broken



Velocity
Final velocity y4X = ——L__ of the wall set b
T N Y
AV = AP(yMAX) = determination M 4X

o AV independent of the velocity of the wall
o AP (yMAX) Difficult to compute

symmetric

broken



Velocity
Final velocity y4X = ——L__ of the wall set b
T N Y
AV = AP(yMAX) = determination M 4X

o AV independent of the velocity of the wall
o AP (yMAX) Difficult to compute

@ Solve

PO fi+ 50l N0y f; = CLi, ]

symmetric

broken



o Theademngual
How to solve that 7 Several simplification regime

@ Expansion in perturbations (Original approach by Prokopec-Moore arXiv:hep-ph/9503296).
fi=F*+0fi, [4>6fi

Solve order by order. Valid for slow walls!
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o Theademngual
How to solve that 7 Several simplification regime

@ Expansion in perturbations (Original approach by Prokopec-Moore arXiv:hep-ph/9503296).
fi=F*+0fi, [4>6f;

Solve order by order. Valid for slow walls!
@ Assume Local thermal equilibrium (Mancha-Prokopec-Swiezewska arXiv:2005.10875)

LARGE C(g) = I—‘sconf > ’Y’U/L'w =

Conservation of T{o = T/ + T}": AP = (v = 1)A(Ts)
o Ballistic regime C — 0:

SMALLC = Ty.u(g) <yv/Ly = 1< fi

zd z z
symmetric P :/ p p fA( Z/dPAﬁX(pA _pX)
X

broken

po(2m)3




o Thesemtingual
A criterion on runaway ? Bodeker-Moore [0903.4099]
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o Thesemtingual
A criterion on runaway ? Bodeker-Moore [0903.4099]

L d3
o P= / P p ZdePA%X (Pi — pXx)

T—=1 v /Ty,
0<va3

e 1—1,A=X with my > msy:

symmetric

E
C—-0 = —=0, E:\/pi+pz+m2(z)




o Thesemtingual
A criterion on runaway ? Bodeker-Moore [0903.4099]

L d3
o P= / P p ZdePAHX (Pi — pXx)

T—1 xv2 /Ty
oc'wa3

e 1—1,A=X with my > msy:

symmetric

E
0 =T =0 E=\p tptm(z)
@ LO relativistic pressure :

Am?2
/dPAHA — 1, (P, —P3) = ——+

2F

Am?2T?
=|P1o1 — Z T;;l <AV




How monotonic is the pressure increase ?

1 |
0.021 — Milvy,Ts)

==== Ml(Vw, Tn)
0.00
= -0.02 /
-0.04 / e
-0.06
0.0 0.2 0.4 0.6 0.8

Vi

Figure: Cline, Laurent arXiv:2102.12490

1.0
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Crossing the Jouguet velocity is not that easy Ai, Nagels, MV[2401.05911]

o o< 1/T2 # oy o 1/T for deflagrations and hybrids

AO I NM\\

I 1
0 01 02 03 04 OéS 06 07 08 09 1

Espinosa, Konstandin, Servant, No [arXiv:1011.3735]
~ Miguel Vanvlasselaer (VUB and IIHE brussels) ~~ Simple computations for the bubble wall velocity =~ March2024  20/35



Crossing the Jouguet velocity is not that easy

Ai, Nagels, MV[2401.05911]

Konstandin and No, [arXiv:1011.3735], Ai, Gabrecht and Tamarit [arxiv:2109.13710], Ai, Laurent, Van de Vis[arXiv:2303.10171], Ai, Nagels,

MV[2401.05911]

At Jouguet point, the PT is weak: a|; < 0.06
0.050¢
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When can we trust hydrodynamics ? Ai, Nagels, MV[2401.05911]

The assumptions of the approach:

max{a}/if. o)t} @ Hydrodynamics is valid:
"""" A
S ]y p— oPM L MYT, =5 | [ ]
it ¢ = LMFP < Aa«:

= y by BM only (red i | i N . .
g 2p mnaa SUBCHRCIRIGEEY, @ Self similar profiles are valid:

-
~~o

non-runaway |\ run away

~———
~—~
-

tacceleration > tadaptation

T BUT: Is this valid at &, = vy ??

