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using a Monte-Carlo simulation. We find that radiated bosons are dominantly soft and that
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1 Introduction

Cosmological 1st-order Phase Transitions (1stOPTs) have been the subject of a lot of
interest because they can generate Gravitational Waves (GWs) [2-4], set the abundance
of dark matter [5-15], explain the baryon asymmetry [16-25], generate primordial black
holes [26-31], primordial magnetic fields [32], or topological defects [33-35] and offer a new
access to supersymmetry breaking [36]. A key quantity for the physics of these transitions,
and in turn for most of their applications, is the wall velocity v,,, which is set by the
friction pressure on the bubble walls. For example, the primordial GW spectrum resulting
from a 1stOPT [37-42] strongly depends on whether the walls run away or reach a constant
terminal velocity before colliding: in the first case GWs are sourced by scalar field gradient,
while in the latter they are sourced by fluid motion [37, 39].

In the non-relativistic regime, the bubble wall velocity is usually calculated by assuming
local thermal equilibrium in a thermal field theoretic or hydrodynamic approach [43-55].
In the opposite limit where bubble walls are ultra-relativistic, v = 1/,/1 — v2 > 1, interac-
tions between particles crossing the wall can be safely neglected [1, 56-58] when computing



the friction pressure. This limit is most relevant for 1stOPTs with large supercooling,
which are natural predictions of nearly-conformal potentials, and which have attracted a
lot of interest in recent literature (e.g. [5, 8, 11, 12, 15, 23, 59-85]).

In this work we make progress on the computation of the friction pressure on relativistic
bubble walls. In section 2, as a warm-up we compute the retarding pressure coming from
particles acquiring a mass in the broken phase, as initially derived in BM ’09 [56], and
recover their results. In section 3, we review the possibility for the incoming particle
to radiate one gauge boson acquiring a mass m in the broken phase, and again recover
the result from BM ’17 [57], Pxro x ¢g?m~y T3

Y.y Where Ty, is the bubble nucleation

temperature, g is the gauge coupling constant and p is the IR cut-off on the transverse
momentum of the emitted boson. In section 3.4, we discuss various possibilities to cure
the IR logarithmic divergence. In table 1, we show that for large supercooling m /Ty, > 1
and/or large gauge coupling constant «, perturbativity breaks down and we must account
for the possibility to radiate multiple vector bosons.

In section 4, we perform an analytical Sudakov resummation of virtual and real emis-
sions at all leading-log orders (LL). The perturbative splitting probability can then be
used to express the mean exchanged momentum, and thus the pressure, as a resummed
quantity that includes leading-log real and virtual corrections to all orders, see eq. (4.9).
In the limit where the initial energy is large, E,/m > 1, such that the kinematics of the
multiple emissions can be considered as independent, we find that the pressure is linear
in both the wall Lorentz factor v and in the order parameter of the transition m, up to
a log. In section 5, we simulate a particle shower using a Monte-Carlo algorithm, and we
confirm the analytical resummation in the limit E,/m > 1, in which energy depletion due
to multiple emissions can be neglected. In section 6, we deduce the bubble wall Lorentz
factor at collision time and discuss the consequences on the nature of the GW source. We
conclude in section 7.

To keep our paper easier to read, we defer a lot of technical details and complementary
— yet interesting — calculations to a series of appendices. In appendix A we compute the
vertex function for boson emission, in appendix B we compute the particle mode functions
precisely, and discuss the validity of the thin-wall and relativistic-soft-collinear limits, in
appendix C we compute the 3 — 2 boson scattering rate, in appendix D we sketch the
effect of particles reflected multiple times, in appendix E we treat the case of a massless
vector boson, in App F we discuss the discrepancy of our result with the one of [1] that
found a scaling Pp;, o v2T2

e, in appendix G we compute the backreaction of successive

boson emissons on the kinematics of the parent particle, and in appendix H we compute
the Lorentz factor of a constantly accelerating bubble wall.

2 LO friction pressure

In this work, we assume that the wall is moving at relativistic velocities v > 1, such
that we can work in the so-called ballistic regime in which we can neglect the interaction
between neighboring particles during the time when they cross the wall, see e.g. [54]. The



leading-order pressure comes from the particle getting a mass in the broken phase [56].

Zga/ 3 fa(p) X Apro, (2.1)

where g, is the number of internal degrees of freedom. The momentum change is given by

Am?
Apo =FE—VE—Am? ~ %, (2.2)

where we assumed energy conservation and the relativistic limit £ > Am. We compute

/00 Amp’dp 1 Am? Am Tguc {1 boson (2.3)
0

(27r)3 eP/Taue + 1 2p o 24 % fermion

where Ty is the nucleation temperature. Therefore

Am? T
Pro = Zgaca 77 (24)

where ¢, = 1 (1/2) for bosons (fermions). If the negative pressure due to the vacuum
energy difference of the phase transition AV is larger than the LO retarding pressure in
eq. (2.2),

AV > Po, (2.5)

then the bubble wall is supposed to be accelerated to larger and larger « factors until either
it collides with other walls or until soft particle radiation further contributes to the pressure
and eventually stops the wall from accelerating. The rest of the paper is dedicated to the
computation of the latter contribution.

3 The splitting probability at first order

3.1 Transition splitting

In this section we discuss another contribution to the pressure, which arises when a particle
entering the wall radiates a gauge boson which gets mass in the broken phase [57]. The
resulting NLO pressure reads

Prro = Zga/ & Pa fa( DPa gg X Z/dpa%bc X Ap X [1 + fc(pc)][l + fb(pb)], (31)
a b,c

with

Ap = p; — ph — Pé; (3.2)
where dP,_,j. is the differential splitting probability, p, and p, are the momenta of the
incoming particle before and after the splitting while p. is the momentum of the radiated

1

boson," see figure 1. The momentum p, is the momentum in the far past and thus in the

!Note that our notation for ‘a’, ‘b’ and ‘¢’ is different from [57] where the roles of ‘0> and ‘¢’ are
interchanged.
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Figure 1. NLO contribution to the retarding pressure: while approaching the bubble wall, an
incoming particle a radiates a vector boson ¢ which gets a mass in the confined phase.

symmetric phase, while p, and p. are the momenta in the far future and thus in the broken
phase if they are transmitted, or in the symmetric phase if they are reflected by the wall
boundary. We summed over all the species a likely to participate in the process, g, being
their number of degrees of freedom. The Pauli blocking or Bose enhancing factors 1 & f;

are ~ 1, while 1 & f. sum to 1 when considering both absorption and emission processes.?
3.2 The momentum exchange
Kinematics. Upon introducing
E.
= — 3.8
= (35)
2The interaction Hamiltonian can be written as (see e.g. [86])
Hine = Moalala, +h.c., (3.3)

where a, are the usual creation operators in Fock space. Then the transition amplitudes for emission and
absorption read, respectively

Macsve = (fo = 1, fo + 1, fo + 1 Hin| fa, for fo) = Mo/ far/1 £ for/1+ fe, (3.4)
Miycsa = {fa + 1, fo = 1, fo — U Hint| fa, fo, fo) = Mo/1 % far/For/Fe, (3.5)

where +/— refers to boson/fermion statistic. We deduce the interaction rate accounting for both emission
and absorption

(Mastel” = [Moeal® = [Mol® [fa(1 £ f) + fe(fo = fo)] - (3.6)
Hence we see that as long as (fa — fb)fe < fa, we have

|Ma—>bc‘2 - |Mbc—>a|2 =~ |M0|2fa- (37)

As we will see, for non-abelian theories we will cut f. ~ 1/927 so our calculation in those cases holds good
as long as |fu — fo| S g2, We leave a more quantitative study for future works.



we can write

Pa = (E 08, /B2 — ma(2)? z) , (3.9)
py—Ql—mEm—mﬁ;¢u—xPEg—m4@2—ﬁ¢), (3.10)
. <g; Eu, ki, \J22E2 — mo(2)2 — 12 z) , (3.11)

where mg(2), my(z) and m.(z) are the masses of the three particles involved in the vertex as
a function of z, and k; = |k |. As the wall breaks z-translation invariance, the momentum
along 2 is not conserved. We approximate the wall by a Heaviside function at z =0

me,s if 2 <0, my,s if 2 <0, mes if 2 <0,
ma(z) = _ my(z) = _ ;o ome(z) = _
Mapn if 2 >0, mpn  if 2 >0, mepn if 22>0,

(3.12)
where the masses with ‘s’ and ‘h’ denote the ones at infinity in the symmetric and Higgs
phase, respectively. As long as the masses in the symmetric phase are small compared to
the ones in the broken phase, we can safely assume that

Ma,s = My s = 0. (3.13)

We can not make the same simplification for m. because m., = 0 implies the existence of
a double (soft and collinear) divergence, see eq. (3.33). Hence, m,, plays the role of an
IR cut-off which regulates the double singularity, whose possible values are discussed in
section 3.4.

Note that the parameterization of the kinematics in eq. (3.9), (3.10) and (3.11), imposes

k3 + me(z)? k3 + my(2)?
Jy - 00 0 < < l]- .14
E, =T = E, ’ (3:14)
E2 myp(2)2 +me(2)? (my(2)? — me(2)?)?
< 2 < Za _ .
0 <k = 4 2 AE? ’ (3.15)

and the corresponding allowed region for  and &, is shown in figure 2. Since all the results
derived in this work are UV insensitive, we can simplify the upper boundaries in eq. (3.14)
and (3.15) as

k3 + me(z)?
E,

IN
8

IN
\'P—‘

(3.16)

0 <k, < E, (3.17)

The associated correction terms are anyway beyond the soft-collinear approximation, that
we will assume when deriving the phase of the mode function in eq. (3.29) and the vertex
function in eq. (3.26).
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Figure 2. Kinematically allowed region (blue) for « and k, /E, for one emitted boson.

3.3 The splitting probability

Relation between splitting probability and matrix element. The differential split-
ting probability is given by [57]

o dgpb dgpc
[ @Pese = [ Grsing eyt Tl (ol TI0), (3.18)

with the properly normalized state |¢) for the incoming particle a being defined as

d3—’ d3—’ 2
|¢>E/(27r];3¢2(?|ﬁ>’ /(27:))3 !45;1;')! =5 (3.19)

with |p) = \/2E5a;~\0>. We assume ¢(p) to be sharply localized around p = p,. The
transition element 7 can be written in terms of the matrix element M as

(Pos Pe| T Pa) = / "z (py, pe|Hint|pa) = 6@ (Z m) 5 (Z E) M. (3.20)
Substituting this in the above expression, we get
o 1 1 1 1 N k(=
/dpﬁbc_/ﬁbZEb/ﬁc 2Ec/ﬁ{l 2E{l/py 257 $(Da) 9" (Pa)
x 6@ (3 p) s (3 E) 6@ (3 p1)s (Y E") MM (3.21)

Here 62 (X ) can be eliminated by the perpendicular direction in p’ integration. Also,

d (3> E") can be eliminated by the remaining direction in pl, integration, yielding an extra
factor of (EY /pl?)

a

_ [ 1 L[ 10@IP 1 o) (v , )
/dPﬁbc—/ﬁb 2Eb/ﬁc 2Ec/ﬁa T (>r)s (D F) MP. (322)




Next we use the fact that ¢ is sharply localized around p,

1 1 1 "
firis= [ 35 | 5 g (Sm)3 (2 8) IMP 629

We finally perform pp integration. Eliminating the perpendicular ¢ function is trivial. The

remaining ¢ function can be performed by using pjdp; = EydE,. We also decompose ¢
integration into k, and E. integrations. As a result, we get

d?k, (dE. 1 1 1 )
APy spe = | s : 24
P = | oy | 5w M (3.24)

The sums over momenta assume asymptotic initial and final states, which thus are far from

the wall and do not see the Lorentz violation it induces. This Lorentz violation instead

enters the computation of the amplitude in the next paragraph.

Matrix element and vertex function. We next evaluate the matrix element
M= [z xal2V (NN E), (3.25)

where x4, b, are the mode functions of particles a, b, and ¢, respectively, and V(z) is the
vertex function. It has been pointed out [57] that the most important process contributing
to the pressure at large Eq is X (po) — Vr(pc) X (pp) where Vr is a transverse vector boson
and X can be a fermion, a scalar and a boson.? The corresponding vertex function, which
we re-derive in appendix A, is phase-independent, V}, = Vs, and equal to

]{2
VI = 49" Cane —3, (3.26)

where g is the gauge coupling constant and Cg. is the corresponding charge factor [1].

Mode functions. In appendix B.1, we show that in the high-energy limit p7 > m.y
and thin-wall limit, we can approximate the mode function of ¢ by

i
2F,

Xe(2) ~ exp <z /OZ pﬁ(/)d:/) ~ etFe? exp (— /Oz(mg(z/) + k%) dz’) , (3.27)

and idem for a and b, which allows to re-write the triple wave function overlap as a function
of a phase-dependent quantity A,

WGENE e (5 [ AE) a2 (3.25)

with

2, 1.2 2., 1.2 2. 12
—A:ma(z)z—mb(z) +k1 me(2) +kL:_mC(z) +k:L‘

3.29
1—z T x ( )

3The computation of the vertex function for the emission of a longitudinal vector boson possibly involves
subtleties related to the breaking of Lorentz invariance at the wall boundary and the non-applicability of
the Ward Identity. We then leave it for future work, and focus on transverse components in this paper.



We have assumed relativistic and collinear final momenta p; > ,/ m% —I—ki, i >

\/mZ+ k:f_ in the first equality and soft emission energy x = E./E, < 1 in the last
equality.

