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Abstract: The cosmic censorship hypothesis is regarded as one of the most important unsolved
problems in classical general relativity; viz., will generic gravitational collapse of a star after it has
exhausted its nuclear fuel lead to black holes only, under reasonable physical conditions. We discuss
the collapse of a fluid with nonzero radial pressure within the context of the Vaidya spacetime
considering a decaying cosmological parameter as well as nonzero charge. Previously, a similar
analysis was done, but without considering charge. A decaying cosmological parameter may also
be associated with dark energy. We found that both black holes and naked singularities can form,
depending upon the initial conditions. Hence, charge does not restore the validity of the hypothesis.
This provides another example of the violation of the cosmic censorship hypothesis. We also discuss
some radiating rotating solutions, arriving at the same conclusion.
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1. Introduction

The cosmic censorship hypothesis (CCH) [1] is regarded as one of the most important unsolved
problems in classical general relativity theory. If we look at a typical star and ask what happens after
it has exhausted its nuclear fuel, there are three possibilities, depending upon the mass of the star.
The first two possibilities are, in order of increasing starting mass, a white dwarf or a neutron star.
However, if the star is massive enough (typically in the order of about 10 solar masses or so, depending
upon whether it rotates or not), after it has exhausted its nuclear fuel, there is nothing to halt
the collapse process.

According to the Hawking—Penrose singularity theorems [2], it will end up in a singularity.
However, these theorems do not provide information about the nature of this singularity itself.
The cosmic censorship hypothesis says that the singularity will be a black hole, covered by an
event horizon. Despite much investigation, as of yet, there is no proof of the hypothesis. However,
there is another possibility, and that is that naked singularities can form, which can in principle,
be observed by a distant observer. Nowadays, there are numerous examples in which the hypothesis
is violated, although there is still no agreement as to whether these are physically realistic or not ([3,4]
and references therein). One of the first examples thought to exhibit a naked singularity is the Vaidya
solution [5], which represents a spherically symmetric body consisting of null dust that is radiating
(or collapsing). The metric is given by

ds2 — {1 - zmr(”)} dv? + 2dvdr + r*dQ)? 1)
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where v is the advanced ingoing time coordinate,  is the usual radial coordinate and dQ? = d6? +
sin? d¢? represents the metric of the unit two-sphere. Dwivedi and Joshi [6] have given good treatment
to the occurrence of the naked singularity for this spacetime.

One of the criticisms that has been levelled against the Vaidya metric is that it consists of null dust,
which has no pressure. In a realistic gravitational collapse scenario, we expect there to be pressure.
The question that arises is whether the introduction of pressure can help to avoid the naked
singularity and hence restore the validity of the cosmic censorship hypothesis. Recently, an interesting
generalization of the Vaidya spacetime has been given [7] which incorporates nonzero radial pressure:

2
me(v) — % dv? + 2dvdr + r*dOY (2)

ds?> = — |1—
where A(v) is the cosmological parameter—the considered variable—which represents the nonzero
radial pressure. Some of the properties of this spacetime were studied in [7].

There are nowadays many reasons for considering a nonzero cosmological constant. With the
recent discovery [8,9] of the accelerated expansion of the universe, the cosmological constant has
made a massive comeback in the currently accepted ACDM concordance model of cosmology.
Wagh and Maharaj [10] studied gravitational collapse in the Vaidya spacetime with a cosmological
constant, and they found that the introduction of the cosmological constant did not make any difference
to the situation. Apart from this, there are now strong reasons to consider a decaying cosmological
parameter, since this can solve the cosmological constant problem, and it is claimed that this can
give a better fit to cosmological observations than the usual concordance model [11,12]. We studied
the collapse of this spacetime and found that naked singularities or black holes could form, depending
upon the initial conditions [13].

In this work, the gravitational collapse of the Vaidya model is studied with a variable cosmological
parameter and nonzero charge, to see whether the hypothesis is still violated. Of course, one can
ask the obvious question as to whether charged stars exist in nature, since we expect stars to be
electrically neutral. This question goes back to about a century ago [14], and Neslusan [15] has
provided a nice treatment of the history of charged Newtonian stars in equilibrium. Essentially,
the charge in stars arises from the fact that lighter electrons tend to move to the surface of a star,
in contrast to the heavier ions. Some electrons escape from the surface, giving the nearby interstellar
gas or accretion disc a net negative charge. What is left behind is a net positive charge of approximately
100 C per solar mass for such a star in equilibrium. However, in cases of compact stars or collapsing
stars, as in the situation envisaged in this work, general relativity is required, and the very large
gravitational force can allow the star to carry huge amounts of charge [16].

