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Cosmological consequences of domain walls biased by quantum gravity
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One of the simplest standard model extensions leading to a domain wall network is a real scalar S with a Z,
symmetry spontaneously broken during universe evolution. Motivated by the swampland program, we explore
the possibility that quantum gravity effects are responsible for violation of the discrete symmetry, triggering the
annihilation of the domain wall network. We explore the resulting cosmological implications in terms of dark
radiation, dark matter, gravitational waves, primordial black holes, and wormholes connected to baby universes.

DOI: 10.1103/7zmx-v16z

I. INTRODUCTION

Despite advancements in quantum gravity (QG) and string
theory over the past decades, it has proved challenging to
find experimental tests of such high-scale physics. One
recent development is the swampland program [1,2], which
among other things suggests that exact global symmetries
should be broken [3—10] in QG. Discrete global symmetries,
such as Z,, arise in many theories beyond the Standard
Model (SM), including dark matter (DM) and neutrino mass
models (see, e.g., Refs. [11-16]). If these symmetries are
spontaneously broken during cosmological evolution, they
result in the formation of a network of domain walls (DWs)
[17]. During the matter- or radiation-dominated era, the
fraction of the DW energy density ppw relative to the
radiation energy density p.q increases linearly with time.
This leads after a time O(M/c) (where M ~2.4 x

10'® GeV is the reduced Planck mass and ¢ is the DW
surface tension) to a desolate universe dominated by DWs
[18], in conflict with cosmological observations. On the
other hand, a viable cosmological evolution can be achieved
if the discrete symmetry is slightly broken, leading to a
biased DW network that annihilates before it can dominate
the energy density of the universe [18-22]. It is intriguing to
consider that such symmetry breaking may arise from QG
effects, as motivated by the swampland program [3-8],
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thereby establishing a scenario where QG has direct cos-
mological implications. QG effects responsible for the
instabilities of both DWs and DM were explored in
[8,23,24]. The model in [23] considered two singlet scalar
fields and two Z, symmetries, one being responsible for DM
stability, and the other spontaneously broken and responsible
for DWs. Both Z, symmetries were assumed to be explicitly
broken by QG effective operators. The discussion was
extended to the case of the fermionic DM in Refs. [8,24].

In this paper, we consider a scenario even more minimal
than those in [8,23,24], with a single Z, symmetry, which is
spontaneously broken by a scalar field that acquires a
vacuum expectation value (VEV) v, in the early universe.
The Z, symmetry v, <> —v; is broken explicitly by a bias
term Vy;,s of QG origin. The bias pressure drives the DW
network to suddenly annihilate when it overcomes the forces
due to the surface tension ¢ after a time f,,, ~ 6/ V. The
smallness of the QG bias term V;,, results in a long lifetime
of the DW network, and a large energy fraction ppw/praa ~
o* /(M3 Vias) at the epoch of annihilation, leading to

efficient production of particles [25-35], gravitational
waves (GWs) [20,36-42], PBHs [43-49], and wormholes
connected to baby universe [46], see Fig. 1. The particles are
produced from reheating after DW network annihilation.
They can contribute to the number of effective neutrino
flavors N [50], dark matter (DM) [31], and if sufficiently
abundant, they can even generate an early matter era,
e.g., [51]. The mechanism of PBH formation from the
annihilation of a biased DW network studied here [43—-49]
differs from the one predicted in DW networks bounded by
cosmic strings [52-54]; spherical domains produced during
inflation [55-66]; or false vacuum regions formed during

Published by the American Physical Society
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FIG. 1. Schematic illustration of the main ideas explored in this paper. A global Z, symmetry in the dark sector is broken by QG
effects leading to a biased DW network, which annihilates and generates particles, GWs, or PBHs. Relativistic particles can contribute as
dark radiation to AN (Sec. IIT A). Nonrelativistic particles can contribute to DM (Sec. III C) if stable or to an early matter era if
unstable and sufficiently abundant (Sec. III B). GWs can be tested in current and future interferometers (Sec. III D). PBHs arise from
superhorizon DWs that annihilate sufficiently later than the others, allowing them to grow large enough to be contained within their
Schwarzschild radius (Sec. III E). Wormholes enter this picture in two distinct ways. First, virtual wormholes—arising in the path
integral in QG—can serve as nonperturbative sources of global symmetry breaking [7,90-94]. Second, classical wormholes can form
within Einstein gravity when DWs inflate into “baby universes” (Sec. III F). This occurs if the DWs grow larger than the Hubble horizon
of the universe dominated by the vacuum bias Vy;,, experienced by observers located inside the DW. In this scenario, the DW induces a
classical wormhole geometry connecting the PBH to the baby universe. Being eternally inflating, that baby universe leads to the
existence of a multiverse. In short, we are left with the intriguing sequence of events where virtual wormholes are potentially responsible

for the discrete symmetry breaking that sets the stage for classical wormholes connecting our universe to a multiverse.

first-order phase transition [67-86]. The mechanism of baby
universe production developed here [46] is classical and
takes place in the radiation-dominated phase.' It differs from
the usual baby universe creation from quantum or thermal
tunneling during inflation [55,56,87-89].

The paper is organized as follows. In Sec. II, we introduce
asimplified model involving a real scalar field charged under
a Z, symmetry, responsible for the formation of a DW
network, and discuss sources of explicit symmetry breaking
arising from QG. We then review the annihilation of DWs
and the resulting generation of dark radiation in Sec. IIT A,
early matter era in Sec. III B, DM in Sec. Il C, GWs in
Sec. IIID, PBHs in Sec. IIIE, and baby universes in
Sec. I F. Finally, in Sec. IV, we present our conclusions.

II. A SIMPLE DISCRETE SYMMETRY BROKEN
BY QG

A. A singlet scalar charged under Z,

1. The Lagrangian

In this work, we consider a minimal extension of the SM
by adding a real scalar field S. This field S is neutral under
the SM gauge symmetry but is charged under a new

"The origin of the scalar potential may, however, require
nonclassical dynamics, see the discussion at the end of Sec. III F.

discrete Z, symmetry that does not affect SM particles.
Since string theory predicts O(100) different moduli fields
[95—-104], it is natural to expect that some of them can play
the role of the S field. Such an extension can also lead to a
strong first-order EW phase transition as needed for EW
baryogenesis [105-110].

The most general renormalizable scalar potential involv-
ing the SM Higgs doublet H and the Z,-odd real scalar
singlet S at tree level can be expressed as,

V= ”—ZH“'H + A (H'H)? + @H"'HSZ
2 4 4
2
+ (8203 (1)

The scalar potential should be bounded from below to make
the electroweak vacuum stable, which leads to the follow-
ing constraints [111,112]:

An, Ay 20, Ans + 2~/ Apdg > 0. (2)

After the EW symmetry breaking, the CP-even compo-
nent of the Higgs field acquires its VEV v,. We introduce
the scalar excitations 4 and s of the Higgs doublet
H = (0, v, + h) and dark singlet S = v, + s around their
VEV, respectively. The interactions between scalar excita-
tions 4 and s are controlled by the mixing angle 6, defined
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as the rotation angle between the gauge eigenstates and the
mass eigenstates [77,113],

/Ihsvhvs

tan (29;”) = m .