We can now separate the integral over z across the wall in eq. (3.25) into a contribution
from the broken phase and a contribution from the symmetric phase. Therefore, we assume
that the vertices V' and phases A on each side of the wall are Heaviside functions and we
denote them by (V4, Ap) and (Vs, As), such that we obtain

Ap : Vi Vs
S, - ez) = 2iF, <Ah - As) .
(3.30)
We have regulated the behavior at infinity by introducing an imaginary momentum =ie,
which we can safely set to 0 in the right-hand side of eq. (3.30) since A, As # 0.
In appendix B.1.1, we derive the mode function x.(z) in the presence of a finite wall

0 A 0o
M ~ Vs/ dz exp (iz 5+ ez) + Vh/ dz exp (iz

a

thickness L., and we show that it can be neglected up to logarithmic corrections in the
limit, cf. eq. (B.15)
Ly < mcvh/mg’s. (3.31)

Since we expect Ly, ~ m;}l, cf. eq. (B.16), we conclude that the wall thickness can be
neglected as soon as me s < myp. Note that the validity of using the Heaviside function
is not given by the comparison between the (inverse) wall thickness and the momentum of
individual a, b, or ¢ particles.

In appendix B.1.2, we compute the full mode function valid for any pZ. Particularly,
Xc(2z) contains a second wave propagating in the opposite direction which implies that in
the limit p7 < mep, the particle c is reflected. The full matrix M accounting for reflection

~

and transmission coefficients is given in eq. (B.24).

Perturbative splitting probability. Therefore, the matrix element in eq. (3.30) be-

comes
k? w? (mg ), — mg ,)?
M|? ~ 4E? x 4 g% Cope ~% x & ’
’ ’ a g abc xQ (k‘i + mg’s)Q(ki + mg’h)2

ki (mZ,h —m} )2

~ 16 g* Cyp E? . (3.32)
(K1 +m2,)2 (k] +m2,)?
The splitting probability in eq. (3.24) reduces to
Pk, d 1 k1 (mZ), —mZ,)”
dPyspe = L2 > 216g2CabCE62L 2 J_(2 J; 2 ’)2 2
(2m)? (27)2z (2E,) (k1 +m2 )? (k1 +mg,)
dk? dx
= G S TGk, (333
1z

where II(k] ) contains the IR and UV suppression factors

2 2 /m2 —m2 \2
H(l@z( L )(h ) (3.34)

k3 +m2, k2 + mg, b




and

Il
[N}

£

==Y Caper a (3.35)
7T b,c

Here note that we integrated the radial direction of k L asd?k, = dei. The charge factors

Coape in the SM can be found in [1]. In the rest of the paper we assume m.j > mes.

In eq. (3.33), we have replaced p? with i = a,b, cin eq. (3.24) by E;. In appendix B.2, we
investigate the validity of the relativistic-soft-collinear approximation for the phase space
factor 1/p?, the vertex function V, the phase A of the mode function and the momentum
exchange Ap and we show that this underestimates the final result by a few percents only
for Thue = 102 Tigart.

2

2
c,s .
——5— | ineq. (3.34), com-
pared to usual splitting functions in collider context [87], vanishes in the limit where the

'mz o m
Symmetry restoration. The UV suppression factor :

symmetry is restored m.jp — M or kﬁ_ > mih. In contrast, as first claimed by [58]
the splitting function used by [1] does not go to zero in the limit where the distinction
between the two phases disappears. We give more details on the origin of this discrepancy
in appendix F.

3.4 The IR cut-off
The splitting probability eq. (3.33) is divergent in the IR, for sz_ — 0. That divergence

2
is regulated by values of m., > 0, via the factor (kﬁ/(kzl + mz’s)> , or by some other
physical process. To encompass both possibilities, we find it convenient to define a general
IR cutoff p and rewrite eq. (3.33) as

dk2 de [ K2\ (mZ,—m2\’
dPa c — SQa L — L > k y 3.36
e = GaTr (kﬁ—i—,tﬁ) <kﬁ+mih (3.36)
where by definition
> M. (3.37)

This definition gives us also the possibility to treat u as a free parameter, so that one could
later account for IR cut-offs which are not relevant for the physical situation of interest for
this paper, or which we simply miss.

Let us start by discussing the case y = me s, for which eq. (3.36) goes back to eq. (3.33).
Values of m. s > 0 are guaranteed by screening effects in the plasma [88, 89],

2 3
2 9°C; d°p; N
~ 2g; = i\Di), :
m; EZ: 9 g, 2’pi|(27r)3f(p) (3.38)

with the sum running over all species in the plasma ¢ that couple to ¢, f; being the
occupation number of the i particle, g; the number of relativistic degrees of freedom of
species i, C; the quadratic Casimir (¢?C; = charge squared for abelian theories) and da
the dimension of the adjoint representation. We discuss two possible screening effects in
the next two paragraph, and later discuss other possible cut-offs for & .



Thermal mass. A contribution to f in eq. (3.38) is always given by the particles in
thermal equilibrium. Taking a U(1) and an SU(NN) gauge theories as examples, we obtain

N
u() - mey =g T (3.39)
1 N
SU(N) : m2, = 6<N+ 2f > 9?72, (3.40)

where Ny is the number of Dirac fermion flavors in the fundamental representation. The
thermal mass in eq. (3.39) and (3.40), which for the sake of simplicity we write as

Me,s = Mth = al/QTnuCa (3'41)
constitutes the minimal IR, cut-off for abelian and non-abelian gauge theories.

Phase-space saturation. As the occupation number of emitted vector bosons grows in
the IR, it must exist a scale mg,t below which perturbation theory breaks down and vector
bosons start to act collectively [57].* Due to the soft-collinear divergence of the splitting
function, the occupation number f.(p.) grows like

d*pa dPa—be
fe(pe) = Zga/( p)gfa( Pa) dgkldbp(c]

1 1
= Z Vagaga nuc k2 H(k’l)a (3'42)

a

where we have again used dpQ ~ dp? in the first equality and eq. (3.33) in the second one,
ga is the number of relativistic degrees of freedom of particle a and v, =1 (3/4) for bosons
(fermions) assuming f, to be a thermal distribution. From eq. (3.38) and (3.42), we can
see that in the case of non-abelian gauge theories (without loss of generality, we focus on
SU(N) here and for numerical applications we fix N = 3), in the large ~ limit, the emitted
vector bosons back-react self-consistently on the screening mass

cs—2N9 /ch( c) (3.43)

~ NG Y vgata s L / P di / M(k,),  (3.44)
- w2 M (2m)32E, Jo VALt x2

which implies

2
mis = mgat ?f( Na 2 Tr?uc Z VaGa abc (345)

a,b,c

Note that mg, increases as 71/ 3. Its value at the time of bubble collision depends on
whether the wall runs away or reaches a terminal velocity. Upon plugging typical values

4We thank Dietrich Bodeker and Guy Moore for very useful discussions which helped us writing this
section.
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of the parameters, we obtain®

0,023 mep (= LT 10 NEppom Cue) (e )1/6 T NP
. Sh \ Srun cw (@) B/Ha 10g- 1/30 0.1(g)7 10 4 To0rs

(run-away walls),
Mgat =
(i AV 1/304  NInlo )1/3

YLL 0.1<¢>4 a K3 ln(mc,h/msat)

(terminal-velocity walls),

(3.47)
where we have introduced parameters that will be discussed later in the paper: Tiat is the
temperature where vacuum domination starts (eq. (3.60)), H, is the Hubble parameter at
the time of the phase transition, /3 is the time variation of the nucleation rate (eq. (H.17)),
~run is the Lorentz factor of bubble walls that run away evaluated at the time of collision
(eq. (6.11)), i1 is that of bubble walls where the external pressure compensates the internal
one AV (eq. (6.10)), ¢, is the bubble radius at nucleation in unit of T,,.L (eq. (H.15)), and
k is the exchanged momentum in unit of {ymcp In(m. /1) (eq. (4.15)).

The modification of the dispersion relation of vector bosons, that we just derived, relies
on a perturbative particle description. However, as we now sketch, perturbativity breaks
down for p. so low to give roughly the same occupation numbers f. that lead to our cut-off
Msat above. Eq. (3.43) can be rewritten as

me  ~ g* fe(ps)P2, (3.48)

where we define p, as some IR cut-off of the momentum of the ¢ particle, because the
integrand in eq. (3.43) is peaked in the IR. where p, is the typical momentum of the ¢
particle, which is identified as the IR cut-off because the integrand in eq. (3.43) is peaked
in the IR. Modes with p, <

~

m.,s are screened, hence the condition for the vector bosons to
back-react on the dispersion relation can be recast as [57]

9*fe(ps) > 1. (3.49)

The occupation number f.(ps) of vector bosons is related to the vector boson wave function
A, by

(0A)? ~p* A% ~ [ dpp fo(p) ~ Py fo(ps). (3.50)

Px

®Note that if the screeening mass due to gluon collective behavior, msat in eq. (3.47), becomes larger
than the mass of free gluons in the broken phase mc n, then the logarithmic divergence in the splitting
probability in eq. (3.33) is replaced by a 1/k’ divergence and the friction pressure becomes [57]

4
mc’h) o< 7_3/7 —  PNLO X 74/7. (3.46)

sat

Msat Z Me,h - <Ap> ~ 0.3 Ca Msat <
This change of scaling v — v*/7, which is enough to prevent bubble walls to run-away, should only occurs

for large latent heat AV 2 <<;5>47 small gauge coupling a < 0.01, and at the end of the bubble expansion
stage in the friction dominated regime vy =~ ~yyr,.

- 11 -



We deduce that the hierarchy between the 3 terms in the Lagrangian
LD JADA + gAAIA + g2 AAAA, (3.51)

which is essential for perturbation theory to apply, breaks down as soon as we enter the
regime of eq. (3.49), or equivalently, as soon as p, < Mgy in eq. (3.47). Therefore, a
treatment beyond perturbation theory would be needed to determine the friction pressure
for momenta below mg,t. We leave such an interesting study for future work, and here for
simplicity we conservatively choose to still interpret mg,t as an IR cut-off.

Let us finally comment on abelian gauge theories. In those cases both previous argu-
ments do not apply, because they rely on the existence of gauge self-interactions, so that
one cannot use the cutoff mg,¢ in eq. (3.47). This motivates the use of the naive thermal
cutoff in eq. (3.41), with one potential limitation that we now comment upon. In the
abelian case we expect an IR cut-off to arise from the presence of fermions and scalars
originating from the splitting of the soft gauge bosons, themselves radiated from the in-
coming energetic quanta. This splitting of soft gauge bosons into softer fermions or scalar
pairs is not enhanced, however one has many soft gauge bosons to start with, so that the
IR cutoff induced by the produced fermions and scalars may perhaps be larger than the
thermal mass. Determining this IR cut-off goes beyond the purpose of this paper, where we
just content ourselves with pointing out this potential limitation of using the naive thermal
mass of eq. (3.41) in the abelian case.

Other cutoffs. Below we discuss processes that may regulate the IR divergence of
eq. (3.33) at values p > m.,. We anticipate that, in the physics case of our interest,
we find that the thermal mass and the phase-space saturation discussed above provide IR
cutoffs that are stronger than the effects we discuss next.

¢ 3-to-2 boson scattering. In the IR limit k3 — 0, the occupation number of emitted
vector bosons diverges. At some point, in the case of non-abelian gauge theories, we
could expect the occupation number of emitted vector bosons to be large enough to
trigger 3-to-2 scatterings. In that case, the population of emitted vector bosons is
depleted and the pressure stops growing. In appendix C, we compute the resulting
value of the IR cut-off p3_,o at tree level, and find that ps3_o < mgat for typical values

of the parameters. We then consider mga; as the effective IR cut-off of our emissions.%

¢ Energy-momentum conservation. Successive boson emissions lower the energy
and momentum of the parent particle (Ej, pp). The impossibility to radiate more
energy and momentum than what is initially available, therefore, tames the IR di-
vergence even when the cut-offs discussed so far go to zero. To describe this effect,
we rely on a numerical Monte-Carlo simulation which we describe in section 5 and
appendix G. We find that the number of emissions and the resulting (Ap) saturate
in the IR, see figure 16 of appendix G. This leads to an effective IR cut-off which

SMoreover, for f > 1, one would expect a Bose enhancement of 2 — 3 transitions, further jeopardising
the validity of the cut-off us_,o. Given that mgat > pus—2, we do not need to quantitatively investigate this
issue.
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depends on the initial energy E,. However we find that the corresponding IR cut-off
is smaller than the thermal mass and backreaction can be neglected.

Prescription for calculations. In the remaining part of the text, we consider the IR
cut-off u in eq. (3.36) as a free parameter. For numerical applications, we will consider
two benchmark scenarios according to whether the IR cut-off is set, in the case of abelian
gauge theory, by the thermal mass p = a'/?Tyy. in eq. (3.41) or, in the case of non-abelian
gauge theory, by the screening length p = mg,t in eq. (3.47) resulting from phase space
saturation

min = /2 Thue (abelian gauge theory),
=M (3.52)
Max [myn, Mgat) (non-abelian gauge theory).

3.5 Perturbativity breakdown

Integrated perturbative splitting probability. We integrate x in eq. (3.33) over the
range defined in eq. (3.16) with m.(z) — m.s. We obtain the probability to emit a vector
boson with transverse momentum %, in the collinear limit

2 2 2 2 2
Ca dkﬁ_ ki mMep — Mes Ea
dPg(k|)~ > — | ——— : - 1 . 3.53

(kL) 2 kY O\ K2 + 2 kzi—kmg’h nki#—mg,s ( )

The last integration over k%, eq. (3.17), is logarithmically dependent on the IR cut-off .
Upon identifying @ = m. s and in the limit © < m.j) < F,, the integrated vector boson
emission probability becomes

Eq

Me,h

Pr(p) ~ 2¢, In el
1

In—% 4 ¢, In2 el (3.54)
I

We recover the standard double logarithm for integrated probability of vector boson radi-

ation (see e.g. [90-93]). The soft-collinear divergence is here regularized by the IR cut-off

1, which is not the energy threshold of some particle detector like in a collider context, be-

cause here all emitted vector bosons contribute to the observable (Ap) and so are physical.

