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Abstract: This paper considers non-singular black holes. It discusses the observation of particles
falling onto ordinary and non-singular black holes from the perspective of a distant observer. It is
demonstrated that, during a stage in the evolution of non-singular black holes, powerful energy
fluxes can be emitted. Distant observers may interpret these fluxes as white holes.
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1. Introduction

About 50 years ago, on the basis of an analysis of Einstein's equations, Novikov showed that in
the universe, along with black holes, radiation from which is impossible, there must be white holes,
which cannot be reached from outside (Novikov, 1963, 1963; Frolov and Novikov, 1998). Moreover,
pure black holes or pure white holes cannot exist. In other words, all matter drawn into a black hole
splashes out either into the neighboring universe, for which it is white, or a so-called wormhole is
formed - a bridge along which matter drawn into a black hole from one area of the universe splashes
out through a white hole into another. In the astrophysical community, quasars (Frolov and Novikov,
1998) and powerful short-lived bursts of gamma radiation (Berman, 2007; Retter and Heller, 2012)
are considered as candidates for a white hole. The question of the existence (or rather the possibility
of detection) of white holes is open, since at the edge of the event horizon of a white hole, the density
of matter should reach such a high value that black holes should form, which "eat" the matter flowing
out of the white (Eardley, 1974).

In (Shneider and Pekker, 2021), we proposed a cavitation model of the inflationary stage of the
Big Bang. In this model, following the work of Guth (Guth,1981), the effect of the cosmological A-
term is considered as a source of negative pressure acting in the region of a false vacuum, in which,
because of the tunneling phase transition, bubbles of the physical vacuum appear, in which the
cosmological constant is equal to zero. This process is similar to the tunneling regime of transition to
cavitation in cryogenic liquid helium in the region of negative pressure (Shneider and Pekker, 2019).
The cavitation model of the inflationary stage (Shneider and Pekker, 2021) makes it possible to
explain the homogeneity and large-scale isotropy of the universe without generating unrelated space-
time universes and to explain the large-scale cellular structure of the universe.

In (Blau, Guendelman and Guth, 1987; Gal'tsov and Lemos, 2001; Pekker and Shneider, 2021)
were shown that within the framework of the general theory of relativity, there are no solutions in
which there is no matter on the border of the false and physical vacuums. In other words, when
bubbles of physical vacuum (empty space) are formed in a false vacuum, there is always a narrow
region of gravitating matter at their interface. As shown in (Pekker and Shneider, 2021), under certain
conditions the formation of event horizons arises at this boundary (Frolov and Novikov, 1998). As
shown in (Pekker and Shneider, 2021), bubbles of the physical vacuum displace the false one in a
finite time, so that the exponential (inflationary) expansion of the universe smoothly turns into the
usual expansion predicted by Gamov (Gamov, 1946). It is possible that with the formation of bubbles
of a physical vacuum in a false one, structures can be formed in which the false vacuum is inside a
shell of gravitating matter. In this case, singular-free black holes described in (Guth,1981) can arise.
The difference between singular-free black holes with a false vacuum region inside and singular-free
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holes considered in (Dymnikova 2001,2019) is that the absence of a singularity in the latter is
associated with a specific density distribution of gravitating matter.

Part 2 contains the equations for nonsingular black holes. Part 3 considers the passage of particles
through the horizon from the perspective of a distant observer. We show that, in this frame of
reference, the wave properties of particles approaching the horizon begin to play a dominant role.
This allows us to estimate the time it takes particles to pass through the event horizon as observed in
a distant reference frame. Part IV generalizes the results of Part III to particle motion in the field of a
singular black hole. Part V considers the accretion onto nonsingular black holes and the resulting
radiation.