(3)

We work in the limit v, > v, and 4, < 1, where 8, is
negligibly small unless there exists significant fine-tuning
such that A,v? — A,v3 ~ 0.

2. DW network formation

At high temperature, the potential receives finite-
temperature corrections that maintain the field at the
Z,-symmetric value (S) = 0 [114-116]. More specifically,
the thermal mass of the singlet scalar around the origin
S =0 [116] reads,

A A 1
2 . hs s\ 72 A 2
He i = + T ~—-1,T=, 4
s.th <6 4> 477 ()

whose magnitude is initially larger than that of the negative
zero-temperature  mass i r_o = 0°V/08*|g_o = —A;v3.
When the temperature drops below

20,
Tform >~ —Uﬁ ~ 21)5., (5)
1+ 22,/ 3,

the zero-temperature mass dominates over the thermal
mass, and the universe undergoes a phase transition during
which the scalar S develops a nonzero VEV (S) = v,
distinct for each causal patch. This leads to the formation of
a network of DWs [18,19], defined as boundaries between
the domains associated with different field values +uv,
and —uvy.

In order for the DW network to form successfully, the
temperature Ty, cannot be higher than the maximal
temperature 7T, of the universe, Tiom < Tmax-
Assuming instantaneous reheating after inflation, the latter

is given by,
T ~ 3M§1H5nd 174 (6)
S \#g./30)

where H,q is the Hubble scale at the end of inflation and g,
is the number of relativistic degrees of freedom. The
Hubble scale during inflation is directly related to the
tensor power spectrum A?(k) via [117],

2’

A2 (k) == .
0=y

(7)

A?(k) is usually modeled as a powerlaw A?(k) =
A,(k/k, )™ with k, = 0.05 Mpc~!, A, being the amplitude,
and n, denoting the spectral index. The nonobservation of

primordial B modes in cosmic microwave background
(CMB) anisotropies by BICEP/Keck [118] provides the
most stringent upper bound on the tensor-to-scalar ratio
r=A,/A, <0.036, where A; ~2.099 x 10~ is the curva-
ture power spectrum measured by Planck [119], with both r
and A, being evaluated at the CMB scale k. The BICEP/
Keck bound on r [118] translates to an upper bound on the
maximal reheating temperature of the universe,

V4 10775\ V4 [ Hong ) /2

T ~58x105GeV(— end } 7
max 52-6 X ¢ (0.036> < 0 ) <H*

(8)

where H, is the inflation scale when the CMB scale
k, = 0.05 Mpc~! exits the horizon. In order to obtain the
last factor in the above equation, we have used the relation
(I_Iend/liak)l/2 = (kend/k*>nr/2' We  assume Hend ~H,
such that the last factor is simply unity.

Furthermore, DW formation requires that V;,, at DW
formation must be smaller than the barrier V, separating
distinct vacua [21]. We have checked that this constraint is
safely satisfied throughout this work.

B. QG effective operators

The discrete Z, symmetry in the Lagrangian in Eq. (1) is
expected to be explicitly violated in QG theories [3-5].> We
operate under the hypothesis, denoted as the refined
swampland global symmetry conjecture in [8], that the
QG effective operators breaking the Z, symmetry are of the
lowest possible dimension, which in our case is dimension
five,

1
AV = — (a8 + S |H|> + a3 S|H[*), 9)
AQG

where |H|> = H'H and we will henceforth set a; = 1 by
rescaling the value of Aqg. These operators are the source
of the QG bias term responsible for the annihilation of the
DW network.

In the literature, the dimensional scale Aqgg associated
with the higher-dimensional operators that break the global
symmetry is often assumed to be the reduced Planck mass
My, [120]. While this is natural when the symmetry
breaking is caused by perturbative gravity effects, the size
of the symmetry-breaking effects may be further sup-
pressed by nonperturbative effects, leading to an effective
breaking scale many orders of magnitude higher than M ;:

AQG = Mples > Mpl’ (10)

“There exists a much stronger conjecture that such a discrete
symmetry breaking is impossible in QG, see [9]. While we will
not assume this conjecture in this paper, our discussion provides
an empirical test of the conjecture.
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where S represents the size of the action of the non-
perturbative instanton.

Wormholes [90] are among the potential sources of
nonperturbative global symmetry breaking. Wormholes are
sources of apparent paradoxes in holography [91,92] and
their relevance in the path integral of quantum gravity has
been under active discussion (see, e.g., [93,94] for an
overview). Wormholes have interesting phenomenological
consequences, as reviewed, e.g., in Ref. [93], and the
relevance of their nonperturbative contributions is sug-
gested [7] by the axionic version of the weak gravity
conjecture [121].

C. DW networks with QG bias

1. DW scaling regime

The dynamical evolution of the DW network is deter-
mined by the interplay between two effects: the Hubble
expansion, which tends to increase its energy fraction with
respect to the radiation background, and its surface tension
o, which tends to convert the smallest structures into scalar
radiation and gravitational waves. These complex dynam-
ics can be well described by a scaling law in which the
correlation length of the network is set by the cosmic
horizon L ~ ¢t [122]. The DW energy density ppw can be
determined by dimensional analysis [17,41],

pDW:%, with L=~t/A (11)
where the area parameter has been calculated to be
A =0.8£0.1 [123] for the Z,-symmetric potential. The
surface tension o is given by [41],

+oo 4 A
= dz Ty = =\ =03, 12
’ /_m o 3\/2‘“ (12)

with Ty = (d¢p/dz)? being the 00 component of the energy-
momentum tensor. We have substituted the kink solution

¢(z) = vytanh(\/A,/2v,z) for the DW separating two
degenerate vacua to obtain the final result in Eq. (12).
The redshift of DWs in Eq. (11) is slower than that of the
radiation background p,,q =~ 7%g, T*/30  1/1>,hence DWs
may dominate the energy density of the universe when
pow = 3M3 H?. This is the famous DW problem [18].

2. Biased DW networks

The simplest solution to the DW problem is to introduce
a bias term that lifts the degeneracy between two vacua,
making the DW network unstable [18-22]. Although bias
terms are typically added manually, in this paper, we
consider global symmetry breaking operators that are
naturally generated in QG. The dimension-five operators
in Eq. (9) contribute to the effective potential in the
following form:

1 v3Iv? v}
VbiaszA—%<U§+a2 Szh +a3 4 h), (13)
For simplicity, we assume that the first term in Eq. (13)
dominates over the other two, giving us,
5
- (14)
AQG

vbias =

This assumption is justified, e.g., when we consider
vy > v), and the dimensionless coefficients a; in Eq. (9)
are of the same order.”

