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Nucleation

P \

" Bubbles from a FOPT

Expansion
- driven by difference of potential in
symmeTric and broken phase

- damped by friction of surrounding
plasma

- impact on GW signal, baryogenesis,
plasma dynamics, discriminate between BSM
models

Collision
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, summelry breaking
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Bubble wall expansion, symmelry restoring

- symmelric (s)
particles become massless in bubble

LO:

Anti—Friction = —m2T2
negative friction = acceleration and run
away of bubble wall
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friction grows with y = no run away of
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Bubble wall expansion,
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Bubble wall expansion, symmelry restoring
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Bubble wall expansion, comparison
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Conclusion

Investigated bubble wall expansion
from FOPT at LO and NLO

Symmetry breaking transitions (s - h)
are well studied, e.g. (Boedeker &
Moore, arXiv: 1103,08215)

Summetry restoring transitions (h = s)
investigated in This work, also studied
by e.g. [(Azatov et al, arXiv:
2405,194471, here: repeated calculation
as by Boedeker & Moore

In both cases: bubbles run away at LO

In both cases: NLO contributions stop
bubble run away

For y < 50: get negative contributions
(at NLO for (h - s))

For vy > 1000: get vatio of 0.5 here
(at NLO for (h = s)/(s = h))
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Backup, symmelry restoring, LO

For one particle moving through the wall without radiating (see left image of [Figure 2)), the momentum transfer
Api-,1 on the wall in z-direction is obtained by simple energy conservation:

2 2 2
Eoutside = Pz outside + P outside + My tside
2 2 2 Y
= PZ inside T P71 inside + Mijside = Einside (3]‘}

2 2 2 2 2
= m|n5|de Mautside = Pz outside — pz,inside + p_,outside - pJ_,inside

=0
= (pz.outside - pz.inside)I (pz.outside + r@z.inside)I (32}
Apio ~2E
2 2
ms .. —m .
= A ~ inside outside ) 33
P1—1 SE (3.3)

In the symmetry restoring scenario the mass inside the bubble is approximately 0 and the pressure P11
/' on the wall is then negative and leads to anti-friction, which accelerates the wall further:

Pro1= LY [ o (27r)3 21t
J?TQ —JTTz
= 3E
d3p
%gb‘af(Qﬂ—g,m:—fa(p)(m%side—mgutside)
=0
~ outsu:le_’r2 (3'4}



Ap1-32 forward on the wall is:

Backup, summetry vesToring, NLO

ﬂpl »2 forward — Apzforward -

Pz kz‘furward gz
22p0 %:;i 22k0 _rmg-m;feﬂz g0 %ﬂiz‘
1 1 L
0o ,0 .0 2 2 2 2 2 2
~p —k —q _Q_po(ma+ P )+m(mb,m5|de+kj_}+ F (mf—‘r a1 )
= =0 =0 —~ =k
qP=p0—kOzp0 L
m: kD mi+k m3 k2
2p0 ' 2k0 2p°
S——

“2p0 T k0
=0

e particle b moves backwards outside the bubble (see right image of [Figure 2)), hence k. has a negative sign
and my, is not zero. The momentum transfer Apy_,5 packwara ©N the wall is:

Apy +2,backward — ﬂpz.backward =

Pz kz,backward qz
S~ —— ——
0 m3+p] 0 ml%eutsuje”‘2 0 mE+a]
=p = = ki ——— 2K =q

2g0

1 1 1
~pt— k0 - ﬁ(mg +p1)- ﬁ(mg_outs\de +k3)+ 200 (mz+ q1)
—kO 0

qOa=p? =kt
2 2 2 2
~ 2k — mg _ M} outside + kJ_ mg + ki ~ 0 mg _ M outside + kJ_ (3 6)
2p° 2k0 2p° 2pY 2k0 ’
N —
~0

The pressure P;_,> on the wall can then be computed via the following equation from eq. (12), (16)]:
d3p d3kd®q
P = v j fol+f][1EF, —k, —
152 agc a (27)32p0 (21)62k02 qo ol Al al (Pz z—qz)
b,

~=pP
x (2m)%5%(p. —kL—q)d(p° — k°—q°)|M[?

=Y v

[
ot (2m)3(2p0)2 7

Apz

d?ky
(2m)2.

dk® 5
(2“_)2‘{{0 [lj: fkl[l * fD klAJDZ|M| '

(3.7)

(3.5)
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Backup, symmetry vesToring, NLO

M= [dzx @52V (2x5(2)
~ew(—i [ k(Z)d2)exp(—i [ a:(2)dZ W (2 expli [ po(2)d2)

0
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- ’
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'
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Backup, summetry vesToring, NLO

e for the case of particle b moving forward, with 5‘; =x < 1, we get:

Ainside forward _
T = Pz,inside — kz,inﬂdefomard — Gz,inside

2 2 2 .2
m=+0 O0+k mz+

~p?— KO— g0 — <t = c DCM
—_— 2p 2k 2q
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— —
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1k ¢

AR

1 )
:2_,00(_m5+ )

2
m
2
+——m
Ty e
S —

2 2 =0

1K
2p0 x(1—x)
\—v—/

&€

(3.10)

x
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2,,00 e pz,outside — Az outside, forward — qz,outside

2 2
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(3.11)
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we then get for the term (ﬁjﬂsﬂi%mﬁﬂﬂ)zt
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4
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2
4 0.2 2 2
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Backup, summetry vesToring, NLO

Amswde.backward
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Backup, symmelry restoring, NLO

forward scattering, mp inside = Mps = 0

backward scattering, Mg outsidge = Mpn 7 0

transverse vector boson

IVI* = 49°C2[R]%kf

V] =dglc2[mﬁm

i 4
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Backup, symmetry breaking,
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Backup, symmetry breaking, NLO

e particle b moves forward inside the bubble (see middle image of [Figure 3).

gl
Ap1 +2 forward ON the wall I

Apy »2, forward — ﬂpz.forward =

~p

_m;
2p0
——

~=0

—_——

2
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——

+
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2
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2 2 24 a2
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The momentum transfer
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(4.2)

e particle b moves backwards outside the bubble (see right image of|[Figure 3]), hence k. has a negative sign

and mp is zero. The momentum transfer Api_.o packward ©n the wall is

Apy +2 backward = ﬂpz,backward = Pz - kz backward az
2 2 2
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Backup, symmelry breaking, NLO

forward scattering, My inside = Map 7 0

backward scattering, mp outside = Mps = 0

transverse vector boson
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longitudinal vector boson
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