Hence, it is worthwhile to study the effect of charge on collapse. We find that the introduction
of charge cannot restore the validity of the hypothesis. Again, in a physically realistic star, we
expect rotation, and we investigate some rotating stars to see whether charge can affect the outcome
of the collapse.

2. Nonzero Charge in Vaidya

To incorporate charge into the metric (2), we include an additional term as follows:

o[y ) AE2 | Q)

r 3 72

dv? + 2dvdr + r*dQ? (3)

where Q is the charge. The nonzero components of the Einstein tensor for the metric (3) are

A+ Q?
G = —TQ 4)
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1 —6mr —r*A+6QQ
3 r3

A+ Q2
G}:G%:G%:—TQ (6)

Gs = ®)

Here, an overdot represents a derivative with respect to v.
Let us now look at the energy momentum tensor for the problem under discussion. For the
metric (3), the complex null vectors may be taken as follows:

NSY r .
I, = (52, g = — Zrza - (5;, My = —\—6 ((55 +1sm€(52) 7)
where A = —r2 4 2mr + Ar*/3 — 2Q?. Here I, and n, are real null vectors, and m, is complex.
They satisfy the usual normalization conditions [,n” = —1 = m,m", with the other products of the null

vectors being zero. From Einstein’s field equations R, — (1/2)Rga = T — A(0)gap, we find that
the energy momentum tensor describing the matter content for the spacetime (3) is given by

Top = plaly + 201 nyy + 2pm iy, (8)

where the coefficients p, p and y are the density, pressure and null density, respectively. These quantities
are given by:

Q@ )

rA(v) 200 Q?
p:A—i_VT’ U 2 + ()_

3 2 p= —A+ ;,T (9)

The component pl,l, represents the matter field that moves along the null hypersurfaces v =
const, whereas 2pl,ny) + 2pm,ii,) represents the matter moving along the time-like trajectories.
When p = 0 = p, we get back the original Vaidya solution ([5]).

We now let K? = dx?/dk be the tangent vector to a null geodesic, where k is an affine parameter.
Now radial null geodesics satisfy the equation

ds? =0 = dO? (10)
Using this null condition, the goedesic equations take the form

dK®  m  Ar  Q?
*K 23 8 (1)

iK' m AR QO
k-7 T2 (12)

For the singularity to be naked, there must be a light ray that emerges from the singularity. We will

investigate the behavior of the radial null geodesics near the singularity to determine whether outgoing
geodesics meet the singularity in the past. Then, from Equations (3) and (10), we get

do 2 T 3 r2

dr _1[, 2m(e) A, Q(v) (13)

We now make some reasonable assumptions for the mass, cosmological and charge parameters
in Equation (13). For the mass function, we choose the form used in [6]:

2m(v) = fv ({ > 0, const) (14)
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The reason for the choice of a linear function for m is that a strongly curved singularity only
occurs with a function that is linear [17]. For the cosmological parameter, we take the form which we
used earlier [13]:

Alv) = 31 (n = const) (15)

This choice is motivated by cosmological considerations in which it has been shown that
the form (15) fits observations well with # = 2.5 [18], which we will adopt. Finally, for the charge
function, we adopt the form [19]

Q*(v) = B> (16)

Lake and Zannias [19] have pointed out that the choices (14) and (16) allow the geodesic
Equation (13) (without charge) to be homogeneous and thus to be solvable in terms of elementary
functions. Further, this simplification has an invariant geometrical meaning related to the occurrence
of a singularity with strong curvature.

To check whether there is a singularity as r — 0, we calculate the Kretchmann scalar:
8 [18m?r? — 36mrQ? + r3A2 +21Q*

K==>

3 P (17)

and note that it diverges as r — 0, v — 0, indicating a singularity. We now let X = v/r be the tangent
to a possible ougoing geodesic. In order to determine the nature of the limiting value of X at
r = 0,v = 0 on a singular geodesic, we let

Xo= lim X= Ilm g _ im — (18)
r—0,0—0 r—0,0—=0 1 r—0,0—0 dr
From Equations (13)—(18), we find that
BPXG— X3+ X2 -2X,—n =0 (19)

If Equation (19) exhibits at least one positive root, then this will indicate that there is at least one
outgoing geodesic which terminates at the singularity in the past; i.e., a naked singularity. The absence
of positive roots indicates that the singularity is a black hole. Thus the occurrence of positive roots
implies that the strong CCH is violated, though not necessarily the weak CCH. It can easily be verified
that Equation (19) has positive roots depending upon the parameters. We indicate a few positive roots
for some values of the parameters in the Table 1 below.