2. Mathematical Model of Non-Singular Black Holes

Consider the space-time metric in the frame of reference associated with the center of a
spherically spherical false vacuum drop surrounded by a true vacuum. As in (Mazur and Mottola,

2002), the transition region at the border of the false and physical vacuums will be considered in the
De Sitter metric. In accordance with (Landau and Lifshitz, 1975), the expression for the interval ds in
the centrally symmetric case in terms of the variables ¢, r, and 6, ¢ has the form:

ds? = eVc?dt? — etdr? — r%2(d6? + sin®0d¢?). D
In accordance with (Shneider and Pekker, 2021), equations in dimensionless variables for
singularity-free black holes with drop of false vacuum inside has form (Figure 1):

X—Ry
—1_L & ,-? 2
A=1-— f_SR* eV dy, 2
xR, xR,
0 — — L (& oy |2 [ 5 e

TS =n. (1 = f_S_R* e dy)ﬁ & e Y dy, 3)

2 _ o 4 X(dTp _ dA
Ta= T*O + 2 ( dx dx )’ (4)
oo = e =1 -~ [Fx*(Th — A)dx, &)

= A qo 8167 gy _8RGT v 1 _ 86N p _Rig 8

A* - AO’ *0 — c4 AO’ T*Z - c4 Ao X = To s TO - \/A_O’ n* - c4 AO, R* - To’ 6* - To' (6)

Where A, is the value of the cosmological constant at the center of the false vacuum bubble,
T9, T? are energy-momentum tensor coefficients associated with gravitating matter at the edge of
the false vacuum bubble; other values T} = 0; G is the gravitational constant, ¢ is the speed of light
in vacuum, Ry is the false vacuum drop radius, § is the transitional layer, where there is a mixture
of false and real vacuum (Figure 1), goo is the coefficient of metric tensor in (1). As in (Shneider
and Pekker, 2021; Pekker and Shneider, 2021; Dymnikova 2001, 2019), we set v = —A.

Empty real vacuum A drop of false vacuum,
A — constant

d — transition layer,
mixture false with
real matter
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Figure 1. Schematic representation of a false vacuum droplet in a gravitating environment. Note that this
distribution is similar to the hypothetical gravastar objects, which are an alternative to black holes (see, for
example, Mazur and Mottola, 2002, 2004).

For case R, » §,, we get an approximation expression for goq as follows:

L [x<R 1+ §x2
Joo =€ T SR 1- (ar28.. - )X
1 )
x <R, —ln (1 + ;xz)
A= -
x>R, —In (1 - (aRf&,n* - R?*) i)
Where
a=[0 (1-%[, e dy) (£, e dy) dx = 0.3989. ®)

It should be noted that asymptotic (7) for goo coincides with the asymptotic obtained in (Mazur
and Mottola, 2002). Figure 2 shows the dependence of gy, on x for 1, = 30, when gy, > 0 for all
values of x and for n, = 100 (60), when there is an interval of x values, where g, < 0. Vertical
lines 1 and 2 correspond to event horizons, where goo = 0. Since a singular-free black hole is
characterized by the presence of two event horizons, it corresponds to the dependence g, in Figure

2(b).
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Figure 2. Dependence ggo =1 — %foxyz(T*OO — A)dy. Plot on figure (a) corresponds to 1, =30; R, =1, 8. =
0.1. Plot on figure (b) corresponds to n, =60, §, = 0.1, R, = 1. Vertical lines 1 and 2 show the values of x
in which gy, change sign, event horizons in a singularity-free black hole. Horizontal lines correspond to

goo =1 and gy = 0.
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3. Passing Through the Event Horizon of a Classical Black Hole

One problem in modern cosmology is that, according to a frame of reference associated with a
remote observer, the time it takes matter to fall through the event horizon is infinite (see Landau and
Lifshitz, 1975, for example). Since the universe has a finite lifetime, we can conclude that a black hole
can contain only matter that participated in its formation. Thus, from the perspective of a distant
observer, matter accreting onto a black hole should accumulate near the event horizon, causing its
density to approach infinity. On the other hand, in the frame of reference associated with a body
falling onto a black hole, as it approaches the event horizon, the particle velocity tends to the speed
of light (and not to zero as in a remote frame of reference) and the time of its penetration beyond the
event horizon and further fall into a singularity, of course (Landau and Lifshitz, 1975). The
contradiction between the finite time of penetration of particles under the event horizon in the frame
of reference, associated with the falling body, and infinite in the remote frame, within the framework
of the General Theory of Relativity, cannot be resolved.

