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Pressure on the bubble wall in the relativistic regime

Pressure on the bubble wall in the
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FOPT: Why do we even bother?

@ Bubbles can produce a stochastic GW background from
GW

from turbulence

e bubble collision O %

J\/‘\/\/
e sound waves

e turbulence

Primordial GWs could be observed soon (if they exist and/or if we will be able)!
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Velocity
Final velocity yMAX = ——L___ of the wall set b
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AV = AP(yMAX) = determination 44X
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Velocity
Final velocity yM4X = ——L_ of the wall set b
. Vi Y
AV = AP(yMAX) = determination M4X

o AV independent of the velocity of the wall

o AP(yMAX) very difficult to compute in
general and depends on the velocity

@ Generic method: solve the full coupled system
of Boltzmann equations

POufi+ 50em010y. f: = Clfin 0]

broken symmetric

VT ) e T

av dm?[qﬁ]/ dBp 1
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S Presweonthebubblewallintherelavisticregime
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!
@ 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)




S Presweonthebubblewallintherelavisticregime
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




How monotonic is the pressure increase ?
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Pressure from 1 to 1 Bodeker-Moore [0903.4099]

L d3
o P= / P p ZdePA%X (Pi — pXx)

T—1 xv2 /Ty
XV T3

e 1—1,A=X with my > msy:

symmetric

E
C—-0 = —=0, E:\/pi+pz+m2(z)
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Pressure from 1 to 1 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 :

/dPAHA — 1, (i, —p3) = — ==

Am?2T?
= | P11 — Z 22 A Amf = m,zm — m2 ;




Asymptotic regime of pressure Dine et al. Phys. Rev. D 46, 550
@ Intermediary regime: reflected, transmitted and
back-transmitted species:

P =P + P + P

My/T =10

what dominates ?
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Asymptotic regime of pressure Dine et al. Phys. Rev. D 46, 550

@ Intermediary regime: reflected, transmitted and
back-transmitted species:

P =P + P + P

what dominates 7 My/T =10
o foryT'=M/2= PIx~Pr ~05x P, 00

o foryT' =2M = Pﬁ*%lxpﬁyﬁo@. k:
@ Relativistic condition < orop S et
0.05F £ .
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Asymptotic regime of pressure Dine et al. Phys. Rev. D 46, 550

@ Intermediary regime: reflected, transmitted and
back-transmitted species:

P =P + P + P

My/T =10

what dominates ?
for /T = M/2= Pl ~P:t ~0.5x Pysoo

o
o forAT=2M= PL'~1xP, 0. E
@ Relativistic condition < o0 e
0.05 """" -
Am?2T? -
AV>P7%0:Z o = y>1 2 5710 20
K3
° R M
v
v X = Y= =~ Zrlog

Rinitial
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Production of heavy states via mixing [2010.02590]:ldea

Scale of the transition and particles involved
Can heavy particles with M > v be involved in the dynamics of the PT 7 J

. . e ¢ scalar, x light, N heavy:  Lint = YoxXN + MNN, M > Thue
@ x — N transition: p, = (£,0,0,E) pn = (F,0,0,VE?— M?)
@ Conservation of momentum: Origins

No wall: /d%e“"m o« (2m)**(p), p=pn —Dy

@ When no wall and (¢) = vg: X — N forbidden
e With wall: p* = pj; — p}, not conserved: if £ > M, x — N allowed

sin Ap, L,
Ap.Ly,

/d3xleim'“ /(d))(z)e”pzdz o (27)383(p.)
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@ In the wall frame: Ey ~ Dy ~ YoThue > v4
@ Follow the steps of Bodeker-Moore [1703.08215]

T Ten
M =~ / dzeipz’ze—ipzzvzv(z) _ / dzeiApzzy<¢> (Z)
L.
X N
V=V
Symmetric Broken




Production of heavy states via mixing [2010.02590]: computation

@ In the wall frame: Ey ~ Dy ~ YoThue > v4
@ Follow the steps of Bodeker-Moore [1703.08215]

M =~ /dzeipfze_i”]zVZV(z) = /dzempzzY@)(z)

Dz Apy Ly 2E

2
H 2
o IM|?~ szg x Ex. (—smAsz’”> Ap, — AL

X N
vV =y
Symmetric Broken




Production of heavy states via mixing [2010.02590]: computation

@ In the wall frame: Ey ~ Dy ~ YoThue > v4
@ Follow the steps of Bodeker-Moore [1703.08215]

M =~ /dzeipfze_”’lzvz‘/(z) = /dzempzzy@)(z)

2
2 o v2,2 Ey [ sinAp,Ly M?
° |M| ~Y vy X Aps <—Aszw Ap. — 2

YU¢

Px = N)~ 6% xO(vpTaue — M*Ly), 0= S8




Production of heavy states via mixing [2010.02590]: computation

@ In the wall frame: Ey ~py ~ YwThue > Vg
@ Follow the steps of Bodeker-Moore [1703.08215]

M =~ /dzeipfze_”’lzvz‘/(z) = /dzempzzy@)(z)