The surface tension o in Eq. (12) as well as the size of the
bias V., in Eq. (14) will be crucial parameters determining
the fate of the DWs. Note that the two DW parameters ¢ and
Viias depend only on two combinations of the three model
parameters vy, A, and Aqg, which we can choose to be,

Ao, B Age. (15)

This means that the effect of A, can be absorbed into the
rescaling of v and Agg.

3. DW energy fraction

The bias term V;,, in Eq. (14) sources a pressure on the
wall. When such a pressure is larger than the pressure
C,o/L arising from the surface tension o, the DW network
starts to annihilate. This occurs after the time,

o
b
Vbias

tann = Cai-'4 (16)

where C,; ~ 3 according to lattice simulations [124]. To be
cosmologically viable, the DW network must annihilate
before dominating the universe, i.e.,

Lann < Ldom> (17)

where we define 74,, as the time when false vacuum
regions are dominated by the energy density of the biased
DW network

-Aa/tdom + Vbias :prad<tdom)' (18)

For simplicity, we approximate prq = Pann(@ann/a@)* =
3M7/(21)* as in the case of pure-radiation domination,

3Here we follow the motivation in [23]: Suppose that we are
interested in a class of string-theory compactifications. Even if we
do not know all the details of compactifications, with the help of
the swampland constraint, it is plausible to consider a constraint
a; < c for some constant c¢. Then the choice @; ~ ¢ would invoke
global symmetries of the best quality at low energy, which is not
forbidden by the current knowledge of the swampland. Of course,
this is not the argument for a stronger statement that «; should
always be of the same order.
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even though the universe contains DWs and vacuum energy
components. We obtain

\/3C¢21M§1/Vbias + Laon = Lann V3M,,
B 2 Vv Vbias ’
where the last term neglects higher-order corrections in

O(tann/tdom)- The total energy fraction of the biased DW
network reads

~

Tdom = 2Cd

(19)

aDw+V PpwW + Pv
ann 3M2 H2

( + Cd/z)aann s (20)

Tann

where ppw ~ Ao/t is the average DW energy density
(surface contribution) and py =~ Vy;,s/2 is the average
vacuum bias energy density (bulk contribution). * We have
introduced in Eq. (20) the DW surface energy fraction abw
at the time t,,, of DW annihilation,

~oot () o
1=lann - tdom ’

where we have used the approximated relation H ~ 1/2t. >
Since it is the quantity abW that enters the GW spectrum
from DW annihilation, see Eq. (43) below, in what follows
we express most of the quantities in terms of a,,, = abw
defined in Eq. (21). Nevertheless, aDW+V is relevant when
we discuss the particle production in Eq. (24). Using
Eqgs. (12) and (14), we can express (,,, in terms of the
parameters of the particle physics + QG model studied in
this paper,

DW __ PDW

T VENR

pw _ 32C, A

Qann = Fapp = <’1§/6AQG)(11/6US) (22)
27M7,

III. CONSEQUENCES OF LONG-LIVED DW
NETWORKS

Previously, we introduced a Z, singlet scalar. We have
shown that it leads to a DW network with an energy density
fraction growing linearly with time ppw/prg o and
annihilating at time t,,,. The Z,-breaking correction from

*Note that the factor 1 /2 in py =~ Vi, /2 did not appear in
Eq. (18) since we defined t4,,, as the time of domination from the
point of view of an observer inside the false vacuum. We chose
this definition to match the minimal time fpgy of PBH formation
in Eq. (48) found after solving the equation of motion of a thin
shell in general relativity.

’If instead we consider the full expression H? = (ppq + pow +

)/3Mp1 - [1 + aann(t/tann) + Cdaann(t/tann) ]/(8t2) then
Eq (21) becomes Ggwﬁadnn (1+/amy /Ca+(2+Cy)amn /2)
with @W = (f,0n/tgom )/ C4 Where we assumed #y,,, given by the
first equality in Eq. (19).

QG leads the DWs to annihilate with the energy density
fraction a,,, given in Eq. (21). We now discuss the
consequences of DW annihilation occurring when a,,,
is large.

A. Dark radiation

During annihilation, most of the DW energy is trans-
ferred to scalar particles s and any particles coupled to it
[125]. If they behave as dark radiation (DR), they can
contribute to Ny; alternatively, if they behave as non-
relativistic matter, they can contribute to a matter era. In the
case where DWs annihilate into dark degrees of freedom,
the DW annihilation produces DR with energy density,

,DDR(T) - Bl\rY+Vprdd<Tann)(a(Tann)/a(T>)4’ (23)

where the quantity aDW*V is defined in Eq. (20). Using
px g T* and a « g, (T)"'T~" (with g, being the
effective number of relativistic degrees of freedom entering
the entropy density), we obtain®:

por(T) = oy ™ praa(T) <g;g?;>> <gf:€;ii))4/3’

(24)

which contributes to the number of neutrino flavors as

follows:

8 [11\#/3 T,

2 <_) (pDRi(O)) (25)

7 4 /)7<T0)
where p, is the photon number density and 7 is any
temperature below neutrino decoupling temperature
Ty SMeV. The parameter AN is constrained to
AN <0.34 at the 95% confidence level (20) by the
combined baryon acoustic oscillation and Planck data
[50,127], with a slight potential improvement over the

big bang nucleosynthesis (BBN) data [128]. Plugging
Eq. (24) into Eq. (25), we obtain,

§ <£> 4/3 (g*(Tann)> ( g*,s<T0) )4/3aDW+V
ann ’

7\ 4 9y Gx.s (Tann)

where g, = 2 is the number of photon degrees of freedom.

Plugging in numerical values, we obtain the following
constraints on DWs annihilating into DR:

Tan T 4/3
ANeff 7 4( ( )) ( g*,S( 0) ) agl\r);/+V < O 34
g*(TO) g*,s<Tann)

AN (To) =

AN, eff =

(26)
®We recall that g,(To) =2+ (7/8)-2- Neg - (4/11)*3 ~
)2 Neg - (4 / 1) ~3.94 when

3.38, and g, ,(Ty) =2+ (7/8
we assume N >~ 3.043 [126].
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For DWs annihilating into DR, the previous bound
applies for all values of T,,,. Instead, for DW annihilation
into the SM, the bound in Eq. (26) applies only for DWs
annihilating below the neutrino decoupling temperature
T,n<1 MeV. In Figs. 3 and 4, we show the BBN
constraints assuming that DWs annihilate into SM or dark
radiation.

