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Abstract: We outline the basic ideas and analyze the possibilities of the quantum birth of universes
inside regular black holes with the de Sitter interior replacing a singularity. We compare different
cases and show that the most plausible case is the birth of a flat universe from an initial quantum
fluctuation with a small admixture of radiation and strings with the negative deficit angle, which
provides the existence of a potential barrier needed for quantum tunneling.
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1. Introduction

The idea of a de Sitter vacuum replacing a singularity has been suggested as early as 1966 by
Sakharov, who considered p = —p as one of the possible equations of state at super-high densities [1],
and by Gliner who interpreted p = —p as the equation of state of a vacuum with a non-zero density
and assumed that it could be a final state in a gravitational collapse [2].

In the 1980s, several solutions were proposed on the basis of direct matching the de Sitter metric
to the Schwarzschild metric on a spacelike junction surface ¥y of the Planckian thickness ([3] and
references therein). The global structure of spacetime is shown in Figure 1, where r; = 2GM is the
Schwarzschild horizon, and ro = v/3/A is the de Sitter horizon.
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Figure 1. Penrose—Carter diagram for the case of the direct de Sitter-Schwarzschild matching. 7~ and
J T are the past and future null (photon) infinities, while i0 is the spacelike infinities.
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In 1988, Poisson and Israel assumed that transition to the de Sitter vacuum deeply inside the
Schwarzschild black hole can result from the self-regulation of geometry by the vacuum polarization
effects [3]. They analyzed such a transition in detail and found that in the resulting geometry there
exists the Cauchy horizon (H¢ in Figure 1).

The idea of arising a baby universe inside a black hole has been investigated by Farhi and Guth
in 1987 [4] as the idea of creation of a universe in the laboratory from a false vacuum bubble in
the Minkowski space. An expanding bubble of the de Sitter vacuum generates the Schwarzschild
geometry outside, separated by a thin wall from the de Sitter interior. The global structure of spacetime
in this case implies that the arising of a baby universe must be associated with an initial spacelike
singularity, which evidently represents a singular initial value configuration. Therefore, Farhi and
Guth concluded that the initial singularity would be an unavoidable obstacle to the creation of a
universe in the laboratory [4].

In 1990 Farhi, Guth, and Guven proposed the model with the little initial bubble arising without a
singularity [5]. Quantum effects allow it to tunnel into the larger bubble which disappears beyond the
black hole horizon of an outside observer, whereas on the inside region the bubble would classically
evolve towards a new universe [5]. Independently, the question of a new universe inside a black hole
has been addressed by Frolov, Markov, and Mukhanov in 1989 [6] in the framework of the hypothesis
of the existence of the limiting curvature of the Planckian scale with the equation p = —p, and taking
into account that the existence of the Cauchy horizon implies the absence of a global Cauchy surface.
In 1990, they presented the analysis of a smooth de Sitter-Schwarzschild transition, including the case
of the arising of a closed world in a new universe in the absolute future of the original universe, and
the possibility of a white hole arising [7].

Later, the appearance of a new universe inside a black hole has been considered by Poplawski [8]
in the Einstein—Cartan-Sciama-Kibble theory of gravity with torsion [9], where the spin induces
gravitational repulsion at extremely high densities, which prevents the collapse to a singularity and
provides formation of a de Sitter core and the appearance of a closed universe.

Oshita and Yokoyama [10] studied appearance of an inflationary universe beyond a wormhole
throat, as initiated by a phase transition with symmetry restoration inside a thin-wall bubble around
an evaporating black hole [11]. In this model, the thin-wall boundary of a false vacuum bubble induces
quantum tunneling to a wormhole-like configuration, with exponentially expanding space beyond the
wormbhole throat filled with the false vacuum, interpreted as creation of a new inflationary universe in
the final stage of the black hole evaporation.

The comprehensive analysis of a universe production involving wormholes has been done by
Ansoldi, Merali, and Guendelman [12] on the basis of the causal structure of spacetime and connection
between vacuum decay and inflation, and including the question of creation of a baby universe within
our universe on the other side of a wormhole throat in future particle accelerators [13] or spontaneously.

The above models have also been based on the direct matching of the Schwarzschild and the de
Sitter metrics using the thin shell approach (the global structure of spacetime is shown in Figure 1),
which suggests that the whole dynamical evolution from the equation of state p = p = 0 (the
Schwarzschild sector) to p = —p (the de Sitter sector) occurs within or nearby a very thin junction
layer. The matched metrics typically have a jump at the junction surface [3].

