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Gravitational wave signatures of gauged baryon and lepton number
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We demonstrate that novel types of gravitational wave signatures arise in theories with new gauge
symmetries broken at high energy scales. For concreteness, we focus on models with gauged baryon
number and lepton number, in which neutrino masses are generated via the type I seesaw mechanism,
leptogenesis occurs through the decay of a heavy right-handed neutrino, and one of the new baryonic fields
is a good dark matter candidate. Depending on the scalar content of the theory, the gravitational wave
spectrum consists of contributions from cosmic strings, domain walls, and first order phase transitions.
We show that a characteristic double-peaked signal from domain walls or a sharp domain wall peak over a
flat cosmic string background may be generated. Those new signatures are within the reach of future
experiments, such as Cosmic Explorer, Einstein Telescope, DECIGO, Big Bang Observer, and LISA.
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I. INTRODUCTION

In the Standard Model [1-8], baryon number and lepton
number are accidental global symmetries of the Lagrangian
of an unknown origin. Although one expects both of those
symmetries to be violated if grand unification is realized in
nature [9,10], so far no sign of related processes, such as
proton decay, have been observed in experiments [11],
which excludes the minimal nonsupersymmetric version
of those theories. If grand unification does not happen,
then global baryon and lepton number may be a low-energy
manifestation of some more fundamental gauge sym-
metries unbroken at high energy scales. Indeed, this line
of reasoning is supported by the self-consistency of
quantum theories of gravity, in which only gauge sym-
metries can be properly accommodated, unless unnatural
conditions are introduced [12].

The first attempt to promote baryon and lepton number
to the status of U(1) gauge symmetries dates back to the
1970s [13], and was followed by further theoretical efforts
throughout the subsequent two decades [14—17]. However,
the first phenomenologically viable model of this type was
constructed only recently in [18], and later modified to
avoid all current experimental bounds [19,20]. The idea of
gauging baryon and lepton number was later successfully
incorporated into a supersymmetric framework [21],
theories unifying baryon number and color [22,23], and
generalized to a non-Abelian gauged lepton number [24].
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Models with gauged baryon and lepton numbers have very
attractive features: they explain the stability of the proton,
have a natural realization of the seesaw mechanism for
neutrino masses, contain an attractive baryonic dark matter
candidate [25-27], and can accommodate high scale lepto-
genesis [28]. Thus far, in all of the existing U(1) for-
mulations of theories with gauged baryon and lepton
number, each of the symmetries was broken by the vacuum
expectation value of a single scalar. However, there is no
reason to expect that the scalar sector is this minimal.

To this end, in this paper we investigate ways to probe
the composition of high-scale symmetry breaking sectors,
i.e., when at least one of the two sectors consists of more
than one scalar breaking the symmetry. Although we focus
on the class of theories with gauged baryon and lepton
number, most of our analysis is general and can be applied
to other theories with two broken U(1) gauge symmetries.
Conventional particle physics experiments are not able to
differentiate between the two scenarios, or even probe them
at all if the symmetry breaking scale is high. Nevertheless,
as we demonstrate below, gravitational wave detectors have
opened up a completely new set of opportunities to probe
such models.

A renaissance period for gravitational wave physics
was initiated by the first direct detection of a gravita-
tional wave signal coming from a black hole merger by the
Laser Interferometer Gravitational Wave Observatory
(LIGO) within the LIGO/Virgo collaboration [29]. By
now, over one hundred of such events, involving also
neutron stars, have been recorded. Those discoveries pro-
vide an ideal opportunity to test general relativity, but they
are not directly related to particle physics. The gravitational
waves that enable probing particle physics models,
although not yet discovered, are expected to come in the
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form of a stochastic gravitational wave background
produced in the early Universe by phenomena such as
inflation [30], first order phase transitions [31], domain
walls [32], and cosmic strings [33,34]. Although for such
signals to be detectable at LIGO the underlying particle
physics models require a large fine-tuning of parameters,
future gravitational wave experiments, such as the Laser
Interferometer Space Antenna (LISA) [35], Cosmic
Explorer [36], Einstein Telescope [37], DECIGO [38],
and Big Bang Observer [39], will be sensitive to more
generic scenarios.

The most model-independent stochastic gravitational
wave background comes from cosmic strings, which are
topological defects formed via the Kibble mechanism [40]
upon a spontaneous breaking of a U(1) symmetry. They
correspond to one-dimensional field configurations along
the direction in which the symmetry remains unbroken. The
dynamics of the produced cosmic string network provides
a long-lasting source of gravitational radiation resulting
in a mostly flat stochastic gravitational wave background,
with its strength dependent only on the scale of the U(1)
breaking. Cosmic string signatures have been considered
in the context of grand unified theories [41,42], neutrino
seesaw models [43—49], new physics at the high scale [50],
as well as baryon and lepton number violation [51].
For a review of gravitational waves signatures of cosmic
strings see [52], and for the constraints from LIGO/Virgo
data see [53].

The other topological defects which can be produced
in the early Universe are domain walls, created when a
Z, symmetry is spontaneously broken. They are two-
dimensional field configurations existing at the boundaries
of regions corresponding to different vacua. In order for
domain walls not to overclose the Universe, they need to
annihilate away. This is possible when there exists a small
energy density difference between the two vacua (the so-
called potential bias). Domain wall annihilation leads to a
stochastic gravitational wave background which is peaked
at some frequency, but its strength and the peak frequency
are, as in the case of cosmic strings, independent of the
exact particle physics details of the model—the spectrum
is determined by only two parameters: the scale of the
symmetry breaking and the potential bias. Domain wall
signatures have been considered in many theories beyond the
Standard Model, including new electroweak scale physics
[54-57], supersymmetry [58], axions [59-63], grand uni-
fication [64], models with left-right symmetry [65], baryon/
lepton number violation [66], flavor symmetries [67], and
leptogenesis [68]. The physics of domain walls and the
expected gravitational wave spectrum are reviewed in [69];
the bounds on domain walls from LIGO/Virgo data can be
found in [70].