B. Early matter era

We now examine the scenario in which DW annihilation
products manifest as long-lived, nonrelativistic particles.
As indicated by the Lagrangian in Eq. (1), the decay width
of the singlet scalar field s is given by,

Fs = Fs—»hh + Sinz(ghs)rh (ms) (27)
The first decay channel is the decay into SM Higgs bosons,

2,2
)thv~Y

32mmy’

(28)

| YA

where m? = 21,v2. The other decay channel is induced by
the Higgs mixing whose angle is given in Eq. (3), which for
Onp < 1, gives,

my*, mg > my,

Ensin (0) =, Cym)eit{
h

my <K< my,
where we used A, ~m3/2v7 and A, ~m?/2v?. The
quantity I',(my) is the Higgs decay width evaluated at
the singlet scalar mass m, [129]. For mg; > 2m,, the
dominant decay channel is into top pairs I';,(m, > 2m,) =~
(3/87)my(m,/v,)* ~7 GeV(m,/m,) [129]. We calculate

for my > my,
1—‘h (ms)Sinz (ehs) ~ Fh (mr) ﬂ 2 (29)
© 7710 GeV(mg/my) \my )

1—‘s—>hh

so that the I';_,, dominates for mg > m,. Instead, for
my < 2my, the decay into Higgs pairs is kinematically
forbidden and the singlet scalar s decays through Higgs
mixing with the decay width I',(m,) sin?(6,,) [31,129]. To
prevent large quadratic correction to the Higgs mass,

“to

/1hs v
2

Am?, = < (125 GeV)? (30)

the mixing must be smaller than,

(31)

hs

Ay < AW 3 % 10716 (my.

Vs

In turn, it leads to a very long lifetime for s,

Fs—>hh ~ 1 (ﬂ)z (20 X 107 GCV)6’ (32)

Hgom 2, ACY *aga \ " vy

where H,g4,, is the Hubble expansion rate when the
universe becomes dominated by the scalar field s, below
the temperature 7' 4om, assuming that s is long-lived
enough. Supposing that the energy density of s redshifts
like matter in a radiation-dominated universe, T jom 1S
related to the DW annihilation temperature by

Ts—dom = aa\[’}’-&-V Tann' (33)

The naturalness requirement in Eq. (31) implies that for

(34)

Vs

>6><107 GeV [0.01\ /4
~ (lsAC;/z)]/ﬁ ’

aann

the DW annihilation would be followed by a period of
matter domination, as shown in Eq. (32). This would lead to
entropy injection, causing a dilution of the GW and PBH
abundances [77]. For v, > 2.5 x 10'° GeV, the reheating
after the matter era would even occur below T~ 1 MeV.
We can write,

Uoomn 1 </1hs )2 <2.5 x 100 GeV>3’ (35)

1/2 max
Hgpn 217 \ 2 vy

where Hygy is the Hubble expansion rate at the onset of
BBN when the temperature is T ~ 1 MeV. For s to fully
decay before BBN, one should have I'y_,,/Hggn = 1.
which leads to a constraint on »,. However, in this paper,
we assume for simplicity that the solution to the naturalness
puzzle—see, e.g., [130-134] for reviews—is not compro-
mised by the large quadratic contribution in Eq. (30), such
that the bound in Eq. (31) can be relaxed without
introducing a period of matter domination following DW
annihilation. Alternatively, it should be possible to keep the
naturalness requirement in Eq. (31) without introducing a
matter era by adding new dark states into which the singlet
s can decay; see for example Ref. [74]. We refer the reader
interested in the impact of a matter era on GW and PBH
detectability to Ref. [77]. The results of Ref. [77], realized
in the context of first-order phase transitions, should apply
straightforwardly to the DW network scenario dis-
cussed here.

C. Particle dark matter

If the lifetime of the singlet scalar in Eq. (27) is much
longer than the age of the universe I';'>> 13.8 Gyr, then
the scalar s can contribute to DM [31]. Assuming that all
the energy stored in the DW network is converted into
particles s, their abundance today—if stable—is given by
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o — aDw+vM (36)
’ o a(Tnr)

where T,~0.8 eV and T'\yg (k) is the temperature when the
s particles with momentum k at 7', become nonrelativistic
and start redshifting like matter. We have

TNR(k) = Tann/ysv (37)

where y, is the typical Lorentz factor of particles s with
momentum k right after DW annihilation. Lattice simu-
lations [135] have calculated the Fourier spectrum of p, (k)
and found a nonrelativistic component around y, ~ 1 and a
relativistic component around y, ~4. The s abundance
depends on the relative abundance of those two popula-
tions.’ Waiting for future studies we simply takes y, ~ 2,
which aligns with the choice made in another study [31].
Equation (36) becomes

DW+V T 13/T
QS _ Qann <g*,5( ann)) ( ann>‘ (38)

Vs g*,s(Teq> ch

The correct DM abundance € ~ 0.26 is produced for

70\ /3 /1 GeV
PV~ 16 10710 D) (2 ), (39)
2 g*.‘\' Tann

where the energy fraction in the DW network accounting
for the surface + volume energy abw ™ is related to the
energy fraction accounting for the surface energy only
Qon = abW  through oWtV ~ 5q,,./2, cf. Eq. (20).
singlet scalar DM with vanishing

In contrast to
VEV(S) =0 [12,13], the finite VEV(S) # 0 allows DM
to decay, which is constrained by X-rays, CMB, y-ray, and
radio observations [31]. We assume the Higgs mixing 6, in
Eq. (3) to be sufficiently small to avoid DM decay
constraints and thermal DM production [31]. Within such
assumption 0, < 1, the parameter space where the scalar
relic s produced from DW annihilation can satisfy the
correct relic abundance is shown with the dashed brown
line in Fig. 4. Finally, we note that DW networks can also
produce baryons and explain the origin of the matter-
antimatter asymmetry [32-35].

D. Gravitational waves

1. GW spectrum

During the annihilation process, DWs accelerate to
relativistic speeds and emit GWs [20,36-38,136-143].
The GW power spectrum QOGW observed today is linked

"We leave for future studies a more precise derivation
of the dark matter abundance using the integration over the
density  power  spectrum  dp,(k)/dk, leading  to

Q, = agn "V p,)~" [ dk(dps(k)/dk)(a(Teq)/a(Tnw (K)).

to the power spectrum at the time of annihilation, Q%Y by,
Qo h? = DQam (40)

where D = pq(Tann)/pPraa(To) represents the redshift fac-
tor of the universe radiation energy density, given by
Prad(T) = 729, T*/30 under the assumption of adiabatic

evolution (7T « g;’ls/ 1), namely,

Do 2 <g*(Tann)> ( g*,.v(TO))>4/3‘ (1)

rad Gx (TO) Gx.s (Tann

The radiation energy fraction today is Q?adh2 =
h?praa(To)/po =~ 4.21 x 107, where we used the temper-
ature of the current universe Ty ~ 2.73 K [144], the current
critical density py = 3M§1H(2) with Hy ~ 100k km/s/Mpc
and & being the reduced Hubble constant, and
9x(To) = 3.38. Additionally, we have g, ((T)=~3.94,

which leads to,

Tun)\ [ 10675 \4/3
D 1,60 x 10-5 [ 9% Tamn oY)
0910 (106.75 g (Ton) 42)

The GW spectrum produced by long-lived DWs annihi-
lating at t,,,, follows the quadrupole formula [39—41,123],