The case of a distributed density profile p(r) smoothly evolving from a large internal density of
the de Sitter vacuum, arising due to symmetry restoration, has been studied in a general setting in [14],
where it was found that solutions describing de Sitter—-Schwarzschild transition belong to the class of
solutions to the Einstein equations with the source term such that

T =T (pr=—p) @

The stress—energy tensor with the algebraic structure (1) describes a spherically symmetric
vacuum invariant under boosts in the radial direction [14], which allows for an extension of the
Einstein cosmological term Agy,, to the spherically symmetric r-dependent cosmological term A, [15].
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In the case of de Sitter-Schwarzschild transition, it connects in a smooth way, the de Sitter vacuum
Ty = (871G) "1 Agyy replacing a singularity at the scale of symmetry restoration to the de Sitter group
in the origin [16,17], and the Minkowski vacuum T}, = 0 at infinity.

Stress—energy tensors specified by (1) generate spacetimes with the de Sitter center [18],
and represent a spatially inhomogeneous and time evolving vacuum dark energy related to spacetime
symmetry (for a review, see [19]). In the spacetime with a nonzero cosmological constant, A, they relate
two de Sitter vacua and describe relaxation of a cosmological constant from the big value, needed
for driving inflation, to a small finite value [20] (for a review [21]). Regular solutions to the Einstein
equations belong to the Kerr—Schild class and describe regular cosmological models and compact
objects generically related to dark energy via their de Sitter interiors—regular black holes, their
remnants, and self-gravitating vacuum solitons which can be responsible for observational effects
related to a dark matter (for a recent review, see [22]).

In Section 2, we outline the global structure of spacetime and the possibilities, additional to
predicted in [5,7], for the arising of universes inside black holes. Otherwise (as it is here) this phrase
does not make the proper sense. The question of baby universes inside a regular black hole is
addressed in Section 3. We present the analysis of the matter content of fluctuations which can provide
the existence of a barrier needed for quantum birth of an open and flat universe. Possibilities for
the quantum birth of an open, flat, and closed universe are compared, and it appears that the most
plausible case is the birth of a flat ((Q = 1) universe. In Section 4 we summarize the results.

2. Regular Black Hole with the de Sitter Interior

The metric generated by a source term specified by (1) belongs to the Kerr-Schild class [23] and
can be written as [14]:

2
ds* = (1 - Rgr(r)) dr? — RO df{g G —7°A0% Re(r) =26 M(r), ©)
O]

where dQ)? is the line element on the unit two-sphere. The mass function M (r) reads:
r
M(r) = 47T/p(x)x2dx. 3)
0
A density profile p(r) should provide the proper asymptotic behavior of R¢(r), including

vanishing as r — oo quick enough to guarantee finiteness of the total mass.

[e0]

(e8]

3¢c?
8Gpy’

M= 47T/p(x)x2dx <00, Rg(r—00) =rg; Re(r—0)= r—z; 3=
"o
0

4)

where pg is the vacuum density at r = 0. In [14], the exact analytic solution has been found for the
density profile p(r) = pgexp (—12/ r(%rg), representing vacuum polarization in a spherical gravitational
field estimated in the frame of a simple semiclassical model [17,24].

The spherically symmetric vacuum specified by (1) belongs to the Type I in the classification given
by Hawking and Ellis [25]. For any source term T),, satisfying the weak energy condition T, u¥u" > 0,
for a timelike vector u?, the density profile decreases monotonically (dp/dr < 0 everywhere), since the
weak energy condition holds for p > 0, p+ px > 0 (k =1,2,3) [25].

The equation of state for the radial pressure follows from the algebraic structure of Ty, (1), and the

tangential pressure p, = —T§ = —T$ is calculated from the conservation equation T}, = 0, yielding

d
pr=—p(r); pL=—p(r)— % ’;(:)- ®)
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Within the range of masses M > M,,;, where M_,;; corresponds to the double horizon, the de
Sitter-Schwarzschild geometry (2) describes a regular black hole with the de Sitter interior [14,24],
called a A black hole (ABH) in [26]. For M > M,;; spacetime has two horizons, an event horizon
r = r4+ and an internal Cauchy horizon r = r_. The global structure of spacetime is shown in Figure 2
(right) in comparison with the Schwarzschild spacetime (bottom-left).
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Figure 2. Penrose-Carter diagram of spacetime for a regular black hole.