Consider a body falling on a black hole, observed from a remote point where the gravitational
field of the black hole can be neglected (Figure 3). If at the initial moment of time the particle is at the
point with the coordinate 7, from the center of the black hole and its velocity is equal to zero, then
the time of its motion to the point r is determined by the equation (Landau and Lifshitz, 1975):

80 To dr To dr
ct = —f =
mc?2Jr 2\ 2 1/2  goo(™) 1/2 > 9
goo(r)((g_oz> —goo(‘f')> gOO(r)(l goo(?’o)) ©)
mc
E. = mCZ\/goo
0o — > (10)
,1—1}% /c?
where v, = Lo L - X s the particle velocity measured over time in the frame of
dt Joodt Voo
reference associated with the particle, c is speed of light. &, in (10) is constant, independent of the

Tg

h _26M .
" , W ererh—c—z—ls

position of the particle. In the vicinity of the event horizon gy, (r) = (1 -

the radius of the event horizon, and at the particle stopping point v, =v =0, gge(ry) = 1 — :—g.
[

Accordingly:
1/2
- _Ig To dr
Ct~(1 TO) S N (11)

From (11) it follows that for r close enough to r;, t changes as:

t="2n (T—") : (12)
c r—Th
and the velocity changes as:
Cc
V= (r—m,). (13)

From (12) and (13) it follows that in a remote frame of reference the velocity of the body tends to zero
when approaching the event horizon, and the time of approach tends to infinity.

horizon

)

Black Hole

S|
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Figure 3. Black Hole. 1 - a frame of reference associated with a remote observer; a red circle shows a particle
moving towards the black hole with a velocity v in the frame of reference 1; 2 — a frame of reference associated

with a moving particle. 1}, is the radius of the event horizon.

Now let's make some general comments. Firstly, we cannot connect the frame of reference with
an electron or any other elementary particle, since its velocity in it is equal to zero, and this means
that the position of the particle is uncertain due to the Heisenberg uncertainty principle Ax~h/Ap.
Secondly, as the particle approaches the event horizon, its velocity in the remote reference frame
tends to zero and the wave properties begin to play a role.

Consider, for simplicity, a single particle approaching the horizon. According to the uncertainty
principle:

2
mc cm(ro—r —
mv|r — | =;(r—rh)2 =%e 2¢t/Th ~ p, (14)

where h is the Planck constant.

From (14) it follows that when the distance of the particle to the event horizon becomes of the
order:

h
or = (r —m)~ /:nLc =4 rh/lcompt 5 (15)

and its velocity, accordingly, decreases to the value:

e [eomet (16)
Th
the particle is equally probable to be both behind the horizon and below the horizon. In (15) and (16)
Acompt = % is the Compton particle length. Thus, in a remote frame of reference, mass particles must
approach the event horizon at a distance of the order of 6r~m to be captured by a black hole.
Substituting (15) into (12), we find an estimate for the time of passage of a particle through the
horizon:

t~™in (r—") + ™ n (r—h) = t,, + ty. 17)

c Th 2c Acompt

In (17), t,, = iy (T—") is the times related to the initial position of the particle, and t, =

Cc Th

;—’;ln (lr—“) is not. For an electron Acpmpre = 410713 m and for a proton Acompep = 210716 m.
compt

Accordingly, for a black hole with an event horizon radius r, = 3 - 10° m, which corresponds to the
mass of a black hole equal to the mass of the sun, for a proton t, =2.1-107* s, v = 0.08 m/s, r =
7.7 -1077 m, and for an electron t, = 1.8-107* sand v =3.5 m/s, 6r =3.4-107° m.