Dz Apy Ly 2E

2
H 2
o IM|?~ Y%g) x Ex. (—SmAsz’”) Ap, — AL

YU¢,

Px = N)~ 6% xO(vpTaue — M*Ly), 0= S8

e Cosmological consequences: 1) Pressure on the bubble wall
[2010.02590], 2) Non-thermal DM (1 to 2 splittings) [2101.05721]
with Wen Yin, 3) Baryogenesis [arXiv:2106.14913] with Wen Yin ...
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Pressure by mixing with heavy states Azatov, MV[2010.02590]

e Toy model; Lin = YOXN + MyNN, My > Thue
@ Probability of transition

Ten Y2,02

AP N ~ M_12\r’ (p) =v

v=v,

Broken



Pressure by mixing with heavy states Azatov, MV[2010.02590]

e Toy model; Lin = YOXN + MyNN, My > Thue
@ Probability of transition

Y202
AF))<—>N ~

M_12v7 () =v
°

px = (E,0,0, E)

M2
PN = (E70707 \/ E2 - M]2\/') Apz N

~N —

2yT




Pressure by mixing with heavy states Azatov, MV[2010.02590]

e Toy model; Lin; = YOXN + MyNN, My > Thue
@ Probability of transition

Y2p?2
AP N ~ Vi () =v
N
(]

px = (E,0,0, E)

PN = (E70707 \/ E? _MJ2\/')

M2
Ap. X
o Non-adiabatic regime; Ap,L,, <1

~N —

2yT

= @(’YwT - M]2\7Lw)




Pressure by mixing with heavy states Azatov, MV[2010.02590]

e Toy model; Lin; = YOXN + MyNN, My > Thue
@ Probability of transition

Y202
AP, .y ~ —5—, () =
X— M]2V
o

py = (E,0,0,E)  py=(E,0,0,\/E> - M3)

M2
Ap. ~ —IN
P~ oo
o Non-adiabatic regime; Ap,L,, <1
ken @ Pressure on the wall

= @(’YwT - MZ2VLw)

Y2T%0?
A,Pmixing ~ —48 @(’YT — Msz)

Pressure depends on M only in the O-function
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@ Assume PT breaking gauge symmetry with gauge bosons V' T
@ Use WKB for phases

M) _mp) ek M) HH

X (2)Xa(2)xy(2) ~ expi[/o ( 2po 2zpo 2(1 —x)po)



Pressure by splitting Bodeker-Moore [1703.08215]

@ Assume PT breaking gauge symmetry with gauge bosons V' T
@ Use WKB for phases

my(z) md(z) + k2 mi(2) + ki)]
2po 2xpo 2(1 —x)po) "

NG ~ il [

® = py/po.

0 oo w,z
M= Vs/ exp [izé]—l—Vh/ exp [zz%] = 2ipo (ﬁ_E>
0 0

—o00 0




Pressure by splitting Bodeker-Moore [1703.08215]

@ Assume PT breaking gauge symmetry with gauge bosons V' T
@ Use WKB for phases

mfb(z) _m%,(z) + k2 _m?p(z) + ki)]
2po 2xpo 2(1 —x)po) "

NG ~ il [

® = py/po.

0 A oo Ah w,z
M=V, 224V 2] = 2ipg | =
/ exp [zz ]—l— h/o exp [zz Po] zp()(Ah As>

—o00 Po

_ 1 _ 9V2k
oV =V, =9 As # Ay Symmetric ken




Pressure by splitting Bodeker-Moore [1703.08215]

@ Assume PT breaking gauge symmetry with gauge bosons V' T
@ Use WKB for phases

mfb(z)_m%/(z) + k2 _m?p(z) + ki)]

NG ~ il [

2po 2xpo 2(1 = x)po)
® = py/po.
0 0o w,z
A Ay (Vi Vs '
M ZVS/ exp |iz— |+V} / exp |iz— | = 21 (———)
oo p| po] " 0 p| Po] bo Ap A

_ v — 9V2k
o Vi =V.= 8T As # A Symmetric Broken
2 2
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soft div? colinearity ?

dx 4k Am?
o Py ay ’l’fpo(Qw)efpf 2 f ki _‘_mf/z (ki-l,-mv,&z)
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Pressure by splitting Bodeker-Moore [1703.08215]

soft div? colinearity ?

23 dzx koJ_ Am?
o Pf(p—)A'w gf—p0(2£)6fpf F f ki _’_m“9/2 (k2l+mV(L/2)

o k, = /a?pt — k% —m3 —1Iy ,
Tm =mvy/po, mi =1y

(1+4)/1%fpﬂ'm%/ log (3 (eT?) x [ [ 4% = 20

@ Soft bosons emission: (Ap.) ~ my
Saturate bound Ap. L, = Ap, /v <1




Pressure by splitting Bodeker-Moore [1703.08215]

soft div? colinearity ?