The most model-dependent gravitational wave signa-
tures arise from cosmological first order phase transi-
tions. Those occur when the effective potential develops
a new minimum with a lower energy density than the

high-temperature one. If there exists a potential barrier
between the two minima, the transition is first order and
bubbles of true vacuum are being nucleated in various
points in space. Such bubbles of true vacuum expand,
eventually filling up the entire Universe. Gravitational
waves are emitted from bubble collisions, turbulence,
and sound shock waves in the primordial plasma generated
by the violent expansion of the bubbles. The position of the
gravitational wave peak is highly dependent on the temper-
ature at which bubble nucleation occurs. First order phase
transitions have been analyzed in a plethora of particle
physics models, including, again, electroweak scale new
physics [71-79], supersymmetry [80,81], axions [82-84],
grand unification [85-87], baryon/lepton number violation
[51,88]), neutrino seesaw models [89-92], new flavor
physics [93,94], dark gauge groups [95-98], models with
conformal invariance [99,100], and dark matter [101-107].
A comprehensive review of gravitational waves from first
order phase transitions can be found in [108,109], while the
most recent constraints from LIGO/Virgo data were derived
in [110]. For recent progress on supercooled phase tran-
sitions, see [111-113].

In this work, we examine how gravitational wave signals
from domain walls, cosmic strings, and phase transitions
interplay with each other, producing novel features in
the expected spectrum. The two new gravitational wave
signatures which have not been considered in the literature
so far are these:

(1) Two coexisting signals from domain wall annihila-
tion, forming a characteristic sharp double-peak in
the spectrum.

(2) Domain wall signal over a flat cosmic string con-
tribution, leading to an unusually shaped peak.

Although we focus on a specific model, our results
involving cosmic strings and domain walls, in particular
signatures (1) and (2), are general, since they do not depend
on the details of the model.

II. THE MODEL

The gravitational wave signatures we propose to search
for, as will be discussed in Sec. VII, are anticipated in a
large class of models with a multistep symmetry breaking
pattern. In this paper, to provide a concrete realization of
such scenarios, we focus on models with gauged baryon
and lepton number, based on the gauge group

SU(3), x SU(2), x U(1), x U(1), x U(1),. (1)

Below we describe the possible symmetry breaking sectors in
such models and the new particles along with their masses.

A. Scalar sector

As mentioned in Sec. I, we consider extending the usual
single-scalar symmetry breaking sector to include either
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one or two scalars breaking each symmetry. The fields
breaking the U(1), symmetry come in the representation

(I)Li:<l91’050’2)’ (2)
with i = 1 ori = 1, 2, while the scalars breaking U(1); are
®p; = (1,1,0,3,3), (3)

where j = 1 or j = 1, 2. Within this framework, there are
four possible types of models:
Model (a) Two new scalar fields involved:
@y, breaks U(1); and @, breaks U(1),.
Model (b) Three new scalar fields involved:
@y, Op, break U(1), and &y breaks U(1),.
Model (¢) Three new scalar fields involved:
@y, breaks U(1)z and @, ®;, break U(1);.
Model (d) Four new scalar fields involved:
(I)Bl’ CD32 break U(I)B and (I)L], (DLZ break U(I)L
We assume that the mixed terms involving scalars
breaking different U(1) gauge groups have negligible
coefficients. This implies that, for a given U(1), if only
one scalar breaks the symmetry, then the scalar potential is

V(®)) = —m?|®, > + 2| Dy |, (4)

whereas if two scalars participate in symmetry breaking,

V(®,@y) = —m}|® >+ 1,|D, [* — m3| D, |* + 1, | D, |*
+ [(A4| D1 [* + 25| D, | + 26D D, ) DD, + H.c.]
— (m}, @@, + H.c.) + 43| @, [*| D, 2, (5)

where ®; = ®;; or ®; = @p;. The scalars develop the
following vacuum expectation values,

(@) 7 (6)
Whenever two scalars take part in the symmetry breaking,

we define v = \/v} + v3. This way one can collectively
describe the U(1)z breaking scale as v = vg, and the U(1),
breaking scale as v = v;, independent of whether the
vacuum expectation value comes from a single scalar or
two scalars.

If the lepton number is broken at a higher scale than
baryon number, the symmetry breaking pattern is

SU(3), x SU(2), x U(1), x U(1)p x U(1),
b (@) #0
SU(3), x SU(2), x U(1)y x U(1),
} (@g;) #0
SU(3), x SU(2), x U(1)y,

followed by the usual electroweak symmetry breaking by
the Standard Model Higgs. We note that the order of U(1),
and U(1), breaking may be reversed.

B. Fermion sector

To provide a concrete quantitative example, we consider
the model with gauged U(1), and U(1), proposed in [20],
which involves the minimal fermionic particle content for
a theory with such a gauge group. It is straightforward to
check that all gauge anomalies are canceled if the Standard
Model quark fields Q%, uk, d% and lepton fields /%, ek are
augmented by

vk =(1,1,0,0,1),
+
v (") - (12023)
) 2272
0
17 1 3 3
\P: = 1727 ) s )
k <I;> ( 2722

3 3
XL — <191’0’_5’_§>7 (7)

where k is the family index. Among the fields above, yf; are

the right-handed neutrinos, whereas y; is a Majorana dark
matter candidate discussed in Sec. IIL.

C. Particle masses

The scalars ®p; and ®;; generate masses for the new
fermions through the following Lagrangian terms,

-L> Z(Y{P@RLPL(DEj + Y;_TY(EIZ‘)‘DBJ' + Y;]})(LZL@B]')

J

+ YKk HUK + ZYiku’,‘?vf‘ed)Li +H.c., (8)
i

which provide vectorlike masses to the new fermions,
as well as introduce a type I seesaw mechanism for the
neutrinos. For example, assuming that the Yukawa cou-
plings are y¥ ~ 1 and Y% ~ 1072, the measured neutrino
mass splittings are reproduced if v; ~ 10° PeV. The mass
matrices for the new fermions are provided in [20].