GA’6? 3
Qew = €Gwﬁs(f) = EGGWagnnS(f)’ (43)
with egw = 0.7 £ 0.4 [123]. The spectral function S(f)
should exhibit an infrared slope Qgw o f> to comply with
causality [145—148] and an ultraviolet slope Qgw o f~! as
suggested by lattice simulations [123]. This motivates
modeling S(f) with the following smoothing function:

2

S(f) N (f/fpeak) + (fpeak/f)3 ’

(44)

where the peak frequency f . is determined by the Hubble
factor at annihilation, redshifted to the present day as [123],

fpeak = H(tann)

1 1
w16 ity (9 Tan) \F (10675 \b( T )
106.75 ) \ gy s(Tam)) \10 TeV

(45)

2. GW detection prospects

The GW spectra produced from DW annihilation are
shown in Fig. 2 for three benchmark points, for which the
parameter choices are listed in Table I. We display the
different regions excluded by ground-based interferometers
LIGO-Virgo-KAGRA (LVK) run O3 [149], detection
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FIG.2. GW spectrain Eq. (43) originating from the annihilation of domain walls together with the sensitivities reached by the different
ongoing (solid) and planned (dotted) GW experiments and the expected astrophysical GW foregrounds (see text for details). Model 1 can
explain the recently detected NG15 signal [47,165], while models 2 and 3 can explain 100% of DM in terms of PBHs produced from

DW annihilation, see Table I for more details. The three benchmark models are also indicated with stars * in Fig. 4.

potential for future LVK run OS5 [150], future pulsar timing
array square kilometer array (SKA) [151], the proposed
Moon ranging mission [152,153], prospects from atom
interferometer AION km [154,155], upcoming space-based
interferometers LISA [156,157], Einstein telescope (ET)
[158,159], and cosmic explorer (CE) [160]. The BBN
bound is derived from AN < 0.34 following App. A in
[161]. The power-law integrated curves (PLIC) are built
assuming the signal-to-noise ratios (SNR) and observation
times 7 of (SNR =2,7 =160 days) for LVK O3,
(SNR = 10,T =1 years) for LVK O5, (SNR =2,T =
15 years) for Moon ranging, (SNR = 10,7 =5 years)
for AION km, (SNR =10,7 = 10 years) for SKA,
LISA, ET, and CE. We also show the expected foregrounds
from galactic white dwarf binaries modeled using the
modeling in [157] (see [162,163] for different modeling),
extragalactic supermassive black hole binaries (SMBHB)

TABLE L
presented in Figs. 2—4. We fixed 4, = 1.

taken from [164], along with extragalactic compact binaries
(neutron stars and black holes) modeled as a power-law
Q « f?/3 fitted on LIGO O3 data [149]. We show two types
of GW constraints, according to whether the astrophysical
foregrounds are irreducible, see Fig. 3, or can be fully
subtracted, see Fig. 4. A region is excluded if the associated
GW spectrum in Eq. (43) exceeds the sum of the corre-
sponding PLIC and the eventual astrophysical foregrounds.
In Fig. 2, we also show the violin posteriors of the GW
signal found in NANOGrav 15-year (NG15) data in June
2023 [165-169]. The best fit of the DW interpretation
[47,170] of the NG15 signal is shown in Figs. 3 and 4. The
two-dip feature in the SKA constraint shown in Fig. 3 may
seem puzzling. In fact, the higher-frequency peak arises
from a sudden change in concavity between the SMBHB
foreground and the SKA sensitivity curve, depicted in gray
and red, respectively, in Fig. 2.

QG parameters Aqgg and vy, together with the corresponding DW and PBH parameters of the three benchmark models

QG parameters

DW parameters

PBH parameters

Abundance
Surface  Bias energy DW energy
QG scale  Scalar VEV  tension density fraction =~ Mass Mpgy At formation: Today:
Benchmark models Agg (GeV) v, (GeV)  6'/3 (GeV) VIt (GeV) Gy (M) Benn Fopn
1 NG15 fit 1.6 x 10  32x10° 3.1 x10° 0.21 0.19 32 3.4x 10710 0.06
2 PBH DM (heaviest) 4.0 x 10% 1.0 x 10° 9.8 x 108 4.0 x 10* 0.15 89x 107" 6.9 x 1071 1.0
3 PBH DM (lightest) 3.5x 10** 1.0x 10"  9.8x 100 4.1 x 10’ 0.13 82x 10717 4.6 x 1077 1.0
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FIG. 3. Model-independent cosmological consequences of a DW network annihilating with energy fraction a,,, = ppw/praq Under the
effect of a bias energy density V. The light gray region shows the BBN constraints in Eq. (26). The dashed blue regions show the GW
constraints including the astrophysical foregrounds, which are displayed in Fig. 2. We show the regions for which PBHs are excluded by
CMB observations [171-173] (yellow), LIGO-Virgo-Kagra [174,175] (blue), and microlensing constraints [176—179] (purple) with the
two super-imposed dotted regions being the best fit of the PBH interpretation for hyper suprime-cam (HSC) and optical gravitational
lensing experiment (OGLE) events [59,180,181]. The brown boundary can explain 100% of DM. In the red region, Hawking
evaporation leads to an overproduction of cosmic rays [182—190], yet it may also contribute to the 511 keV excess indicated in green
[182-184]. Finally, the lack of observed energy injection from Hawking radiation in the CMB [191-193] and BBN [185,194,195]
excludes the yellow and green regions. Above the dashed purple line, at least one baby universe is produced in our past light cone
Sbavy > 1 leading to the possibility of a multiverse [196]. Above the dashed green line, PBHs dominate the energy density of the
universe before evaporating > .. We chose £ = L/t = 0.8 in Eq. (52), a conservative value in terms of PBH production. In the dark
gray region on the right, the DW formation temperature is larger than the maximal temperature allowed by BICEP/Keck [118]
Ttorm > Tmax> see Eq. (8). These constraints are applied to the Z, singlet with quantum gravity bias in Fig. 4.