23 dzx koJ_ Am?
o Pf(p—)A'w l"f—po(Qg)(ifpf F f ki _’_m“9/2 (k2l+mV(1/2)

o k, = /a?pt — k% —m3 —1Iy ,
Tm =mvy/po, mi =1y

d*p 5 dr  po
14+4) [ —— 1 2. /(eT)? - ==
(1+ )/po(%)ﬁfpﬂmv og(mi /(eT)?) x | o mv]

@ Soft bosons emission: (Ap.) ~ my
Saturate bound Ap. L, = Ap, /v <1
@ Pressure induced
| Proa ~ 53 0T 0g Y
12 i gi 871'27 g T,
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@ Plasma effects screen colinearity Azatov, MV[2010.02590]:

T=vily
o Width wall effects bound Ap, Azatov, MV[2010.02590] :

Ap, Sw
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@ Plasma effects screen colinearity Azatov, MV[2010.02590]:
i

o Width wall effects bound Ap, Azatov, MV[2010.02590] :
Ap. S

e 1 — N7?? Turner, Long, Wang[arXiv:2007.10343]

Pion ~ Flux x (Ap,) X P1_, Ngluons ~ 'Y?UQST4
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@ Plasma effects screen colinearity Azatov, MV[2010.02590]:
i

o Width wall effects bound Ap, Azatov, MV[2010.02590] :
Ap. S

e 1 — N7?? Turner, Long, Wang[arXiv:2007.10343]

Pion ~ Flux x (Ap,) X P1_, Ngluons ~ 'YiasTAl

Y T? YT as

e However (Ap,) ~v,T > v, kT <VIIy, «a;s




Pressure by splitting Bodeker-Moore [1703.08215]: Remarks

@ Plasma effects screen colinearity Azatov, MV[2010.02590]:
P = Vil

o Width wall effects bound Ap, Azatov, MV[2010.02590] :
Ap. Sv

e 1 — N7?? Turner, Long, Wang[arXiv:2007.10343]

W,z
Pion ~ Flux x (Ap,) X P1_, Ngluons ~ 'YiaSTAl
~~ ——
'YwTs YT Qg
e However (Ap,) ~v,T > v, kT <VIIy, «a;s Symmetric Broken

@ Sala, Jinno, Gouttenoire[arXiv:2112.07686]:
P1on ~ P12 X log 7
[arXiv:2007.10343]: incorrect application of Ward identities
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Reflection of longitudinals: Garcia, Koszegi,Petrossian arXiv:2212.10572

@ Assume Dark photon V' with mass my in the plasma
e Operator k¢?V,,V# modifies the mass of Amy < my,k < 1.
o P~ Flux x 33 (relky + tpAky)  Akp =2k, Ak =k —k

o &, =(0,1,0,0), €=(0,01,0), e =:-(k]0,0E)
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Reflection of longitudinals: Garcia, Koszegi,Petrossian arXiv:2212.10572

@ Assume Dark photon V' with mass my in the plasma

@ Operator IQ(ZSQVHV”‘ modifies the mass of Amy < my,k < 1.

o P~ Fluxx 33 (rkAky + . Ak) Ak, =2k, Ak =k—k
o &, =(0,1,0,0), €=(0,01,0), e =:-(k]0,0E)

@ Solve assuming step wall:

0,V* = continuous accross z = 0 m?(2)V* = continuous accross z = 0 .
9 Ami, > (wk,L)?
Rp = |Tl| ~ 5 192
2ms, ) sinh®(wk,L)



. Presueonthebubblewallintherelativisticregime
Reflection of longitudinals: Garcia, Koszegi,Petrossian arXiv:2212.10572

@ Assume Dark photon V' with mass my in the plasma

@ Operator IQ(ZSQVHV"‘ modifies the mass of Amy < my,k < 1.

o P~ Fluxx 33 (rkAky + . Ak) Ak, =2k, Ak =k—k
o &, =(0,1,0,0), €=(0,01,0), e =:-(k]0,0E)

@ Solve assuming step wall:

0,V* = continuous accross z = 0 m?(2)V* = continuous accross z = 0 .
9 Ami, > (wk,L)?
Rp = |Tl| ~ 5 192
2ms, ) sinh®(wk,L)

o P ~nyy|iRr(k. + k) + (1 - Rp) (ks — fcz)] ~ nyy L

P~n 22 (Amy : 1<y < (myL)™ ~v/m
V’YB om?, v 4 4




Dynamic maximum pressure, Garcia, Koszegi and Petrossian
arXiv:2212.10572

mlL =107° m/m m/m = 1.02
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Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Am2T2
AP — Z
@ contribution by hitting heavier physics
Y2722
APmixing ~ —48 @(’YT — MQLw)

@ NLO pressure by gauge bosons emission

3y m
AP N~ Z gi%’ﬂﬁ log g_Z‘:
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S Presweonthebubblewallintherelavisticregime
Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Am2T2
AP — Z
@ contribution by hitting heavier physics
Y2T2 2
APmixing ~ —48 Y @(’YT — MQLw)

@ NLO pressure by gauge bosons emission

3y m
AP1oN ~5 Z gi%’ﬂﬁ log g_Z‘:
i

2 [ Am2\? v
PNnV'y2—< 2> <y —
m my



o EWBGfemultrawelatvisticwalls
EWBG from ultra-relativistic walls

EWBG from ultra-relativistic walls

[arXiv:2106.14913] with Aleksandr Azatov and Wen Yin



Saving the soldier EWBG ?
Traditional EWBG Challenges of B-breaking EWPT Baryogenesis

e Colored particles M > TeV: ¢~ (10-20),
@ Strongly coupled

@ Unsuppressed wash-out

Figure: Credit:T.Konstandin [1302.6713] EWPT Baryogenesis with relativistic walls

@ if slow wall:

YBNYEXFsph/TX Al
10-6 CP: EDM constraints

Ruled out ? White, Postma, Vd Vis: 2206.01120
e Hidding CP violation

Ingredients:

@ Breaks B by two units

® | Breaking B explicitly @ Works with relativistic bubble walls




Low energy baryogenesis with relativistic walls

_ _ 1
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Low energy baryogenesis

_ _ 1 _
Lsar+ Y Yi(BrH)PLQ + MyByBy + yrnx“PpBr + andu + 5myxx +mi|nf*.