The spontaneous breaking of U(1), and U(1), leads to
the appearance of vector gauge bosons Z; and Zg. Given
the charges of the scalars breaking the two symmetries, the
corresponding masses are

my, =290, myz, = 3gpvp, )
where g; and gp are the U(1), and U(1), gauge couplings,
respectively, whose values are free parameters.
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III. DARK MATTER AND MATTER-ANTIMATTER
ASYMMETRY

Apart from providing a natural framework accom-
modating a type I seesaw mechanism generating small
neutrino masses via U(1), breaking, the model also
contains a phenomenologically viable dark matter candi-
date y; [20,26] and can account for the matter-antimatter
asymmetry through leptogenesis [28]. We discuss the most
relevant aspects of those highlights of the model below.

A. Dark matter

After U(1), breaking, there remains a residual discrete
Z, symmetry under which the new fermions transform as

\PL i —lIlL,
- =2,

li‘R i —lilR,
XL = XL (10)

If y; is the lightest of the new fermions, then there is no
decay channel available for it, thus it becomes a good
candidate for particle dark matter.

It was argued in [25,27] that in models with gauged
baryon and lepton number consistency with the dark matter
relic abundance of 4?Qpy ~ 0.12 [114] imposes an upper
bound on the U(1) breaking scale. In particular, if the dark
matter annihilation happens via the resonant s-channel
process

XL XL = Zy = qq, (11)

a dependence between the parameters vg, Y, and gp arises,
and the perturbativity requirement leads to ggvp < 20 TeV.
This was the reason why in [51], where the gravitational
wave signal from a model with gauged baryon and lepton
number was considered, a low scale of U(1), was imposed.

However, as was demonstrated in [26], in the model we
are considering other dark matter annihilation channels
remain unsuppressed, including the nonresonant #-channel
process

XL XL ™ q)qu)Bj’ (12)

whose cross section can be sufficiently large to explain
the dark matter relic density. Therefore, the arguments
in [25,27] do not apply in our case, and the scale of U(1),
breaking can be high. Alternatively, the aforementioned
bound on the U(1), breaking scale can always be avoided
by assuming nonthermal dark matter production.

B. Leptogenesis

There cannot exist any primordial baryon or lepton
number asymmetry above the scales of U(1), and
U(1), breaking. An excess of matter over antimatter can
only arise once one of those two symmetries is broken. A
natural setting to achieve this below the scale of U(1),

breaking is offered by high-scale leptogenesis (see [115]
and references therein), in which a lepton number asym-
metry is generated through the out-of-equilibrium decays of
the lightest right-handed neutrino,

The CP asymmetry is introduced through the standard
interference between the tree-level diagram for the
process in Eq. (13) and the one-loop diagrams involving
H, I;, and the two heavier right-handed neutrinos N,, N3
in the loop.

The generated lepton asymmetry is calculated by solving
the Boltzmann equations for the evolution of the lightest
right-handed neutrino abundance Yy, = ny, /s (where ny,
is the N, particle density and s is the comoving entropy
density) and the B — L asymmetry Ypz_; [116],

dYy eq
d_Zl =—(D+S8)(Yy, — Yy,
dY s .
dB L= —€1D(YNl - YI\%) -WYp,, (14)
Z

where z = my /T, the term D accounts for decays and
inverse decays, S represents AL = 1 scatterings, W des-
cribes the washout effects, and €, is the CP asymmetry
parameter. In our case, the Boltzmann equations are slightly
different than in the standard leptogenesis scenario, since
the right-handed neutrinos have an extra interaction with
the Z; gauge boson. Those equations were solved in [28],
and the amount of the generated lepton asymmetry AL was
determined for various values of model parameters.

The produced lepton asymmetry is then partially con-
verted into a baryon asymmetry through the electro-
weak sphalerons. Above the scale of U(1), breaking the
sphaleron-induced interactions have the form

(QQOL)™ ¥, %}, (15)
and it was shown in [25] that if the breaking of U(1),

occurs close to the electroweak scale, then the final baryon
asymmetry predicted by the model is given by

32
AB| =—|AL]|. 16
88| = S 1AL (16)

This can explain the observed baryon-to-photon ratio [117]
n~6x10710 (17)
if the scale of U(1), breaking satisfies the relation

vr, 2 4000 PeV. (18)
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The requirement for such a high U(1), symmetry breaking
scale provides the desired setting accommodating the type I
seesaw mechanism for the neutrinos.

IV. COSMIC STRING SPECTRUM

Spontaneous breaking of a U(1) gauge symmetry leads
to the production of topological defects in the form of
cosmic strings [40], which correspond to one-dimensional
field configurations along the direction of the unbroken
symmetry. The network of produced cosmic strings is
described collectively by the string tension u, equal to
the energy stored in a string per unit length, and depends
solely on the scale at which the U(1) gauge symmetry is

broken [52,118],
Gy =2 ( 0 >2 (19)
H =L —— s
My,

where Mp, = 1.22 x 10'3 PeV is the Planck mass, the
gravitational constant G = 6.7 x 1073 GeV~2, and the
winding number was taken to be one. The constraints from
the cosmic microwave background measurements set
an upper limit on the string tension of Gu <1077 [119],
which corresponds to the following bound on the scale of
symmetry breaking,

» < 1.5 % 10° PeV. (20)

Through its dynamics, the cosmic string network provides
a long-lasting source of gravitational radiation and leads
to a stochastic gravitational wave background roughly
constant across a wide range of frequencies.

A. Dynamics of cosmic strings

There are two main processes governing the behavior
of a cosmic string network: formation of string loops and
stretching due to the expansion of the Universe. The first of
those contributions, the creation of string loops, happens
when long strings intersect and intercommute. The newly
created string loops oscillate and emit gravitational radi-
ation, mainly from cusps and kinks propagating through the
string loop, and from kink-kink collisions [120,121].

A competition between these two effects leads to the
so-called scaling regime, in which there is a large number
of string loops and a small number of Hubble-size strings
[122—-126]. There is a continuous flow of energy from long
strings to string loops, and then to gravitational radiation
through their decays. This gravitational radiation makes up
a fixed fraction of the energy density of the Universe [127].

To describe this process quantitatively, we follow the
steps outlined in [46,52]. We consider a string loop created
at time 7, with initial length [(#q) = atg, where a is a
constant loop size parameter. The loop oscillates emitting
gravitational waves with frequencies

. 2k
where k is a positive integer. Rescaling this result by the
scale factor a(r), one obtains the currently observed
frequency,

a(t,)
a(T)
where 7, is the time of the emission and 7' is the time today.

