PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: December 11, 2016

REVISED: February 2, 2017
ACCEPTED: February 17, 2017
PUBLISHED: February 24, 2017

Quantum vacuum effects on the final fate of a
collapsing ball of dust

Hessamaddin Arfaei®® and Milad Noorikuhani®

@ Department of Physics, Sharif University of Technology,
P.O. Box 11155-9161, Tehran, Iran

bSchool of Particles and Accelerators, Institute for Research in Fundamental Sciences(IPM),
P.O. Box 19395-5531, Tehran, Iran

E-mail: arfaei@ipm.ir, milad.nk70@gmail.com

ABSTRACT: We consider the quantum vacuum effects of the massless scalar fields that
are non-minimally coupled to the background geometry of a collapsing homogeneous ball
of dust. It is shown that for a definite range of coupling constants, there are repulsive
quantum vacuum effects, capable of stopping the collapse process inside the black hole and
precluding the formation of singularity. The final fate of the collapse will be a black hole
with no singularity, inside which the matter stays balanced. The density of the final static
matter will be close to the Planck density. We show that the largest possible radius of the
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stable static ball inside a black hole with Schwarzschild mass M is given by (ﬁmﬂp) gﬁp. If
the black hole undergoes Hawking radiation, the final state will be an extremal quantum-
corrected black hole, with zero temperature, with a remnant of matter inside. We show

that the resolution of singularity is not disrupted under Hawking radiation.
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1 Introduction

The final stage of the gravitational collapse is associated with the long-lasting problem of
the singularity formation. Although the resolution of singularity is the task relegated to
quantum gravity theories, we show that quantum vacuum effects in a semi-classical con-
text, in certain conditions, are capable of accomplishing this task before quantum gravity
effects become dominant. To this end, we consider a collapsing ball of homogeneous dust
with spherical symmetry and introduce the quantum-originated stress-energy tensor in the
interior and exterior geometries of this collapsing ball. Then, we will be able to predict the
final fate of the collapse.

Classical models for the collapse of different configurations of matter [1-4] usually af-
firm the formation of singularity and, in addition, they can investigate its structure and
visibility. However, to obtain a comprehensive model for the final fate of the collapse and
the formation of singularity, one needs to use theories that include quantum effects. These
theories can be based on quantum gravity or semi-classical models. One of the pivotal
predictions of these models is the resolution of singularity problem. For instance, some ar-
ticles have been devoted to the resolution of the singularity by arguments based on quantum
gravity models [5-11]. In these models the quantum gravity effects will be important and
dominant when the collapsing object approaches the limit that singularity — associated
with strong gravitational fields — appears. These effects cause negative quantum-induced
pressures that by producing repulsive forces can stop the collapsing object from continuing



contraction. This process makes the final fate of the collapse devoid of singularity by pre-
venting the collapsing object from crushing into zero physical volume. In other words, this
prevents the density of matter and relevant scalars of general relativity from blowing up.
The existence of negative pressures in the quantum gravity realm also would have some
secondary outcomes for some realistic matter configurations. An example of such outcomes
is the radiation of the collapsing matter due to the presence of negative pressures [12]. This
causes the shrinkage of the collapsing object due to the radiation of high energy matter
fluxes. Such effects are claimed to result from the formation of naked singularities [13].
These secondary effects and similar ones are considered to provide probable empirical evi-
dences for the indirect proof of some quantum gravity theories [1]. Quantum gravitational
effects can also affect the formation of black hole horizons and Hawking radiation. In [14]
and [15], interesting calculations of quantum gravity effects on the singularity resolution
and the formation of horizon(s) can be found.

Another way of investigating the final fate of the gravitational collapse is using a model
based on semi-classical approaches [16, 17]. One example of such approaches is quantum
field theory in curved space-time. The reason for importance of such models is that the re-
gions in the vicinity of the singularity are associated with strong gravitational fields within
a very restricted volume. These conditions make the (geometry-dependant) quantum field
theory effects an influential factor on the dynamics of the space-time. Therefore these
regions are among the best places for the realization of the predictions of semi-classical
theories. In this paper we use a semi-classical approach to the final fate of a collaps-
ing homogeneous ball of dust by taking into account the vacuum expectation value of
the stress-energy tensor of quantum scalar fields that are arbitrarily coupled to the back-
ground geometry of the collapsing object. In [18], it was shown that for the special case of
conformally invariant fields of arbitrary spin, the quantum vacuum effects are capable of
preventing a collapsing thin shell of matter from reaching the singularity. A bounce radius
at which the collapse of the shell stops and the direction of the movement reverses was pre-
dicted. In this regard, the singularity never forms. Here, we will consider arbitrarily (not
necessarily conformally) coupled scalar fields in the collapse of a homogeneous ball of dust.

Our aim is to show that semi-classical approaches like considering quantum vacuum
effects of the background geometry, are capable of addressing the singularity problem and
even the information loss paradox before the quantum gravity becomes completely domi-
nant. In sections 2, we introduce the basic requirements for calculating quantum-originated
stress-energy tensor and by calculating it in section 3, we will be able to calculate the
quantum corrections of arbitrarily coupled fields on the exterior geometry of the collapsing
object. This is done by solving Einstein’s equations (G, = 82—? (T),,)) for a spherically
symmetric space-time. Next, we calculate the effects of the quantum energy density and
pressure, together with the dust density(matter density) on the dynamics of the interior
geometry of the collapsing ball. Then, we will be equipped with enough tools to smoothly
match the interior and exterior geometries at the boundary to make predictions about the
final fate of the collapse. Section 4 is devoted to this aim. We show that the existence of
the quantum effects in both interior and exterior space-times can create repulsive Casimir
forces which are able to prevent the collapsing object from continuing contraction and



force it to be trapped inside the quantum corrected black hole — that is formed during the
collapse process — in a stable static situation. We show that the largest possible radius of
1
M 3
907 myp ¢

the ultimate stable static ball of dust is given by (
typical initial condition at the onset of the collapse, the density of the matter at the final

p- It is also shown that for a
stable static situation is close to the Planck density and its physical radius will be some
orders of magnitude larger than the Planck length In addition, we show that the curvature
of the interior geometry will be proportional to 7= 5 where £, is the Planck length. It is also
demonstrated that the stability of the ball of dust at the ultimate phase, is attained for a
definite range of couplings.

The final outcome of this model will be a black hole within which the homogeneous
ball of dust stays static with a finite, rather than zero, physical radius, which precludes
the formation of singularity. Thus in this simple model which we have passed over many
intricacies of natural gravitational collapses, we show that quantum field theory effects in
a semi-classical level, have the ability to solve the singularity problem. In section 4 we
also argue that the inclusion of Hawking radiation will have no effect on the prevention of
singularity formation. We will argue that Hawking radiation shrinks the black hole until
it reaches an extremal phase with zero temperature which results in the stopping of the
radiation. In this limit, ultimately, a finite remnant of matter remains balanced inside the
extremal black hole and therefore makes it singularity-free. In addition, as is discussed in
the last section, the existence of non-zero amount of matter within the black hole after
the radiation allows the preservation of a finite amount of information. Potentially it can
alleviate the information loss paradox.