B-violating

I=1,2

o Fast cascades; 4 channels
wash-out : B — (ddud®u®), B¢ — (d°d°u‘du)

mixing : B — (d°d°u®du®), B° — (ddudu)
Q-Q'=3¢
" stlow )
transitions b
Q T |uduata || TR 0
AN S
Q : Q
@ asymmetric o




Low energy baryogenesis

_ _ 1 _
Lsar+ Y Yi(BrH)PLQ + MyByBy + yrnx“PpBr + andu + 5myxx +mi|nf*.

I=12 —
B-violating

o Fast cascades; 4 channels
wash-out : B — (ddud®u®), B¢ — (d°d°u‘du)
mixing : B — (d°d°u®du®), B° — (ddudu)
® Anp =nspm—q — NSM—g
2 2|K)|2
3nd Y 6% x [vi] X
P2 e X e R " R [yl

Q-Q =3¢

[ stow
transitions b
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~
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75> |udd d'd N
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Low energy baryogenesis

_ _ 1,
Lsar+ Y Yi(BrH)PLQ + MyByBy + yrnx“PpBr + andu + 5myxx +mi|nf*.
1=1,2

B-violating

o Fast cascades; 4 channels
wash-out : B — (ddud®u®), B¢ — (d°d°u‘du)

mixing : B — (d°d°u®du®), B° — (ddudu) EXHA o v << ),
N B X o Q-Q =3¢

® Anp =nspm—q — NSM—g S
|2 2|H|2 transitions |

3nd Y 6% x lv1 x
DU LS TR ARl R S

symmetric

X
“
L J)

75 |udu dd”

- Q Q
@ Experimental signatures: N <> N, Flavor, collider @ asymmetric o

push: |m, ~m, ~ Mg 22 TeV|and d = b,u =t
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How tuned is EWPT with relativistic walls ?

How tuned is EWPT with relativistic walls ?

[2207.02230]: Azatov, Barni, Chackraborty, MV, Yin



pressure during EWPT

Condition for relativistic wall | AV > 0.17T2 vy,

NLO pressure from TB: [arXiv:2112.07686]: Gouttenoire, Jinno, Sala
] K((3)

—5 X aMz (vEW ) YwpTane

API%I% ~ |:Z Vagaﬁccabc

abc

~150

40 GeV>3

Terminal velocity: ~ Afeorminal ~ 50 x (
nuc

40 GeV
Maximal mass: MMAX ~ Svgw TaweYw = 700 GeV x ( 7 € >

nuc
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L How tanee s EWRT with refativistie walls
Intuition on supercooling and ultra-relativistic walls

@ Only thing we need is long supercooling Thue < vEw: AV x4, AP x~O0-1
@ Problem of EWPT for supercooling:

A T2h?>  Th?
2 4 2
Viree = ——h + - h Vr(h) « E g; 54 " 1or = | Tinin < myp, | problem!

%

o With a singlet S with a Zy symmetry ?

2 2

My, Ay MG o ﬁz; )‘hs22
V(h,S) = 2h—i-4h 45’—1—45 —5%h=,
o 1-step PT: Spectator scalar: Does not help much for supercooling
o 2-steps PT: | (0,0) 2225 (0,v,) 225 (vpw,0)
In the second PT:
2 m,% Ahs v2 2

meH(T)——T—F B) +CXT — 0



Relat|V|St|C EWPT Para meter scan [2207.02230]: Azatov, Barni, Chackraborty, MV, Yin

My(vew,0) [GeV]
10 62.5 80 90 110 125

24 collider bound: |
<= 0 orbidden
2.2
>
2 20
S
—
~
S
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Relat|V|St|C EWPT Para meter scan [2207.02230]: Azatov, Barni, Chackraborty, MV, Yin

My(vew,0) [GeV]

I.  SOPT: there is never a barrier separating the
10 625 8090 110 125

two minima 2.4
<= 0 e
o NO PT
II. FOPT 221
z
_— 2 20/
/11 Ultrarelativistic FOPT =]
Y > 1 increasing \ps at fixed v;. S
[ barrier even at T' = 0 above the red dashed line] 18T 3
L6l SOPT 3 N
IV.  No PT: the system remains stuck in the FV ' =
03 04 05 06 07 08 09

and never nucleates



How much tuning do we need 7

M, (vew, 0) [GeV] M, (v, 0) [GeV]
/_"L_i 4 Abs 2 L, D56 55 85 102 16 128 356 655
T ~ T s = X _ 2 2 hd — upto
nuc ~ dinstability = C 105 Yoo~ 3X10° »
. .. .o - 10! . ‘ I
The tuning ( Giudice-Barbieri definition): | = ‘
& 1000 | = I
| R
2 | = I
tuni 0 ]-Og Ahs Thuc 1 /',J 0.5 // /
uning ~ o [l 1l
dlog Tyue/mu my § /// / i
i il
"0s 04 05 06 07 08 09 LT
Relation between Ty and MMAX M
my = 125 [GeV]