We take the IR cut-off in our context from processes due to the existence of (high) particle

densities, see section 3.4 for more details.

Numerical estimates in physical scenarios. We now evaluate the emission proba-
bility Pg, for different benchmark values in table 1. The incoming energy is given by the
thermal energy 3T, [94] boosted in the wall frame

By ~ 39T (3.55)

We assume that the bubble wall Lorentz factor v is set by its value evaluated at the time
of bubble collision, see eq. (6.12)
Y = Yeoll- (3.56)

Without much loss of generality, we choose

Cope = 1. (3.57)
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Emission probability Thue o1 Thue 103 Thue _10-6
Pg at LO in Tstart Tstart Tstart
o~ a2 T a=0.03 0.6 2.8>1 41>1
(thermal mass) a=0.3 3221 24.5 > 1 383>1
= Mgat a=0.03 0.2 0.5 2021
(phase space saturation) | a = 0.3 1.7 55 >1 17.3>1

Table 1. Values of the probability for radiating a single soft vector boson Pg in eq. (3.54), for
different amount of supercooling, coupling constant o and IR cut-off 1, see section 3.4. We can see
that for large supercooling Titart /Thue Or large coupling constant «, perturbativity, which we define
by Pg < 1, breaks down and the Sudakov logarithms of the fixed-order calculation in eq. (3.54)

must be resummed. We have fixed c¢yoc = 0.1 and 7y equal to the wall Lorentz factor 7.,1 when
bubbles collide, see eq. (6.12).

We assume that the vector boson mass in the broken phase is set to
Mep = V2T (@) (3.58)

We choose to characterize the amount of supercooling by the ratio Thye/Tstart Where Tyart
is the temperature when the universe becomes vacuum-dominated”

2

T
%Q*Tﬁjart ~ AV — Tstart =~ (

30 Cyac
w2 g4

1/4
> <¢> , With  cyae = AV/ <¢>4 . (360)

Here Ne = In (Titart/Thuc) gives the number of e-folds of inflation generated during the
supercooled phase transition. As shown in table 1, at large supercooling or large coupling
constant, e.g. @ 2 0.3 and Tyye S 1073 Titart, the perturbative calculation in eq. (3.54)

~

cannot be trusted and we must account for the possibility to radiate multiple vector bosons.

4 The splitting probability at all leading-log orders

4.1 Multiple boson emission

Exchanged momentum. For multiple ¢ emission, the exchange momentum along z is

n
Ap=E, — \/(1 ~ X2E2-m}, - K2 =Y p (4.1)
=1

"In the low-temperature expansion of the thermal potential, i.e. when the abundance of the particles i
thermally correcting the potential of ¢ is Boltzmann-suppressed, m;(¢) > Tstart, one has

1/4

Tc ~ 31/4 (‘%) Etart z Tca (359)
gx.f

where T is the critical temperature when the two minima of the potential are degenerate, cf. appendix A

in [12], and where g, ; and g+ are the number of relativistic degrees of freedom before and after the phase
transition.
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where we have denoted by X and K| the sum of energies and transverse momenta of the
n emitted vector bosons

n n
X = in, and K| = Zkll (4.2)
i=1 =1

The values of the z momenta of the emitted vector bosons pZ, depend on whether they are
transmitted or reflected by the wall

v = \JEE i, KOG, \JPEE mE, K 6(-p,).  (43)

with
2 2 12 2 2
pci,h =T Ea - mc,h - kJ_,i‘ (44)

Note that eq. (4.1) assumes that successive emissions take place in the same (xz) plane and
eq. (4.3) neglects the transverse recoils of the successive emissions on the momentum of the
parent particle. In appendix B.3, we show that those two approximations are very good.

Soft-collinear limit. To first order in the soft x; < 1 and collinear %k, ; < 1 limit, we
obtain

2 2
omg, + kT

n
Ap=> Ap;,  with Ap; = 0B, O(p2, 1) + 22 EO(—p7, ). (4.5)
i=1

4.2 Sudakov resummation

Poisson distribution. At leading-log order, the many-boson emission distribution fol-
lows a Poisson distribution, see e.g. eq. (2.30) of [95] or eq. (6.86) of [91], and the mean
value of an observable O can be computed from

O exp {—/dPE] , (4.6)

n=0

@=Z;h/mm
(1

where ,
EZ 1 dPE
dPg i = dK2~//7d‘7. 4.7
/ E,j 0 1,7 quKi Lj dKi,jdxj ( )

The product factors in eq. (4.6) account for the n indistinguishable leading-log real emis-
sions while the exponential resums the leading-log virtual corrections. The matching be-
tween the matrix element of the virtual correction in the argument of the exponential and
the perturbative splitting probability stems from unitarity

ni:%;! {/ dPE]neXp {—/dPE} =1. (4.8)

The real emissions are assumed to be independent and we neglect correlations which are
higher order effects [95].
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Mean exchange momentum. We can write

where we have made use of eq. (4.8). This resembles the average for a Poisson distribution
S x A% nl = A A" le™ /(n — 1)! = A. We conclude that in the soft-collinear limit
in which Ap is an additive observable, see eq. (4.5), the average exchanged momentum in
which both real and virtual leading-log emissions are resummed is identical to the naive
expectation using the perturbative splitting probability as in the original article [57].

Note however that in the steps leading to eq. (4.9), we have neglected the dependence of
the kinematics boundaries on earlier emissions, i.e. we have kept fixed integration bound-
aries in eq. (4.7). Instead, the energy and momentum of the parent particle should get
depleted with the number of emissions. The proper average exchanged momentum (Ap)
taking into account these backreaction effects is given in eq. (G.1) of appendix G. Since this
analytical formula is not easily tractable, we propose to include the effect of backreaction
with a Monte-Carlo simulation in the next section, section 5.

4.3 Analytical estimate

From plugging the fixed kinematic boundaries in eq. (3.17) inside eq. (4.7) and eq. (4.9),
in the limit p < m.) < E, and m s < mc p, we obtain

(Ap) = (Apr) + (Apr) , (4.10)

where (Apg) and (Apy) are the contributions from reflected and transmitted vector bosons

2 2

Ea de VIR kL m2, —m2,\’
(Apg) =~ Ca/o \/m ERGEYE ( kiijQh ) x 2z E, (4.11)
~ 4, mc’h, (4.12)
and
E2 2 2 2 \2 2 2
~ (4 mc’h, (4.14)

where in egs. (4.11) and (4.13) we have used the splitting probability of eq. (3.53), and in
egs. (4.12) and (4.14) we have expanded the results of the integrals for p < m. ), < E,.
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We conclude that the contribution from soft emitted vector bosons which are reflected at
the wall boundary is at least comparable to the contribution from the transmitted ones (as
anticipated in the fixed-order calculation in [58]). For parameters of physical interest, Apg
never reaches its asymptotic behaviour of eq. (4.12), but stays slightly smaller, as we will
study next. We thus write a ready-to-use approximated resummed analytical result, sum
of the reflected and transmitted contributions, as

(AP) = K CamepInet with  ~ 4. (4.15)
1

In figure 3, we show the analytical estimate for x evaluated with the IR cut-off p, either
set by the thermal mass al/ 2Thue, or by the screening mass mg,; of phase-space-saturated
boson bath, see eq. (3.52). In figure 4, we confront the analytical treatment with the
numerical one, based on a MC algorithm, which is discussed in the next section, section 5.

In appendix B, we compute different corrections to eq. (4.15) due to properly computing
the mode function of particle ¢, and to not expanding the various square root functions
leading to eqgs. (4.11) and (4.13). We summarize the list of corrections in table 2 and
figure 12. We also anticipate that eq. (4.15) neglects additional corrections due to the
presence of the thin layer of reflected vector bosons in front of the bubble walls, discussed
in section 4.4, and which we leave for further studies.

The case where the vector boson does not acquire a mass in the broken phase, m.; =
Me,s, is discussed in appendix E, where we show that NLO effects are only O({,) corrections
to the LO pressure in section 2, and therefore they can be safely neglected.

4.4 Fate of reflected vector bosons

Previously we have discussed the possibility for radiated c particles to be reflected by the
wall boundary whenever their would-be momentum in the hidden phase p., defined by
eq. (4.4), is negative. We now discuss possible corrections to (Apg) in eq. (4.10) due to the
presence of those particles right in front of the wall.

¢ We expect the momentum of the reflected ¢ particles to change due to scatterings
with the incoming a particles in the thermal bath. At a distance of the wall set by
their mean free path in the plasma frame, see appendix D

2
De 2

L ~
p 23 0
aTnuc

(4.16)

where p. . S meyp, is their typical momentum, the ¢ particles are expected to come
back in direction of the wall. If their new momentum p. . is larger than m.j, they
are transmitted to the symmetric phase. Otherwise, if p.. < m,} they are reflected
again and so on. Those cycles of multiple reflections ended up by transmission are

expected to give corrections to (Ap) in eq. (4.15).

o The presence of this population of reflected ¢ particles is expected to give corrections
to the dispersion relation and to the computation of mg,t in eq. (3.47).
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Effects of mutual interactions + wall thickness

5 T T T T T T T
Reflected + transmitted

(Analytical treatment)

I

SemIIIY
D

.

=12
memm Ly = Chad <>

(Ap)
{a me¢plog mep Iy

3 -
a=1/30
I Cyac = 0.1
X 2l
Y ="Ycon
<¢>=1TeV Ea=3yThue Cabc =1
BH =10 men=y 2 Ca <¢> 9. =106.75
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1077 107° 1073 1071
Tnuc/Tstart

Figure 3. Analytical average exchanged momentum (Ap) = (Apg) + (Apr), where the resummed
pressure Py, is proportional to vT5,. (Ap), see eq. (6.4). For the solid lines we used the full
analytical expressions in eqgs. (4.11) and egs. (4.13), which assumed negligible wall thickness, and
for the dotted ones we use the full numerical result eq. (B.13) for a finite wall thickness Ly, =

c;alc/ 2 (q’)}fl. The IR cut-off 4 is set to (brown lines) the thermal mass a'/?Ty,. and to (green lines)

the mass mg, from the collective behaviour of the phase-space-saturated emitted vector bosons
(valid for non-abelian gauge theories only), see eq. (3.52). The presence of the plateau can be
understood by the fact that mg,; does not depend on Tyhue/Tutart for terminal-velocity walls, cf.
eq. (3.47). Inside the yellow region, we compute v < 10, cf. eq. (6.10), such that interactions
between neighboring incoming particles can not be safely neglected during the time of wall crossing

and our analysis may break down.

o Due to successive scatterings with the reflected ¢ particles, the incoming a particles
are expected to lose a small fraction of their momentum FE,. The exchanged momen-
tum (Ap) in eq. (4.10) is independent of E, in the limit E, > m.} but goes to zero
in the limit E, ~ m,p. The latter only arises in the region of extreme supercooling
(e.g. Thue/Tstare ~ 1077 if (¢p) = 1TeV), see purple vertical line in figure 17. We
expect the depletion of E, due to scatterings with reflected ¢ particles, to shift the
position of this purple vertical line to the right.

¢ The successive scatterings of the incoming a particles with the reflected ¢ particles,
which act as a medium by itself, is expected to induce further splitting radiations,
in addition to the one induced by the bubble wall. The presence of reflected parti-
cles then induces further splitting radiations, which in turn induce further reflected

particles and so on.

Contenting ourselves with qualitative comments, we leave the quantitative study of those

new effects for future works.
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Analytical vs MC - abelian case
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Figure 4. Average exchanged momentum (Ap) = (Apy)+ (Apy) where the resummed pressure P,
is proportional to v T3, . (Ap), see eq. (6.4). Dashed lines use the analytical estimate in eq. (4.10),
continuous lines the Monte-Carlo simulation in section 5. We can see that the MC simulation
validates the analytical Sudakov resummation leading to eq. (4.9) at the percent level. The blue lines
shows the contributions from the emitted boson which are too soft to enter the broken phase and
are reflected by the wall boundary, while the green lines show the contribution from the transmitted
ones. The red dashed line show the contribution due to particle ‘a’ getting a mass in the broken
phase, see LO pressure in section 2. Left: IR cut-off set to the thermal mass p = a/?T) . (abelian
scenario). Right: IR cut-off set to mgat, see eq. (3.52), accounting for the backreaction of the
emitted vector bosons on their dispersion relation (non-abelian scenario).

5 Monte Carlo simulation

In this section, we numerically generate the shower of emitted bosons with a Monte-Carlo
(MC) simulation and compute the resulting momentum exchanged with the wall.

5.1 The Sudakov form factor

The survival probability. A necessary ingredient to realize a MC simulation is the
probability Pyg(k1, k2) of non-emission in the interval k1 < k; < ko [90-93]. The latter can
be derived from the probability of non-emission in the infinitesimal interval [k?, k3 + dk?]

dPxg =1 — dPg, (5.1)

as follows. dPg is given in eq. (3.53). We consider the finite interval [k?, k3] which we
divide in N small intervals of length dk? = (k% — k2)/N. The probability of non-emission
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in [k2, k3] reads

N 2 4 2

. Godk: md, E

PNE(kil, ko, E ) = lim 1— = ? In a
T NS 2 k1, (B, +m,)? K, +md,

Co [FBdIR mgy E?
=exp|—= n
P 2 k2 kJJ_Q (kﬁ_ + mz,h)Q k:J_2 + mgs

= exp [—PE(kl, k‘g)] y (52)

where Pg(k1, k2), is the perturbative probability to emit a vector boson with transverse
momentum k; in the interval k| € [k, ko]

Py (k1, k2) = F(k2) — F(ky), (5.3)

2
Fk) =2 Mep ~ Mo M WY GRS | FhY i
2 me), K2+ mg ), k2 +mZ, k? +mg

k? k? m; k? 4+ m?
+hn|{l+—F|In|— |+ eh s—In | = | (5.4)
me mg, —m Mg, — Mg k2 4+mg,

c,s

k2 k? +m?
+ PolyLog, <_m2 > + PolyLog, (—253 ,

_ 2
c,s mc,h mc,s

which, in the limit where k1 < m.j < ko and m. s < mep, reduces to

C k; C
PE(kl,kz):QCaan;’h In—2 4 ¢, In2 ek, (5.5)
1

Me,h kl

Resummation of leading-log real and virtual corrections. Another way to recover
the survival probability Pyg in eq. (5.2) is

Pxg(kt, k2, Eq) = exp [Pe(p, k1) + Pe(k2, Eq)] exp [—Pr(u, Eq)|- (5.6)

The first exponential factor includes real emissions outside the interval [k;, ko], while the
second includes virtual emissions (inside the interval [, F,]), both resummed to all leading-
log orders.