Thus, in a distant frame of reference, mass particles must approach the event horizon at a
distance of the order of 6r~\/m to be captured by a black hole.

Let us compare the mechanism described above, of a particle captured by a black hole due to

quantum mechanical “jitter” of the event horizon (Frolov and Novikov, 1998). In accordance with
2

(Frolov and Novikov, 1998), the fluctuation of the event horizon position is 6rh~i—’;, where [, =

(hG/c®)/? ~ 1.6 - 1073% m is the Planck length. For 7, = 3-10° m we get §7,~8.6 - 10~7*m. That is,

a particle must approach the event horizon at a distance of 8.6-1077*

m to be captured by a black
hole. This distance is 59 orders of magnitude less than the classical radius of an electron and 58 orders
of magnitude less than the radius of a proton. However, in accordance with (12), the time of
movement of a particle until it crosses the horizon differs only by an order of magnitude from
estimate (17) for an electron and a proton:

t~2n (r—") =" (r—") +™n (T—h) = t,, + tor,. 18)

c or c Th c 6T
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For 1, = 3-10° m, tg., = 1.7-107%s.

The use of quantum mechanical properties of particles for their passage through the event
horizon was first considered by Hawking (Hawking, 1975). Note, that it is shown in (Scully at all,
2018) that atoms falling into a black hole emit radiation which looks to a distant observer much like
Hawking radiation, but this radiation is different.

Since the Compton length of a particle depends on its mass, let us show that even before the
body approaches the horizon at the distance of the Compton length of an electron, it disintegrates
into elementary particles.

It is known (see, for example (Misner, Thorne and Wheeler, 1973; Luminet and Marek, 1985;
Kostic at all, 2009)) that when any bodies approach a black hole, tidal forces f;~1/(r — 1), act on
them which leads to the destruction of any objects, down to atoms and molecules, approaching
sufficiently close to the black hole. Let us estimate the distance to the event horizon at which
ionization of atoms begins and compare with the distance at which the capture of electrons and
protons by a black hole occurs.

In accordance with (Landau and Lifshitz, 1975), the force acting on a particle in a constant
gravitational field has the form:

2 2

f _ ___mc 1 d9goo ,_ __mc (19)
9 J1-v?/c?2g00 Or 2(r=rn) ’

In (19), we took into account that in the frame of reference of a remote observer, the particle velocity

near the event horizon is close to zero. Substituting in (19) the value r —r; from (15) we get:

mc?

fg T 2TgAcompt ’

The force acting on an electron near the horizon of a black hole with 7, =1 mis f;, = 3.31- 1012

(20)

eV/m, and on a proton, respectively, f;, = 3.3-10'® eV/m. Let us estimate the tidal forces acting on
particles near the event horizon. Differentiating (19) with respect to r, we obtain:

dfg _ mc?

or S @)

Accordingly, the work A, performed by the gravitational field to separate charges in an atom can be

. _
estimated as A, = 3

. a?, where a is the size of the electron's orbit. Hence,

mc?

2
~ ——a“~I. 22

9 Z(r—rg)z (22)
where [ is the ionization potential of the atom. From (22) we find the distance to the event horizon
at which the atom is ionized:

(r— rg)~a m2_c12 (23)
Substituting in (19) a = 1078 m, I =13 eV, mc? = 500 keV, we obtain for the hydrogen atom,
7 —13~4.5-1072 m > Acompte- In the case of molecules, it is obvious that molecular bonds will break
down long before ionization.

Let us make a similar estimate for the atomic nucleus. Since the maximum binding energy of a
nucleon in the nucleus does not exceed 9 MeV, the self-energy of a neutron is 930 MeV, then
substituting in (23) I =9 MeV, Mc? = 930 Mev, a~2-107%5 m, we get (r —15)~10"" > Aompep-
In other words, the nuclei will decay into individual nucleons before the nucleons, due to quantum
properties, cross the event horizon.