1/8 0.050

MMAX 700 GeV x M AV .| g 0.010
Thuc Vhw 2| F 0005

Zl¥ o000

Q| 5x107

2
_ 250 GeV o
= tuning~= | — 5.x107
Mheavy 0.05 0.10 0.15 0.20 0.25 0.30
Thue/100 [GeV]
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A closer look at NLO pressure

A closer look at NLO pressure

[arXiv:2305.xxxxx| with Aleksandr Azatov, Giulio Barni and Rudin
Petrossian



. AdeserbokatNLOpresuwe
The basis for the emission of GB: transverse modes

Equation of motion across the wall
Oh = -V"(v)h

O¢o = —290,vA* — £g°v2po — V’%

0, Fh = %8“(8,,A”) + 202 AP 200ty

Impose unitary gauge £ — oo
Oh = -V"(h)h O, FM = g*v? A" = 0,0,F" = 0,(v*A") = 0.
Vector field has three polarization degrees of freedom so that we can write down

AP = Z ehax(z). ky = (ko,k1,0,k:)
A=1,2,3

Tier=1(0,0,1,0), e2= (ki ko,0,0)/\/kZ—k  L:AFPY=0,a+A4., n=012




. AdeserbokatNLOpresuwe
The basis of solutions for the emission of GB: transverse modes

Step wall framework for transverse modes:

matching across the step wall: ar|<o = ar|so 0.ar|<o = 0a7|>0

Right movers
inc wave — etkz + rke—ikz ,2<0

te 6il~€zz ,2>0

7.0 -1.0
o = ¢ a(s) = e {

—ik®z
2 ik’ _ —ik [k Jtke 2 <0
Tr=e " ixpr(z)=e Y —ike ik
’ e —rge’™® 2z >0

rp o = Kk 2k I i tr o, — 2k
Rk — kz_;’_];;z’ Rk — kz_i_]::z TL,k - kz_;’_]:;z ’ L.k = kz_i_]::z




- dmwetlOres.................____________________
Going to pressure and exchange of momentum

Building the pressure

z 1 dSkR dS 2 3¢{0,L
@or) = [ aPpsgnnvi = o [ Grns [ Gy Mal @760 (0~ k) Ao,

<1/L
(Apr) = / dPypa, Apy
~—~—
<1/L,,

Pressure is (in the wall frame)

r= / éff)’g Fo()(Apr) + (ApL))

N————’
Y T3

Apy = Irel’(0 —a+ k) + A= rrP)p—a— k) ,
App =lroPo—a =k + QA=) —a+k),
e Wiigasl Vanvissdiser Pressire on the bubibie wall i the relstivisticregime T mm @ ajss



Transverse emission of GB

~ 2/(~2 2,2

o (Ap%~%) = [dk? [ dv gpsdismmy - IME TP (s — 4o — ke) ~ TS Dominant

10°
m =4, m =19, my=1[GeV] 102) m=0, =19, my=1[GeV] 10-5 m=4, m =401, my =1[GeV]

10° Lo - i ] - .
% , > — (APEN)) % 100 K\ _ (Ap'kw) ,% ( )
S = = - o P R T 10 .
= 0 (R (AR (@™
4 / 4 Al a -0l .
TR z %) sl 5 ) =10 ;j, — (Ap(ivd])

1085 3 10128 (ApT<)

0 20 20 40 60 80 100

Po [GeV] po [GeV]

This recovers the usual result from previous computations!!



. AdeserbokatNLOpresuwe
Transverse emission of GB

o (ApY™0) = [dk? [ do

~ 2(,~2 242
AMEZ2 (p. — g — k) ~ ﬂ"‘m;;"L Dominant

____Po
12412
B i 202 2\2

o (App ) = [dk: [ de gyt - IME T (pe — s+ Es) ~ TSI Strong

m =4, m =19, my=1[GeV] 102) m=0, =19, my=1[GeV] m=4, m =401, my =1[GeV]
100 b . o —— .
NP — Q") w0t {/ — (Ap™") = — (Ap™Y
0 b - D 02— . <]
10— Pas — (a0 = . P — (a0 = — (A"
y i Jowp . a -0l e
" Z — ey 2 wf 3 — ey o )
1055 (At <) 10-sE7 (apf<") 1025 (Ap5="
0 20 0 20 40 60 80 100 0 20 40 60 80 100
Po [GeV] o [GeV] o [GeV]

This recovers the usual result from previous computations!!