b . . ' Ry ~ 1/Tnuc < Lyrp

Krajewski, Lewicky, Zych[2402.15408]: Not often
b=a_/ay. j Y, Zychl ]




o Presweonthebubblewallinthercaivisticregime
Pressure on the bubble wall in the relativistic regime

Pressure on the bubble wall in the
relativistic regime



o Presmeenthebwbleallintherchtiisicregme
In the 7, > 1 region 7

BM [0903.4099] Azatov, MV[2010.02590]

BM [1703.08215], Sala, Jinno,

A Am?2T? o 2,2 —M?
Prnass oc Am Apmlxmg xT v G(VT M Lw) Gouttenoire[arXiv:2112.07686)

A’Pszz;:»littings X 793T3U IOg U/T

My/T =10

LINEAR GROWTH !




. Gememdeithodndeebess.................._________________
Reinterpretation of the BM criterion ?

Am2T?
L < AV the wall will become relativistic
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. Gememdeithodndeebess.................._________________
Reinterpretation of the BM criterion ?

Am2T?
L < AV the wall will become relativistic

IF Proi— Y

7)1—>1 ~ 0. 17Tn2uchW

@ [arXiv:2112.07686]: Gouttenoire, Jinno, Sala

r(C(3
A’PIA\SIVIJYIO ~ [Zyagaﬂccabc] % X aMZ(UEW)’prT,?UC
abc
~150
Mg ((AV = Pio ) (100GeV 5
7 (100 Gov)? )\ Toe 7




. Gememdeithodndeebess.................._________________
The emission of longitudinal gauge bosons




. Presueonthebubblewallintherelativisticregime
[2310.06972] Azatov,
Global dof across the wall: 0 # v; < v9

Barni,Petrossian, MV

o We set the unitary gauge: Oh = —V"(v)h 9, FM = g?v?(2)AH*.
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. Presueonthebubblewallintherelativisticregime
[2310.06972] Azatov,
Global dof across the wall: 0 # v; < v9

Barni,Petrossian, MV

o We set the unitary gauge: Oh = —V"(v)h 9, FM = g?v?(2)AH*.
@ Vector field has three polarization degrees of freedom

At = Z el'a;(z). ky = (ko,k1,0,k.)

i=1,2,3
@ Transverse (A, =0)

T:e1=1(0,0,1,0), e = (ki ko,0,0)/1/kE — k2 = [E*—02+9*0"(2)] Ar,,(2) =0.
e Longitudinal (4, #0)

L: Al(f_”"l) = Oha(z) + A(2) 9, (vV?A") =0 + transversality

8zv>2 B 0%

(—E* - 024 Ux(2))A=0 with Uxn(z) = g% (2) +2 ( ;

v
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@ When v; — 0, how do we see that

o Potential for A

(—E* - 024 Ux(2))A=0  with Uxn(z) = g% (2) +2 (

Va(2)
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A as the magical dof? v; — 0.

@ When v; — 0, how do we see that

o Potential for A

(—E* - 024 Ux(2))A=0  with Uxn(z) = g% (2) +2 (

Va(2)

|111 —0: Mx,z——occ 7 Mhp, Mx,z—00 —7 g'U|

P2
()




_ Fesoodbbobdecsssee ... ...
Em|SS|On Of Iongltudlnals ? [2310.06972] Azatov, Barni,Petrossian, MV

373 A 33
Anglittings X779 T vlog U/T A,Psplittings X9 T v

Relative importance of 7 and A contributions

Symm. — Broken : thermal case

g =1, my =0, L' =2[arb]

1t
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. Gememdeithodndeebess.................._________________
Take-home message

FOPT are related to baryogenesis, Dark matter, primordial black holes and observable GW
Their efficiency depends on v,,.

Hydro obstruction and BM criterion ?

NEED Dynamical understanding of hydro obstruction !

In the relativistic regime, three contributions: i) 1 — 1: 40, ii) 1 — heavy: 1, i) 7:1 — 2:
ylogv/T
Longitudinal A :1 — 2: 1. Can dominate for v/T ~ 1.