2 Stress-energy tensor of arbitrarily coupled quantum scalar fields

Since our aim is to study the quantum vacuum effects of scalar fields on curved background
geometries, we start with the Lagrangian of the scalar fields which are non-minimally
coupled to the background by coupling to Ricci scalar(R(x)) [19, 20],

1

L= 5l-g(@))? {g" @)@}, @(x) , + [m* + €R(x)] ¥*(x) } (2.1)

where g,,, is the metric of the background geometry and z* signifies the coordinates of
space-time. The equation of motion is,

[O—m? - ¢R(z)] ®(z) =0. (2.2)

here we have O0® = ¢V ,V,® with sign convention: (— + ++).

Lagrangian (2.1) is invariant under conformal transformations g, — Guw = Q*(2)guw
if we have: = % [Z—:ﬂ with n the dimension of space-time. Solutions of (2.2) construct an
orthonormal set and can be canonically quantized with the generalization of the familiar

method in the Minkowskian quantum field theory. The stress-energy tensor reads
1 1 1
V= OhPOV D — igﬂ”af)@ap@ — 5ng?qﬂ +& <R“” — 2g’“’R> P>

+ ¢ g™ 0P ) — 8”8”((1)2)] (2.3)



which with the help of (2.2), satisfies: V, 7" = 0. A useful quantity is the trace of stress-
energy tensor. This trace is already calculated for the special case of conformally coupled
fields (£ = ¢) as trace anomaly [19, 20]. Here we aim to calculate this for arbitrarily
coupled massless scalar fields. Since we are interested in quantized scalar fields, by Taking

the expectation value of the trace of (2.3) and using (2.2), we obtain

() = (35 - ;) 0(8%) — m? (@) . (2.4)

To calculate the quadratic terms in (2.4), one can use Green’s functions like Feynman
propagator,

Gr = i (0] T(8(2)®(x)) |0) , (2.5)

satisfying the equation,
(D—m2—£R) Gr(z,2') = —d(x,2). (2.6)

To find a solution for this equation, we can expand both sides in terms of Riemann normal
coordinates y# for the point x# with the origin at a'" (see for example [21]). Then by
working in the momentum space, we can obtain an expansion that enables us to attain a
relation for the Green’s function in momentum space by equating the same orders of the
powers of Riemann normal coordinates in the both sides of the equation. Finally we can
find the Green’s function in the coordinate space by integrating over all momenta. The
final relation is [22, 23]

N\:

Gp(z,2') = A% /Oodu ~2 exp [—m2u + (%)} F(z,2';u) (2.7)
0

where 0 = o(z,2') = %yayo‘ is the one-half of the square of the proper distance between x
and 2’ and A(x,2’) is the Van Vleck determinant which is defined as [24]

N|=

Az, 2') = —det [-0,0,0(x, 2")] [g(z)g(2")] (2.8)

The Green’s function contains an expansion through function F(x,z’;u) which has the
form

(x,2"5u) Za] z, ') (2.9)

where u has its origin in,

o0

2 —m?2+ie)
FER— m2 i /due (2.10)
0

and (¢ — 0). In fact The equation (2.7) is the generalization of the effective action
method [25] in Minkowski quantum field theory to it’s curved space-time counterpart.
In this method —iu is usually referred to as DeWitt-Schwinger proper time. In the flat



limit where all geometric quantities are zero, ag(z,z’) = 1 and all higher order terms
in (2.9) vanish. Therefore, in this limit, the corresponding term for Green’s function in flat
space-time is reproduced. With the use of Fynmann propagator in (2.5), one can obtain
the quadratic terms in (2.4) as

(@%) = (0| ©(2)®(z) [0) = lim (iGp(z,2')). (2.11)

z—x!

According to the definition, the limit (x — 2’) is identical to y* — 0 and therefore o — 0.
Furthermore in this limit A(z,z) = 1. Using these facts, (2.7) and (2.11), the quadratic
term takes the form

g

<<I>2> = ;13%) —(4%)7% /du(u)721 exp {—m2u + (%)] F(z,x;u)| . (2.12)
0

In this limit the first three coefficients in (2.9) are derived as [19, 20]

ap=1, (2.13a)
1
a; = <6 _ g) R, (2.13b)
1 1 1/1 1/1 2
- By _ _— RBR s— - (= —¢)OR+=(=— 2. 2.1
a2 = 1gq Hass 1g0 et g (5 f) Rty <6 5) R (2.13¢)

The vacuum expectation value for the trace of the stress-energy tensor of arbitrarily
coupled quantum scalar fields is obtained by inserting (2.13) into (2.12), and using the
result in (2.4). In the next section we use this trace to calculate the stress-energy tensor
for the exterior geometry of a collapsing homogeneous ball of dust.

3 Quantum corrections on the geometry of a collapsing homogeneous
dust

The classical model of the homogeneous dust collapse was first proposed by Oppenheimer
and Snyder and independently by Datt in the late 1930s [26, 27]. Here we consider a
similar model and modify it by quantum vacuum effects. In this model the interior ge-
ometry of a spherically symmetric collapsing homogeneous dust is described by a closed
contracting FRW metric. FRW metrics are prevalently used in describing homogeneous
and isotropic universes in cosmology. Since the internal geometry of a spherically sym-
metric collapsing homogeneous object has the similar properties, it can be described by
the same metric. In fact, this point was proved in the early models of spherically sym-
metric homogeneous dust collapse and we can also use it in our model. What we will do
is involving the quantum-induced energy density and pressure in the FRW background
of the inside of collapsing object and investigating their effects on the dynamics of col-
lapse. The exterior geometry which is spherically symmetric will be quantum corrected
Schwarzschild space-time. It is derived by adding the stress-energy tensor of the quantum
fields in the ordinary Schwarzschild background, then solving Einstein’s equations again



with this quantum stress-energy tensor. This helps us to obtain quantum corrections to
the Schwarzschild geometry. This procedure is similar to an iteration method since the
quantum corrections are of order A with higher order terms neglected.