Transverse emission of GB

9:>0y — [ g2 _po_AME>0)2 i 9% (m?—m?*)* i
o (ApE ™) = [ dk [ degsaasany  IME TP (P — a2 — k2) ~ — Dominant
(17>0 . q:>012 . g% (m%—m?)?
o (APl = [dk? Jdv sy  IME TP (P2 — 42 + k2) ~ &5 Strong
4: <0y Po 1 Aq2=<02 7 g (m?—m?)
o (Apt=")y = [dk? Jdr sty  IMES P (P + ¢ — k2) ~ 7 Relevant
10° m=4, m =19, my =1[GeV] 102 m =0, m =19, my =1[GeV] m=4, m=4.01, my, =1[GeV]
_10° e 50\ ofin, e A N M A M 450 450
P — i g 0 — o = — (o
3 w07 o 2 1077{(_ : pkz E ( Pn. )
SIS A i T - @
7 10" . R
< w-of 7 — (Ap) S 10-) i — gy 2 )
s @Y qembE @y eld (@)
0 20 0 20 40 60 80 100 0 20 40 60 80 100
po [GeV) po [GeV] Po [GeV]

This recovers the usual result from previous computations!!



Transverse emission of GB

Qz >0 2 0 q.>012 7 g —m .
° (A7) = [ dhL [ drigymgnmrny  IME T (pe = 4z = ka) ~ Dominant
q >0 . q.>02 _ ~ g*(m*—m?)?
o (APl = [dk? Jdv sy  IME TP (P2 — 42 + k2) ~ &5 Strong
q.<0 4:<0|2 7 g>(m*—m?)
] <A > fdk fdl’m . |MR | (pz +q. — kz) ~ T Relevant
QZ<O 2 Po q=<0/2 g (m?—m?)? -
o (App ) = [ dk [ de ey IME TP (e + gz + k) ~ S Negligible
107 m =4 =19, ng £1(GeV] 102f m =0 =19 Tny £1]GeV]
P >0 of >0
3 — (AT w0 r — (87w
= T — ey £
10 21 .
& — oy T — gy 2
@y el (Apg=)
0 20 40 60 80 100 0 20 40 60 80 100
 (GeV]  (GeV] 0 [GeV]

This recovers the usual result from previous computations!!



What piece interact with the current j,77

Farrar-Mclntosh [9412270]: A7) = 9,a+ A,, n=0,1,2 (1 — 1 transitions)
~0%a+ 0, A, + g*v*(2)a =0 E%A, — E?0.a — ¢*v?*(2)A, =0
Eliminate A,

E?0,a _ E?0,a m?2
A=gpom A= <a"a’ m) = Oua + —5(0,0,0,4.)

Interacting piece

= Mgpa x Ayt = j"0ua +Aﬁeftju =

remove by hand
For v constant:

E? k k m
i (ko’kl’o’ k) X g = e 10.0.0,5)

& =8+ %(0,0, 0,1)




The basis for the emission of GB: longitudinal modes

matching across the step wall: 0,A® = continuous at z =0 m?(z)A* = continuous at z =0 .

Right movers

ethz 4 e~ k= ,2<0

inc wave —
z —ik%t _ —anE
RE=E€ Xrk(z)=e — -
m |t e** 2>0

) v
R wave <—

—>
. = 'rhzk—mzlgr t, = 2km> _
= m2krm2e 0 F T m2ktm2k
Left movers
—ik®z 0
R wave P _ ,lko km2t e ,2 <
: AL,k =e XL k( —ikz zkz
m — K ,2>0




o AdeerleskatNOpresie
Longitudinal emission of GB

~ 2 m2 m2 2
o (Ap%~0y = [dik3 J e s @ - IMEZOR . (p, —q. + ko) ~ f,{’w (—m%+,h2) Dom

0 20 40 60 80 100
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2
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o AdeerleskatNOpresie
Longitudinal emission of GB

~ 2 m2 m2 2
o (Apf™") = [dk? [ dv gy - M52 - (- —qz+kz)~wwr(m%+m2) Dom

2
2 2
o (A = a3 [ dr gy IMETOP (pe — e k) A~ Chom (mA"h ) Dom

m2 m? 2+m?2
Wb
. 0 j2 2<0 g2m2 m? 2
o (Apj™") = [ dil [ de iy - IME T (02 40z + ko) ~ 48 (m%-‘rm?) Neg

m=4,m=19, m,;,:l[GeV]

0 20 40 60 80 100



o AdeerleskatNOpresie
Longitudinal emission of GB

~ 2 m2 m2 2
o (Ap%~Y) = [dk? [ dv gprdismm - IME TP - (- —qz+kz)~wwr(m%+m2) Dom

2
2 2
o (Apf ) = [k} [ dw gy IME TR (s — gs + ) - 425 ~ B (L8m2 )" Dom

m? m?2 2+m2
¥
2 O . <0 2,2 m2 2
o (Apj™") = [ dil [ dv iy IME TP (02 +0: + k) ~ 505 (m%-i-ﬁz?) Neg

~ 2,2 2 2
o (AP = [ i3 [ do gy - IME "1 (0 + gs — Fi) ~ L (%) Neg

0

102

m=4,m=19, mwzl[GeV]

P+ w

0 20 40 60 80 100



Longitudinal emission of GB: two limits

Take , symmetry restored outside the bubble:

e — 1, tr — 0, Right-movers disappear

- k2 + (1 —2)m? + 2?m?
qu:,>0 — (pz — ¢ — kz) ~ 1 ( ) P

2x(1 — x)po

< q >O /dk‘2 /d.’L‘ 2(] (2k‘ ) |M%Z>O|2 ' (pz — 4z — Ez) ~ ng

Right movers

incwave —
T wave
R <Y \ 102
wave i m =0, m =19, my =1[GeV]
— '
— H >0
Ik — (Ap™")
Lk
Left movers b7 >0
v — (A7)
< =<0
R wave — (AP
Twave _ v
— <0
% (Apf =)

po [GeV]