It contains an infinite sequence of black and white holes (BH, WH) whose singularities are
replaced with the future and past regular cores RC asymptotically de Sitter as r — 0, and
asymptotically flat universes U/ [24]. The Penrose—Carter diagrams in Figure 2 are plotted in coordinates
related to the photon radial geodesics. The surfaces 7~ and J ' represent their past and future
infinities. The horizons r = r; and r = r_ are formed by the outgoing and incoming radial photon
geodesics (the null generators of horizons). Static observers can exist in the R-regions RC (0 <r < r_)
and U (r4 < r < oo0). For observers moving along radial timelike geodesics (the Lemaitre observers in
Figure 2) the whole regions 0 < r < co are available.
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It is known that a white hole can be described as a cosmological model (see, e.g., [27]). In the case
of a Schwarzschild white hole it includes the spacelike singularity r = 0, entirely open for outside
observers (Figure 2, left down); for this reason the existence of white holes (in a singular version) has
been forbidden by the cosmic censorship [28].

Replacing a Schwarzschild singularity with the de Sitter center transforms the spacelike singular
surface r = 0 in the past of a (singular) white hole, into the timelike regular surface r = 0 (Figure 2,
right), and rehabilitates a white hole in its regular version [26].

A cosmological model related to a regular white hole (segment RC, WH, U in Figure 2, right)
belongs to the cosmological models of the Lemaitre class with the de Sitter origin (for a review [21]).
The regular white hole (more precisely its RC region) models the initial stages of a regular cosmology
with the initial inflationary stage [26].

It is evident that a new universe inside a regular black hole can emerge in any of an infinite
number of BH regions with the de Sitter vacuum in their interiors. Geodesic structure of the de
Sitter-Schwarzschild spacetime shows [29] that the possibility of traveling to other universes through
a black hole, reported for the Reissner-Nordstrom and the Kerr geometry ([30] and references therein),
does exist in the case of a regular black hole with the de Sitter interior [29].

In the next Section, we estimate the probability of the arising of a closed world in the future of a
black hole (as proposed in [7]) in the spacetime with the global structure shown in Figure 2 [26]. We also
consider the additional option of a multiple quantum birth of open and flat causally disconnected
universes from the initial quantum fluctuations arising in the RC regions.

3. Birth of Universes Inside a Black Hole

In the general case of a A black hole with a distributed density profile and global structure
of spacetime shown in Figure 2, the region near the timelike de Sitter surface r = 0 is part of the
regular core RC, and can be considered as a small spherical bubble with the de Sitter vacuum trapped
inside [17], which can be a seed for the quantum birth of a closed universe. The global structure of the
de Sitter-Schwarzschild spacetime enables the arising of a closed world in any of an infinite number of
BH structures in the future of a black hole in the original universe. This case is illustrated by Figure 3,
left [26].

Global structure of spacetime for the regular black hole provides additional possibilities related
to instabilities of the de Sitter vacuum with respect to the quantum birth of a universe from
nonperturbative quantum fluctuations of the metric [31-38].

The regular cosmological model for a universe born from a quantum fluctuation in de Sitter space
and evolving from the de Sitter stage to the radiation-dominated stage has been proposed in 1975
in [39], where we also noticed the possibility of the multiple birth of causally disconnected universes
from the de Sitter background. In 1982, a similar possibility has been studied in detail by Gott III as
the creation of open FLRW universes in the quantum barrier penetration in de Sitter space, taking
into account the Gibbons-Hawking radiation from the de Sitter horizon [40]. The case of the arising
of open universes from the de Sitter vacuum is illustrated by Figure 3, right: The events E and E’ are
creations of the causally disconnected universes. The curved lines are the world lines of co-moving
observers. At the spacelike surface AB, the phase transition occurs from the inflationary to the radiation
dominated stage [40].

In the case of a regular black hole, the region ECB in Figure 3, right corresponds to the region
‘RC; in Figure 2, right; and the region BFD corresponds to a part of the region RC,. The regions RC;
and RC; in the de Sitter-Schwarzschild geometry are causally disconnected (they can be connected
by spacelike curves only). Birth of an open (and flat) baby universe inside a regular black hole RC
can occur in some of the infinite number of RC regions inside a A black hole [26], and looks as in the
picture shown in Figure 3, right.
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Figure 3. Left: Quantum birth of a closed universe inside a A BH; Right: Penrose—Carter diagram [40]
for the case of quantum birth of an open or flat universe.