The spectrum of the emitted gravitational waves from a
single oscillating string loop is given by [43,128]

TGi2 (S 1\~
P(k,n) = kn <Z ) ) (23)

n
=1 P

where for the contribution from cusps n = 4/3, from kinks
n =15/3, and from kink-kink collisions n = 2, while the
overall factor I" ~ 50 [129]. Due to the constant emission of
gravitational radiation, the string loop shrinks and its length
at the time of the gravitational wave emission is

I(t,) = atg —=TGu(t, - 19), (24)

causing the loop to vanish after the time azy/(I'Gu).

The only model-dependent quantity describing the
cosmic string network is the loop distribution function
F(1, ty) for the created loops. Adopting the well-established
model developed in [130-132], describing the string net-
work just by the mean string velocity and the correlation
length, leads in the scaling regime to the following formula,

\/ECeff
at}

F(l, 1) =

81— aty), (25)

where the constant C.i; depends on the era in the evolution
of the Universe (for radiation C.y = 5.4, whereas for the
matter dominated era C; = 0.39 [46]).

B. Gravitational wave spectrum

The stochastic gravitational wave background generated
by the dynamics of the cosmic string network is [46,52]

2R F, T Coult
hzszcs<f>=p—ZkP<k,n) / dt, fjf oc)
k.n Ir

2 f o
where
o = é <?% + FGme). (27)
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logy, (h2 Qcs)

FIG. 1. Stochastic gravitational wave background from cosmic
strings for four different symmetry breaking scales. Shaded
regions correspond to the sensitivity of future gravitational wave
detectors: LISA (green), DECIGO (blue), Big Bang Observer
(purple), Einstein Telescope (red), and Cosmic Explorer (gray).

In Egs. (26) and (27) the parameters are the following: F,
is the fraction of the loops contributing to the gravitational
wave signal, estimated to be F,= 0.1 [128] since the
majority of the energy is lost by long strings going into
highly boosted smaller loops which provide only a sub-
dominant contribution; p,. is the critical density of the
Universe; the loop size parameter o = 0.1 provides an
accurate estimate of the loop size distribution [43,128]; #f
is the time at which the cosmic string network was formed,
related to the density of the Universe at that time via

V/p(tr) = u [52], to is the instance when the loop was
produced, and 6(x) is the Heaviside step function. We
assume that, as argued in [46,52], the largest contribution to
the gravitational wave signal comes from the cusps.]

The resulting stochastic gravitational wave background
is presented in Fig. 1 for four values of the symmetry
breaking scale, in the range of frequencies relevant for
the upcoming gravitational wave experiments, whose
sensitivities are denoted by the colored regions. If
v > 10* PeV, then the signal can be seen by all the
detectors: LISA [35], DECIGO [38], Big Bang Observer
[39], Einstein Telescope [37], and Cosmic Explorer [36].
This is illustrated in more detail in Fig. 2, which shows
the reach of each experiment in terms of the symmetry
breaking scale leading to a cosmic string signal. The lower
bound is detector specific, whereas the upper bound

'We note that there is an ongoing debate regarding the decay of
cosmic strings. For example, it was argued in [133] that the
leading contribution to the cosmic string gravitational wave
signal arises from kink-kink collisions, whereas in [134] it
was shown that the evolution of a string loop can be further
altered due to the existence of localized excitations of the field
theory string with a long lifetime. Such effects may lead to sizable
modifications of the predicted gravitational wave spectrum. For a
more general overview see [135].

LISA

DECIGO _!2
BBO  se——
ET | £
. g
01 23 4567809

log (v [PeV])

FIG. 2. Reach of future detectors in probing the scale of a
U(1) symmetry breaking leading to the production of cosmic
strings. The colors for each experiment correspond to those
adopted in Fig. 1.

reflects the cosmic microwave background constraint
in Eq. (20).

The cosmic string network will be produced if either
U(1)g or U(1), is spontaneously broken by a single scalar.
Therefore, among the cases enumerated in Sec. II, the
gravitational wave signals discussed here are relevant in
case of model (a) for both baryon and lepton number
breaking, model (b) only for lepton number breaking, and
model (c) only for baryon number breaking.

V. DOMAIN WALL SPECTRUM

Another kind of topological defects, appearing when a
U(1) symmetry is broken by two scalars, are domain walls.
As in the case of SU(2) breaking discussed in [105],
the effective potential V (¢, ¢, T), which at high temper-
ature has just one vacuum at (¢, ¢,) = (0,0), at lower
temperature develops four vacua. They come in two pairs
related via a gauge transformation, ®; — ¢®,, and only

two of them, say (75\,301 and ¢, ., correspond to discon-
nected manifolds, and thus are physically distinct. For a
detailed discussion of the possible symmetry breaking
patterns in models with two scalars, see [136—138].
After the phase transition takes place, patches of the
Universe may end up in either one of the two vacua,
leading to the creation of domain walls, i.e., two-
dimensional field configurations on the boundaries of

(Zvacl and $Vacz. In our analysis we will assume that
the dynamics of the symmetry breaking leads precisely
to such a scenario.

If the two vacua have identical energy densities, domain
walls remain stable and considerably affect the evolution of
the Universe, introducing unacceptably large density fluc-
tuations [69]. Therefore, for a phenomenologically viable
scenario, the Z, symmetry between the two vacua needs to
be softly broken. It cannot be strongly broken, since then
patches of the Universe would transition preferentially to
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the lower energy density vacuum and domain walls would
not form. In our case, the soft breaking of the Z, symmetry
removing the degeneracy between the vacua is provided by
the terms involving m3,, A4, and As in the Lagrangian
in Eq. (5).