Longitudinal emission of GB: two limits

Take [/ — m |, small mass difference:= |rg|? = |rp|? ~ ‘mzlzi
Api = Iral*(p =g+ k) + (L= rrP)p—q—k) = (- _1;)
Api = lrif(p—q—k) + (1= Irl)(p— g+ k) = (p—q+Fk)

fdk‘J_ fdxm |qu>0|2 (P —q- — k. ) ~ % (m2+m2)

(Ap%E~")
2
(D)) = [k [ de ey IMET P (0 — s+ ks) ~ 49_7}7),%& (ﬁfm’&‘) Dominant

<1

m =4 m =401, my =1[GeV]

104 5

10°°

1078

(Ap) [GeV]

-0

10—12




Comparison emission of GB: scaling

2
P~ 2T g*m? Am?
w mfp m?2 4 m?2

What happens 777

2 2 2 2
q.>0\ _ 2 Po ) q:>012 _ I\ 9 bom Am
™) = [t [ st MER G: -t ) 3 (ri7e)

MﬁocpoAm2m (pz—qz+l~cz)ocmp0< 1/Ly,

10~

102} tm=0, m=19, my =1[GeV] N =4, m =19, my =1[GeV] m =4, m =401, my =1[GeV]
1 H 10004 f
= 1000 = H = H
E 2 E i E 107 i
= 10 = 102} = :
2 10— = =
g 0 4 a
=~ » ls ~ B — X — pol. = 10-8
10 b3 10 ~— T — pol.

0 20 40 60 80 100 0 20 40 60 80 100
po [GeV] po [GeV] po [GeV]

1078
0
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Take-home message

e Validity of step wall: Ap, ~vT' < 1/L,, ~mpg

@ Ordinary limit: transverse emission dominates Longitudinals with m — 0:

Right-movers Transverse GB Right-movers longitudinal GB
P4 + 1 T3P Amlog Am/Towe + (4 4+ 1 )vT3¢*Am
ref trans ref trans

o Longitudinals when m # 0

2
P~ 72 T g>m? Am?
w mfp m2 4 m?2

until v ~ mpg/T.

@ Questions: How to apply the same formalism to thick physical walls?
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Back-up



Baryogenesis

@ B-number violation; B-violating interactions, sphalerons
e CP-violation; physical phase into the yukawa matrix
@ Out-of-equilibrium situation; expansion of the universe, first-order phase transition

Electroweak baryogenesis Leptogenesis
e . sphaleron t t 3
—® / . ‘
N jd
N TN = N {\(A{
% =\ N

VS : :

Figure: Credit:T.Konstandin [1302.6713]

Figure: Credit:T.Konstandin [1302.6713]

Scattering of quarks with CP-violating
yukawas off the slow bubble wall. B-violation
via sphalerons

Out-of-equilibrium decay of heavy L-violating
RH neutrinos. B-violation via sphalerons. CP
violation via loops




CP violation inside the bubble wall

Ingredients: Higgs field H, ¢ scalar, 2 heavy N;, SM SU(2)-fermions L, and x; light fermions

L = iXiPrdx; + iNt@N; — MyN;N; — YirpN1 Pryi — yra(HLy)PrNT + h.c.

To N I'(x = Ni) —T(x = Np)
T(x = Ni) +T(x = Ny)
N ! TN
! \ i J ® i . bl
+ T = K e i
" ' <o > Vi P '
and
Symmetric Broken A(X’L — NI)l*loop X
- hi (hl) 1 M?
+5 Yyl yarx fi00 Im[f;;"(2)] = — T = —5
Z iJYa Yol X ]y 1J orl—2 I

A(Xz — NI)tree X YviI o




- =
Conservation of current and longitudinal modes

JH9,0 " =g(¢10,0 — 00,0") 9. J" =0

o Transverse u
Mmoo PO Pt ki (0 d)uky
Apinc Apr Apt

Conservation of current:(my, = 1y, m # m) = (p+ q@)uk" = (p+ q):ADine

Tk tx

M= (p+q)(1+ry—tg) =0!



- =
Conservation of current and longitudinal modes

JrO0  JM=g(¢10,6 — ¢0,0")  9uJ" =0

o Transverse u
(p+q)uk” e (p+ a)uky _ (p+ @)uki
Apinc Apr Apt

Conservation of current:(my, = 1y, m # m) = (p+ q@)uk" = (p+ q):ADine

M:

tx

M= (p+q)(1+ry—tg) =0!
o Longitudinals

| =1t X 2 etkrz
Alz>0 = e
>0 7 Em
w K ~Z k” 4 kz kz Z:Z
M = (P+a)ukt k. (prauky k. (P @)k _ (p+9) ( ke ~tk>

T Em Apine Em " Ap, Em " Ap; FE

k . )
a|z<0 _ mZE (ezkz o rkezkrz)
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Can 7,y be large enough to produce ¢ of My?