3.1 Quantum corrected exterior geometry

First we derive the quantum corrected exterior metric and after that we will investigate
the quantum effects in the interior geometry. Using (2.4), (2.12) and (2.13), one obtains a
relation for the trace of the quantum stress-energy tensor, namely

1 1 OOdu 2 Oodu 2 1
THY = N S N o7, —mu w8 —miu =t
(1) <3§ 2)( 167T2) (/u2e + e (5 6>R+
0 0
7 1 1 1/1 1/1 2
due™ ™| — RopsR* — —R*Ro5—— (——¢ )| OR+=(=—¢ ) R?
+/ ue (180 pd 180 676 \5 %) PTG ¢
0
1 T d T d 1 7
2 U 2y U 2y —m2u
—i—) +167r2m ( ?e + ;e <£—6>R+/due
0 0 0

1 s 1 1 /1 11 \?
il afys _ _—  pof _Z(z_ il el 2
X (1801%@5751% o B Ra (5 5) DR+2<6 4—“) R>+...> (3.1)

where the terms that are shown by (...) are related to the higher order terms in the

expansion of (2.9) at the limit (x — 2’). These terms are finite in « = 0 which means they
are UV-finite since according to the previous definitions —iu acts like a scale parameter
(DeWitt-Schwinger proper time). In this work we are solely interested in massless scalar

fields. Performing the change of variables m?

u = A in the integrals of (3.1) and taking
m — 0, all UV-finite higher order terms will have powers of m? in their denominators and
thus are IR-divergent. Such divergencies do not concern our present considerations and we

omit them. Since in the Schwarzschild space-time we have: R = R, = 0, (3.1) simplifies to

1

B\ pvy8
(T3) = 5503 Runs BRI (3.2)

It is clear that the final result is independent of the coupling constant £&. Therefore, there is
no difference between conformal and non-conformal field contributions to the renormalized
trace of the quantum stress-energy tensor in the special case of Schwarzschild space-time.
This means that our trace for arbitrarily coupled fields will be the same as the trace
anomaly in this special case. Using RWW;RWV‘; = 48%2 for the Schwarzschild metric and
plugging it into (3.2), results in

(TH) = ——. (3.3)

Having the trace of the stress-energy tensor, we need extra conditions to derive the com-
plete form of this tensor. Spherical symmetry imposes two conditions. One is <T 90 > = (T¥)



and the other is [28]: (7¢) = (I7). A third condition comes from the conservation of

stress-energy tensor (VV (T'™) = 0) which leads to

AF(E) — (T8)) + (I7) — (I s +20f S 17y = 0 (3.4)

where a prime denotes the derivative with respect to r and f = 1 — % Using above
constraints together with (3.3), one can calculate all elements of the stress-energy tensor.

The result is
100 O

1 01 0 0 | M?

™ — _ - . )
T =100 (002 0 | 79 (3:5)
00 0 —2
We assume the general form of the metric to be
ds®> = —e"Bqt? + At gr? 4 r2(d6? + r’sin®0d?) . (3.6)

As we showed before, our result for the quantum stress-energy tensor of the exterior geom-
etry is independent of the coupling constant, and therefore, by putting the stress-energy
tensor (3.5) into Einstein’s equations (R}, — §guR = 8r <T”>), the results will be similar
to the results in [18] for conformally coupled fields. The solutions of Einstein’s equations

0, 2M 0,4t M2
euze—/\:< _ P f_i_ip 24) (37)
my T 45Tmy* r

are easily obtained as

where we have worked in standard units for the final solutions by plugging the Planck mass
my and the Planck length ¢, into relations. Using (3.7), the quantum corrected metric for
the exterior geometry reads

0, 2M 0r M2 0, 2M 0r M2\
e (BB B e (B
my, T 45mmp® T my T 45mmp* T

+r2d0?, (3.8)

in which: dQ? = df? + sin?fdp?. Tt is significant that ggo in (3.8) has two roots, show-
ing the existence of two horizons. One is the outer horizon which is quantum corrected

Schwarzschild horizon o 1 m,

T, P 360r M

Note that we have kept only the linear terms in A. The other horizon which is an inner

(3.9)

one, arises due to the quantum corrections and takes the form

e~ — . (3.10)

Since a (%)% appears in the denominator and % < 1 for ordinary black holes, one can
expand the fraction. In this expansion, the first three terms are of order lower than or
equal to h and higher order terms can be neglected. We will return to these results for the
quantum corrected exterior geometry of a collapsing object in the next section.



3.2 Quantum vacuum energy in the interior geometry

In this part we concentrate on the interior geometry of the collapsing homogeneous dust
described by a contracting FRW metric. Our procedure begins with finding the quan-
tum energy density and pressure of the massless scalar fields in this background. To find
the quantum-induced energy density, we should sum over energies of the modes that are
solutions of the equation of motion (2.2) in a closed FRW background.

A closed FRW background is described by the line element

/
ds? = —c%dr? + mw + R%(r,7)dQ>%. (3.11)

The physical radius of a shell with the proper time 7 and the proper radius r is defined by
R(r,7) = a(r)r (3.12)

where a(7) is the scale factor. k is a positive parameter for a closed geometry which is
defined by k = %. R is the radius of the curvature of the spatial metric which is a 3-sphere
in this case. The physical radius (3.12), can define a proper area for the shells with different
labels of r and 7 as:

C= /ggggtp@dedcp = /Rz(r, ) sin @dfdyp =47 R*(r, 7). (3.13)

In this model, if any shell of the homogeneous ball of dust is crushed into the singularity,
its physical radius and proper area will be zero. According to (3.12), this is equivalent to
saying that singularity for different shells is reached when the scale factor becomes zero. In
our model, the scale factor a(7) is independent of the proper radius of different shells. This
means that, if there is a singularity formation at the final fate of the collapse, all shells will
become singular simultaneously. We discuss this later where we show that the singularity
would never form due to the quantum vacuum effects.

Now for a reason that will be clear later, we pay our attention to a static closed FRW
background where the scale factor is constant. In this background the Ricci scalar is R =
2—’2“. By performing the change of variables vkr = sin y and using (3.12), (3.11) becomes

2 2, 0 (1), 5 2 702
ds® = —c*dr* + T(dx + (sin x)“dQ?) . (3.14)
Using (2.2), the equation of motion will be

(mp g%’;)@ =0. (3.15)

This equation should be solved in the background described by (3.14). The general solution
can be written as
o = Z antmUnim + aTn,l,mU*n,l,m (3.16)
n,l,m
where ay, ; , and aTn,l,m are annihilation and creation operators respectively after quantiza-
tion. Therefore, the vacuum state can be defined as: ay, ., |0) = 0, for any set of quantum
numbers (n,l,m). The modes U, ,, are eigenstates of (3.15), which are calculated as [29]

Unlm = Anlmmlcitll(M)Ylm(eu (p)eiiwnt) (317)



which x = (sin/c) CHL are Gegenbauer functions and Yy, (6, ) are spherical harmonics.

The quantum number n takes the values n = 0,1, 2, ... and the quantum number [ has the
values I = 0,1,...,n for fixed n. The eigenfrequencies are found to be
wnzc\/k: [(n+1)2+65—1] (3.18)
a
The coefficients in (3.17) are calculated by requiring the othonormality relation
(Ua, Ug) = —i / Up U sV hd3z = 64 (3.19)
where « and 3 are sets of quantum numbers (n,l,m). After determining these coefficients,
one can use (2.3) to find the quantum energy density p = — <T(§]> by using (3.16) for ®.
The final relation for the quantum-induced energy density is
hkf3/2 92 Wn
= — 1)"—. 3.20
= gt 2 (320)

We can also calculate the pressure which is defined as p = <T11> The final result is p = % p.
This is reminiscent of the equation of state for radiation and implies that massless scalar
fields act like radiation in the static closed FRW background.