A. Dynamics of domain walls

The profile of the domain wall configuration ¢, (z) is
the solution to the equation [56]

dzﬂ — -
%(Z) - Vi Veitlban(2)] = 0, (28)

where the z axis was chosen to be perpendicular to the
domain wall, and the boundary conditions are

¢dw(_°°) = Pyact» ¢dw(°°) = Pvaca- (29)

As mentioned earlier, there are only two parameters
that describe the gravitational wave spectrum from
domain walls. The first of them is the domain wall tension
o given by

o / ) dzB (‘W)zweff%(z)}]. (30)

In the model we are considering, to a good approximation
o~ (31)

The other parameter is the potential bias Ap, i.e., the energy
density difference between the vacua, in our case equal to

1 1
Ap = (m%z + 5/141)% + Elyj%) v10,. (32)

The created domain walls are unstable and undergo
annihilation, emitting gravitational radiation, provided

that [69]
o \2
Ap2 (). 33
o (5 9

If in Eq. (32) the term involving m?, is the dominant one,
then Eq. (33) takes the form m, > v*>/Mp,. For example, if
the symmetry breaking scale is » ~ 103 PeV, this implies
my, 2 100 MeV. An independent constraint arises from
the necessity of domain wall annihilation happening before
big bang nucleosynthesis, so the ratios of the produced
elements are not altered, but the bound in Eq. (33) remains
stronger.

B. Gravitational wave spectrum

Domain wall annihilation leads to a stochastic gravita-
tional wave background given by [58,69]*

4 /TeVH\ 2 /100\ 5
n2Q ~7.1x10°3 (2
pw (f) x <P6V3 Ap o

[0+ (o]
(34)

where for the area parameter we used A = 0.8 and for the
efficiency parameter we adopted the value &,,, = 0.7 [139],
0 denotes the step function, and the peak frequency f, is

(35)

The slope of the signal falls ~f> to the left of the peak
when moving toward lower frequencies, and falls like f~!
to the right of the peak when moving toward higher
frequencies. The cosmic microwave background constraint
on the strength of the signal at the peak is h?*Q(f) <
2.9 x 1077 [142], which translates to the following con-
dition on the parameters,

(o2
——<25%x102 PeV, (36)
VAp

which is stronger than the bound imposed by Eq. (33).
Several examples of gravitational wave spectra from
domain wall annihilation, plotted using Eq. (34), are shown
in Fig. 3 for representative values of the parameters v and
Ap. The reach of the upcoming gravitational wave detec-
tors is also shown, including LISA, Big Bang Observer,
DECIGO, Einstein Telescope, and Cosmic Explorer.
A more detailed look at their sensitivity is provided by
Fig. 4, which shows the full parameter space that can be
probed by those experiments. The lower bound on the
domain wall parameter Ap is a reflection of the cosmic
microwave background constraint from Eq. (36). The para-
meter Ap depends in general on all three fundamental
Lagrangian parameters m,, 14, and A5 through the relation
in Eq. (32). Under the assumption that the term involving
mj, 1s dominant, the experimental sensitivity plot in the
plane (v, m,) would be the same as in Fig. 4 of [66].

’We assume the shape of the domain wall spectrum sug-
gested by the results of the numerical simulations presented
in [139]. However, we note that due to the existing uncertainties
in numerical determination of the corresponding parameters,
other spectral shapes are also considered in the literature (see,
e.g., [140,141]).
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FIG. 3. Stochastic gravitational wave background from domain
walls for various symmetry breaking scales. Shaded regions
correspond to the sensitivity of future gravitational wave detec-
tors, as in Fig. 1.

log1o(Ap [PeV4])

logy(v [PeV])

FIG. 4. Regions of parameter space (v,Ap) for which the
signal-to-noise ratio of the gravitational wave signal generated by
domain wall annihilation is greater than five upon one year of
data taking by various experiments. The choice of colors matches
that in Fig. 3, including the color of the dots which correspond to
the four curves.

VI. FIRST ORDER PHASE TRANSITION
SPECTRUM

Perhaps the most anticipated stochastic gravitational
wave signal to be discovered is the one generated by a
first order phase transition in the early Universe, predicted
in a large class of theories beyond the Standard Model.
Such a signature in the case of U(1), breaking has been
considered in [51], but in this work we adopt a different
assumption for the Yukawa couplings and keep our analysis
more general, so that it can be applied to both gauged
U(1) and gauged U(1), . A first order phase transition can
occur either when the symmetry breaking sector consists
of a single scalar, or contains multiple scalars. Since the

generalization is straightforward, we concentrate on the
case with a single scalar.

A. Effective potential

The effective potential for the background field ¢
consists of the tree-level part, the one-loop Coleman-
Weinberg zero temperature correction, and the finite
temperature contribution. Upon imposing the condition
that the minimum of the zero temperature potential and the
mass of ¢ remain at their tree-level values (i.e., the cutoff
regularization scheme), the effective potential is given by

Vet (9, T)
1 1
= —EAU2¢2 + Zﬂ¢4
m2 2 3
e o (E48)
4 o0 3 2.2
[ v (1T

+%Z”9{M?(¢) — [m3() +I,(T) 3}

[

(37)

In the expression above the sums are over all particles
charged under the U(1) including the Goldstone bosons
xGg» m;(¢) are the field-dependent masses, 7; is the number
of degrees of freedom for a given particle (ny = 3, ny = 1,
Ny, = 1), n3 is similar but includes only scalars and
longitudinal components of vector bosons (n, =1, nj =1,
n,.. = 1), and for the Goldstones one needs to replace
my.. (v) = my(v). We will assume that all new Yukawa

couplings are small, so that the only relevant field-
dependent masses are

mz(#) = xgp,  my(p) = \/2(3¢* = v?),
My () = \/ A = v7). (38)
In the limit 4 < g, the thermal masses are
1 9
M, (T) = 3 <x2 + E) T2,
1
,(7) =10, (T) = szngz, (39)

where for gauged baryon number g = gz and x = 3, while
for gauged lepton number g = g; and x = 2.

For a range of 1 and g values the effective potential
develops a vacuum at ¢ # 0 (true vacuum) with a lower
energy density than the high temperature vacuum at ¢p = 0
(false vacuum), separated by a potential bump, which are
precisely the conditions needed for a first order phase
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FIG. 5. The effective potential of the model, V x(¢pp,T),

plotted for vz = 100 TeV, gz = 0.25, 1z = 0.006, and several
temperatures.

transition to take place.3 The changing shape of the
effective potential is shown in Fig. 5 for a particular choice
of parameters, in the case of gauged baryon number.