In quantum cosmology, a nucleating bubble can be described by a minisuperspace model of the
Wheeler-DeWitt formalism, in which the quantum state of a universe is described by a wave function
Y(gik(x), ¢m(x)], defined on the superspace of all 3-dimensional geometries g;x(x) and the matter
field configurations ¢, (x) [41-44]. The wave function of the universe satisfies the Wheeler-DeWitt
second-order functional differential equation HY = 0. For minisuperspace models, which have a
finite number of degrees of freedom, derivation of the Wheeler-DeWitt equation from a path integral
approach has been presented in [45,46].

The Friedmann equation in the conformal time ady = cdt, where a is the scale factor, reads

da\* 8nGpa* 5
() =T ©

where k = 0, 1 is the curvature parameter. The procedure of quantization [32,35,45,46] gives the
Wheeler-DeWitt equation in the minisuperspace for the wave function of an arising universe [32,45],
which can be reduced to the Schrodinger equation [47]

n d%y mpc® (5 8nGpa*
— T =0; = -2 ), 7
omp da2 ~ @Y =0 U@ =5 (k“ 3c2 ) @

The case of the arising of a de Sitter vacuum bubble in the Minkowski space, considered in [4,5],
corresponds to the birth of a closed world from “nothing” [32,34], distinguished by the fact that its
total energy is zero [27]. The minisuperspace model has two degrees of freedom—the scale factor and
a homogeneous scalar field. A wave function satisfies the equation (7) and describes a tunneling from
“nothing” to a de Sitter space, followed by an inflationary scenario. The potential in (7), appropriate for
the arising of a closed world due to the existence of a barrier in the case of the positive curvature k = 1,

has the form ) A
mpic= (5 4

U(a) = (a - ) 8)
212, r3
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and is shown in Figure 4, left. For the birth of a closed universe from “nothing” with the potential (8),
the penetration factor is given by [5,26,47]

Dy —exp |- 2( 10 q_ _2 10 9
1= p 3 lPl —exp 3 ()

where the numerical estimate is given for the GUT scale Egyt ~ 1015GeV.

Inside a regular black hole with the interior de Sitter vacuum, its instability to nonperturbative
quantum metric fluctuations can result in the quantum birth of a universe in some of the RC regions
in the absolute future of an observer in the original universe. To calculate and compare probabilities
for the birth of an open and flat universe, we have to extend the matter content to ingredients which

can provide the existence of a barrier in the case of the negative (k = —1) and zero (k = 0) curvature.
In the Equations (6) and (7), the density for each matter component evolves with a as [47]
3(14w)
’
o = poBu (;) : (10)

where w is a factor in the equation of state p = wp. To estimate the probability of a quantum birth of
a new universe in a A black hole, we consider an initial quantum fluctuation which contains some
admixture of radiation with p = p/3 and strings with p = —p/3. In this case the total density in the
initial fluctuation is [48]

2o
P:PO+P0<BSHZ+B7a4>/ (11)

where B; and B, refer to the strings and radiation contributions in the Equation (7) [48].
Equation (7) can be written in the form [47]:

n? o d%y
Ympy daZ [U(a) — Elp =0, (12)
where the energy E, related to the contribution of radiation in the density (11), and the potential U (a)
in (7) for this case are given by

2 4 2
My C a B, (19
U(a) = L~ |(k—Bs)a> — = |; E==-L( ) Ep. 13
@ =" (e B~ ]s E= 5 ({2 ) 13
p
The key point is that a matter component with p = —p/3 contributes to the curvature term, in

particular, a matter with the negative contribution B; (for example, strings with a negative deficit
angle) mimics the positive curvature behavior and provides the appearance in (7) of a barrier, in the
cases k = 0 and k = —1, which makes the quantum birth of an open or flat universe with a non-zero
energy in a tunneling event possible [49]. This case is illustrated by Figure 4, right [47,48].
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Figure 4. Left: The potential for the case of the birth of a closed universe from “nothing”, Equation (8).
Right: The potential for the case of the birth of a universe with a nonzero energy, Equation (13).
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Energy levels in the well are quantized [47,48] in the WKB approximation [47,50]

2 [ \f2mp (Bx — U(a))da = 7h(n +1/2); By = Ep/k— Boln +1/2). (14

The probability of penetration through the potential barrier reads [50]

D:exp<—;|/ﬂf2\/2mpl[E—U(a)]da|>. (15)

This determines the probability of a tunneling, which describes the quantum growth of an initial
bubble on its way to the classically permitted region. This formula, obtained in the frame of the
Wheeler-DeWitt equation [26], coincides with the result obtained in the Euclidean approach [32,35,45]
for the tunneling probability with the WKB wave function for the Euclidean Action written in the
imaginary time in the Euclidean domain [35].