Considering (3.20) and (3.18), the final relation for the quantum energy density reads

hk?c &
p:WZ(n+1)2\/(n+1)2+6§—1. (3.21)
n=0

This expression for quantum-induced energy density is clearly divergent and one needs to
apply renormalization techniques. For example one of the familiar methods is multiplying
the terms of expansion in (3.21) by a damping factor to get

= lim
P= a—0 471'

a42 e " (n+ 1) \/(n+1)2+6.5—1. (3.22)

In this and other regularization techniques, the divergent part which can be regarded as
the flat space contribution is subtracted. The remaining finite term is the result of the
renormalization which in our case takes the form

k2hc
pa =5 f(&). (3.23)
Hence for quantum pressure we have
1 k%he
po=gpu= g 1(6). (324)

Here f(£) is a finite function of coupling constant which is derived after the renormalization.
As an example we use the results in [30] for the renormalization of (3.21) which determine
the values of f(§). The result is shown in figure 1. The important point is the existence
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Figure 1. A plot of f(§) (vertical axis) as a function of coupling constant & [30]. There are
negative values of f(&) for a range of coupling constants which make the quantum-induced energy
density (3.23) and pressure (3.24) negative.

of large negative values of f(£) which make the quantum-induced energy density (3.23)
and pressure (3.24) negative. For the special case of the conformally invariant scalar fields
with £ = }, we have f(£) = W (see [31] for more detail) which implies a positive energy
density. However, according to figure 1, for smaller values of the coupling constant the
quantum energy density and pressure change sign. In the next section we will show that
this negative values for the quantum vacuum energy density and pressure, together with
the quantum corrections on the exterior geometry of the collapsing ball, cause important
effects on the final fate of the collapse. Here we draw the reader’s attention to the fact that
negative energy densities and pressures are not due to negative kinetic energies of ghost
fields but due to the quantum vacuum effects of massless scalar fields. In the next section we
also show that the presence of matter density (p,,) in the collapse process compensates for
the negative values of the quantum vacuum energy density and pressure and makes the sums

Pm~+pq+pq and p,, +pg positive. This implies that the weak energy conditions are satisfied.

4 Quantum effects on the final fate of a homogeneous dust collapse

As we mentioned in the previous section, our scenario for the gravitational collapse of a
homogeneous ball of dust with quantum vacuum effects is taking into account the dynamical
effects of the quantum-induced energy density and pressure, in addition to the ordinary
matter density. To this end, we consider a contracting closed FRW geometry as the interior
space-time and a quantum corrected Schwarzschild geometry for the exterior space-time.
Then we match the interior and exterior geometries to find out the final fate of the collapse.
In this section, we follow this scenario and investigate the role of the quantum vacuum
effects on the resolution of the black hole singularity.

4.1 Quantum dynamical effects in the interior geometry

The interior metric of collapsing homogeneous dust is described by (3.11) with & > 0. The
singularity for a shell is reached when its physical radius (3.12) or basically the scale factor

~10 -



vanishes. Note that the central shell (r = 0) is not regarded as a singular one while the
scale factor is nonzero. In this background, the matter density of the collapsing dust is
given by pp,, which from homogeneity condition takes the form

__ PO
pm="15. (4.1)

In a closed FRW background the quantum energy density and the quantum pressure are

given by ,

b= () 4 T ) (12
and 25

Pe= 33 f& +1et,a,...). (4.3)

The first terms in the right-hand side of both equations are the static space-time contribu-
tions (3.23) and (3.24). The second terms are contributions from the dynamical (contract-
ing) space-time to the vacuum energy density and pressure of massless scalar fields. These
terms can be derived from the calculation of (7)) and (T}) for a closed FRW space-time
with a time-dependent (diminishing) scale factor. A dot denotes the derivative with respect
to proper time 7. I' and II involve terms of order 7—14

The Einstein’s equations for a FRW metric leads to the familiar Friedmann equations.

Using (4.1) and (4.2), the first equation is

2 2
) pO k h a h e _ 2
a —’ya—’y[a%f(f)—kczl“(a,a,...)}—kc =F (4.4)
where we have defined v = % and E is a constant. Using (4.1), (4.2) and (4.3), the
second Fridmann equation takes the form
vpo v [2k%R G g e 3.4 ..
--158-1 [ —f(©)+ STt i)+ 5@ i) (4.5)

With the help of these two equations, one can find the equations for the static scale factor
a = ag (the scale factor of a static background) where a, @ and all other derivatives with
respect to proper time are zero. The result is

hi?
7% + ’Y@f@) = kc?, (4.6a)
PN F&) =o0. (4.6b)

a2~ age
Now before evaluating ay we note that the equation (4.4) is like a classical relation for the
energy conservation in which the first term in the left-hand side acts like a kinetic term,
the next two terms resemble the scale-dependent and the last term acts like a complicated

velocity-dependent potential. The right-hand side is like the total amount of the conserved
energy. First we look at the scale-dependent potential which is described by

£0 k2h
Ua) = —~20 _ 27
(a) = —v i by

f€) (4.7)

- 11 -



If we require the above potential to have a stationary point at ¢ = ag, we should have:

51{5((:) = 0 at this point. Using (4.7), this condition implies

2

1 4 2 f(€) =0 (18)
which is the same (4.6b). This means that the point a = ag, which is regarded as the scale
factor of a static background, will be the stationary point of the scale-dependent potential
regardless of its value. With the help of (4.6a) and (4.6b), two unknown parameters can be
determined. One more parameter should be chosen conventionally. We have two different
choices. One is to choose a convention for k and determine ag and pg and the other is
to choose an arbitrary value for ag and determine k and pg. Both choices are physically
equivalent. We follow the latter choice and set ag = 1 and determine k£ and py accordingly.
Note that according to (4.1), for ag = 1 we have: p,, = po, which means by determining pg
we can find the density of the ball of dust in the stationary point. With the help of (4.6a)
and (4.6b) we obtain,

_ o 2

—7@7 pm:pozw. (49)

In closed FRW metrics we have: k = % with R the radius of curvature for the spherical
spatial topology. Therefore by determining & from (4.9), this radius can be calculated. It is
clear from (4.9) that to have a positive matter density in the static phase, there must be val-
ues of coupling constant for which f(£) < 0. In figure 1, as an example for the calculation of
f(§), we can find many of such couplings. In fact from (3.23) and (3.24), the negative value
of f(&) for a specific coupling constant implies negative quantum-induced vacuum energy
density and pressure. These negative quantities can produce repulsive vacuum effects that
can stop the collapsing matter and cause a static phase. This can be easily seen in (4.7)
where the first term (matter contribution) acts like an attractive term of the potential
and the next term (quantum vacuum contribution) acts like a repulsive one when f(§) is
negative. At the stationary point (a = ag = 1), the collapsing dust enters a static phase
which stems from a balance between the attractive and repulsive forces of the potential.
Now we investigate the condition for (4.7) to be stable at the extremum point a =

ap =1 i.e. 625((]19) > 0. From (4.7) and (4.6b) we get

62U (a) k2h L2
< 52 >a:a0:1 = —2vpo = 67—~ f(§) = =2v—f(§) > 0. (4.10)
This inequality is satisfied if we have
f(€) <0. (4.11)

This condition implies that negative values of f(§) which result in negative quantum den-
sities and pressures, will also guarantee the stability of the stationary point a = a9 = 1.
Henceforth, we only consider the coupling constants for which f(&) is negative.
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Remembering the definition v = % and plugging it into (4.9) for the matter density

in the stable static point we obtain
18
(8m)% (= f(£))

is the Planck density. This enormous density is consistent with our expec-

Pm = po = Pp (4.12)

where p, = ng
tation, since at the stable static point the repulsive quantum contribution should be strong
enough to cancel out the attractive matter contribution. This happens in such densities
where strong quantum background effects are excited and cause an ultimate balanced phase.