B. Dynamics of the phase transition

A first order phase transition from the false vacuum to
the true vacuum of a given patch of the Universe corre-
sponds to the nucleation of a bubble which then starts
expanding. This process is initiated at the nucleation
temperature 7',, which is determined from the condition
that the bubble nucleation rate [145] becomes comparable
with the Hubble expansion,

S(T*) 3/2 _
<—2ﬂT > T4e=STIITe ~ H(T )4, (40)

where S(7T') is the Euclidean action given by

S(T) = /d3VB (%)2 + Veff(¢b’T):|’ (41)

with ¢, being the solution of the bubble equation,

P 24 dVer(h.T)

- =0 42
dr*  rdr d¢ ’ (42)
subject to the boundary conditions
d¢
ar =0, 45(00) = Pralse- (43)
I'lr=0

Since H(T) ~ (T?/Mp)+/473g, /45, Eq. (40) becomes

The shape of the effective potential depends on the regulari-
zation scheme, gauge, renormalization scale, and treatment of the
Goldstone catastrophe and Daisy diagrams. Various choices may
lead to vastly different values of the first order phase transition
parameters, impacting the predictions for the expected gravita-
tional wave signal [143,144].

o) (52 ()}

The phase transition parameters relevant for determining
the gravitational wave signal are the bubble wall velocity
v, the nucleation temperature 7, the phase transition
strength a, and its duration 1//. In our analysis we assume
v,, = ¢, but other choices are also possible [146,147]. The
other three parameters, 7T,, @, and B are determined from
the behavior of the effective potential with changing
temperature. As such, those parameters encode information
about the details of the particle physics model considered.

The phase transition strength is calculated as the ratio
of the energy density difference between the false and true
vacuum, and that of radiation, both taken at nucleation
temperature,

o pvac(T*)
dA=—.
prad(T*)

Those two quantities are obtained from the relations
pvac(T) = Vesr (¢falsev T) - Veff(d’tme’ T)

d
-T— [Veff(¢falsev T) - Veff(gbtrue’ T)} ’

oT
2

T
prad(T) = %9*714, (46)

where g, is the number of degrees of freedom active when

the bubbles are nucleated. The parameter j3, related to the
timescale of the phase transition, is determined via

o)

(45)

«a \ =7 (47)

T=T,

C. Gravitational wave spectrum

The dynamics of the nucleated bubbles generates gravi-
tational waves through sound shock waves in the early
Universe plasma, bubble collisions, and magnetohydrody-
namic turbulence. The expected contribution of each of
those processes to the stochastic gravitational wave back-
ground was determined through numerical simulations, and
the corresponding empirical formulas were derived. The
resulting gravitational wave signal is the sum of the three
contributions,

WQpr(f) = RQ(f) + BPQ.(f) + ?Q(f).  (48)
The expected signal from sound waves is [147,148]
1.9 x 107 27100\ 5
o= 25 ) ()
p a+1 G«

(f/f,)’
[1+0.75(f/f)%"*
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where f, is the peak frequency, k, is the fraction of
the latent heat transformed into the bulk motion of the
plasma [146], and T is the suppression factor [149,150],

T* * %“‘
fi = (019 HZ)<1 PeV> <1goo> b

(04
5T 07340083 a+a’

T—o1- ! . (50)

1 171
813 1\2]|2
[ ()]

The signal from bubble wall collisions is [31,147,151]
(see [152] for recent updates)

49 %1070 / k.a \2/100\3
h2Q ~ _ <
) P (a+ 1) <g*)

R
T+ 28(7/7 )

where now f .. is the peak frequency and .. is the fraction of
the latent heat deposited into the bubble front [153],

T* * ?1’”
fe = (0.037 Hz) <1 PeV) (1900) p.

B % \ /%a +0.72a 52)
=T 0720

(51)

The final contribution is provided by turbulence [154,155]

3.4 x107* [ exya \3 (1005
) =20 () ()

p a+1 Js

(f/f)?
(L+8af/f )1+ f/f)3

where ¢ = 0.05 [147], while the peak frequency f, and the
parameter f, are

* % T* .
fi=(027Hz) <1%0> (1 PeV)ﬂ’

f. = (0.17 Hz) <1%0)%<1 ;ZV) (54)

The resulting gravitational wave signals from the first
order phase transition triggered by U(1), breaking are
shown in Fig. 6 for several symmetry breaking scales:
10 TeV (light brown curve), 100 TeV (brown curve), 1 PeV
(purple curve), and 10 PeV (black curve). The gauge
coupling was assumed to be gz = 0.25, and the quartic
coupling was chosen to be Az = 0.006. Spectra with
peaks at larger frequencies correspond to higher symmetry
breaking scales.

(53)

FIG. 6. Stochastic gravitational wave background from first
order phase transitions triggered by U(1), breaking assuming
the model parameters gz = 0.25 and Az = 0.006, for several
choices of the symmetry breaking scale. The shaded regions
correspond to the sensitivity of future gravitational wave
detectors, as in Fig. 1.

The effect of the suppression factor T reducing the
sound wave contribution in Eq. (49) is that the bubble
collision and turbulence components become distinguish-
able in the spectrum. Although the main peak is still due to
sound waves, the slope at lower frequencies is dominated
by bubble collisions, whereas for higher frequencies the
turbulence contribution visibly changes the slope of the
curve. Without the suppression factor, the spectrum would
be determined, to a good approximation, just by the sound
wave component in the region relevant for future detectors.”

Depending on the Lagrangian parameters, the signal may
be detectable in upcoming gravitational wave experiments:
LISA, DECIGO, Big Bang Observer, Einstein Telescope,
and Cosmic Explorer. To study this more quantitatively,
in Fig. 7 we show part of the (gg, Ag) parameter space for
which the signal can be detected in each experiment when
vg = 1 PeV. Specifically, the upper boundary for each
detector corresponds to a signal-to-noise ratio of five upon
a single year of data taking, while the lower boundary arises
when either S(T)/T is too large to satisfy Eq. (44) or the
new vacuum has an energy density larger than that of the
high temperature vacuum.