E. Primordial black holes Ry (tpar) = 2GM (tppy). (47)

1. Collapse of late annihilators . . .
We now review the calculation of the PBH abundance As l.n .[46’4733’ we only consider PBH foqnatlon from.late
. annihilators.” These are closed DWs with superhorizon
from DW networks following [46,47]. We model closed . . . . . .
) - sizes at their formation, whose motion is frozen in
DW configuration as spherical false vacuum bubbles . . . o
. o . comoving coordinates, R(#) o a(t). Their annihilation is
containing an energy density given by the potential bias . . .
. . delayed until they finally penetrate the horizon. This delay
Viias- The total mass-energy M of these configurations is ) ) . 3
given by can allow their Schwarzschild radius, Ry, « R(?)°, to grow
’ beyond their actual radius R(7). In such cases, they collapse
into PBHs as soon as they enter the horizon when
M = 4zVy,,R%/3 + 4noyR* — 87°Go*R3,  (46) R(tppy) = tpgy. We leave for future work the study of
PBH formation from the collapse of DWs that are so close
to spherical that they can shrink significantly and enter their
where G =1/ (SHMSI) denotes the gravitational constant, y ~ Schwarzschild radius well within the Hubble horizon
represents the Lorentz factor, and the three terms in the — Ren(?) <1, see, e.g., [43,54]. From the calculation of
right-hand side correspond to the contributions from the =~ DW trajectory within the thin-shell approximation in
volume, the surface, and the gravitational binding energy,
respectively. PBHs form when closed DWs shrink within ¥The importance of superhorizon closed DWs, referred to as
their Schwarzschild radius, at a time tpgy defined by, late birds, was first discussed in [43,197].
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FIG. 4. Application of the N¢, GW, PBH constraints and baby universe efficient production regions of Fig. 3 to the parameter space of
the Z,-symmetric singlet broken by QG, cf. Eq. (15). In the top-right gray triangle, DW networks annihilate after dominating the
universe, which would lead to a universe very different from ours. On the boundary of it, DW networks annihilate with a significant
energy density fraction, leading to efficient particles, GWs, PBHs, and baby universe production. In contrast to Fig. 3 where the
constraints on GW from DW annihilation assume that the astrophysical foreground—shown in gray in Fig. 2—can not be subtracted
(pessimistic approach), the GW constraints of the present plot assume complete astrophysical foreground subtraction (optimistic
approach). Along the dashed orange lines labeled “Particle DM” the scalar particles s can be produced from DW annihilation with the

observed relic abundance, see Sec. III C.

general relativity, it can be shown [46,47] that the three
mass fractions in Eq. (46) take, respectively, the values
25%, 50%, and 25% at tpgy, almost independent of the
choice of DW model parameters. This implies that we
approximately have M ~ 1672V, R?/3. Plugging this
equation into Eq. (47) together with R(tpgy) = tppy, We
obtain that closed DWs collapse into PBHs if they enter the
horizon after the time,

Lo VM
PBH—2\/m— dom>

coinciding with the time of false vacuum domination, given
by the second equality in Eq. (19). Any DW—assumed to
be spherical—entering the horizon after tpgy in Eq. (48)
unavoidably collapses into PBH. Tracing back along the
DW trajectory from the time of collapse #pgy to the onset of
annihilation 7,,,, we obtain the minimal (superhorizon)
radius at t,,, required for the DW network to collapse into
PBHs as,

(48)

RPBH
— ~0.78010g2 (Aany) — 0.61810g(Aann) + 0.407.

ann

(49)

For t < t,,,, the effect of the potential bias V,;,, can be
neglected, and the DW network can be well described by

the scaling regime in which the network correlation length
is given by L ~t. The fraction of closed DWs—of any
shapes, not necessarily spherical—that are large enough to
contain a spherical false vacuum ball of size r = R/L can
be derived from percolation theory [46,47],

F(r) = spa(r) x psealr), (50)

where the probability for a lattice site to be occupied in a
Z,-symmetric potential is p = 0.5, and the number sy, ()
of lattice sites contained in a ball of size r is [46,47],

Shalr) _g | <1~I—tanh(a1210g(r/a2))> (4_;_8), (51)

,
with a; ~1.15 and a, ~5.55. A fit of the fraction of
closed DWs in Eq. (50) larger than the critical radius
rPBH = RPBH /T in Eq. (49) is given by [46,47],

PBH a 1 c/t?
F(ram') = exp Nz a , (52)
with =L/t and parameters a~0.659, b=~249,

c~1.61, and d=~0.195. The normalized density of
PBHs relative to the observed dark matter density is,
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Tdom F (r gr]?nH)
~ , 53

fren (1 TeV) 8 x 10713 (53)
where the temperature at which DWs dominate the
energy density of the universe can be expressed as
Tdom = 1'23(Mp1/tdom>1/2/g*(Tdom)1/4‘ Note that fPBH
depends very sensitively on the model parameters. The
PBH mass is supposed to be given by the DW mass energy
at horizon crossing (R = 2GM),

tPBH 100 MeV 2
MPBH—ZG—MMo(lIﬁ/; , (54)

where My = 2 x 10°° g denotes the solar mass. The above
equation indicates that Mppy depends only on Vy;,, but not
on o. The universal scaling behavior of gravitational
collapse [198-202] suggests that the PBH mass in
Eq. (54) is only the peak M%a [up to O(1) factors to
be determined] of an extended mass distribution. A
more realistic PBH mass spectrum decreases as a power-

+1/7.
H

law fPBHochl,B with y.~0.36 at lower masses

Mppy S Mg%a]ﬁ and is exponentially suppressed at larger

masses Mpgy = Mg%a[k{ (see, e.g., [74,203]). We leave the
determination of the PBH mass distribution for future work.
The PBH abundance in Eq. (53) is very sensitive to the
correlation length L. A larger correlation length to Hubble
horizon ratio L/t yields a larger PBH abundance.
Following Ref. [47], we set L/t~0.8, which is a
conservative choice with respect to PBH production.

2. PBH detection prospects

In Fig. 3, we recast all the existing PBH constraints [204]
from observations of BBN, CMB, GWs, cosmic rays, and

. . . . 1/4 .
microlensing in the generic plane (V| ., &) of biased
DW network models. We can see that biased DW networks
annihilating with an energy fraction a,,, = 0.1 produce
PBHs with observable abundance.” Then in Fig. 4, we
apply the previous generic constraints to the specific
particle physics model presented in Sec. [I—a Z,-sym-
metric singlet scalar with QG Z,-breaking corrections. The
model has three parameters, namely, the scalar quartic Ay,
the scalar VEV v, and the QG scale AQg. However, as we

have mentioned before, the DW parameters (V. ann)

can be expressed solely in terms of the two independent
combinations /1‘1/ 6vs and /1?/ 6AQG in Eq. (15). The para-
meter space leading to N, GWs, and PBH signatures is

More specifically, the general guideline for producing GWs
and PBHs in quantities detectable by future observations is that
DW networks should annihilate with an energy fraction a,,, =
0.01 and a,, = 0.1, respectively [46]. Successful subtraction of
astrophysical foregrounds could enhance the sensitivity of GW
observatories to a,,, = 0.001 [46].

indicated in Fig. 4 where the black contour lines denote
different PBH masses.