4. Particle Motion in the Gravitational Field of a Non-Singular Black Hole

Figure 4 shows the dependence /gq(x) for positive values of goo. Let's consider Figure 4(A).
Line 1 corresponds to a transit particle, its energy at infinity is finite E,, = mc?/{/1 —v?/c? > 0; line

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2 corresponds to the particle reflected by the barrier [, its energy at infinity E,, also greater than zero;
line 3 corresponds to a particle with zero energy at infinity E,, = 0; line 4 corresponds to the particle
trapped in well II, % <0.

Now let's turn to the non-singular black hole, which corresponds to Figure 4(B). If there was no
region in which gy < 0, then all our reasoning related to particles 1, 2, 3, 4 in Figure 4(A) could be
attributed to particles in Figure 4(B). The question is: is the time of movement of particles finite
through the region of negative values g, in the reference frame of the distant observer (where gy, >
0) or not?

0.9+

D

12
00
~

9

0.8
0.7 0

0.6

0.5 T

1.2 1

0.8 1

112
Y00

0.6

0.4

0.2 4

0.0

X

(b)
Figure 4. Dependence of m on x. Plot on figure (a) corresponds to n, =30; R, =1, §,. = 0.1. Plot on
figure (b) corresponds to 7, = 60, 8, = 0.1, R, = 1. Horizontal lines 1-4 correspond to different values of &,
(10). The points of intersection of lines 1-4 with curves \/go, correspond to the points of reflection of the
particles. I and II are wells. The dotted line shows horizon as on Figure 2. Line 1 corresponds to a transit
particle, its energy at infinity is finite E,, = mc?/ \/TZ/CZ > 0; line 2 corresponds to the particle reflected by
the barrier I, its energy at infinity E,, is also greater than zero; line 3 corresponds to a particle with zero energy

at infinity E, = 0; line 4 corresponds to the particle trapped in well II.

The time of passage of a particle through the event horizon for a singular black hole t, =

;—’: In ( 1 Th ), obtained above in Section I1I, is also valid for non-singular black holes. Let us find the
compt

time spent by the particle in the region of negative values of gy,.
Figure 5 shows the motion of a particle along the trajectory0 -1 —2 — 3.
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Figure 5. Particle motion in the well. Points 0 and 3 correspond to the coordinates of the stopping of particles,

points 1 and 2 to the event horizons. 7. = 60, §, = 0.1, R, = 1.

Points ry and r; correspond to stop points, points 7, and 1, correspond to the positions of the
event horizons. Obviously, the time of motion of a particle t,; from a point with a coordinate 7, to
a point with a coordinate r; + 81y, 61y = m and the time of motion of a particle t,; from
point with coordinate 1, — 87, 67, = \[AcompeT> to a point 73 is finite, since in these regions g,

is finite and is greater than zero (9), and at the stopping points 1 — G0 ) ~|675|*/2, where 87, is the

Foo(ro)
distance to the stopping points. The time of particle motion in the region limited by the event horizons
is also finite, since goo(r) in the interval (r; — 61,1, + 81,) is limited, and 1 <1 — 5L((:)) —
oo\"o
ZLEZ*;, 1, is the coordinate of the minimum of the function gyq (7).
oo\’o

We see that the dynamics of particles falling on a singular-free hole does not actually differ from
the dynamics of particles falling on a fake vacuum drop with a gravitating shell without horizons.
Figure 6 shows the dependence of the time of particle motion on the radius of the event horizon

from point 0 to point 3 and back, (8"7::;2) K1, goo(ry) « 1 (Figure 5).
107" 5
102 5 1
2
@,
107
10 — ————
10* 10°
ry[m]
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Figure 6. Dependence t;_,3.,, on the radius of the first horison, ry.Line 1 for electrons, 2 for protons. 7, = 100,
R.=1, §,=0.1.