For the case of an initial fluctuation containing radiation and strings, Equation (13)

2
D, = exp [2 (”’) (k—Bs)¥2+ (2n+1) +1, (16)

3 \Up

where I < 1072(2n + 1), and analysis of the Bohr-Sommerfeld formula (14) near the maximum of the
potential U, gives the general model constraint on 7 [48]

2
ni ko EoBP) <r°> . (17)
2 /2 Ipi
The observational constraint on the model parameter (k — Bs) is needed to estimate the probability (16),
for example by AT/T < 1075, as in our Universe, restricts the parameter (k — B;) within the narrow
range of around 10~ [48]. Choosing some value from an admissible range, e.g., (k — Bs) ~ 3 x 107°,
we find three possible cases for the matter content of the initial fluctuation in the quantum birth of a
universe [48]:

(1) A closed universe, k = 1; Bs ~ (1 —3 x 10’6), born in the presence of strings or some other

quintessence with p = —p/3, whose density ps is comparable with the density of the de Sitter vacuum
po in (11).
(2) An open universe, k = —1; B; ~ —(1+3x 10’6), born due to the presence of strings with

p = —p/3 and the negative deficit angle, whose density p, is comparable with py.

(3) A flat universe, k = 0; B ~ —3 X 107%, born from initial vacuum-dominated fluctuation due
to the small admixture of strings with the negative deficit angle and the density ps < pg. This case is
favored by the fact that the strings content is very small.

The probability of the birth of a universe with a non-zero energy E, from an initial fluctuation
with the presence of strings is estimated as [48]

D3 = exp (; X 107) (18)

for all values of k. It appears substantially bigger (also in the case of the closed world with k = 1) than
the probability of a quantum birth of a closed universe from “nothing”.

The most plausible case is the birth of a flat ((Q = 1) universe distinguished by the fact that, in
this case, the very small admixture of strings is sufficient.

Let us note that the existence of an infinite number of RC regions in the future of a ABH enhances
the probability of arising baby universes inside it.
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4. Conclusions

The models with the direct matching of the Schwarzschild metric outside with the de Sitter
metric inside correspond to the direct birth of a closed universe inside a black hole (Figure 1). In the
general case of the de Sitter—-Schwarzschild geometry with a smooth transition to interior de Sitter
vacuum inside a black hole, the global structure of spacetime contains an infinite sequence of black
and white holes with their future and past regular cores RC asymptotically de Sitter as ¥ — 0, and of
asymptotically flat universes I/ in the future of a regular black hole (Figure 2, right). In this spacetime
a quantum birth of a closed universe means closing this sequence in some of BH regions in the future
of the original black hole (Figure 3, left).

In the case of a regular black hole with the de Sitter interior, the global structure of spacetime
provides also the possibility of the multiple birth of flat and open causally disconnected universes
in the RC regions (Figure 3, right), arising from initial fluctuations which contain strings with the
negative deficit angle leading to the appearance of a potential barrier needed for quantum tunneling.

To evaluate the contribution of strings in calculating the probability of tunneling, we take into
account decay of the inflationary vacuum into radiation within a nucleating bubble. Presence of
radiation in the initial fluctuation corresponds to the quantum birth of a universe with a non-zero
quantized energy, which is related to the strings content within an initial fluctuation. The observational
constraint on the temperature anisotropy (known for our Universe) provides the restriction on the
contribution of strings.

The probability of quantum birth of a universe is much bigger in this case than the probability
of the birth of a closed universe from "nothing", for all three cases including an open, flat, and
closed universe.

We compare different possibilities and show that the most plausible case is the birth of a flat
universe (0 = 1) from an initial quantum fluctuation with a very small (of the order of 10~°) admixture
of strings with the negative deficit angle.

The probability of the quantum birth of baby universes inside a A black hole is not negligible, due
to the existence of an infinite number of the appropriate RC regions inside a particular ABH. All this
makes it possible to speculate (at least not exclude) that our Universe could be located inside some
regular black hole with the de Sitter interior.
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