The mass of the PBHs produced depends on the
bias term Vi, By adjusting the value of
Viias € [1073,109] GeV, the mass of PBHs with substan-
tial abundance—say fpgy > 1071%—can vary over a wide
range Mpgy € [107°, 103|M, with 1073°M =2 kg. The
production of PBHs heavier than 10° M, is excluded by the
BBN bound in Eq. (26), illustrated by the gray region on
the left side of Fig. 3. Solar mass PBHs can be correlated to
the nHz GW signal detected in pulsar timing array [47].
PBHs lighter than 1073°M, are excluded by the condition
that the temperature 7T'g,,, at which the DW network forms
can not be higher than the maximal temperature 7, of the
universe, illustrated by the gray region on the right side of
Fig. 3 and top side of Fig. 4. We fix the formation
temperature to T'g,, =~ ¢'/3 for the model-independent plot
in Fig. 3, whereas we use Tiorm =~ 2v, for the Z,-
symmetric DW in Fig. 4. One illustrates the regions where
the DW network does not form for the values A, = 1, 107>,
and 10719,

3. PBH as dark matter

Measurements of the CMB anisotropies by the Planck
satellite not only provide strong confirmation of the
existence of DM but also offer the more precise measure-
ment of its abundance today Qpy =~ 0.1200(12)/h? ~
0.265(7) [119]. There have been many proposals of DM
candidates in the literature and among them PBHs have
received considerable attention, see, e.g., [204,208-210].
Astrophysical and cosmological constraints have
excluded the possibility of PBHs accounting for 100%
of DM, except within the so-called asteroid mass
window, Mpgy €[10716,10710]M 5 = [2 x 10'7,2 x 10%%] g
[204,208-210]. The region where PBHs could account for
100% of DM is highlighted in brown in Figs. 3 and 4. In
terms of the parameters of the Z, scalar with QG bias, all
the DM can be explained by PBHs for the scalar VEV
v, €[10%,10'"] GeV and the QG scale Agg € [3 x 10%,
3 x 10%°] GeV where we fixed A, = 1. The entire PBH DM
region will be probed by LISA, ET/CE, and LIGO OS5, see
Fig. 4, even if astrophysical signals cannot be subtracted,
see Fig. 3.

Note, however, that Figs. 3 and 4 assume instantaneous
reheating after DW annihilation. As discussed in Sec. I1I B,
the singlet scalars could be feebly coupled to the SM, e.g.,
motivated by the electroweak hierarchy problem, leading
DW annihilation to be followed by a matter era. As pointed

'"The expression Ty, ~ ¢'/3 is generally expected for models
with a single energy scale, where Ty, ~ v, ~ o'/, However, this
relationship does not hold for axion models in which the axion
mass m, at zero temperature is much smaller than the axion decay
constant f,,. In such cases, Tm = f, and 6 ~ 9m, f2 [205-207].
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out in Ref. [77], this would dilute the GW signal, possibly
turning the PBH DM region undetectable by future GW
observatories, in contrast to the naive expectation
[211,212]. It might seem a nightmare scenario but the
lighter mass range of the PBH DM region could be explored
with future telescopes [213-215] as pointed out by [216—
220], and the presence of the early matter era could be
detected using cosmic string archaeology [161,221-229].

F. Baby universes

Now let us examine DWs that remain larger than the
cosmological horizon (i.e., superhorizon) after the time
tpeu given in Eq. (48). From the viewpoint of observers
outside such a DW, it appears to shrink and eventually
collapse into a PBH. However, for observers inside the DW,
the outcome depends on whether the wall radius R is
smaller or larger than the cosmological horizon H}! in an
inflating universe with energy density Vi, (the energy
density within the DW):

(1) If R< H,;I: Observers inside the DW see its
boundary moving inward, ultimately forming a
black hole around them. They are subsequently
drawn into the singularity.

(1) If R > H,;l: The DW boundary lies outside the
future light cone of observers located at its center.

Inflating
universe

FIG. 5. Production of baby universes by DW networks. This
arises when a closed DW configuration—modeled to be spherical
and shown with the black circle—becomes larger than the Hubble
horizon H;' of a universe dominated by the bias energy Vy;,s—
shown with the dashed purple circle and given by Eq. (58). The
orange arrows represent the pressure Vi, + ¢/R driving the DW
to locally move inward in the comoving coordinates experienced
by an observed located close to the DW. The purple arrows show
the volume expansion induced by the bias energy V,;,, acting as a
cosmological constant in the bulk.

They experience an eternally inflating universe with

no black holes or singularity, see Fig. 5.
At first glance, this second scenario seems paradoxical:
external observers witness a black hole forming, while
internal observers experience an inflating universe. The
apparent contradiction is resolved by the geometry of
spacetime: as the DW radius expands exponentially, it acts
as the boundary of an inflating baby universe connected to
the parent universe via a wormhole [55,56,230]. This
wormhole then pinches off, leaving behind the standard
black hole singularity in the parent universe and a detached
baby universe for those on the inside. The spacetime
geometry outside the DW is Schwarzschild with metric

2GM 2GM\ !
ds? = —(1 —T)dT2 + (1 _T> dR? + R%dQ?,
(55)

where M is the mass of the DW. The metric singularity at
R =2GM can be removed by introducing the Kruskal-
Szekeres coordinates (U ,V,9,¢)”

U?-V? = (ﬁ - 1) exp (R/2GM).  (56)

In Kruskal-Szekeres coordinates, the Schwarzschild space-
time is divided into four distinct regions, see Fig. 6. The
first two, also present in Schwarzschild coordinates, are the
black hole exterior U > 0, U > |V| and interior V > 0,
V > |U|. The remaining two, which do not appear in
Schwarzschild coordinates, are the white hole region
V <0, |V| > |U| and the parallel exterior region U < 0,
|U| > |V|. The Schwarzschild horizon is given by
U = £V, while the physical singularity at R = 0 is defined
by U? — V? = —1. We have just discussed the spacetime
geometry outside the DW. Inside the DW, however, the
vacuum energy bias V;,, generates a de Sitter geometry
with metric

ds? = —(1 — H2R?)dT? + (1 — H2R?)"'dR? + R*dQ?,
(57)

where H,, is the Hubble horizon of this de Sitter universe

Vbias
H,=,| . 58
b 3M]231 ( )

As for the Schwarzschild spacetime, the horizon singularity
at R = H;' can be removed by introducing the Gibbons-
Hawking coordinates (W,X,0,¢)

""The coordinate V should not be confused with the potential
V in Eq. (1).
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Baby Universe
4
@ « Ao
A 4

DW

FIG. 6. RIGHT: Diagram representing a Schwarzchild spacetime in Kruskal-Szekeres coordinates (orange + blue) stitched to a de
Sitter spacetime in appropriate coordinates (purple + green) [230]. The thick black lines illustrate the DW trajectory in such a diagram.
While an observer outside the DW perceives the DW collapsing into a black hole, an observer inside the same DW experiences an
eternally inflating baby universe. At the initial stage of black hole formation, the baby universe inside the DW remains connected to the
parent universe via a wormhole, whose throat corresponds to the black hole interior region shown in blue. An observer inside the
wormhole throat would receive signals from both sides before unavoidably ending their trajectory in the singularity at R = 0. Indeed, the
wormhole throat pinches off rapidly, ensuring that it is not traversable and that the two observers remain causally disconnected.
Consequently, the two observers encountering vastly different spacetime dynamics leads to no paradox. LEFT: The three drawings on
the left side illustrate the three spacelike hypersurfaces associated to the three horizontal red lines in the space-time diagram on the right

hand side.