Regarding (4.7) and using (4.6b) at ap = 1, we derive a useful relation for the scale-

dependent potential that is

U(a) = ypo <—1 + 1) : (4.13)

a 2a?

where pg is given by (4.12). Figure 2 is a graph of normalized potential % as a function
of the scale factor. As we anticipate, the static point a = ag = 1 is an absolute minimum
of the potential. For smaller values of the scale factor, the potential becomes larger until
it reaches infinity at @ = 0 which is the singularity point. This behavior implies that after
the collapsing matter has reached the stable static phase, it can not contract more towards
a zero scale factor or equivalently the singularity, since it is not preferable for the system
to increase its potential. Considering the equation (4.4), we argued that this equation is
like a classical energy conservation relation with a kinetic term and a scale-dependent plus
a complicated velocity-dependent potential. The latter potential is a complicated function
of the time derivatives of the scale factor which are of order %4. Furthermore, this potential
is of order h because of the quantum nature of its origin, just like the quantum-originated
repulsive term in the scale-dependent potential. This velocity dependent potential is clearly
zero at the static point and is also very small at its proximity. therefore this term is
negligible in such regions. Thus the behavior of the collapsing object is dictated by the
scale-dependent potential near the static point.

Another important fact, which can be seen from (4.13), is the satisfaction of the weak
energy conditions in the stable static phase despite the existence of the negative quantum
densities and pressures. To see it, one should notice that in (4.13), the matter density
comes with a negative sign (—é) and the quantum term comes with a positive sign (+#)
In the stable static phase we put a = ag = 1 which leads to Uy = ypo(—1+3). This relation
is a testament to the domination of the sign of the matter(dust) density in the stable static

phase. Considering (4.12), we have p,, = pg and therefore the relation for Uy implies that

the density of matter is twice as the quantum density (p, = —% pm) in the static situation.
Furthermore, according to (3.24) we have: p, = —% pm. Consequently we obtain
1
Pm + Pg = §pm (4.14)
and 1
pm+ Pg+ Py = 3Pm (4.15)

~13 -



5 .

4

3 4
U(a)
PyY

2 4

1 .

O T T T T 1
2 [} 8 10
a
- 1 |
Figure 2. A plot of normalized potential U@ a5 a function of the scale factor. The point a = ag =1

YPo
is a stable stationary point for the potential. For smaller values of the scale factor the potential

grows until it approaches infinity near a = 0 which is the singularity point. The behavior of the
normalized potential, which is reminiscent of a position-dependent potential in classical mechanics,
implies that the collapse process should be stopped due to an increase in the potential of the system
when the ball of dust continues contraction. Therefore the collapse process will be hindered due to
the quantum-induced repulsive effects and the system will be settled at a stable static situation.

in the stable static phase. These two outcomes indicate that

Prot = 0, Prot + Ptot = 0 (4.16)

where pior and piot denote the total amount of density and pressure, available in the
background, respectively. These relations stipulate that the energy conditions are satisfied.
Therefore one should not worry about the occurrence of inconsistent physical situations
in the stable static situation due to the existence of the negative quantum densities and
pressures. Note that from (3.5), considering p = —<Tg>, p = <T11>, Py = <T22> and
Py = <T§>, the same relations hold for the exterior geometry (for different components of
pressure) and similarly the energy conditions are satisfied there.

As a summary, we have shown that quantum massless scalar fields with a definite range
of couplings in the interior background, can create negative vacuum energy densities and
pressures that cause repulsive effects. These effects can offset the attractive gravitational
force of the collapsing matter and consequently hinder the collapse. This process can
ultimately steer the collapsing object to a stable static phase with a = ag = 1. In addition,
we showed that the weak energy conditions are satisfied in this phase.
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4.2 Matching the geometries and final fate of the collapse

In this part, by considering quantum vacuum effects, we match the exterior and interior
geometries of a collapsing homogeneous ball of dust, using the results of previous parts.
Then we investigate the physical properties of the stable static phase and discuss the final
fate of the collapse.

The interior geometry which we label by (—), is described by (3.11). The exterior
geometry(+), is described by (3.8), which can be rewritten as:

dsi = —f(ree)?dt? + f(re)  drec? + ro?dQ? (4.17)

where we have: -
2M ¢ 1 M=t
£ 4 _——F (4.18)

Tse My 457 rectmy?

f(rsc) =1-

Here rs. > R. (R. = R(r¢, 7)), which means the Schwarzschild radius is bigger than the
physical radius of the boundary shell or equivalently the radius of the ball of dust.

We label the boundary surface between the interior and exterior regions by 3. To fol-
low the standard procedures of matching two geometries [32], we should derive a relation for
the metric of the boundary surface as seen from the either region. Firstly, we derive the line
element of the boundary as seen from the interior region. By performing the change of vari-
ables sin y = V/kr, we obtain the line element (3.14). Now by considering this line element,
the metric of the boundary surface as seen from the interior region can be obtained as

2
dszf2 = —dr’ + a(;)(sin xe)2d0? (4.19)

where x. pertains to the boundary surface. To consider the boundary metric as seen from
the exterior region, the schwarzschild time in the boundary ¢ should be related to the
proper time 7 of the boundary observers. In addition, the Schwarzschild radius rg. of the
boundary should be related to the physical radius of the collapsing ball R.(7). These can
be done by using the equations

Tsely = Re(T), t="T(7). (4.20)

In fact, the equation rg|x = R.(7) is the equation of motion for the boundary surface
and T'(7) is a function that should be determined by the matching conditions. Consider-
ing (4.17) and (4.20), the line element of the boundary as seen from the exterior region
takes the form

F1R?