5.2 The algorithm

Motivation. In order to give support to our analytical estimate in section 4.3, but also
to include backreaction, see appendix G, we simulate the shower of emitted vector bosons
with a Monte Carlo (MC) algorithm [90, 95, 96], which we now describe.

Recipe. Starting from the hard scale k| o = E,, we generate the transverse momentum
of the first boson £, ; by solving the equation

Pxg(kig, k1o, Eo) =R, (5.7)
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Figure 5. Trajectory in the phase space (z, kperp) (also called Lund plane, e.g. [93]) for two
given Monte-Carlo simulations. We set Thue/Tstart = 1074, @ ~ 1/10 and (¢) = 1 TeV, which
imply mepn/Eq ~ 6 x 1077 and v >~ 2 x 101°. Left: we set the IR cut-off to the thermal mass
= a?Tyye, cf. eq. (3.41), which leads to p/me, =~ 7 x 107%. Right: we set the IR cut-off
to the self-energy of phase-space-saturated boson bath p = mgat, cf. eq. (3.47), which leads to
p/mep =~ 0.01. The orange points linked by arrows are the kinematics variables of the successive
emitted bosons generated by the MC algorithm. The ones which pass the threshold E. > mg
will be able to enter the broken phase (blue region) while the others will be reflected at the wall
boundary (green region). In the red region, the emission energy is smaller than the thermal mass
1, and therefore emission is kinematically forbidden.

where Pyg is the Sudakov factor in eq. (5.2) and R is a random number between 0 and 1.
The energy of the boson 1 E, is a pseudo-random number generated from the perturbative
splitting probability in eq. (3.36), i.e. by solving
Ldx 1 dx

/ w_r / @ (5.8)
1 L vV k3_+ﬂ2/Ea €T
The kinematics of the second emitted vector boson (k| 2, x2) are determined the same
way with k| o replaced by %, 1, and so on. We stop the shower whenever the transverse
momentum becomes smaller than the IR cut-off, see eq. (3.36)

kL,nmax'i‘l < /‘I’ (59)

In appendix B.3, we present a MC algorithm which takes into account azimuthal emission
angles and transverse recoils of successive boson emissions on the momentum of the parent
particle.

Backreaction. The depletion of the energy-momentum of the parent particle as the
emission continues, discussed in appendix G, is taken into account after replacing the x
upper boundaries of eq. (5.7) by

Pyg (7&,@', ki1, (1 - ij)Ea> =R, (5.10)
j<i

and the x upper boundaries of eq. (5.8) by

— =R -, (5.11)

/1_Zj<ixj dx 1—Ej<i%' dx
- x NCEIa
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and by stopping the cascade whenever

Nmax+1 2 Nmax+1 2
m <0 = (1— > m) E2—< > /ﬂ) <0 (5.12)
=1

i=1

Nmax+1 kJ_ i
= > (a:i—k E) > 1. (5.13)
=1 a

Results. Figure 5 shows the phase space trajectory of one given MC simulation. The
resulting momentum exchanged with the wall is given by the master formula in eq. (4.1).
In figure 4, we show that numerical computations based on MC shower and the analytical
estimates of section 4.3 agree up to percent level.

6 The bubble wall velocity

6.1 The final retarding pressure

Non-confining PTs. The goal of this paper was to compute the retarding pressure at all
leading-log orders (LL) for non-confining PTs, meaning PTs where particles simply acquire
a mass in the broken phase. We have obtained

P - PLO + PLL, (61)

where Py is given in eq. (2.4), which we rewrite here

A 2T2
Pro = Zgaca m nuc, co =1 (1/2) for bosons (fermions), (6.2)

and Py, follows from egs. (3.1) and (4.15),

g d? Pa 1
Prr ~ Zga (27)3 ePa/Tone + 1 (Ap)
Tr?uc ‘(2 Z Vaga (Ap) (6.3)

~

weld) (6.4

[Z Va9aCabe

a,b,c

In eq. (6.3) gq is the number of relativistic degrees of freedom of particle a and v, =1 (3/4)
for bosons (fermions). We also have boosted the phase space volume d®p, to the wall frame
by introducing the Lorentz factor of the wall in the plasma frame . In eq. (6.4) Cyp is
the charge factor for the SM and can be found in [1], and x ~ 4. In our numerical analysis
we use Y, p . VagaCabe = 100 for simplicity. The level of approximation leading to x ~ 4
is studied in appendix B. The value of the IR cut-off i is discussed in section 3.4. In the
case of abelian gauge theory, we set it to the thermal mass p = o'/?T,,. and, in the case
of non-abelian gauge theory, we set it to the screening mass u = mgy¢ resulting from phase
space saturation, see eq. (3.52).
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The regime of validity of eq. (6.4) is u < mc ) < E, and thin walls. Instead, outside
those regimes, we should use eq. (6.3) with our most refined formula for Ap, see eq. (B.28)
of appendix B. Finally, eq. (6.4) neglects additional effects due to the presence of the thin
layer of reflected vector bosons in front of the bubble wall, see section 4.4. We leave their
study for further works.

We conclude that after having performed a leading-log Sudakov resummation, we have
recovered the linear v increase found in [57], in contrast to [1] in which Pr; o< 2 has been
found (see appendix F for more details on this discrepancy). In the left panel of figure 6 we
display the resulting pressure eq. (6.3) at the time of bubble wall collision, using the full
analytical result for Ap = Apg + Apr in egs. (4.11) and (4.13). In that figure, we also show
the regime of extremely small Tyyc/Tstart, Wwhere particles are too soft in the wall frame to
enter the broken phase and so the pressure decreases faster, see App G.2 for more details.

Confining PTs. We review here the findings of ref. [12] about the pressure in confining
PTs. For confining PTs, the friction pressure is not due to particles getting a mass but
instead due to particles becoming strongly-coupled. At small supercooling Typue =~ Tstart,
one expects the pressure to be controlled by the formation of bound-states, and to conserve
the scaling of eq. (6.2) -
mi T

Prs iEZBS 21 (6.5)
where the sum is operated over a spectrum of bound-states of mass m; which depends on
the model. At large supercooling Thyue << Tstart, particles entering the bubble are separated
by d ~ 1/Thue and therefore are far from each other compared to the confining distance 1
with f = (¢). Since the confining force grows linearly with the distance d, confinement with
closest neighbors through flux-tube would cost too much energy. Instead, one expects parti-
cles entering the bubble to form flux-tube attached to the wall, where the confining scale f is
at its weakest value. Those strings are expected to fragments into bound states. Besides, in
order to conserve color charge, during this process, a particle must be ejected from the wall.
The conversion of the momentum p, of the incoming particles into string confining energy
plus the ejection of a quark is expected to reduce the momentum of the wall by an amount

EZ.
Pstring = % + g ~ f, (66)
a

where Egiring is the center-of-mass energy of the string

Es2tring = Pa f (67)
One obtains the retarding pressure
(3
7)string ~ 75_2)9TC 7 Tr?uc f7 (68)

where grc = g+ % with g4 (gq) the relativistic number of techni-quarks (techni-gluons).
We conclude that the retarding pressure on bubble walls of confining PTs has the same
scaling as non-confining PTs.
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Figure 6. Left: friction pressure at bubble wall collision. The dashed line shows the leading-order
contribution to the friction pressure, cf. eq. (6.2), while the colored solid lines show the leading-log
contribution resulting from splitting radiation, cf. eq. (6.4). The regime E, < m;j is treated in
appendix G.2. Right: bubble wall Lorentz factor v computed with the results of this paper, see
eq. (6.12). On the left of the peak, bubble walls collide before they reach their terminal velocity
Yo determined by the friction pressure. This is the so-called run-away regime. The associated -y
at collision is proportional to Ty, which is the inverse of the bubble size at nucleation time, see
eq. (6.11). On the right of the peak, bubble walls reach their terminal velocity before collision,
which is where results from this study matter.
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Figure 7. Bubble wall Lorentz factor v computed with the results of this paper, see eq. (6.12).
In the yellow region, bubble walls collide before they reach their terminal velocity ... This
is the so-called run-away regime in which GW are dominantly produced by the scalar field
gradient. In contrast, in the green region, bubble wall reach their terminal velocity before collision
and the GW signal is dominated by sound-waves and turbulence. In the right-hand panel,
ae = AV/praga = (Tstart/ Tnuc)4 is the latent heat of the phase transition in the Bag model [49],
AV is the vacuum energy of the phase transition. For Pp o we use eq. (6.2) and account for the
contributions from ¢, W*, Z and h.
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6.2 The terminal Lorentz factor

Thanks to the dependence of the pressure on «, bubble walls cannot be accelerated forever
but instead they reach a terminal Lorentz factor, ., when the driving pressure from the
vacuum energy AV is compensated by the friction pressure

AV =P + PLL(’YLL)7 (6-9)

where P, and Py, are given by eq. (6.2) and eq. (6.4) for non-confining PTs. Introducing
PLL = vPLL, we obtain

_ AV P
YL = P
3/2 _ 3
~ 3.3 x 10'2 x (9*>3/4 (1/30) /2 (107! Tygan
100 o Tone

. ( 4 % 10 x 100 ) (%W) ( Av>4>l/4v (6.10)

K ln(mc,h//’b) Za,b,c Va9aClabe Me,h 0.1 <¢

where in the second line we assumed AV > P, . In the non-abelian scenario, the value of
the IR cut-off y depends on 7, cf. eq. (3.52), such that the computation of -y, in eq. (6.10)
might require iterations.

Before pressures equilibrate, « grows linearly with the bubble radius, see appendix H.
It can happen that bubble wall collisions occur before v saturates to its terminal value ;..
This is the so-called run-away regime. In that case, the bubble wall Lorentz factor at the
time of collision is given by (see appendix H)

~ Rcoll ~ /8_1
P)/run—3L

- —1
w,tot Cw Thuc

oo (1) ()" () ) () (52 o

where Ly tot = Cw/Tnue, and in the following we use ¢, = 1 for simplicity. In the general

case, the Lorentz factor at collision time is given by
Yeoll = Min [’YLLa ’Yrun] . (6]—2)
We show the bubble wall Lorentz factor in figure 7.

6.3 Source of the GW signal

Upon comparing eq. (6.10) and eq. (6.11), we find that bubble collisions occur before the
terminal velocity is reached (run-away regime) when

Yrun S VL

s Tme <32x107* (6.13)

start
y (¢) B/H. s 4% 10 1/4 (1/3())3/8 N
TeV 10 32,5 VagaCabe K1n(me /1) o 01t
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Source of the GW signal
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Figure 8. In the yellow region, bubble walls collide before reaching the terminal Lorentz factor and
GW are sourced by anisotropic stress tensor of the scalar field gradient localized at the bubble wall.
In the green region, bubble walls reach their terminal velocity before colliding and GW are sourced
by the anisotropic stress tensor of the fluid shells dragged by bubble walls. We vary the gauge
coupling constant « from 1072 to 0.1 and the IR cut-off p from the thermal mass /2T, to the
one Mgyt treated in section 3.4. We assumed that the pressure P is given by eq. (6.1). We can see
that GW are sourced by scalar field in presence of large supercooling, or when the 1stOPT occurs at
very high energies (¢) > 10° GeV. On the right of the blue dashed line drawn for o = 0.1, effects
due to multiple reflections of vector bosons in front of the wall must be considered, see section 4.4
and appendix D, but we leave them for further studies. On the left of the purple dashed lines the
pressure is smaller than in eq. (6.4), see appendix G.2, so that bubble walls still run away.

Whether the walls run away or not changes the energy budget of the expanding bubbles
drastically [49, 80], and thus changes the dominant contribution to the GW production. If
Yeun S Yin, most of the vacuum energy is used for accelerating the bubble walls and the
dominant source of GW is the anisotropic part of the stress-energy tensor of the scalar
field kinetic term. In contrast, if Yyun 2 Y11, then most of the vacuum energy is converted
into thermal and kinetic energy of the thermal plasma through friction, leading to a GW
spectrum dominated by the contribution from sound waves and turbulence, though the fate
of the highly relativistic fluid must be investigated carefully [97, 98].8 We do not report
the formula for the GW spectrum here but we instead refer to the reviews [37, 39]. The
classification of strong 1stOPT according to their GW sources can be visualized in figure 7
in the case of minimal electroweak phase transition models with (¢) = 174 GeV, and in
figure 8 in the case of strong 1stOPT of arbitrary scale (¢).