As mentioned earlier, our analysis of the first order phase
transition signal from U(1), breaking differs from the one
in [51] in several aspects. The fermionic particle content
in Eq. (7) is different, and we chose the corresponding
Yukawa couplings to be small, which is a more minimal

*Predictions for the parameters of first order phase transitions
are altered if one considers deflagrations or detonations [156], as
well as sound-shell collisions during bubble percolations [157]. It
was also shown that a double broken power law approximation
[158] with one extra parameter leads to a significant improvement
in fitting to the predictions of the sound shell model compared to
the single broken power law [159].
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FIG. 7. Regions of parameter space (gg,Az) assuming vy =

1 PeV where the gravitational wave signal from a first order
phase transition has a signal-to-noise ratio greater than five upon
one year of data taking in various experiments. The choice of
colors matches that in Fig. 6, and the dot corresponds to the
purple curve.

scenario than Y =0.6 in [51]. Our analysis is also
applicable to U(1), breaking, since we calculate the
thermal masses in the general case—this result will be
used in Sec. VIL Finally, when determining the gravita-
tional wave signal we included the effect of bubble
collisions, which was not considered in [51], but which
increases the reach of upcoming detectors due to the
enhancement of the signal in the lower frequency region.

VII. GRAVITATIONAL WAVE SIGNATURES

In this section we demonstrate the diversity of gravita-
tional wave signatures expected within the framework of
the model, searchable in near-future experiments. The cases
enumerated in Sec. II, corresponding to the possible
structures of the scalar sectors, give rise to the coexistence
in the spectrum of the following gravitational wave signals
from first order phase transitions (PT), cosmic strings (CS),
and domain walls (DW):

(a) (PT+PT),(PT +CS), (CS +CS);

(b,c) (PT+PT),(PT+CS),(PT+DW),(CS+DW); and

(d) (PT +PT), (PT +DW), (DW + DW).

We discuss below explicit examples of how those signa-
tures are realized in our model. Two of them, (DW + DW)
and (CS + DW) have not been considered in the literature
before, whereas (PT + CS), (PT + PT), and (PT + DW)
have been already proposed. The case (CS + CS) does not
give rise to any new features, since the signal is dominated
by the cosmic string contribution from the higher symmetry
breaking due to the flatness of the cosmic string spectrum.

A. Domain walls + domain walls

A new gravitational wave signature arises when each of
the two U(1) symmetries is broken by two scalars, leading

logy (h2 QGVV)

S o 1 2
logyo(f [Hz])

FIG. 8. First novel gravitational wave signature of the model
consisting of a double domain wall peak, realized when each of
the U(1) symmetries is broken by two scalars—model (d).

to the production of domain walls at two different energy
scales during the evolution of the Universe. The signal
consists of two sharp domain wall peaks. The slope on the
left side of each peak depends on the frequency like ~f3,
whereas the slope on the right side of the peak falls like
~1/f. There is a nontrivial structure created between the
two peaks, which can be used to distinguish this type of
signal from others. If the two symmetry breaking scales are
high, then this signature can be searched for in all the
upcoming gravitational wave experiments we considered:
LISA, DECIGO, Big Bang Observer, Einstein Telescope,
and Cosmic Explorer. A realization of this scenario in our
model is shown in Fig. 8, where the parameters for the
U(1), breaking were chosen to be vy = 10° PeV and
Ap = 107> PeV*, whereas for the U(1), breaking they are
v, =5x10* PeV and Ap = 1.6 x 10° PeV*.

B. Cosmic strings + domain walls

Another gravitational wave signature, not considered
in the literature before, is realized when one of the U(1)
symmetries is broken by one scalar, leading to cosmic
string production, whereas the other U(1) is broken by two
scalars, resulting in domain wall creation. If the two
symmetry breaking scales are high, then their contribu-
tions may overlap and produce a very unusual domain
wall peak over the cosmic string background. An example
is shown in Fig. 9, where the symmetry breaking scale
for U(1), was chosen to be v; = 10° PeV, whereas the
parameters for U(1), breaking are vz = 8 x 10° PeV and
Ap = 2 PeV*. For this particular selection of parameters,
Big Bang Observer and DECIGO can probe the peak area,
but for lower U(1), breaking scales this structure is
accessible to LISA, whereas higher symmetry breaking
scales would make it detectable by Einstein Telescope and
Cosmic Explorer.
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loglo (h,2 QGW)

FIG.9. Second novel gravitational wave signature consisting of
a domain wall peak over a cosmic string background, realized
when one U(1) symmetry is broken by one scalar and the other
U(1) is broken by two scalars—models (b) and (c).

C. Phase transition + cosmic strings

If one of the symmetries is broken by a single scalar at
the high scale, and the other symmetry is broken by either
one or two scalars at the low scale, then this can lead to a
gravitational wave signature consisting of a phase transition
bump over a cosmic string background. This signature was
first proposed in [51] in the context of a different gauged
baryon and lepton number model with a well-motivated
large hierarchy between symmetry breaking scales, and
recently considered in another scenario [160]. In Fig. 10 we
show an example of such a signal, where U(1), is broken
at the scale v; = 10° PeV, whereas the scale of U(1),
breaking is vz = 200 TeV. The other parameter values for
this particular plot are gz = 0.25 and 13 = 0.006. As in the
previous case, by changing the scale of U(1), breaking the
bump can shift and become searchable not only by Big

lOglO (h2 ng)

FIG. 10. Gravitational wave signature with a first order phase
transition peak over a cosmic string background, first proposed
in [51], realized when one U(1) is broken by only one scalar
and the other U(1) is broken either by one or two scalars—
models (a)—(c).

logy (h2 QGW)

/

A

o o1
log(f [Hé])

FIG. 11. Gravitational wave signature consisting of two first
order phase transition peaks, similar to the ones proposed in
[76,93,94], arising when the two U(1) symmetries are broken by
any number of scalars—realized in models (a)—(d).

Bang Observer and DECIGO, but also by Cosmic Explorer,
Einstein Telescope, or LISA.

