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Abstract. This paper gives conditions to the energy-momentum tensor when the gravitational collapse
of generalized Vaidya spacetime results in a naked singularity. We also consider the gravitational collapse
of a matter cloud whose interior is described with Vaydia-de Sitter spacetime—when the collapse ends,
this metric must be the de Sitter one, and the result of such a collapse is a so-called regular black hole.

We provide the geodesic equations for the case when the matter is described with the equation of the state
both P = —p and P = ap, where a belongs to the interval [Oﬂ . We match these geodesics with geodesics
in the Schwarzschild metric. We also explain the nature of white hole geodesics with either the naked

singularity formation or the regular black hole formation.

Keywords: generalized Vaidya spacetime, naked singularity, geodesics, matching, white hole geodesics,
black hole.

Introduction

The problem of gravitational collapse is one of the most interesting in modern theoretical physics.
In 1939, Oppenheimer and Snyder (Oppenheimer, Snyder 1939) built a model of the gravitational col-
lapse with the assumption of the pressureless matter. For a long time, a black hole was considered to be
the inevitable result of the gravitational collapse. However, it was shown that the gravitational collapse
might also result in a naked singularity (see (Joshi 2007; Joshi, Malafarina 2011)). The naked singularity
forms when the time of the singularity formation during the gravitational collapse is less than the time
of the apparent horizon formation, and there must be a family of non-spacelike, future-directed geode-
sics which terminate at the central singularity in the past. It should be noted that the existence of only
a family of non-spacelike geodesics is not sufficient for a naked singularity formation. It was shown
(Grib et al. 2014; Vertogradov 2015) that all geodesics for particles with negative energy in the ergosphere
of a rotating black hole appear in the ergosphere from the region inside the gravitational radius. In par-
ticular, it was shown that all null geodesics for such particles originate at the singularity of the Kerr black
hole. And this statement is valid for geodesics for particles with positive energy (but not for all)
(Grib, Pavlov 2015). However, in the case when a=1 (i.e., a non-critical black hole), the Kerr black hole
is not a naked singularity. If we can prove only the existence of a family of non-spacelike geodesics, then
the result of a gravitational collapse might be a white hole. But, in the case of white hole, it takes infinite
time to get to the external observer, because a white hole has the apparent horizon. It is worth mention-
ing that a naked singularity formation violates cosmic censorship conjecture (CCC) which states that all
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singularity must be covered with a horizon. However, Papapetrou (Papapetrou 1985) was the first who
showed the violation of CCC, and the Vaidya spacetime was one of the earliest counter examples of CCC.
The generalized Vaidya spacetimes have been widely used in the studies of dynamical black holes
(Dawood, Ghosh 2004)), black holes with trapped regions, and the gravitational collapse (Brassel,
Goswami, Maharaj 2017; Brassel, Maharaj, Goswami 2017).

Recently, Maharaj (Mkenyeleye et al. 2014) has shown that the result of the gravitational collapse
of generalized Vaidya spacetime might be the naked singularity and the result of this collapse depends
on the mass function M(v,r), where v is advanced Eddington time. The conditions on the mass function,
when the result of such a collapse is a naked singularity, were given in our earlier paper (Vertogradov 2016).
Further, it was shown that this kind of singularity might be gravitationally strong (Nolan 1999; Tipler 1977).
An interesting question arises: what matter is required in order for a nacked singularity to be formed?
To answer this question, the expression of the energy-momentum tensor was investigated, and it was
shown that a naked singularity might be formed when type II of matter field (Hawking,
Ellis 1973) dominates in the center of the collapsing matter cloud.