8Note that it is not yet confirmed if such relativistic and localized fluid motion successfully develops
into sound waves, which we define here to be the fluid motion well approximated by a linear equation of
motion (87 — c2V?)¥ ~ 0 (up to the vorticity term). This is one of the necessary conditions for the GW
enhancement from sound waves [99-106].
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7 Summary and outlook

Particles passing the bubble wall of a cosmological first-order phase transition undergo
splitting radiation. This is analogous to the classical radiation emitted whenever a charged
particle passes from one medium into another, see e.g. Chap. 13 of [107]. Radiation from
particles in the cosmological bath exert a pressure on the bubble walls which affect their
velocity, and in turn the physics of quantities that depend on it (gravity waves, dark matter,
the baryon asymmetry, primordial black holes, topological defects, etc). In this paper we
made progress in the computation of this pressure.

In section 3 and appendix A, we reviewed the perturbative splitting probability, which
contains an IR logarithmic divergence. We improved over previous literature by discussing
possible origins for the IR cutoff in section 3.4, and by quantifying the effect of finite wall
thickness and other approximations in appendix B.

In the regime of large gauge coupling constant and/or large supercooling, the probabil-
ity can exceed unity, which calls for resummation, see table 1. In section 4, we performed
the resummation at all leading-log orders, at both real and virtual levels, using the master
formula in eq. (4.6). We found that the averaged momentum (Ap) transferred to the wall is
IR-dominated, more precisely it is dominantly due to radiated gauge bosons with energies
in the ballpark of their mass in the broken phase (the order parameter), m.. We also
found that the contribution from the reflected vector bosons is at least of the same order of
the contribution from the transmitted ones. We pointed out additional novel effects due to
the population of reflected bosons in section 4.4, and we left their detailed study to future
works. In section 5, we confirmed our analytical result using a Monte-Carlo simulation of
the splitting processes, see figure 4.

Based on these results, we deduced the friction pressure on the wall in section 6. Our
final result for the pressure, with leading logs resummed, is

m
P = O(1) x ngymc’h Tg’uc log (;’h) , (7.1)

where « is the Lorentz boost of the bubble wall and T} is the nucleation temperature,? g is
the gauge coupling, m,. j is the mass of the gauge bosons in the broken phase and p is an IR
cutoff at most of the order of a fraction of m. . This result applies as long as the energy of
the incoming particles in the wall frame well exceeds the particle masses. We provided more
precise and ready-to-use expressions for Py, in eq. (6.4) and for p in eq. (3.52). Our results
are compatible with the friction pressure for confining phase transition, which also scales
as P o<y f T3, (f being the confining scale), as first computed in [12] with the formalism
of the gluon flux tube, see section 6.1. In section 6.2 we finally discussed implications for
the terminal Lorentz factor, which we display in figure 6 for different values of the energy
scale of the PT. In section 6.3, we deduced the source of the GW spectrum depending on
the energy scale of the transition (¢) and on the amount of supercooling, see figure 8.

9This is inconsistent with the findings of ref. [1]. We suggest that the origin of the discrepancy lies in
the fact that ref. [1] effectively assumes energy-momentum conservation at the bubble wall, see appendix F
for more details.
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Our results constitute a step towards a better understanding of cosmological strong
first-order phase transitions. Future directions that may be worth a better understanding
include i) effects from the fate of reflected vector bosons, like the impact on the pressure
of multiple reflections, see section 4.4 and appendix D; ii) the contribution from the
longitudinal vector boson (see footnote 3); iii) an improved treatment of the region of very
large occupation number f., for example by including the effect of Bose enhancement on the
radiation (see footnote 2) and going beyond our perturbative treatment (see section 3.4); iv)
the effect of the multiple wall oscillations on the soft radiation, and hence on the pressure
(see footnote 11).
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A Computation of the splitting radiation vertex

A.1 Splitting ffVr

We compute the transition amplitude of the splitting radiation X (p,) — V(p.) X (pp) with
X being a fermion. See [87] for the pioneering paper and [57, 108-110] for more recent
derivations. The transition amplitude reads

iV = gu(pa) v u(pp) €u(pe)- (A1)

The squared amplitude averaged over fermion spins is'’

VI = 2% e(pe) - € (pe) (mamy — pa - po) + 49 (pa - €p))(po- €' (pe). (A2)

"%The quantity which we call [V|? is actually 1 > |V[?.
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Note that since the momentum along z is not conserved, the Ward identity is not satisfied,
see appendix F.1, and we cannot use the standard replacement >_ ) €€, = —gu,+---. In-
stead, we must sum over the physical polarizations e and e_ [87, 111]. In the basis used for
writing eq. (3.9), (3.10) and (3.11), the transverse polarizations of the vector boson ¢ read

1
() = 5= (01— 02 = 02,401 2. -0). (A.3)

6—(pc) - 2 — 2,& ( \/1 - :uc 02 Z'\/1 - :ug7 _0) ’ <A4)

where 0 = k| /zE, is the emission angle and p. = m./xE, is the mass fraction. We can
check that they satisfy €(p.) - p. = 0. At leading order in z < 1, § < 1, we get

2 2 k2 2 2 kT
V4" >~ 2g Cabe 5 V-7 ~2g Cabc : (A.5)
where Cyp is the charge factor of the gauge group, e.g. for SU(NN) we have Cyqq = %
A.2 Splitting ¢V
When a and b are scalars, the transition amplitude reads
iV =g (v +ph) eu(pe)- (A.6)
At leading order in x < 1, § < 1, we compute
2 2 k1 2 2 k1
[V |* ~2g Cabcﬁ, |[V_|* ~2g Cabc : (A.7)

One possible example is a dark U(1)p with Cyey = 1.

A.3 Splitting VpVpVp
When a and b are bosons, the transition amplitude reads
iV =—=g(=(Pa +pec) - €p(€a - €) + (pe — b) - €alec - €5) + (Pa + 1) - €(€a - €)),  (AB)

where the parameters related to the gauge structure are implicit. In the basis used for
writing eq. (3.9), (3.10) and (3.11), the transverse polarizations of the vector boson a, b

and ¢ read
+ 2 4s /1 2
€ = m ( \/1 () ,:I:z\/l (tqx) ,O) , (A.9)
& = ( 0,/1 — (sx)? +iy/1— (px)? ) : (A.10)
\/2 — 2(upx)?
+
€ = 2—2M < \/l—uc—ﬂz :I:z\/l—uc, 9> (A.11)
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where + are the helicities of a, b and ¢, x = z/(1 — x), 0 = k) /xE, is the emission angle
and figpc = Mqpc/TE, are the mass fractions. We compute

k2 k?

Vig | = 292Cab0?§, Vg |? 292Cabc?§7 V_ii? =0, (A.12)
k2 k2

‘V———|2 = 2920111)6?%) ’V——-i-‘z = 2g2cabcx7J2_> ‘V—i-——|2 =0, (A.13)

where Cy. encapsulates the parameters related to the gauge structure, e.g. for SU(N) we
have Cyyy = N. Upon averaging over initial polarizations, we obtain

k? k2
‘V+|2 = 2920(1120%7 |‘/*|2 = 2g2cabc%« (A.14)
T Z

where + stands for the helicity of c.

B On the validity of the diverse approximations

B.1 Mode functions
B.1.1 Finite wall thickness: WKB method

Outside the wall. As discussed in the next paragraph, far away from the wall, the mode

functions are expected to be a superposition of plane waves, solutions of the Klein-Gordon
equation X" (2) + (p*%(2)/h?)x(z) = 0.

Inside the wall. Instead, inside the wall we first propose using the WKB approximation,
which is valid in the limit ip* /p*2 < 1. It consists of injecting x(z) = e (So+S1htSah )
in the differential equation and of matching the terms which are of the same order in h.
Then we solve the infinite set of equations order by order in . We obtain

N\ 2 "

I i L 113 (p° p°
x(z) = exp f/dzp +zh/dz— | — | - +oeee B.1
(=) \ p*(2) h p* |8\ p? 4p* (B

At first order in h and upon neglecting the prefactor, the M-matrix defined in eq. (3.25)

becomes
M [azesp (i [ 0200, 89l = i) i) i)~ LD gy
where we have used that V' is z-independent, see eq. (3.26). We assume a tanh wall profile
m2(z) = mg’h ;_ Mes + mz’h ; it tanh(z/Ly ), (B.3)

where Ly, is the wall thickness.!! We then obtain the following WKB phase
Ap(z) = Ap + A?p tanh(z/Ly,), (B.4)

1The tanh wall profile which we consider here, accounts for the initial rising part of the wall, which
interpolates between m. s and m. . However, it neglects the subsequent multiple wall oscillations around
me,n. The thickness of the rising part of the wall is expected to be Ly ~ c;alcm <¢)_1 which for supercooled
phase transition can be much smaller than the total thickness of the wall accounting for the multiple
oscillations, Li" ~ Ty, cf. appendix A of [12]. We leave the study of the impact of multiple wall oscillations

on particle splitting for future studies.
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Pseudo-delta function
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Figure 9. The function §(ApLy, A?pL,,) tends to the Dirac § function for A%p = Am? /4zE, — 0.

with
A, — Ap(+00) + Ap(—o0) 1 o Moptmis
Ap(+00) — Ap(=00)  AmZ
2 _ ~ c 2_ .2 _ 2
Ap = 5 ~ 14, with  Amg = mg; —mg,. (B.6)
From injecting eq. (B.4) into eq. (B.2), we obtain [57]
M ~ 27V §(ApLy, A?pLy,), (B.7)
with
L | T (5(Ap— A%p)Ly ) T (—4(Ap + A%p)Ly,
d(ApLy, Aszw) = Lwe_ZAQPLW n2 (2 ) ( 2 ) . (B.8)

AT (—iA2p Ly

As expected, in the limit of vanishing mass difference A?pL, — 0, the function
8(ApLy, A?pLy,) approaches the Dirac § function, see figure 9

5<Apra AQPLW) 2—> 5(Ap)? (Bg)

A2p Lw—0

and conservation of momentum along z is restored. Using that |T'(iy)|* = /[y sh(my)] for
real y where sh x is the sinus hyperbolic function [112], we obtain

’2 W|V‘2A2pr

_ 2 A A2 A 2
IMI* = Ap AL X Sh(T['A pr)/sh<2(Ap A p)LW>Sh<2 (Ap+ A p)LW>.
(B.10)
The splitting probability in eq. (3.24) reduces to
dk? dx
dPa—)bc = CCLTQL; H(kL) Wwall(LW7 kL? ‘/E)a (Bll)
1
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where TI(k, ) is defined in eq. (3.34) and

Wayan = she (WAZpLW)/ shc<72r(Ap - AZp)LW> she (;T(Ap + AQp)LW>

wL wL wL
= Shc(4a:Ev’Va Amz)/ shc(4xEV: (% + mg’S))ShC<4a}EV: (* + mah)), (B.12)

with she(x) = sha/xz. We compute the average exchanged momentum, cf. eq. (4.9)

<Ap> = /dpaﬁbc Ap;, (B13)

with dP, 4. in eq. (B.11) and Ap; in eq. (4.5) sums over both transmitted and reflected
bosons. We did not find an analytical expression for (Ap) in eq. (B.13) so we report its
numerical value in figure 10. We nonetheless find an analytical approximation (F;(x) is
the exponential integral special function),

™ ™ mez s
that is valid up to O(50%). We identify three behaviors for (Ap),
21n (T) for Ly S m;}lL,
Y for o} < Ly < mep/m?
(Ap) = 2Gamen x § "\ FLym2, O Meh 5 Zw 5 Meh/Mee: (B.15)
7 Lym? 7 Lym?
o ( 2mc,:s>/ 2mc,:78 for mcvh/mz,s S L.

We conclude that (Ap) decreases logarithmically as soon as Ly 2 mc_}ll and exponentially
around Ly, ~ mcp/ mg,s, see figure 10.  We remind the reader that the scaling of the
pressure with the Lorentz boost ~ arises from the phase space integration and not from
Ap, see e.g. eq. (6.3). We also comment that eq. (B.15) includes both the reflected and
the transmitted contributions, so it properly includes the case where an emitted particle is
softer than m,; and is thus reflected.

In concrete scenarios we expect the wall thickness Ly, to be of the order of the inverse
mass m;l of the scalar field driving the phase transition, for which we estimate fmi (¢)?)2 ~

AV = cyac (¢>4 where AV is the vacuum energy difference, which implies

1.4 a 0.1\/2
Ly ~c 2 ()71 = ( > . B.1
Coad = (D) e \1/30 cone (B.16)

Therefore, we expect the finite wall thickness to bring only logarithmic corrections for
Mes K M, see eq. (B.15). However, in the regime me s ~ m,j, we expect the friction
pressure to receive an exponential suppression factor, see eq. (B.15), in addition to the UV
suppression factor contained in II(k, ) in eq. (3.34). In figure 3, with dotted lines we show
the impact of the wall thickness on (Ap), assuming that eq. (B.16) holds.
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Figure 10. The exchanged momentum (Ap) becomes first logarithmically suppressed when the
wall thickness satisfies L, 2> m;}lL and then exponentially suppressed around Ly, ~ m 5,/ mg,s. Solid
lines show the numerically integrated result in eq. (B.13) while dashed lines show the analytical
estimate in eq. (B.14). We fix the IR cut-off 1 (or equivalently the mass m., in the symmetric
phase) to the thermal mass /Ty in the left panel, see eq. (3.41), and to the screening mass
Msat Of phase-space-saturated non-abelian vector boson bath, in the right panel, see eq. (3.47).

Thin-wall limit. In light of the preceding paragraph, in the regime m., < mcp, effects
coming from the mode functions inside the wall bring at most logarithmic corrections and
we can safely approximate the wall profile by a Heaviside function. This is the subject of
the next section, section B.1.2.