2

d52+2 = (FT2 —
c

) dr* + R2dQ° (4.21)

where a dot denotes the derivative with respect to proper time 7. Considering (4.18)
and (4.20), F is defined as

2M £, 1 M?*
R. m, 457 Rc4mp2 '

F=f(R)=1 (4.22)

~15 —



The first matching condition is the equality of the boundary metric as seen from the
either region which implies ds®y,~ = ds*+. Using (4.19) and (4.21), this condition results
in two useful equations

2
RC(T)2 = a(]:) (sin Xc)z, (4.23a)
. Ffl 52
F1? — 2RC =1 (4.23b)
c

The latter implies

e
FT =" +F=5. (4.24)
C

The second matching condition is the continuity of the extrinsic curvature which is
defined as K, = nq: 562‘65 where n* is the unit normal vector to the boundary and eg are
the tangent basis vectors on the boundary surface. This condition can be shown by

[Ka ] = Kab+ — Ky =0. (4.25)

The unit normal vector to the boundary can be written as n, = (0,a,0,0) for the interior
region and n:[ = (—R, T,0, 0) for the exterior region. Again, a dot denotes the derivative
with respect to proper time 7. Using these facts, the nonvanishing components of the
extrinsic curvature are [32],
B 6 s
KTt =2 Kit =K¢t = 4.26
T R 0 [%2) RC ( )

C
for the exterior region and

— 0— _ _ cotxe
KI~=0, Kj =K = e VEk. (4.27)

for the interior.

~ From [KT] = 0, we conclude that [ is constant which, considering (4.24), implies that
%‘23 + F = /2 is constant. This resembles an energy conservation relation for the collapsing
ball. From [K§] = [K$] = 0, by using (4.24) one obtains

R2 cot xe
\/C—2+F:Rc e V. (4.28)

Using this equation and (4.23a), one derives
R? 2
C—QC + F = (cosxc)”. (4.29)

Henceforth, we use the previous relations to obtain a remarkable equation which relates
the Schwarzschild mass of the homogeneous ball of dust to its radius in the stable static
phase. Starting from (4.23a), taking the time derivative of both sides yields

kR? = (sin x.)%a%. (4.30)
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By substituting from (4.4) for % in (4.30) one obtains

no _ (sin Xc)2 2 Po k*h a’ g
As we discussed before, we can neglect the function [%jr(a‘i, a’,.. )} since we are interested
in exploring (4.31) at (the proximity of) the static point. Using (4.29) for R? in (4.31) one
gets
. 2 2
. SIN X Po k“h
A1~ (sinxe)? — F) = BIXD a0 P04 W) (1.32)
a a’c
leading to
. 2
9 B po (sin x.) kh . 9
c(1-F)= <7ak+7agcf(€)(sm><c) . (4.33)
Using (4.23a), one can substitute for (sin x.)* in (4.33) to obtain
Po hk2Rc2
1—F= V%Rf + wwf(g). (4.34)

Here we set a = ag = 1 which is the scale factor at the stable static situation, as we
discussed before. Furthermore, by using (4.9) for k, (4.12) for pg, (4.22) for F' and by

recalling the definition v = %, the equation (4.34), after simplification, takes the form
1 M? (¢} 4 9
-2 <P> = ZRA—————)pp (4.35)
90m R \myp 3 (8m)"(=f(£))

This equation is a relation between Schwarzschild mass and the physical radius of the ho-
mogeneous ball of dust at the stable static phase. Note that in this equation Schwarzschild
mass includes two contributions. one is the ordinary matter (dust) contribution in the
right hand side. Clearly, this term is the physical volume (%Rc?’) times matter density
at the stable static point. The other contribution is the second term in left hand side
of (4.35) which is a purely quantum-originated term, emanated from the vacuum effects
of the interior and exterior geometries. Because of this new term, Schwarzschild mass is
different from the ordinary mass (M,y,).
For simplicity we can write

R, =4, M = vyy,m, (4.36)

where we have introduced the parameters ~,, and 7, to write the Schwarzschild mass and
the physical radius of the static ball in terms of the Planck mass and the Planck length
respectively. Using these new parameters, the equation (4.35) can be rewritten as

1 Y2 _ 3
© 907 4,3 16m(—f(€))

This expression is a quadratic equation in terms of 7,,. The discriminant of the equation is

A=1+4 <9éﬂ) (16;}(5)) . (4.38)

Tm S (4.37)
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To have positive real roots we require A > 0, which leads to

1) >

For values of f(&) satisfying this condition, we obtain real and positive solutions for ~,,,

—1+ /14 w577y
907

With this equation, one can find a straightforward way to calculate the physical radius
of the ball of dust at the ultimate static point for a given initial mass. Before setting a
physical example for such calculation, we investigate the location of the stable static ball
of dust. This helps us to understand whether the collapsing ball ultimately ends up in
a black hole. To this end, we recall the quantum corrected horizons derived in previous
section. Using (3.9), (3.10) and (4.36), one finds the horizons as

1
— 2yl ‘0 441
T T 3600 )y (4.412)
(m)§
r_ = %ﬁp . (441b)
1—(g5) 2 60

Using (4.40) and requiring the condition (4.39), the maximum value of the ~, is obtained
1

as (V) max = (94=)® in the limit (—f(£)) — oo. Therefore, considering (4.36), the largest
possible value of the physical radius of the stable static ball is

1 1
Ym \ 3 1 M\s3

N (amYs, (LM, 4.42

(R )max (907_(_) Ep (9071— mp> Ep ( )

Comparing this radius with the radii of the horizons in (4.41a) and (4.41b), it is easy to see
that the maximum possible value of the physical radius is always smaller than the radius
of the inner horizon. This interesting result implies that the final fate of the collapse will
always be a black hole inside which a stable static ball of dust is trapped with a radius
smaller than the inner horizon.

This final fate of the collapse is a result of the existence of repulsive quantum vacuum
forces which can be referred to as repulsive Casimir forces. These cause the matter to
be trapped in a stable balanced situation inside the black hole. The important thing
about this scenario is precluding the formation of the black hole singularity. To explain
the reason, we remember that the physical radius of an arbitrary shell in the ball of dust
with proper radius r and proper time 7 is defined as: R(r,7) = a(7)r and therefore the
singularity for any arbitrary shell of matter is reached when the scale factor goes to zero.
Furthermore, the scale factor a(7) is only a function of proper time and does not depend
on the proper radius of the different shells of matter. Therefore in this scenario where
the stable static ball of dust has the nonzero scale factor a = ag = 1, the singularity does
not form for the ball of dust and consequently for the corresponding black hole. In other
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r =0 (regular)
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Figure 3. A simplified Penrose diagram for the homogeneous dust collapse with quantum vacuum
effects. The red line represents the boundary of the collapsing object and the blue line shows the
boundary surface of the ultimate stable static ball of dust inside the black hole. The areas with
dashed lines represent the dust. The center of the black hole (r = 0) is nonsingular.

words, a homogeneous ball of dust with a finite physical radius obviously does not admit
a singularity. Thus the final fate of the homogeneous dust collapse with quantum vacuum
effects, in certain conditions when f(§) satisfies (4.39), will be a black hole wherein the
trapped matter stays in a stable balanced situation inside the inner horizon, without any
singularities. This outcome is an example of the resolution of singularity by employing
quantum vacuum effects. Figure 3 shows the simplified Penrose diagram of the collapse.