1ZHR e e (59)
1+ H,R
Following [230], we can find another change of coordinate
(W,X) = (Y, Z) such that the de Sitter half-spacetime and
the Schwarzschild half-spacetime can be smoothly stitched
together, i.e., Y =U and Z =V along the boundary
U = —V. We draw the corresponding diagram of the full
Schwarzschild-de Sitter spacetime in Fig. 6. The DW
trajectory, shown by the thick black line, illustrates how
the DW collapses into a black hole from the perspective of
an outside observer, while appearing as the exponentially
expanding boundary of an eternally inflating universe for
an inside observer.

DWs forming wormholes are the ones that enter the
horizon—assuming spherical DWs—after the time fy,
defined by,

R(tyay) = Hy', (60)

where H, is given by Eq. (60). Solving the DW trajectory
in general relativity [46], we can show that the critical time

for baby universe formation #,, is related to the critical
time for PBH formation fpgy in Eq. (48) by,

tbaby = 2'tPBH = 22‘dom- (61)

Solving the trajectory backward in time, we can show that
DW satisfying Eq. (60) has a radius at the onset of the
annihilation period—just before the scaling regime
becomes violated by the bias pressure—given by [46],

baby
ann

R
—~0.95110g%(Aynn) —0.86010g o () + 1.15. (62)

ann

The critical radius for wormhole formation, RZﬁEY , 18 ~30%
larger than the critical radius for simple PBH formation
RPBH in Eq. (49). This makes wormhole production
exponentially rarer than simple PBH production.

The number of baby universes f,, in our past light cone
is given by [46],

fbaby = Npatches(Tdom> X F(riﬂgy), (63)
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with roay = RS /L (tyn) and,

T ) 1/2 T 3
] ~42 1 38 g*( dom dom ] 4
Nlpaches 224:2 % 10 ( 100 00 Gev )+ (&%)

Here, F(r.)—defined in Eq. (52)—is the DW fraction
above some threshold radius r > r.. The parameter space
for producing at least one baby universe in our past
lightcone is indicated by the dashed purple line in
Figs. 3 and 4.

Due to quantum transitions, an eternally inflating baby
universe becomes divided in many different exponentially
large domains, realizing all possible types of symmetry
breaking, and all possible quantum states allowed by the
fundamental theory, e.g., all possible types of string theory
compactifications [196]. Hence, the baby universes pro-
duced from DW networks, studied in this work, are
expected to give rise to a multiverse.

The classical trajectory leading to a baby universe
inevitably begins with an initial singularity [231], denoted
by R = 0 in Fig. 6. This has motivated studies of quantum
processes in which a false-vacuum bubble of critical size
nucleates via tunneling and subsequently evolves classi-
cally [232-235]. In our framework, DWs are produced
classically once the temperature drops below the critical
value in Eq. (5). We do not, however, make any specific
assumption about the origin of the vacuum energy in the
scalar potential. It could arise, for instance, from quantum
tunneling, in which case no singularity would occur
[232-235]. It could also be assumed to have been present
since the big bang singularity. In the latter case, the
singularity at R = 0 would be of the same type as that
encountered in the primordial inflationary paradigm
responsible for the CMB and large-scale structure
[236-239]. Such a singularity can be avoided if the past-
averaged Hubble expansion rate,

1 T
Hop = /0 H(2)do, (65)

is nonpositive, H,, <0 [239]. This condition can be
realized, for example, in bouncing cosmologies with null
energy condition violation [240-243], or within quantum
gravity frameworks [244-248]. Alternatively, the singular-
ity may be avoided in time-symmetric cosmologies such as
the Aguirre—Gratton [249] or Carroll-Chen scenarios [250].

IV. CONCLUSION

In this paper we have studied the rich cosmological
consequences of the explicit discrete global symmetry
breaking due to QG. For definiteness, we have focused
on the addition of a singlet real scalar S with spontaneously
broken Z, global symmetry, leading to the formation of
DWs. Following the swampland global symmetry conjec-
ture, the Z, global symmetry of the scalar potential is

explicitly broken by higher-dimensional operators arising
from QG, hence generating a bias energy V,;,, between
(S) = +v, and (S) = —v,. DWs are driven preferably
toward the phase containing the higher vacuum energy
leading to complete annihilation of the DW networks. If
DWs annihilate while constituting a significant energy
fraction of the universe a,,,, then they can produce
long-lived dark particles in large abundance and imprint
large perturbations on the spacetime metric.

DWs annihilating into dark sectors must have
an energy fraction smaller than a,,, <0.1 in order to
not violate the AN ; bound. Some of the produced
particles can explain DM if @, 2 10719 x (1 GeV/T )
or could lead to an early matter-dominated era for
Aann = 0.01 x (2 x 107 GeV/v,)V/4.

Stochastic GW backgrounds from DW annihilation are
louder than astrophysical foregrounds and observable by
current and future GW detectors for a,,, = 0.1 — 0.01.

PBHs are formed from the collapse of closed DWs
entering the horizon after the time t4,, of false vacuum
domination. The fraction of those late-annihilators
becomes significant when biased DW networks annihilate
just before dominating the total energy of the universe, i.e.,
tyom/ tann S O(a few). Hence, biased DW networks anni-
hilating with a large energy fraction a,,, = 0.1, cf. Eq. (21),
can produce PBHs with an observable abundance. PBHs
with mass smaller than Mpgy =~ 10" g~ 5 x 107°M,
evaporate in less than 13.8 Gyr [251]. Heavier PBHs, with
masses in the range Mpgy € [1071°M g, 107'°M ;] evade all
the astrophysical and cosmological constraints and there-
fore they can potentially account for 100% of DM.

Finally we studied the production of classical wormholes
connected to baby universes. This phenomenon occurs
when DWs become larger than the cosmological horizon of
an inflating universe with energy density given by the bias
energy Vi, This regime is accompanied with significant
productions of PBHs evaporating much before BBN. We
leave for future works the possibility of testing this scenario
with GW [252] and particle productions [253]. The
production of baby universes studied in this work—which
first appeared in [46]—is classical and completely
decoupled from the inflaton. In contrast, conventional baby
universe production scenarios are relying on quantum or
thermal tunneling during inflation [55,56,87-89]. This
offers the possibility to produce a multiverse [196] within
our past light cone from a simple Z, symmetry breaking
without relying on any inflaton dynamics.

Figure 3 summarizes the cosmological consequences of
DW networks in a model-independent way and Fig. 4
focuses on the particular case where the DW bias term
arises from QG effects.

“We refer to Refs. [78,254] for baby universe production in
the context of first-order phase transitions.
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In conclusion, a seemingly minimal setup—featuring a
real scalar field charged under a global Z, symmetry and
explicitly broken by quantum gravity—can yield a wide
range of cosmological phenomena. It is remarkable that QG
effects many orders above the Planck scale can have such
low-energy observational consequences.
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