WKB breaks down. In order to further motivate the use of a Heaviside function, we
would like to comment about two difficulties which we have to deal with if we rely on the
WKB method, and which arise when the particle c¢ is reflected

DPe,s 5 me. (B.17)
First, the hypothesis of the WKB approximation,
W fp? <1 = pe> Lyt ~me, (B.18)

breaks down at the turning point, p.(z) = 0, that is present when a particle is reflected,
which implies that the WKB expansion x(z) = en (So+S11+S2l+) cannot be used. Sec-
ond, the prefactor \/pZ/p?(z) of x.(z) in eq. (B.1) becomes infinite at the turning point.
Regularization of the WKB solution near turning points has a well-known solution based
on the Airy equation [113]. In order to avoid those difficulties and thanks to fact the thin
wall approximation is a good one (see eq. (B.15) and discussion around it), in this paper
we decide to not use the WKB approximation for computing the mode functions, see next
section for more details.
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Mode function x.(z)

10? — —
............................... Reflected fraction
S
€ e ransmifiediraction e, S
& | T —— e~
<10 F o _am e S~
~ g T
2  Cae=t T
3 Cee=01 TS
| — Full By, and Ces (i ing + reflected wave-functions)
—= Bgp =1, Full Cos
| ==== Bcn =1, Ccs = 0 (incoming wave-function only)
1 o1l vl o1l o1l vl Lo
1078 107° 1074 1073 1072 107" 1
TnuclTstart
Figure 11. We compare the approximation x.s(z) = eP=** and x.5(z) = eP="* chosen in

the main text, cf. eq. (3.27), to the one including the reflected wave-function x.s(z) = ePes? +
Cese”Pes? and Y. p(2) = Bc7he”’c’hz, see eq. (B.20).

B.1.2 Step potential in 1D

Klein-Gordon equation in presence of a step potential. As motivated by the
preceding paragraph, we choose to model the wall by a Heaviside function

0 h <0,
mj(z) = when 2 (B.19)
m; when z > 0,

with j = a, b, c. From solving the Klein-Gordon equation on each sides, we obtain

- (2) = Bjge®is* + Cige Pis* when z < 0,
Xj.s(2) 38 3,8 (B.20)

Xj,h(2) = Bjn e'Pin? when z > 0,

with
Pih = \/P}s —m3. (B.21)

Note that in contrast to [1, 11, 57], we have included the plane wave e~%is* moving in the
symmetric phase direction. We normalize the incoming wave-functions to Bj s = 1. Then
we impose continuity of the wave-functions and of their derivative in z = 0 and we get

o ]2 2
Dj,s Pjs — My 2pjs

2 ;’ Bj
Dj,s +/Pjs — M

.

Cjs = (B.22)

Jh = :
. 2 2
Dj,s T+ \/Djs — My

We recover that in the high-energy limit p; > m;, the particle j gets transmitted C;, = 0
and B;j, = 1, while in the low-energy limit p; < m;, the particle j gets reflected C; , = —1
and Bj,h =0.
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M-matrix. For relativistic walls, the particles a and b always satisfy p, > m, and
Dy > My, such that
Cjs=0, Bjp=1, forj=12 (B.23)

The M-matrix in eq. (3.30) becomes

0 i2AS ez 0 izh-l—ez o izi—ez
M~V / dz e 2Ea + Vi Ce s / dz e'”2Ea + Vi, By, / dz e “2Ea
—0o0 —00 0

Y Vth,h Vscc,s Vs
_21Ea< T i Ag), (B.24)

with
mZ + k3 k3 k3

Ap ~ —C——, Asp ~ L 4 uE,, Ay~
x

; (B.25)

x
Validity of the approximation in the main text. In the main text, for the sake of
simplicity we neglect the reflected wave-function C, s = 0 and we approximate B, j = 1 in
eq. (B.20), see x.(z) in eq. (3.27) and the corresponding M-matrix in eq. (3.30). In figure 11,
we show that the latter approximation underestimates the value of (Ap) computed from
eq. (B.24), by ~ 20 %. The validity of the approximation (C. s = 0, B, = 1) was expected
since among the three terms of eq. (B.24), the last one dominates over the others. In table 2
of the next section, we compare the error due to the simplification of the mode function to
other sources of error, discussed in appendix B.2 and in the main text.

B.2 Beyond the relativistic-soft-collinear limit

In order to write the perturbative splitting probability in eq. (3.33), in addition to the
simplified mode-function discussed in the previous section, we have assumed the relativistic

1 1 1 1\2 1
— —, (B.26)
2pZ 2pg 2p; 2FE,) 2F.

limit for the phase space factor

the soft and collinear limit x < 1, k; < E, for the vertex function in eq. (3.26), and the
relativistic, soft and collinear limit for the phase of the mode function in eq. (3.29)

(1—2)Ey > \/mZ+ k2, xE,>\/m2+k}, z=FE./E, <1 (B.27)

While the relativistic limit is a very good approximation for particles ¢ and b, it be-
comes incorrect for particle ¢ when FE. is close to m, or m.s depending on whether c is
transmitted or reflected. In this appendix, we compute the error caused by all these ap-
proximations. Our most precise analytical calculation of the exchanged momentum follows
from, cf. eq. (4.9)

(Apr,T) = /chHbc Ap O(£p2 1), (B.28)

with the perturbative splitting probability given by

k. (dE. 1 1 1
APy pe = | —= [ =—¢ — — 2Weall(Lw, k1, ). B.2
/ - /(277)2 21 2pz 2pf 2pF M Waan( L 2) (B.29)
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Error estimates for the different approximations (Ap) (Ap)
in the analytical treatment Camme nInmen /1 Cahe,nInme n/p
Simple analytical expression in main text, cf. eq. (4.11) and eq. (4.13)
Transmission and reflecti coefficient B, =1, Cs =0
ransmission and reflection coefficient B, =1, 330 (40%) 091 (+0%)
+ relativistic,soft, collinear limit
(Simple analytical
By, given by eq. (B.22) and Cs =0 4.34 (+27%) 112 (+21%)
By, and C; given by eq. (B.22) 4.01 (-11%) 1.10 (-2.0%)
Full phase space factor E% — i cf. eq. (B.26) 4.15 (+3.3%) 2,12 (+63%)
Vertex function beyond the soft-collinear limit, cf. eq. (A.2) 4.06 (-2.3%) 2.10 (-1.1%)
WKB phase A; Aj and A, beyond the relativistic-soft-collinear limit, cf. egs. (B.31), (B.32), (B.33) 3.00 (-30%) 1.33 (-45%)
Momentum exchange Ap. in eq. (4.5) beyond the relativistic-soft-collinear limit 2.96 (-1.5%) 151 (+12%)
(Refined analytical)
Finite wall thickness, see eq. (B.13) with Ly, assumed from eq. (B.16). 2.88 (-2.6%) 1.49 (-1.4%)
Total 2.88 (-13%) 149 (+48%)
Fate of reflected vector bosons, multiple wall oscillations,
longitudinal component of the vector boson, left for future studies
possible Bose enhancement, beyond perturbative treatment

Table 2. In the table above, we refine the simplest analytical estimate, line after line from top to
bottom until we obtain the most refined one. The percents % show the relative differences between
two consecutive lines, except for the ones on the line entitled ‘total’ which shows the relative
difference between the simplest and the most refined estimates. The relative difference between the
analytical and numerical treatment can be appreciated in figure 12. The values of the present table
were evaluated for u = 107%m, j and (¢) = TeV as well as the same values of the parameters as in
figure 12. Corrections due to the presence of reflected bosons in front of the wall, see section 6, due
to multiple wall oscillations, see footnote 11, due to the longitudinal vector boson, see footnote 3,
due to Bose enhancement, see footnote 2, and due to non-perturbative effects, see section 3.4, are
left for further works.

where
. Vthh V;Ccs V:s
= 2K, = — i B.

M ! Ah As,r As ( 30)

with By, Cs given by eq. (B.22) and
Ap = 2B, (Ea —\J(1 - 22B2 —m3 ), — k2 — \Ja2E2 —m?2,, — k3 ), (B.31)
Ay = 2B, (By = /(1= 2)2 B2 = m3  — k% — \[s2E2 —m?2, — k3, (B.32)
As, = 2iE, (Ea — \/(1 —z)2E2 —mj  — k% + \/xQEg —m2, — ki) . (B.33)

The factor Wiyan, which is defined in eq. (B.12), accounts for the finite wall thickness
L. Since its impact is already studied in the section B.1.1, in this subsection we set
it to Wyan = 1. The differences between the full analytical result in eq. (B.28) and the
simplified one in eq. (4.11), (4.13) are listed in table 2 along with the respective errors.
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Figure 12. We compare different schemes for computing the exchange momentum Ap induced by
splitting radiation resummed at all leading-log orders, both at the analytical and at the numerical
level. The analytical estimates shown in orange and brown correspond to the 1st and 7th level
of correction of table 2. The green and gray lines show the results from the Monte-Carlo simula-
tions, see section 5, using either the soft-collinear-single-plane-emission-no-transverse-recoil limit in
eq. (4.5) (green line) or the more refined prescription presented in appendix B.3 (gray line). The
most refined schemes of our work, shown in brown and gray lines, do not account for the same
corrections, and so they are complementary to each other.

For 1 = 107*m,, and (¢) = TeV, the simplified formula in Eqs (4.11) and (4.13) only
underestimates the total (Ap) = (Apgr) + (Apr) by O(5%). The corrections for other
values of p1/mep, (or Thue/Tstart) are shown in figure 12.

B.3 Azimuthal angle and transverse recoil

Azimuthal angle. The formula for Ap given in eq. (4.1), which we rewrite here

Ap=E,— /(1= X)E = m2, - K2 =3 "pZ, (B.34)
=1
with
X=>z, and K, =) ki (B.35)
i=1 =1
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assumes that the successive emissions occur in the same (xz) plane. Instead, eq. (B.35)
should be replaced by

n n
K| = Z k‘Lﬂ' — KL = Z ELJ', with EL,i = ELJ'(COS i, sin ¢;, 0). (B.36)
=1

=1

with the azimuthal angle ¢; generated randomly at each emission

where Ro, is a random number between 0 and 2.

Transverse recoil. Also the formula for pZ, in eq. (4.3) does not account for the recoils
of the successive emission on the transverse momentum of the parent particle. Indeed, £, ;
is the transverse momentum relative to the actual emitter and because of the successive
recoils, it must differ from the absolute transverse momentum % 1 ; relative to the initial in-
coming momentum p, in eq. (3.9). Instead, upon taking into account successive transverse
recoils, eq. (4.3) becomes

Ph = 2B —m2, — K3 02 ) — \JaPER —m2, — k3, O(-p? ). (B.38)

with

1

2 2 12 2 7.2 4 7
Pe;h = X4 Ea —Mep — kj_,iv ki,i = Nli— 1, (ng)
7=1

%

The recoils on the energy of the parent particle, z; — x; (1 — Z;;ll :nj), were already
discussed in section 5.2 and appendix G. In figure 12, we compare the exchanged momentum
(Ap) calculated with Monte-Carlo simulations, using eq. (4.5) (green line) which assumes
the soft-collinear limit, single plane emission and which neglects transverse recoil, with the
MC using eq. (B.34), (B.36) and (B.38) (gray line). We conclude that transverse recoil and

azimuthal angle can be safely neglected.
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Figure 13. 3-to-2 scattering between emitted vector bosons which is expected to deplete the boson
abundance and to possibly provide an IR cut-off y for the emission.

C 3 — 2 vector boson scattering

C.1 Estimation of the scattering rate

In the case of a non-abelian gauge theory, when the density of the emitted IR vector bosons
becomes large, one must account for the possibility of scatterings that decrease the number
of initial particles, because they can deplete the number of vector bosons and in turn lower
the pressure on the wall. As an example of such scatterings, here we consider 3 — 2
processes, see figure 13. They become important if the rate I's_o is larger than the time
it takes for these particles to cross the wall Ly

Ty ol > 1. (C.1)

The rate reads

$E PRy, AR d*k
Cos2 = [ oryragm oy @ayiorg Jo o) o)l M / | Gy o). (©2)

where M is the 5-vector-boson scattering amplitude [114]. From plugging eq. (3.42) into
eq. (C.2), we obtain

3—2 a 9aGa 2 YLnuce (27)0(2E,)3 f%dfﬂ(lﬂ) . .
Assuming that the five gluons are soft and collinear with
pi b=kl 4, Vigje[l5], (C4)
at tree-level order [114], we obtain
6 N2
M ~ J\?;]il ki,160+ ek (C.5)

Upon integrating eq. (C.3) over the range in eq. (3.17) with m.(z) = u, we obtain the
scattering rate

N 2 56 16 o°
Py o~ (Z gacabc> Y Tue % 9791 15 (C.6)
where
E
| =In =9 1p el (C.7)
Meh M
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C.2 Impact on the IR cut-off

As argued above, the value of u = us_,o for which the population of vector boson is depleted
is found after requiring that 3 — 2 processes happen within a wall length L, ~ c;al(;/ 2<¢>>_1.
So we determine ps3—o from

We obtain

0.001 1, (2 10 e 9o Cate Ty 5 Q/B(a)1/2< av_ P _ Te P
' e\ Aran B/H- 29+ @) Vi 1/30 0.1{¢)" 104 Tt

(run-away),

S gaCabe100 10 \¥/® /1 /30\1/10 1/2
Y Zaabe 10 1/30 AV
0.01mep (%L 29« Inmep/pus—2 Vi ( a ) (0,1(¢>4>

H3—2 =

(terminal-velocity walls).

(C.9)
We find that us_,o is always smaller than the scale mg,t in eq. (3.47) below which phase
space is saturated and perturbation theory breaks down. Therefore, the IR cut-off in
eq. (C.9), which relies on perturbation theory and where additionally in eq. (C.5) only tree-
level has been included, is not trustable and in this paper for non-abelian gauge theories
we instead rely on the more conservative IR cut-off mgyt in eq. (3.47).

D Fate of the reflected c particles

In this appendix, we compute the typical distance [ from the wall beyond which the reflected
c particles, cf. section 4.4, have exchanged enough momentum with the incoming a particles
in order to come back in the direction of the wall.