4.3 A physical example for the final fate of a dust star by considering quantum
effects

We Consider a spherically symmetric homogeneous dust star that has five times the mass
of sun (M, = 5My), with Mg = 1.989 x 103°kg. Considering previous arguments, this ob-
ject starts collapsing from an initial physical radius and continues it until passes the outer
horizon and leads to the formation of a black hole. During this process, quantum vacuum
energy density and pressure affect the interior and exterior geometries of the collapsing star.
Ultimately, it will be stopped in a stable static phase inside the inner horizon of the black
hole due to the repulsive quantum vacuum forces. In this example we investigate the phys-
ical features of the ultimate stable static point. As we argued before, we deal with negative
values of f(&) in (4.2) and (4.3) which correspond to the negative quantum vacuum energy
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densities and pressures which have repulsive effects. Furthermore, we obtained a condition
for f(£) in (4.39) to attain real and positive values of v, or equivalently Schwarzschild
mass. To start calculation, we should choose a value for f(£) that satisfies this condition.
Here we assume that all couplings are equally possible. Considering figure 1, we can choose
f(&) = —0.002 as typical value. Inserting this value into (4.40), for the static phase we get

Ym = 3107,.°. (4.43)

Using (4.12) we obtain

18 My,

== 4.44
(8m)% x 0.002"7 ™ RS> (444)

po =

where we have used the definition of the matter density for a homogeneous ball of dust.

Using M,, = 5M;, and plugging the values of the Planck density and solar mass into (4.44),
R, is calculated as

R, =1.97 x 10'%¢,,. (4.45)

Now with the help of (4.36), ~, is calculated. Inserting this parameter into (4.43), one can
calculate 7, which, from (4.36), results in

M = 23.56 x 10%m,, . (4.46)

Note that as we discussed before, Schwarzschild mass M is different from ordinary mass
M, = 0.914 x 10%m,, and the relative change is 2 = 0.961. Using 7, = 1.97 x 102 and
Ym = 23.56 x 10%® from above equations, the radii of the inner and outer horizons can be
calculated by plugging these parameters into (4.41a) and (4.41b). The result is

ry =47.12 x 10%¢,, - =2.03 x 10'%¢,. (4.47)

Comparing the physical radius of the ball of dust from (4.45) with the results in (4.47)
confirms our conclusion in the previous part that the physical radius in the stable static
phase is always smaller than the inner horizon. In addition, the interior geometry of this
static ball of dust which is a static closed FRW metric, according to (4.9) and (4.12), has
the curvature constant k = 59.684%. These calculations can be repeated for any other
masses of homogeneous balls of dust.

4.4 A discussion on Hawking radiation

In the previous parts, we discussed that the ultimate fate of a collapsing homogeneous
ball of dust with quantum vacuum effects of massless scalar fields with a specific range of
couplings in the background. The final fate of the collapse was a black hole with an outer
horizon which was the quantum corrected Schwarzschild horizon and a quantum originated
inner horizon wherein the ball of dust stayed in a stable balanced situation. We argued
that the existence of matter with a finite radius inside the inner horizon ensures that the
black hole is devoid of the singularity. This means that the quantum vacuum effects are
capable of resolving the singularity problem and one should not necessarily use quantum
gravity for this purpose.
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The natural question that arises is that whether Hawking radiation can change the
previous predictions about the final fate of the collapse. The answer to this question is not
straightforward since Hawking radiation itself is a first order quantum effect on a curved
background. In fact, Hawking radiation results from the off-diagonal terms (traceless part)
of the stress-energy tensor [19, 33]. Therefore, in principle, this phenomenon should be
considered alongside the quantum vacuum effects that we applied in our model. However,
simultaneous investigation of both effects makes the calculations formidable. Usually, in the
case of Hawking radiation the background under consideration is regarded to be determined
and one ignores any corrections due to the existence of Hawking flux on the background
geometry itself. This is why we neglected the effects of Hawking flux on the background
corrections in this work. In this regard, To consider the effects of Hawking radiation, we
assume that the background geometry, which is corrected by quantum vacuum effects other
than Hawking radiation, is determined and we study Hawking radiation in that.

After the onset of collapse, two different scenarios can be envisaged by taking Hawking
radiation into account. Depending on the time scales of the collapse and evaporation, if
the evaporation is faster, the collapsing ball of dust disappears before reaching the stable
static phase. Then the black hole singularity will never form and one would not be worried
about the singularity problem. The other scenario, in which the collapse is faster than the
evaporation, allows the ball of dust to reach the stable static phase before the complete
evaporation. In this case, after the ball of dust reaches the stable static point, with a radius
that we calculated to be always smaller than the radius of the inner horizon, Hawking
radiation continues shrinking the black hole and thus depleting the matter inside. The
spherical symmetry of the background and distribution of Hawking flux points to the fact
that the ball of dust will be diminished in an isotropic way so that its homogeneity and
spherical symmetry will be preserved. Therefore Hawking radiation will shrink the radii
of the horizons together with the physical radius of the ball of dust. Now we are ready to
discuss the final steps of Hawking radiation in this simplified model.

The Hawking temperature of a black hole is defined by [34, 35]
K
T or
where k is the surface gravity at the horizon. For a spherically symmetric black hole with
the line element ds®> = — f(r)dt? + f(r)”*dr? + r2dQ?, the temperature becomes

Ty = i (dj;(:)):m (4.49)

Ty (4.48)

where 7, is the outer horizon. In the case of our quantum corrected black hole, f(r) is
given by (4.18). Hawking radiation shrinks the radii of the inner and outer horizons (4.41b)
and (4.41a) by decreasing ~,, until they coincide (r4 = r_). In this situation the Hawking
temperature (4.49) vanishes and therefore the radiation stops. Note that this situation
can be called “extremal” in analogy to Reissner-Nordstrom black holes. The time scales of
reaching this extremal phase would be much larger than the time needed for evaporation
of classical Schwarzschild black holes. To see this we can compare the Hawking tempera-
tures of quantum-corrected and classical black holes, with the same initial mass. Using the
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Figure 4. A plot of normalized Hawking temperatures of classical (blue line) and quantum-
corrected (red line) black holes as functions of 7,,. As the radiation continues, =, reduces and
the temperatures of both black holes increase in a similar way until ~,, ~ 0.15 which means
M =~ 0.15m,,. From this point, quantum effects become extremely important and the temperatures
start differing in behavior.

definition of 7, in (4.36) and defining: ry = af,, from (4.49), after working in ordinary

units, we obtain

myc? [ 2 Y2
Ty — —P Jmo 2 m 4.50
T~ orkp <a2 451 ab > (4:50)

where kp is the Boltzmann constant and we have used (4.18) for f(r). For classical
Schwarzschild black holes the temperature is given by

myc® [
Ty = (ﬂ) . 4.51
H 2rkp \ a2 (4.51)
From (3.9), we get
1 1
WIS S 4.52
O™ T 360m v (4.52)

which by inserting it into (4.50) and (4.51), we can find the Hawking temperatures of
quantum-corrected and classical black holes as functions of v,,.