There is also another interesting question regarding the nature of white hole geodesics. According
to geodesics completeness, there must be geodesics which appear in our universe from a region which
is located inside the gravitational radius. For example, these geodesics can be the ones for particles with
negative energy in the Kerr metric (Grib et al. 2014; Vertogradov 2015), or the ones which describe
the motion of an object from the point of rest to the region inside the event horizon. In order to inves-
tigate this question, we should consider the past of such geodesics. But black holes are not eternal and,
to extend our geodesics into the past, we should consider the gravitational collapse. The nature of white
hole geodesics might be either a naked singularity formation during the gravitational collapse or regular
black holes (Dymnikova 1992; Dymnikova 2002). In the latter case, the geodesics do not terminate
at the singularity in the past, and they come from the infinity but, due to high negative density, turn back
to our world. In this aim, we consider the gravitational collapse of the matter cloud whose interior is
described with Vaydia—de Sitter spacetime, and whose exterior, with the Schwarzschild one. Also we write
down geodesics in this metric and geodesics with the mass function M(v,r)=C(v)+D(v)r'=2*
(Vertogradov 2016). Unfortunately, when we have to deal with generalized Vaidya spacetime, we must
consider a thin matter layer between two solutions—the generalized Vaidya spacetime and the Schwarzs-
child one. This is because the generalized Vaidya spacetime in which the mass function M does not depend
on the time v is the Schwarzschild spacetime plus some extra term which we can define from the equation
of the state. So we cannot smoothly match the generalized Vaidya spacetime with the Schwarzschild met-
ric. In order to explain the nature of a so-called white hole geodesic in the Schwarzschild metric, we will
use the usual Vaidya metric when the mass function M = M(v) is the function of time only.

In sec. “Energy momentum tensor in the case of a naked singularity formation” we consider
the energy-momentum tensor in the case of the naked singularity formation. In sec. “Vaydia—de Sitter
spacetime’, we consider the Vaydia—de Sitter metric. In sec. “Matching’; we write down geodesics in the
generalized Vaidya spacetime and the usual Vaiday spacetime and match them to the Schwarzschild ones.

The system of units ¢ = G = 1 will be used throughout the paper. Dash and overdot denote partial
derivative with respect to coordinates r and v respectively.

Energy momentum tensor in the case of a naked singularity formation

In the general case, the generalized Vaidya spacetime is given by:

r

2M (v,
ds* = —[1 —devz +2edvdr+rdQ?,

dQ? =dO*+sin’0dg’,
e==%1,

where M(v,r) is the mass function.

In this paper we consider the energy-momentum tensor which is the combination of types I and II
of matter fields (Hawking, Ellis 1973). Here type II of the matter field represents so-called null dust with
the energy density g, and type I is the cosmic strings. In the case of metric (1), by virtue of the Einstein
field equations, the energy-momentum tensor has the form (Wang, Wu 1999):
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r,=T7"+7"

n
Hv uvo o

where Tﬁf‘r,n Jand T lf:) correspond to types I and II of matter fields respectively.
Now we write down the explicit form of the energy-momentum tensor:
(n) _
I,/ =uL,L, ,
7" =(p+P)(L,N, +L,N, )+g, P,
2M
H=—,
r
_2M!
p R
M n
P=———:,
r
0
L,=6,,

1, 2M ., .
% =212 )sp-aa.

r
LI'=N,N"=0,
LN"=-1.

(2)

Here P is the pressure, p is the density and L*, n* are two null vectors. One should also distinguish
the null dust energy density g, which is the function, and subscript # which takes values {0, 1, 2, 3}.

Our earlier paper (Vertogradov 2016) gives conditions for the mass function when the result
of collapse is a naked singularity. The matter must satisfy the equation of the state P = pa, where a belongs

to the interval (0’%} In this case, the mass function is given by:

M (v,r) = C(v) + D(v)rl’za ,

(4)

where C and D are two arbitrary functions of v only. Our model must be physically reasonable,
and the energy-momentum tensor must satisfy energy conditions (Poisson 2004). Due to this conditions,

we have the following restrictions on the mass function:
C(0)=0, D(0)=0,C(v)20,
C(v) + D(V) >0,

Now, substituting 4 into 3, we obtain:

T, = (2C(V) 4 D(v)r ]w)

+

2
r

1+2a

r r

+Kl_ 2C(v)+2D(v)r ] 2(1 2a)D(v)Tm)

2(1-2a)D(v)

1+2a >

Iy=—p=-—

. 2a(1-2a)D(v) |

1+20
r

Here symbols #, m correspond to types I and II of matter fields respectively.
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The singularity is formed at v = 0, r = 0. The necessary condition for a singularity to be naked
(Vertogradov 2016) is D(0) = 0. Substituting this condition into (6), we find that the part of the energy
momentum tensor which corresponds to type I of the matter field vanishes throughout except for the
center at 7 = 0 in this case. Thus, the singularity can be naked only when T[E;”) =0.If Tﬁf",") # 0, the appar-
ent horizon is formed and the singularity stops to be naked.