D.1 Mean free path

Elastic cross-section. We assume that the reflected ¢ particles scatter elastically with
the a particle with the differential cross section

(D.1)

where ¢ is the usual Mandelstram variable, with (—¢) > 0. We approximate the ¢ particles
to be massless and denote by f their momentum in the wall frame, see figure 14-right.

Plasma frame. The threshold value for the deflection angle 6 is given by the condition
that the velocity of the scattered c particle in the z direction becomes equal to the wall
velocity,

cos Oy, = v, (D.2)
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Figure 14. (Left) Plasma frame paramaterization. (Right) Wall frame parameterization.

see figure 14-left. The Mandelstam variable ¢ corresponding to this deflection angle reads
(—ten) ~ (’Yf)2<1 — cos b) ~ ’72(1 - U)f2 ~ f2- (D.3)
The relevant cross section is given by integrating (—t) above this threshold value. Since

the cross section is dominated by small (—t) values, it becomes

do a? a?

7 oy N~ Ty~ T

(D.4)

Multiplying by the number density of the incoming particles n ~ (¢(3)/72)g.T?3, we obtain
the typical length scale in the plasma frame, after which the ¢ particles come back in the
direction of the wall

l 1 7T2 f2

P ne gy o273

(D.5)

Wall frame. In the wall frame, the threshold value of the deflection angle # beyond
which a given scattered ¢ particle comes back in the direction of the wall, is given by
the condition that ¢ moves perpendicular to the wall, see figure 14-right. Energy and

momentum conservation for this case becomes

YT+ f=p+q: energy, (D.6)
T — f = pcosby, : z momentum,
psinfy, = q : Z,y momentum. (D.8)

The solution for T > f is

/
~A~T — ~ ~ . D.
p vy f? q f7 eth ’YT ( 9)

The Mandelstam ¢ for this deflection angle becomes
(—ten) ~ (YT)*(1 — cos b)) ~ f2, (D.10)

which is consistent with the plasma frame calculation. The relevant cross section reads

~ (D.11)
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Multiplying by the number density of the incoming particles n ~ % g«yT®, we obtain the

mean free path in the wall frame
1 1x% f?

Lo — o~ —

o~ g 2T (D-12)

The extra 1/+ is because the thermal bath is Lorentz contracted.

Account for multiple scatterings. We pursue the discussion in the plasma frame.
The average deflection angle squared (6%) after N scatterings 6y,---,60y, can be deter-
mined with a random walk approach. Assuming that scatterings are independent from
each other, we can write (%) = ((01 +---+0n)?) = (03) +--- + (#%). Thus, we can
simply calculate the average deflection angle squared for each, and sum up. Noting that
(—t) ~v2£%60? and do/d(—t) ~ a?/(—t)?, the average deflection squared per unit distance
in the z direction reads

d (6?) o o do g a2T3 1
~ d(67) 6°— ~ = ——=In —. D.13
dz " /QEM © do? w2 42 f? ! 02ut ( )

The cutoff angle 0.+ is related to the IR cut-off p discussed in section 3.4 by
Ocut = p/E,. Since the particle gets caught by the wall once the deflection accu-
mulates to g, ~ /1 — v ~ 1/, the mean free path becomes

de? 2 1 f
dz g« In 921 213’

cut

I, ~ 03 (D.14)

We conclude that upon taking multiple scatterings into account, the mean free path [ only
receives a logarithmic correction such that the big picture remains unchanged.

D.2 Motivation for further studies

A given reflected c particle gets scattered by incoming a particles before traveling the mean
bubble separation when
L S B (D.15)

which implies

Tie > 751076 o713 <f>2/3 ( (9) )1/3 (5/H>1/3

start Me,h TeV 10

1/3 1/12
100\*3 [ 10 0.1
) ( 9s ) (me;) (AV/ <¢>4> ' (D-16)

We show this condition with a dashed blue line in figure 8. We conclude that as soon as

Thue/Titart is larger than what is indicated in eq. (D.16) (basically most of the cosmological
first-order phase transitions considered in the literature), the interactions of reflected ¢
particles with a particles, and the possible associated corrections to the friction pressure,
discussed in section 4.4, should be considered. We leave the quantitative study of such
effects for further works.
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E Massless vector boson scenario

In this section, we consider the emitted vector boson to remain massless in the broken phase,
up to expected thermal effects. We find that the contributions to the friction pressure are
equal to the LO one, up to O((,).

Perturbative splitting probability. We suppose that the vector boson mass is phase-
independent and given by the thermal contribution m.j = m¢s = p while mg , # mes =0
and mpp # mps = 0. The WKB suppression factor introduced along eq. (3.29), in the
soft-collinear limit, reads

2
( 11 )2 1 1 E1)
AT A = k2 2 2 2 k2 k2 2 :
A A TR R R
2
_ $4((m§,h - mz,h) + m2h$) (E.2)
(kT + 122 (kT + p2 + x(mg ), —mp ) +a2m? ;)2
so that the splitting probability in eq. (3.36) becomes
2
Py — S e M (i —map) +mq p2) (£.3)
be = : :
R (K1 +p2)? (kT + p2 + a(mp ), —mj ) + a?m] ;)2

E.1 Case my = m,

We consider the case where my, j, = myp, in eq. (E.3).

Exchanged momentum averaged over resummed distribution. Since emitted vec-
tor bosons do not acquire a mass in the broken phase, they are never reflected against the
wall boundary. The exchanged momentum in the soft X, x; < 1 and collinear K|, k| ; < 1

limit, reads

Ap~E,— /(1= X)EZ - m2, — K? - zn: B2 — k2, (E.4)
1=
~ Apy + Apy + Aps, (E.5)
with )
2 2
Apl = 7;1257 ApQ = (Z:%‘lE]zl’i)a Ap?) = é 2??&@ (EG)

where we recall that K| = > 71" k| ;. We average over the resummed splitting distribution
in eq. (4.6). At first, since Ap; is independent of the splitting kinematics, we have

2
My h
2F, "

(Ap1) = Apy = (E.7)
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This coincides with the LO order piece in eq. (2.2). Next we compute

(e}

1 n
(KL g) =3 — [H /dPEJ
e

n=0

K, ;K| jexp {— /dPE]

2 1 n—2
_ UdPEKL S UdPE] exp {—/dPE}
= n!
dPp K 1?
[ ()
which implies
1 n(n—1 2
(Ap2) = 55 [/dPE ki + (ng) </dPE h) 1 : (E.9)
where n = [ dPg is the mean number of emitted bosons. We compute
mip 2 M,k
/dPE k2~ ¢, > (/ dPg kL> ~ 2gmyp, (g ln® T (E.10)
which in the limit n > 1, implying
5m3 ,
(Ap2) = Ca (E.11)
Finally, we use eq. (4.9) to compute
E2 k2 1 m k m?
Aps) =~ Ca é/ﬁd 8 bl =~ et E.12
( p3> C /'u2 ki k;JruQ T T (ki+x2mgh)2 2zE, C 2F, ( )

Final results. Hence, we conclude that in the limit where the vector boson is massless
and mg = my, the exchanged momentum in eq. (E.5) is equal, up to O((,), to the LO
contribution

mg,h
2FE,

(Ap) ~ Apio (1 +3C),  with Apo =~ (E.13)

This is in contrast to [1], which, in the massless vector boson limit, have found (Ap) ~ (,E,,
see appendix F.

E.2 Case myp > man
We suppose my, ;, > mq p, in eq. (E.3).

Computations. As in eq. (E.5), the exchange momentum can be written Ap = Apy +
Apz + Apg with

2
my,
— ifn odd n 2 n 2
2F ’ i1kl k1
Apy = m2a Apy = (Z;El)v Aps = 2;& . (E19)
a,h . a -1 ia
oL, if n even,
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The asymptotic state particles are a — bc if the number of splitting n is odd while they
are a — ac if n is even. Therefore, eq. (4.6) becomes

2 2 2 2 2 2
m m m +m m —-m
(Ap1) = [2§h coshn + 2§h sinh n] e "= a’}ilE bh a’h4E bih p=2n (E.15)
a a a a

where n is the mean number of emitted bosons
2 2
V% — Map
n = /dPE ~ (g2 (E.16)
W

with p given by the vector boson thermal mass 1 = m s or larger. Next, we use eq. (E.9)
and eq. (4.9) to compute

2
/dPE kY~ Ca(miy, —m2 ), (/ dPg /ﬂ) ~ 10¢a(mi ), — M 1), (E.17)
which in the limit n > 1, implies

11(mj, — mi,h)

Apo) ~ E.18
(o) = o P (B.18)
Finally, we use eq. (4.9) to compute
2 2 — m2
My — Ma Mh — Man
Aps) ~ : =~ 1 E.19
< p3> Ca Ea n L ) ( )
with p given by the vector boson thermal mass p = m, s or larger.
Final result. Summing up eq. (E.15), (E.18) and (E.19), we obtain
My — Mg 2 . M
(Ap) ~ Apo+———— (1 —e M4+ 22(, + 4\/nCa> with  Appo ~ ——, (E.20)
4F, 2F,

and where n is given by eq. (E.16). Again, we conclude that the contributions to the
exchanged momentum coming from the emission of a massless vector boson, in the case
Mp,p, > Mg, are only O((,) corrections to the LO result.

In the case where mg; > my, the expression in eq. (E.3) has a pole when Ap, ) =
Ay /2E, = 0, corresponding to the possibility in the broken phase for a to decay to be,
on-shell and without the need of the presence of any wall. After subtracting that pole, we
expect the NLO correction to the exchange momentum (Ap) to be of the same order as
eq. (E.20).

F Comment on [1]

F.1 Violation of the Ward identity

Let us consider the splitting radiation vertex in figure 15

M = u(pp) ¢ (pe)u(pa)- (F.1)
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Figure 15. Splitting radiation vertex.

The Ward identity can be stated as
M is invariant under €y (pe, n) — €\ (pe, n) + pk. (F.2)

We make clear the conditions for the Ward identity to hold. Consider a new transition
matrix M’ in which the polarization vector has been shifted by €(p.) — €(p.) + p¥. The
difference from the original transition matrix is given by

M — M = a(py)p u(po). (F.3)

From eliminating p_ with the momentum conservation condition

DPa = Db + De; (F4)
and from using
(P, —m)ulpa) =0,  ulpp)(p, —m) =0, (F.5)
we get
M — M = u(pe)(p, — p,)u(Pa) = u(pp)(m — m)u(pa) = 0. (F.6)

We conclude that there are two types of scenarios in which the Ward identity cannot
be satisfied. The first one is when the particles a and/or b are off-shell, in which case
(p, — m)u(pa) # 0 and/or u(py)(p, —m) # 0, in eq. (F.5). This can be the case for QCD
splitting functions a la Altarelli and Parisi [87], where one leg must be attached to a larger
Feynman diagram and the momentum of the corresponding internal line is off-shell. In
this case, the Ward identity is only satisfied at the level of the larger Feynman diagram.
The second scenario is when 4-momentum is not conserved p, # py + pc, in eq. (F.4).
This is the scenario of the calculation presented in this paper, where the existence of the
wall boundary separating the two phases breaks spontaneously translation invariance and
prevent momentum conservation in the z direction.

As we explain in the next section, we point out that the computation in [1] satisfies the
Ward identity out of its regime of validity, thus possibly suggesting an avenue to explore
to understand why the splitting probability in [1] does not vanish in the limit where the
symmetry is restored, as it instead should.

F.2 Splitting at first order

In appendix B of v3 of [1], the matrix element squared |M|? for splitting radiation across
the wall is computed in the case of scalar QED. The matrix element at leading order in
presence of the wall reads

0 _ o Vh_Vs>
MHbc_mEa( -2 (F.7)
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with the vertex functions in the symmetric and broken phase being

Vs = i9(Pa,s + Db.s) u€hs Vi = i9(Pah + Do.h) pu€h- (F.8)

Until now, there is no difference with us, see eq. (3.30) and eq. (A.6). The authors of [1]
then define pj, ¢ and p, j, via

Da,s = Db,s + De,s; and Da,h = Db,h + Pe,hs (F9)

i.e. by assuming energy-momentum conservation (so in particular momentum conservation
along z) in the two phases separately. Note that this implies that at least one among the
three momenta, in each of the s and h phases, is off-shell. Then, using a classical current
formalism, they obtain the following WKB phases

As = _Qpa,spc,57 and Ah = _2pb,hpc,h' (FlO)

By plugging eq. (F.9) into the vertices eq. (F.8), and then the vertices and the phases (F.10)
into the matrix element eq. (F.7), one finds that the matrix elements does respect the Ward
identity, if pes = Pen = pe With p2 = 0 as assumed in [1]

X

M(O) ‘ hn— gEa (pa,hpc + pb,hpc) (pa,spc + pb,spc)
P Pb,nPc Pa,sPc

Pa,hPc Db sPc
gE, | Peile _ Pobe
<pb,hpc pa,spc>

B <(pb,h +p)pe (Pays — pc)pc>
_= g a J—
Pb,hPe Pa,sPc
0. (F.11)

This signals a possible issue with the result of [1], because eq. (F.9) implies that at least
one of the momenta in each equation should be off-shell, and so the Ward identity should
not have been satisfied.

The authors of [1] then use the polarization sum rules in axial gauge with arbitrary
auxiliary vector n#,

pen” +pent o PePe
pen (pen)?’

> A (pe; n)eK (e, n) = —g" + (F.12)
A

and obtain the gauge-invariant result'?