As can be expected, at fixed values of 7., R., 8., the time of motion of particles on a nonsingular
black hole grows linearly with its size.

5. Accretion on Non-Singular Black Holes and Radiation

Before we move on to the issue of particle emission from a singular-free black hole, we make
two remarks. The height of the energy barrier I in Figure 3 depends on the distribution of the false
vacuum and gravitating matter at the boundary. Figure 5 shows the dependence of the height of the
energy well barrier I on 6, at 7, = 17, R, = 20, where §, is the thickness of the transition layer. As
expected, the barrier height decreases with increasing 6,. In addition, the accretion of matter onto a
drop of false vacuum with a gravitating shell leads to a decrease in the height of the barrier of well I
due to the filling of well II with the gravitating substance.

Thus, if well is filled with matter, then accretion onto a false vacuum drop with a gravitating
shell should lead to the outflow of matter from the well.

Since at the point of reflection x in the particle velocity is zero, v(x;,) = 0, then:

(Xin)—
0 = metgmCi)  p = 7 = me (TCal T e

Accordingly, for the levels below the edge of the energy well:

2 _ 42
2 (Tin d 219 (Xin 2r0mc Xin A in ¥ 219 V1- y
== r= pdx dx = 27
E hfo 14 f h fo /3+x2 Acompt l 3+xmy_2 ( )

From Bohr's quantization condition ¢ should have integer values. Therefore, if ¢ < 1, then there are
no possible levels in the well. Assuming that 7, is of the order of the Planck dimension ~1073° m,

then for electrons =5-107%, for protons ~ 2o — 10~*° and, accordingly, X, > 1. In this

compt compt
case, we obtain an estimate for &:

27

¢~ Acor:pt Xin In(x). (28)

In accordance with (28) and the Bohr quantization conditions for the n-th level:

Acompt
21y ln(Awm,,t/Zro)

(29)

i ~
X inn =~

In this case, up to a logarithm accuracy, we obtain

— 12 ~ 2 o Lhe 1 9.108
E, =mc /goo(xm_n) X MC Kinn ~ 5= nm(%::;pt)n =~ 2-10°n [Joules]. (30)

Figure 7 shows the dependence of /gy on x for various values of 6,/R,. Energy levels are

indicated by Roman numerals. At % > 0.075, particles atlevel IV are emitted and leave the singular-

less black hole. For x > 2, m grows linearly up to the edge of the barrier with increasing J./R..

Note that, although the energies &, are independent of the particle masses, the reflection points
Xinn are not. This is a fundamental situation, since with a decrease in the depth of the well I, light
particles will leave it first, since the values x;;,, for them are greater than for heavy ones. If the
trapped particles in well I are electrons and protons, then a singular-less black hole is a “quasi-atom”
since the levels for electrons in the m graph lie much higher than those for protons. The
question of the charge of a singular-free black hole, the interaction of trapped particles with each
other, and the effect on the values of the metric coefficients are beyond the scope of this work and
require separate consideration.
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Figure 7. Dependence of /gy, on x. Line 1 corresponds to 4./R. = 0.05,2- §,/R, = 0.075,3- 6./R., =0.1,4
- 6,/R.=0.125,5- 6,/R. = 0.15. n, = 17. Energy levels are indicated by Roman numerals. At % > 0.075, the

particles at level IV are emitted and leave the nonsingular black hole.

6. Conclusions

It has been shown that:

1. When particles in a frame of reference associated with a distant observer approach the event
horizon, their wave properties begin to dominate. This makes it possible to estimate the time it
takes particles to pass through the event horizon when observed in a distant frame of reference.

2. In a frame of reference associated with a distant observer, the oscillatory motion of a particle in
a nonsingular black hole is always limited.

3. As matter is accreted onto a nonsingular black hole, the value of the barrier holding particles
near its center decreases. This leads to the emission of matter from the black hole to the outside.
A distant observer can interpret this radiation process as a white hole.
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