If we take into account quantum effects, a naked singularity can exist in the present of type I of the
apparent horizon, but its formation is still temporary, and in short time the apparent horizon is formed,
and the singularity becomes covered with the horizon.

So, in this case, a naked singularity is formed only if type I of the matter field is present at the singu-
larity—then there is the level 0 < r < r, which purely contains of type II of the matter field (here r,
corresponds to the end of this level). So we must find out the solution of Einstein equations for this
level, then we must match this new solution with the generalized Vaidya solution atr = r.

The Einstein tensor in the case of generalized Vaidya spacetime has components:

(M —r)M"+2M 1( 2M\(2M" 4M'
Gy = 2 +5 1= Tt |
r 2 r r r
2M!
G, =- ,
01 e (7)
G, =-2rM",

G,, =sin’0G,, .

From (3) we see that in the case of type II of the matter field we have only one non-vanishing
component of energy-momentum tensor—that is, 7. Hence, from the fact that G =T, =0, we obtain:
2M'

2 0,

r (8)
M=M(v).

2

So the level 0 < r < r,, is described with the Vaidya metric.
In this case, at the border r = r, of the two levels we must have:

M (v) = C(v) +D(v) re )

Vaydia—de Sitter spacetime

The expressions for the density and the pressure in the case of generalized Vaidya spacetime have

the form: 2m'
p= 2
Y (10)
m
P=-
B
We are interested in the equation of the state:
P=-p. (11)
In this case the mass function has the form:
m(v,r)=c(v)+d(v)r’ . (12)
The exterior metric after collapse must be the de Sitter one. The first requirement for this is:
c(v)=0. (13)

If we cannot satisfy this condition, then the metric will have singularity at = 0, and, as a result,
it will not be the de Sitter one.
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Then, at the time v =v_, when the gravitational collapse stops, the following condition must be met:

A
d (Vend) = g : (14‘)

Here A is the cosmological constant.
The equation of the apparent horizon in this case is given by:

1
i "

The Vaydia—de Sitter spacetime is matched with the Schwarzschild one at the boundary of the
collapsing cloud r = r,, and following conditions must be satisfied:

d(v)r, =M =const ,

dv=dt+ dr . (16)

1
2M
1-==
r
As seen from (16), we have a narrow class of functions to match thess metrics, because we cannot
smoothly match geodesics at the boundary of the two metrics. Because —(D(v)r’)|._, #0, as in the case
of Schwarzschild spacetime when 4M _ o, there must be a thin matter layer between these spacetimes
r
which smoothly matches to both metrics.
Let us consider the region 0 < r < r which is described by Vaydia-de Sitter spacetime. r  is the

boundary of this metric. We know that the metric of this region is:
ds;, :—(1—261’(12)1f2)cl’v2 +2dvdr +1r°dQ’ . (17)

Now let us consider a family of radially null geodesics in this metric. We can write:
dv _ 2
dr 1-d(v)r*

The apparent horizon in this metric is given by:

/ 1
Fig = 2d(V) . (19)

Also we must notice that the expansion is positive inside the apparent horizon and negative, outside
it. The expansion @ in this case is written by:

2
2

r

e’0= (1—2d (v) 7’2) , (20)
where the factor e” does not any impact on the sign of the expansion.

Now, if we assume that r,, < r,, we can consider a geodesic which originates at the infinity in
Schwarzschild spacetime and then crosses the boundary of the collapsing cloud whose interior is described
by the Vaydia—de Sitter metric. Now let us look at the equation (18): we will notice that this geodesic
cannot cross the apparent horizon because in this case & must be negative (we require only forward
motion in time), but inside the apparent horizon % is alwarys positive. If r,, > r , then the geodesic has
a turning point inside the thin matter layer because it cannot cross the hypersurface r = r . If such a
geodesic then goes to Schwarzschild spacetime, then this geodesic becomes a white hole geodesic in

Schwarzschild spacetime.