2 2 2 P
— 4E2’g’2 pa,spb,h o pa,s 5 _ b,h > ) (F13)
Pa,sPc Pb,hPc (pa,spc) (pb,hpc)

MO

a—bc

12While it is nice that this result is manifestly gauge-invariant, without Ward identities the polarization
sum rules of eq. (F.12) would lead to a final |M|? that depends on the arbitrary gauge vector n*. Instead,
when computing the matrix element, only the physical polarizations (corresponding to the gauge choice n* =
(1,0,0,—1)) should be used, as prescribed long ago by Altarelli and Parisi [87], and as we do in appendix A.
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The perturbative splitting probability associated to eq. (F.13) then reads

0 |2
: dPp, \Maﬁbc dk: it k2 +ami, \?
1+ ztmy g,

APy =
E™ (2m)32E, 4E,

The splitting probability in eq. (F.14) does not vanish in the limit where the order
parameter of the phase transition goes to zero, either my, ;, < k| or my 5, — my, 5. Therefore
the friction pressure is left intact in the limit in which the wall disappears (¢) — 0 [58],
thus signaling a possible problem with eq. (F.14). We suggest that the root of the problem
may lie in the effective assumptions discussed earlier, that lead to unexpectedly satisfying
the Ward identities.

In contrast, our splitting probability does vanish when m. ), < k| or my ) < ki (but
also when m; ), — m;;), for vector bosons ¢ which are respectively either massive, see
eq. (3.36), or massless, see eq. (E.3).

F.3 Splitting at all orders

The average exchange momentum. In [1], the average exchanged momentum is com-
puted according to

(F.15)

;o k2 .
A:/ dP iex{—/ dPp(k)],
< p) . EQiUEa p bk E( L)

where the perturbative splitting probability dPy; is given by eq. (F.14). The integrand in
eq. (F.15) is dominated by the region where x ~ 1 and k; ~ E, which leads the authors
of [1] to conclude that

(Ap) ~ (o Ea. (F.16)

Our comments. The Sudakov resummation operated in eq. (F.15) can be obtained from
the master formula in eq. (4.6) if we assume that the exchanged momentum in eq. (4.5) is
dominated by the largest k|

Ap = Max

201E," 219E, 21,8,
In that case, eq. (4.6) becomes

(Ap) = [H/dPE] Ap exp[ /dPE}
[/dPEk;L kQG]i(n—l [/dPEkL)G(k‘L—kL)

n—1
exp [—/dP;;]

/ k2 /7~ ;7 ~
:/dPE(kJ_) — exp [/ dPp(kL) —[ dPg (k1)
2z FE, Ei<k, ki>p
k2 ;-
- / AP(k) "L exp {— / dPE(kL)}, (F.18)
ki>p 2z E k1 >k,

which coincides with eq. (F.15). We have checked that to take the max in eq. (F.17) instead
of the sum of the Ap; in eq. (4.5) can lead to the underestimation of the final (Ap) by a
factor ~ O(30) in the limit of large supercooling Thue/Tstars ~ 10~% and large ¢, ~ 0.1.
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Effect of backreaction
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Figure 16. We display here the average momentum transferred to the wall Ap as a function
of the IR cut-off u, both in some units of m.. In contrast to the analytical result in dotted, cf.
Eq (4.15), which overestimates the exchanged momentum in the limit g — 0, the MC simulation
in solid accounts for the depletion of the incoming energy-momentum due to the successive boson
emissions, see section 5.2. This implies a maximal number of boson emission and a maximal value
for the exchanged momentum compatible with energy-momentum conservation. The impact of
energy depletion is higher and higher as we decrease the incoming energy E,/m.. For simplicity,
M = Mcp in this plot.

Conclusion. We conclude that the assumption p, = pp + p. at the level of the vertex
leads the authors of [1] to eq. (F.14) instead of eq. (3.36) for massive vector boson, or
instead of eq. (E.3) for massless vector boson,'® which overestimates the final (Ap) by
an amount FE,/m. or (E,/my)? respectively, and does not vanish in the limit (¢) — 0.
Additionally, the approximation in eq. (F.17) instead of eq. (4.5) leads the authors of [1]
to underestimate (Ap) by an amount ~ O(30).

F.4 Finite wall thickness

Finally, let us add that if the result (Ap) ~ (k% /22E,) ~ (, E, claimed by [1] was right,
the infinitely-thin-wall assumption LyAp < 1 would violently break down. Indeed, the
perturbative splitting probability used by [1] and given in eq. (F.14) should receive the
additional factor Wi (Lw, k1, ) defined in eq. (B.12), which evaluated at kf_ JxE, ~
(o Fq, is exponentially suppressed

Eq

Wan o< e "EwFa e men & 1. (F.19)

13The authors of [1] consider the case of a massless vector boson m. = 0.
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Snowball region
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Figure 17. Comparison between analytical treatment in dashed lines and MC treatment in solid
lines. The blue and green lines show the exchanged momentum induced by radiated bosons re-
summed at all leading-log orders, either transmitted (green) or reflected (blue) by the wall boundary.
The red dashed line shows the LO contribution assuming no splitting radiation. In the run-away
regime, we have E,/mep ~ (Mp1/ () (Tuuc/Tstart)?, see eq. (3.55) and eq. (6.11). Therefore, at
very strong supercooling the initial particle energy F, in the wall frame becomes smaller than the
particle masses myg,p,, My, and/or me p, in the broken phase, such that a, b and/or ¢ are reflected.

G Energy-momentum conservation

G.1 Backreaction

In the Sudakov resummation in section 4.2, we have neglected the depletion of the initial
energy and momentum (FEjp, pp) due to the multiple boson emissions. When considering
those effects, which we call ‘backreaction’, eq. (4.9) should instead become

(Ap) = H/dPE] (1-X)’E? - K%)© X:Ap2 exp{ /dPE]

(G.1)
where X and K| are defined in eq. (4.2). The © functions prevent the emission of more
momentum and energy than what is available, i.e the momentum pj and energy Ej in
eq. (3.10) must remain positive. We account for the effect of backreaction with our Monte-
Carlo simulation, cf. section 5, in which the Theta functions in eq. (G.1) enter through the
boundaries of the integral in eq. (5.11) and through the condition in eq. (5.12).

In figure 16, we can see that in contrast to the analytical result (dotted line), in
the numerical study in which the effect of energy depletion due to successive emissions
is included (solid lines), the number of emissions and the resulting (Ap) saturates to a
plateau. This could by itself regulate the logarithmic divergence if the thermal mass as
well as other possible IR cut-offs were zero, see section 3.4. However, in presence of the
thermally induced cut-off p = /2Ty, we find that backreaction can be safely neglected.
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G.2 Snowplow region: E, < m;p

The expressions for the friction pressure, Po and Py, induced by 1 — 1 and 1 — n
processes, cf. eq. (6.2) and eq. (6.4), are valid in the regime mgp, my, < E, and
p <L mep K FEg, respectively. We now derive their expression in the regime where
E, S mgp, mpp and Eg S meyp, in which the particles a, b and c¢ are reflected by the
wall boundary. Since the particles then accumulate in front of the wall, we call this the
‘snowplow region’.!* Assuming for the sake of simplicity that a and b are identical, the
exchanged momentum between a and the wall is given by (Ap) = (2p,), and the friction
pressure at LO in the relativistic limit is, cf. eq. (2.1)

2
EqoSmen =  Puo™ % Zgaea VAT .., ea=1(7/8) for bosons (fermions)
a
(G.2)

The exchanged momentum due to splitting radiation resummed at all leading-log orders
is, cf. eq. (3.17), eq. (4.7) and eq. (4.9)

B k2 VL d =

s : E
A :/ ! 7¢/ Poo 8Bl _9yE, ~4E,lo () G.3
(o) o Kk K x (K] + p?)? 5\ (G:3)

which after injection into eq. (3.1) with E, = (ps) =~ 2.7y Thue, leads to the friction

pressure'”

11¢(3)

3

E,

S Me,h — L =~

E,
Z VagaCabc aln (,U/) ’72 Triluc' (G4)

a,b,c

The exchanged momentum due to the eq. (G.3) is shown by the dashed blue line in figure 17.
Note that the region E, < mep ~ man falls in the region where interactions between
reflected particles and newly incoming particles can be neglected, cf. dotted purple and
blue lines in figure 8, such that the possible corrections to the friction pressure discussed
in section 4.4 are not expected. It is interesting that a region E, < m;p, where particles

are too soft to penetrate inside the bubble wall, exists in the large supercooling limit (as
already pointed out in [12] for confining PTs). We leave its study for further works.

H Lorentz factor in the run-away regime

H.1 Generic potential

Energy conservation. The vacuum energy gained upon formation of a bubble of radius
R is A
Bpubble = 5 mR® P, (H.1)

1YWe thank Gilad Perez for suggesting the name ‘bulldozzer’, we end up choosing ‘snowplow’ due to
proximity with the Christmas season at the time of arXiv first submission.
15Note that we recover the scaling Py oe’yQ T . found in [1], but only in the limit E, < men.
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where P is the expanding pressure. As the bubble grows, the energy stored in the bubble
wall is given by
Fyanl ~ 47 R*~ 0, (H.2)

where o is the surface energy of the wall in the wall frame

o= [Tar |36 002+ viet) - Vo). (13)

Insuring energy conservation by equating eq. (H.1) and eq. (H.2), we obtain that in the
run-away regime, the wall Lorentz factor grows linearly with the bubble radius, e.g. [80, 115]

P

-5 R (H.4)

y

In the supercooled and run-away regime, the expanding pressure is given by the vacuum
energy difference P = cyac <¢>4 while the surface tension can be estimated as

o~ L% Coae (0)4 (H.5)

where L% is the total thickness of the wall, accounting for the rising part plus the multiple
oscillations around the true vacuum value, until the oscillations become negligible. This
should not be mistaken with L., introduced earlier, which is the thickness of the rising part
of the wall only, see footnote 11. The Lorentz factor of the running-away bubble wall in

eq. (H.4) becomes
R

== (H.6)
3 Liot.

gl

Total wall thickness. The wall profile can be found by sticking the space-like profile
with the time-like profile, see e.g. [116]. The former is solution of the euclidean equation
of motion

d—1 , _av . / B , B
. PE(sE) = dég’ with  ¢g(0) =0, and Tlggo ¢E(r) = 0. (H.7)

B(se) +

where sp = /72 + 12, = /72 — t2 is the space-like light-cone coordinate, tp = it is the
Euclidean time and d = 3 or 4. The latter is solution of the real-time equation of motion

o 300 OV

o7 taas Tag 0 with 6(s) = 6s(0), and $'(0) = ¢ (0). (H.8)

where s = /t2 — 72 is now the time-like light-cone coordinate. The total wall thickness
L% is set by the sum of the characteristic length scales of the two profiles

L\t;\(;)t. - Lspaceflike + Ltimeflikev <H9)

which are themselves set by the damping terms of the two respective egs. (H.7) and (H.8).
Due to the matching condition ¢'(0) = ¢ (0), the two damping terms are of the same order
and we conclude that

Ltimeflike = Lspaceflike = Rnum (HlO)
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where the last equality defines the bubble radius at nucleation. The Lorentz factor of the

running-away bubble wall in eq. (H.6) becomes'®
R
= —. H.13
7= 3R (H.13)

H.2 Shallow potential

The friction pressure in eq. (6.1) is suppressed by powers of Thu./f < 1, where f = (¢).
Therefore, a run-away regime at bubble collision time requires supercooled phase transi-
tions. Typically, supercooled phase transitions are generated by shallow zero-temperature
potentials, namely potentials where the curvature close to the false vacuum

V”(qﬁ)‘ ~ fexp(—c/e), e<1, c¢=0(1), (H.14)
o<f

is much smaller than the curvature f close to the true vacuum. In that case, the tunneling
exit point is very close to the false minimum and the bounce action is only sensitive to
the scale f exp(—c/€). We expect both temperature and bubble radius at nucleation to be
related to that scale, and therefore!”

Roye = cw T_l (H15)

nuc?

where ¢y is a model-dependent numerical factor. At the time of collision, the bubble size
is given by!'®
Reon >~ (87’[‘)1/3 Uwﬁia (H16)

where v,, is the bubble wall velocity, § is the expansion coefficient of the exponent of the
nucleation rate around the typical transition time ¢,

I o ettt (H.17)

161p [80], the wall tension is expressed in term of the bubble radius at nucleation Ry, obtained from
minimizing the total energy Epubble + Fwall

0 = RuucP/2, (H.11)

such that the Lorentz factor of the running-away bubble wall in eq. (H.4) becomes

2R
BRHL\C '

However, as the bubble expands, the scalar field undergoes damped oscillations toward the true vacuum,

v = (H.12)

such that eq. (H.11) under-estimates the surface tension o. With eq. (H.13), we claim that eq. (H.11) only
under-estimates o by an O(1) factor.

"Note that the authors of [39] have set Ruuc ~ f ~1 instead of Ruuc ~ T,fu}:. For typical potentials leading
to large supercooling, e.g. Coleman-Weinberg [76] or light-dilation [74], the latter choice is the correct one,
see appendix A of [12].

8The factor 87 comes from the expected number of bubbles nucleating in a volume V. To derive this, one
has to take into account the fact that the nucleating bubble must be in the false vacuum. Taking the wall ve-
locity to be unity for simplicity, and taking the nucleation rate per unit time and volume to be I'(t) = I.e’,
we sum up the differential nucleation probability for time interval [t,, t»+dtn] to get (expected # of bubbles)
=V x> (prob. for the nucleation point to be in the false vacuum) X (prob. for nucleation between [¢n, t, +

t
—4—”] ™ dt (ty —t)3TePt
oo

dt]) =V x [* e ° x Doeftndt, =V x [ e 8= /80 1 eftnat, = V8.
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which gives the inverse of the bubble propagation time. Therefore, in the run-away regime
(vy =1 and P > 0), the Lorentz factor at the time of collision in eq. (H.13) becomes

Thuc

Yrun = Cwﬁ s (H18)

which we have use in the main text, cf. eq. (6.11).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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