Figure 4 represents the normalized Hawking temperatures of quantum corrected and
classical black holes versus 7,,. As the Hawking radiation goes on, decreasing <,,, the
temperatures increase in an almost identical way. But as the Schwarzschild mass reaches
about 0.15my, (v, ~ 0.15), differences start appearing. In this region the quantum effects
become extremely important and cause the temperature of the quantum-corrected black
hole to behave differently compared to the classical temperature. As we can see from
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figure 4, Hawking temperature of the quantum-corrected black hole starts decreasing from a
specific value as the radiation continues, until it vanishes at the extremal point v,, ~ 0.054.
At this point the radiation stops. Note that the descending values of the quantum-corrected
black hole temperature for values of 7,, less than a specific value (about 0.07) implies that
the time scales of reaching the extremal phase will be very large. In fact the decrease of
Hawking temperature from that point will decrease the mass loss rate, specially that of
massive fields, and will prolong the process of reaching the extremal phase. This will be
much more effective near the extremal point where the temperature is approaching zero,
causing the rate of radiation to drop fast. In contrast, the classical black hole becomes
hotter and hotter as its mass decreases, raising the mass loss rate due to the radiation,
until it evaporates completely. Therefore the time it takes for our quantum-corrected black
hole to reach the extremal phase will be longer than the evaporation time of the classical
Schwarzschild black hole with the same initial mass.

The remarkable fact is the existence of a remnant of matter at the final extremal
quantum-corrected black hole. This nonzero Schwarzschild mass implies a nonzero mass of
matter(dust) which can again settle in a stable static situation and preclude the existence
of singularity. The reason for this is that the right hand side of (4.35), which represents the
contribution of ordinary mass (mass of dust) at the stable static point, will be nonzero for
a nonzero Schwarzschild mass M. Therefore, even with Hawking radiation, the resolution
of singularity will not be disrupted since a regular remnant will exist inside the extremal
black hole.

To sum up, with all what was discussed in this section taken into account, regardless
of which scenario is better for Hawking radiation of our quantum-corrected black hole, the
resolution of singularity by quantum vacuum effects will not be negatively affected by the
radiation.

5 Final remarks

In this article we showed that the expectation value of the quantum stress-energy tensor of
massless scalar fields which are arbitrarily coupled to the background geometry, together
with the energy density of a ball of homogeneous dust, can have important effects on the
final fate of the collapse. We argued that for certain values of the coupling constants (that
satisfy (4.39)) the quantum background effects can be repulsive so that they can cancel out
the attractive force of the gravitation of the dust and steer the collapsing system to a stable
static phase after the formation of black hole. We showed that the static ball of dust always
lies inside an inner horizon (with a quantum origin) and makes the black hole singularity-
free. This happens since the interior geometry of the ball, described by a closed FRW met-
ric, has nonzero scale factor. We also discussed that if Hawking radiation is considered, ulti-
mately, the black hole becomes extremal with a remnant of matter (dust) inside. Again, this
ultimate remnant will settle in a stable static phase and will preclude the formation of the
singularity. Therefore Hawking radiation would not disrupt the resolution of the singularity.

As we calculated in section 4, at the moment the ball of dust enters the stable static re-
gion, the matter density is a factor of the Planck density. Furthermore, we showed that the
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1
maximum possible radius of the ball at the stable static phase will be (ﬁ mMp) ° £p. For ordi-
nary black holes, this radius can be some orders of magnitude larger than the Planck length.
In subsection 4.3 where a numerical example was brought for clarity, we calculated the mat-
ter (dust) density at the static stable phase to be p,, >~ 14.25p,, and the curvature constant
to be k = 59.684’% . In addition, we calculated the radius of the ball of dust to be twelve
orders of magnitude larger than the Planck length. Regarding the fact that the Planck den-
sities and curvatures are the gates of the quantum gravity realm [38, 39], These values of the
density and curvature in the stable static phase imply that on the cusp of quantum gravity
the pure semi-classical effects would become extremely important. As a matter of fact, in
this paper we have shown that the resolution of singularity, which is a task relegated to
appropriate quantum gravity theories [40-42], can also be attained by semi-classical meth-
ods like considering quantum vacuum effects on a curved background. In the following, we

put a few remarks concerning some aspects and extensions of our considerations in order.

First, our work merely based on considering massless scalar fields. Taking the massless
fields of arbitrary spin into account follows the same procedures that we implemented in
this article except the coefficients will be spin-dependent. for example f(£) in the quantum
energy density of the interior region in (3.23) will comprise other terms pertaining to
different spins. In addition, the trace of the quantum-induced stress-energy tensor in (3.2)
will include other coefficients related to different values of spin. Although the structure
of formulaes and calculations will be the same, these coefficients and their signs can be
important in determining the final fate of the collapse.

Second, considering the discussions about Hawking radiation in section 4.4, the finite
remnant of matter at the extremal situation implies that at least a finite amount of in-
formation can be preserved. This would alleviate the information loss paradox. Although
some of the matter is radiated when the black hole reaches the extremality, it is inter-
esting to investigate whether it is possible to store the information content in the final
remnant of matter which lies inside the black hole. In remnant models of the information
loss paradox [36, 37] a similar final fate for the black hole is predicted. However, in these
models the arguments about the final state of the remnant are usually based on quantum
gravity theories. Here we have merely considered the quantum vacuum effects as a purely
semi-classical method without regarding quantum gravity. This indicates that inclusion of
quantum vacuum effects in collapse processes can lead to results that would not allow the

information loss paradox to arise.

Finally, when we talk about the resolution of singularity or information loss paradox
by quantum vacuum effects, as semi-classical predictions, some important questions arise
about the genericity of such procedures. In fact one should investigate how much the final
fate of the collapse would change if the physical configuration (which was a homogeneous
dust in our example) changes by introducing inhomogeneities and/or ordinary (not quan-
tum) pressures. It is important to realize that whether these changes can mathematically
force the collapsing object to be crushed into zero volume, resulting in a singularity forma-
tion, or not. In this article we have assumed that the characteristic of dust as a pressureless
material and the homogeneity condition remain unchanged during the collapse. It is note-
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worthy that the quantum-induced pressure and density will not disturb the homogeneous
dust configuration since the existence and magnitude of these quantities are concomitants
of this configuration. In other words, for different space-time configurations the elements
of renormalized quantum vacuum stress-energy tensor will be different accordingly. That
is because they have a geometric origin. For examining the genericity of the singularity
resolution by quantum vacuum effects, one should calculate the quantum vacuum stress-
energy tensors originating from more realistic physical configurations. These can be the
interior and exterior geometries of a collapsing inhomogeneous dust, a collapsing perfect
fluid or other collapsing objects including pressures and inhomogeneities. Then one can
investigate whether the final outcome of the collapse would be devoid of the singularity
or not. Such investigations will help us to understand what happens for the singularity
resolution in our model if some ordinary pressures and/or inhomogeneities are involved
perturbatively during the collapse. In this way the reliability of our model can be checked
and we can understand whether our model can be generalized to more genuine collapse
formalisms or not. If the answer is positive, we can establish semi-classical generic models
for gravitational collapse that can resolve the singularity problem and even the information
loss paradox. The answer to this question and the exact investigation of the previous two
remarks can be interesting subjects to be studied elsewhere.
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