Transition strong enough : | AV > APro

Transition sector without Gauge Bosons

AP = APro Transition sector with Gauge Bosons
) AP = APro + APn1o
Runaway regime: acceleration until collision A}
b Yw,MAX R Min [Mp;gnuc’ g.lg?’»ﬂj (TL)g]
Yw,MAX ~ _MplTnuc e ™
v = MQAAX ~ Min |:Tnuc<%> 1/2,471'11( Y )]
My, v Thuc

1/2
= MY ~ T <—>
(%
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Falkowski and No bubble wall production

Production of heavy states during the collision of bubbles. arXiv:1211.5615
@ Can be non thermal DM: arXiv:1211.5615
@ Or make a barygenesis mechanism: arXiv 1608.00583

Necessary ingredients
@ Portal coupling similar to ours.
@ Runaway bubble (otherwise, energy dissipated in the plasma): not operative in EWPT.
@ Elastic collision (restoration of the false vacuum in between the bubble)
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Constraints and experimental signatures on the EWBG proposed

© Neutron-anti-neutron oscillations: baryon number violation by 2 units

U —oindd = (2o K011 Agep 2
A5l dedeudd = Alim, wededeudd = SMia—n Mim, > r6ryr)

Current bounds on this mixing mass are of order dms_,, < 10733
Apin 2 10°GeV (M, my) 2 10°GeV

@ Flavor violation: Need to couple strongly only to tr,bgr
© Contribution to electron EDM:

2 10T 2
o me(yY:) ( ! ) ~ 3% 1073 x <—0 eV) cm
e (4m) AEpum Appwm

while experimental bound is |d.| < 1.1 x 1072%cm - e
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Comparison with proposal in arXiv:2106.15602

Baryogenesis with relativistic walls by Baldes et al. arXiv:2106.15602
@ Relativistic walls 7y, > 1

2
@ scalar model AL = —%¢2h2 + %(ﬁ with production of heavy scalar ¢
o ¢in (3,1,2/3) of the SM and AL = yg;¢idrdy, + yuidi Nru$; with physics phase in y'
@ CP and B violation in decay ¢ — bb

AT . MG mechanism @ AV mechanism
N

@=0
My~0




Full expression

PT leptogenesis: CP violation in production+decay

ng—ng 28 135¢(3) gy 2 (rl)
- __E W ZG Zlm YiYiyasysr)Imf;;

a,J
3
o2 _ Ty 2 lvarl®
Vil 3 fyarl? lyazl2 Tren ) 3 lyarl?+[Y1|?
EWPT baryogenesis: CP violation in production+decay

AnBaryon -~ 135< Z |yI|2 9v (Tnuc ) s
S 84 ! |yI|2 + |YvI|2 Tren

¥, Im(fL7] | AIm[FE my -
i (- B )
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Why do we even bother ?? Observation prospects of GW

peak> peak

Prad




Velocity
Final velocity yMAX = ——L___ of the wall set b
. Vi Y
AV = AP(yMAX) = determination 44X

o AV independent of the velocity of the wall

symmetric

broken



Velocity
Final velocity yMAX = ——1___ of the wall set b
. Vi Y
AV = AP(yMAX) = determination 44X

o AV independent of the velocity of the wall

o AP(yMAX) very difficult to compute in
general and depends on the velocity

broken symmetric




Velocity
Final velocity yMAX = ——1___ of the wall set b
. Vi Y
AV = AP(yMAX) = determination M4X

o AV independent of the velocity of the wall

o AP(yMAX) very difficult to compute in
general and depends on the velocity

@ Generic method: solve the full coupled system
of Boltzmann equations

POufi+ 50em010y. f: = Clfin 0]

broken symmetric

VT ) e T

av dm?[qzﬁ]/ dBp 1



Toy model with active mixing pressure

Toy model with two scalars ¢ (PT field), n (spectator catalizes), heavy N and light x fermions

(¢,m,x,N)

min? ) A
['UV _ ( u¢) ( ,,7)2 _ ; ¢¢4 77 4 ¢7l¢2 2

+i>zax + z'NaN — MNN — Ymixing>—<¢>N + h.c.

Y=1 )=1 Y=1 )\=1
0.100 Pressure -
* e , 1x10°
—————— — w AV 5x10°
0.010 —" Driving Force \ g
0.001 e “ o) Toue
e x
104 o I S I . B @™ Praixing(Thue)  5x10% _Maw
/ 4 ()
10 Runaway —_— W Pun(Tnuc)
if no mixing No Runaway 1x10%
1.0 1.5 2.0 0.9 1.0 1.1 12

Asn Ao




Bk
Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Asz2
AP — Z
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Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Am2T2

AP — Z

@ NLO pressure by gauge bosons emission
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9U7T3
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Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Am2T2

AP — Z

@ NLO pressure by gauge bosons emission

9°v s
AP~ ) g 16277
i

@ contribution by hitting heavier physics

Y2722

T — M?L,,
s ou )

Apmizing ~
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Summary on the velocity in the relativistic regime

@ LO pressure by particle getting a mass

Am2T2

AP — Z

@ NLO pressure by gauge bosons emission

3
9U7T3

AP~ ) g 162
i

@ contribution by hitting heavier physics

Y2T2 2

T — M?L,,
s ou )

Apmzzzng
AP (YMAX) = AV VS APt (v — 00) < AV Runaway
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