Matching

We begin our consideration with the simplest case of radial null geodesics. In Schwarzschild spacetime,
radial null geodesics are given by:
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@1
dr 1_%

r
Radial null geodesics in the case of generalized Vaidya spacetime with the mass function
M(,r) = C(v)+D(v)r**are given by:

(21)

D 2 22
dr V—C(V)—D(v)rlfza @2)
Now by putting that at the boundary of collapsing cloud r = r,:
C(v) + D(v) rbl’z"‘ =M = const , (23)
by substituting (23) into (22), and by doing the following transformation:
dr
dv=dt+1_2—M ) (24)
r
we finally obtain:
d 1
dr | _2M (25)
r
And we see that (25) coincides with (21).
If we consider the general case, then we should also demand that:
. D(v
}g{;(l—m)#ﬂ- (26)

The condition (26) can be satisfied if « > 0 and r, >> D(v). In particular, we can smoothly match
geodesics in Vaydia—de Sitter spacetime to geodesics in the Schwarzschild one.

The condition (26) appears due to the geodesic equation. In fact, that geodesics in Vaidya spacetime
involve the first derivative of the mass function M(v,r) with respect to the coordinate r, and it is not equal
to zero like in the Schwarzschild case.

If we want the gravitational collapse of generalized Vaidya spacetime to result in a regular black hole,
then we should consider three regions of spacetime:

1) The Vaydia—de Sitter spacetime when 0 < r <r, where r<r,;

2) The generalized Vaidya spacetime with the mass function M(v,r) = C(v) + D(v)r'* whenr < r<r;

3) The Schwarzschild spacetime when r > r;

To match region II to region III, we should satisfy conditions (23) and (26). To match region I to region
11, the following conditions must be met:

D,(v)r} =C,(v)+D,(v)r,**, 3D,(v)r? =(1-2a) D, (v)r**,

c

(27)

Here I and II denote I and II regions respectively. If we are able to satisfy conditions (23), (26) and
(27), then the gravitational collapse might result in a regular black hole.

Unfortunately, with the equation of the state P = ap, where « is a real number, we always have the
approximation (26). To remove it, we should consider a more complex equation of the state.

Finally, we provide geodesics in both Vaydia—de Sitter spacetime and generalized Vaidya spacetime
with the mass function M(v,r) = C(v) + D(v)r'->*, where 0 < o < 3 in terms of the mass function M(v,r).
They are:
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2 YT 2 2 2
d ‘;+M ﬁw r(ﬂ) —r(ﬁ) —rsinz(G)(d—(Dj =0,
dr r dr dr dr

pe (I—Z—MJ(M—M'F)JH”M
p

PN A
dr? r drt
M- M dv dr doy - d(pjz
22—t (2M —-7r)| — | + (2ZM —Fr)sin“ (O)| — | =0,
P dr dt ( )(dr] ( ) ( )(dr (28)
2 2
d—§+zﬂﬁ—sin(9)cos(9)(d—¢j =0,
dr rdrdr dr
2
d—(f+g£d—(p+2ctg(9)d—(pd—920
dr rdr dr dr dr

For example, if we consider only two regions (II and III) and the result of the gravitational collapse is
a naked singularity, then a non-spacelike future-directed geodesic which originates at the singularity
in the past crosses the boundary of the collapsing cloud and turns out to be a white hole geodesic
in Schwarzschild spacetime.

Conclusion

In this paper, we considered the form of the energy-momentum tensor in the case of a nacked singularity
formation. We found out that a naked singularity can be formed only if type II of the matter field dominates.
As soon as the matter field of type I appears, the apparent horizon is formed and the singularity stops
to be naked.

In order to consider the nature of white hole geodesics, we also considered the Vaydia—de Sitter
metric and found out that we can match it to the Schwarzschild one. In order to obtain a regular black hole
as a result of such a gravitational collapse, we should consider three regions which are described with
Vaydia-de Sitter spacetime, generalized Vaidya spacetime with the mass function M(v,r) = C(v) + D(v)r'**
and Schwarzschild metric. In this case, a geodesic comes from the infinity but, due to high negative
density inside the collapsing cloud matter, turns back to our universe. If the result of a gravitational
collapse is a naked singularity, a non-spacelike future-directed geodesic originates at this singularity,
crosses the boundary of the ball of collapsing matter, and turns out to be a white hole geodesic
in Schwarzschild spacetime.

Of course, for a more realistic case, we should consider a more complex equation of the state and also
take into account the rotation. A gravitational collapse of the matter cloud with small rotation is being
considered now
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