D. Phase transition + phase transition

Independently of the scalar sector structure, the breaking
of two U(l) gauge symmetries can always result in a
gravitational wave signal with two first order phase
transition peaks. Such a signature is generically expected
in theories with a multistep symmetry breaking pattern,
and has been proposed for various models of new physics
[76,93,94]. In Fig. 11 a realization of this signature is
shown in the case of our model, assuming that the U(1),
symmetry is broken by one scalar at the scale vy = 20 TeV
(the other parameters are gz = 0.25 and Az = 0.000),
and the U(1), symmetry is broken also by one scalar at
the scale v; =5 PeV (with g; = 0.20 and 4; = 0.0025).
We note that for the two contributions appropriate
formulas for the thermal masses were adopted, according
to Eq. (39). Such a signal can be searched for in all the
future gravitational wave detectors we considered.

E. Phase transition + domain walls

The final qualitatively different signature consists also of
two peaks, but this time one coming from a first order phase
transition and the second one arising from domain wall
annihilation. Such a signal has very recently been proposed
in [66]. In our model it can be realized if there is a large
hierarchy between the U(1), and U(1), symmetry break-
ing scales. Figure 12 shows a realization of this scenario
when U(1), is broken by two scalars at the scale v, =
3 x 10* PeV (with a potential bias Ap = 6.3 x 103 PeV#),
whereas U(1), is broken by one scalar at the scale vy =
20 TeV (with the other parameters being gz = 0.25 and
Ag = 0.006). As pointed out in [66], the two peaks may
appear in a different order, which would happen fora U(1),
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logy, (hZ QGW)
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FIG. 12. Gravitational wave signature containing a phase tran-
sition peak and a domain wall peak, proposed in [66], realized
when at least one U(l) symmetry is broken by two scalars—
models (b)—(d).

breaking scale of v; ~ 10° PeV and a U(1) breaking scale
of vp ~ 10 PeV. In both scenarios, the signature can be
searched for in the upcoming gravitational wave detectors
we focused on.

Although the signatures discussed above can be realized
for any pattern of symmetry breaking, the phenomenologi-
cally more attractive scenarios involve U(1), broken at the
high scale, so that the bound in Eq. (18) is satisfied and
the theory can successfully accommodate leptogenesis, as
discussed in Sec. III. Additionally, with no motivation for a
low U(1)p breaking scale in the model we are considering,
the new signatures shown in Figs. 8 and 9 can be naturally
realized, and are quite appealing given the reach of the
upcoming gravitational wave experiments.

VIII. CONCLUSIONS AND OUTLOOK

It is truly extraordinary that gravitational wave
astronomy can join forces with elementary particle physics
to search for answers to fundamental questions about the
structure of the Universe and its earliest stages of evolution.
Indeed, processes happening at energies too high to be
probed by conventional particle physics detectors (such as
high scale leptogenesis and seesaw mechanism) can leave
a remarkable imprint through the primordial gravita-
tional wave background emitted soon after the big bang.
Detecting such a signal would bring us closer to discov-
ering which, if any, of the proposed Standard Model
extensions addressing the outstanding questions about dark
matter, matter-antimatter asymmetry, or neutrino masses, is
realized in nature.

A stochastic gravitational wave background is expected
to originate in the early Universe within the framework
of many particle physics models through first order phase
transitions, cosmic string dynamics, and domain wall
annihilation. In particular, explaining the matter-antimatter

asymmetry puzzle requires a first order phase transition
to happen, indicating the huge importance of stochastic
gravitational wave searches. The literature referred to in
Sec. I contains analyses of such signatures in theories
beyond the Standard Model; however, the majority of the
works focus on one single component at a time, generally
not looking at the possible interplay between the contri-
butions from different sources.

In this paper we highlighted the importance of searches
for novel gravitational wave signatures arising when
multiple components are present in the spectrum and
add up producing new features in the signal. Such unique
signatures are expected in theories with more than one
symmetry breaking, and result from the interplay between
the contributions from first order phase transitions, cosmic
strings, and/or domain walls. The new gravitational wave
signals we propose to look for are these: (1) Double-sharp-
peak structure from domain walls produced when two
gauge symmetries are broken by multiple scalars; and
(2) Domain wall peak over a cosmic string plateau when
one symmetry is broken by a single scalar and the other
symmetry is broken by multiple scalars.

Although we demonstrate how those signatures arise in
a specific model with gauged baryon and lepton number,
our results are applicable to a much wider class of theories
with two U(l) gauge symmetries broken at different
energy scales. Indeed, the new signals consist of the
cosmic string and domain wall contributions, thus they
are fairly model independent, since the cosmic string
component depends only on the symmetry breaking scale,
whereas the domain wall contribution depends on the
symmetry breaking scale and the potential bias. Our results
can also be extended to models with non-Abelian gauge
groups. As already suggested in [66], it would be interest-
ing to investigate the case when one of the symmetries is
SU(2) broken by two scalar triplets, as this can result in
the production of cosmic strings [161], and could perhaps
lead to new signals involving contributions from all three
processes: first order phase transitions, cosmic string
dynamics, and domain wall annihilation.

The gravitational wave signatures discussed here can be
searched for in upcoming experiments, including LISA,
Big Bang Observer, DECIGO, Cosmic Explorer, and
Einstein Telescope, enabling those detectors to probe the
structure of high-scale symmetry breaking sectors. This is
especially relevant for theories of leptogenesis such as the
model we considered, in which, contrary to [19,51], the
scale of U(1)g symmetry breaking is not bounded from
above and can also be high, allowing for signals (1) and
(2) to be generated.

Finally, it is worth mentioning that a spontaneous
breaking of a single gauge symmetry can by itself lead
to gravitational wave signatures combining signals from a
phase transition and cosmic strings, or a phase transition
and domain walls. Given the sensitivity of the experiments
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considered, the symmetry breaking scale would have to be
~100-1000 PeV for the combined signal to be discover-
able. The cosmic string contribution would then be detect-
able by Big Bang Observer and DECIGO, the phase
transition peak could be seen by Cosmic Explorer and
Einstein Telescope, and the domain wall peak would be
visible in LISA. Investigating this in more detail is an
interesting follow-up project, and could be tied to gravi-
tational wave experiments sensitive to lower frequencies,

such as the pulsar timing arrays: NANOGrav [162],
PPTA [163], EPTA [164], IPTA [165], or SKA [166].
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