What is the complete basis of scattering states?

m(z) m(z)
incoming R state incoming L state .
with momentum & with momentum — k
—> — -
t— —o0 t — +00 i t— —o0 7

—

m t = 400 J m t— +00 J t— +00

outgoing L state outgoing R state.
with momentum — & with momentum k&
- —
t— 400 m t — 400 i
m t— —o0 J t— —00 p m t—= —c0 J t— —c0




o Presweonthebubblewallinthercaivisticregime
Matching our polarisation with usual ones

@ Usual dof of polarisation

— k2 —m? k
€, = (0703 170)7 €T, = (Oa k2.‘707 _kJ_)/ kg + ki_ €L = ( 0 kom akJ_u 07 kz) ”n\/ﬁ
5 —

@ Our dof of polarisation

k* qgu
e, = (0,0,1,0), €r, = (ki1,ko,0,0)/4/kE — k2 GI;:Egv k“—i—E(O,O,O,l)
@ Matching matrix between the two
1 0 0
€Ty kok. __kim €n
€T, = E\/k2+K2 E\/k2+k? €ry

kim ok
B\/k2+k2 B /k2+k2

€L
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Quantisation in the background of the wall

e System of Equations of motion across the wall with "wall terms" and masses in R, gauges

Oh = —V"(v)h ~ EoM of the wall
O¢y = —29A*(0,v) — g2 py — V’% EoM of the Goldstone

1
0, FH = E6”(61,,4”) + g2 A —2g¢ho (0" ) EoM of the Gauge field
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e System of Equations of motion across the wall with "wall terms" and masses in R, gauges
Oh = —V"(v)h ~ EoM of the wall
O¢y = —29A*(0,v) — g2 py — V’% EoM of the Goldstone
1
o, F* = E@"(&,A”) + g?v2 AF 29, (0"v) EoM of the Gauge field
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. Gememdeithodndeebess.................._________________
Quantisation in the background of the wall

e System of Equations of motion across the wall with "wall terms" and masses in R, gauges

Oh = —V"(v)h ~ EoM of the wall
Oge = —29A"(9,v) — £g°v%pg — V’% EoM of the Goldstone
1
0, F* = E8"(61,14”) + g2 A —2g¢ho (0" ) EoM of the Gauge field

e Field in the symmetric phase: (h, ¢o, A}, AY) mi =02V (0) = 8352V(0)

e =1(0,0,1,0), € = m(o,kz,o, —ky), k= (ko kL,0,k) .
e Field in the broken phase & — co (Unitary gauge): mi =02V (va)  m=guy
O F™ +mPA” =0, = OPA* +m?AF =0, A" =0 .

Po

2,2
6% = (popom 7pl707pz)m
~ Miguel Vanvlasselaer (VUB and IIHE brussels) ~ Simple computations for the bubble wall velocity =~ March2024  33/35




. Gememdeithodndeebess.................._________________
Third technicality: Solving procedure

We cannot apply the same approximations all over in the phase space!

e k, < L': Step wall procedure: non-trivial matching conditions for \
w

E8Y
v(2)

_ o

= v ()Mo = v(2)A]sg discontinuity in A across the wall!!
< v(?)

>0
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. Gememdeithodndeebess.................._________________
Third technicality: Solving procedure

We cannot apply the same approximations all over in the phase space!

@ k, < L,': Step wall procedure: non-trivial matching conditions for \

E8Y
v(2)

@ k, < L,': for A,

_ o

= v ()Mo = v(2)A]sg discontinuity in A across the wall!!
< v(?)

>0

2
V3 — U1
2 2
vy + vy

e k., > L,': WKB approach with BM amplitude and Ap.L,, <1

k, > m,m, R — —1




. Gememdeithodndeebess.................._________________
Third technicality: Solving procedure

We cannot apply the same approximations all over in the phase space!

@ k, < L,': Step wall procedure: non-trivial matching conditions for \

E8Y
v(2)

@ k, < L,': for A,

_ o

= v ()Mo = v(2)A]sg discontinuity in A across the wall!!
< v(?)

>0

v3 —v?
v3 + vt
e k., > L,': WKB approach with BM amplitude and Ap.L,, <1

@ In the end, three computations needed to evaluate each process

k, > m,m, R — —1

(ApEP), (ApLP), (Apd o).



Going to pressure: Who dominates? A or 77

373 A 33
Anglittings X779 T vlog U/T A,Psplittings X9 T v

Relative importance of 7 and A contributions

Symm. — Broken : thermal case

— :q"ﬁ';”l, 1111,/,‘ '=VOH,WL;1 ,2,2,[5115,.]

1t
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0.100¢
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