Table 1. Positive roots for some values of parameters.

B> [ n Positive Root

071 2 25 3.84
1 2 25 2.20
2 2 25 1.49
2 3 25 1.77

In the Figure 1 below, we plot in 3-dimensions the allowable values of B and {, keeping 7
fixed at 2.5. There do not appear to be any constraints on these parameters from observations as yet.



Axioms 2020, 9, 52 50f8

Figure 1. Plot of beta against zeta.

3. Radiating Rotating Stars

Since the Vaidya metric does not describe a rotating star, it may be regarded as not very physical.
So let us now look at the effect of rotation. The original Kerr solution is [20]:

2mr
2_ _|1_ 2 2
dsc=— |1 2 2028 (dv + a sin” 0d¢p)~+
+2(dv +a sin® 0dg) (dr + a sin? 8dp) + (r* + a* cos 0) (d6? + sin” 0d¢?) (20)

Event horizons occur at [21]:

N @

It can readily be seen from this equation that no event horizons occur when a > m, corresponding
to naked singularities. However, in this situation, the mass m is constant, and there is no charge or
variable cosmological parameter. Let us now look at some radiating rotating stars taking into account,
firstly, constant mass, charge and cosmological parameters. The Kerr—-Newman—de Sitter metric [22] is:

ds* = A% [Ay — Aga® sin? 0]dv? — vV A[dv — a sin® 0d¢p?]dr — AEdGZ—l-
0

+ A% [Ag(r* + a%) — Ay] sin® Odvde — A% [Ag(r* + a®) — Aya® sin® 0] sin® 0d¢* (22)
where: 1
A=[1+377 (23)
Ay =1*+a® —2mr+ Q> — %AZZ (24)
Ty 2 2
Ap =1+ gAu cos” 0 (25)
Y =12 4+ a?cos? 0 (26)

and a = const. The equations for the event horizons are given in [23]. Due to the complicated
expressions for the horizons, we do not repeat them here, but note that one of the conditions for event

horizons to occur is that: 3
<X—%)>o (27)

Hence, naked singularities will occur when

2

a? > (28)

> o
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Let us now look at the situation with varable mass, charge and cosmological parameters
(using the functional forms we used previously) considering the same rotating metric (22). We end
up with the same condition as in (28). Noting Equation (15), and taking the lim,_,o A, we find
that the inequality (28) is satisfied, meaning a naked singularity. In any event, one can always
find reasonable forms for the cosmological parameter A for which we get naked singularities.
Hence, the situation with rotation is actually worse than the initial Vaidya example that we analysed
earlier, in the sense that a naked singularity appears to be favoured.

4. Discussion

Mkenyeleye et al. [24] have also analysed a generalised Vaidya spacetime and found that
both black holes and naked singularities can form, depending upon the initial conditions.
Their discussion was fairly general, whereas ours is more specific, showing clearly the effects of charge
and the cosmological parameter. Brassel et al. [25] have studied the effects of different equations
of state within a similar context, and arrived at the same conclusion.

Our metric (2) includes the following cases:

Vaidya collapse with nonzero pressure when Q = 0 [13];
Vaidya—de Sitter when Q = 0, A = const [10];

Charged Vaidya-de Sitter collapse when A = const [26] ;
Vaidya collapse when Q = 0 and A = 0 [5];

Schwarschild—de Sitter when m = const, A = const, Q = 0 [27];
The de Sitter when A = const, m = 0 = Q [28].

Thus, our work may be regarded as a generalization of the above works.

Is it possible in some way to detect naked singularities, if they really do physically exist?
The detection of the shadow by the event horizon telescope team [29] is compatible with a Kerr
black hole, but it is also compatible with a naked singularity [30], and future observations will
be required to distinguish between the two. Apart from this, various other ways have been proposed
to detect naked singularities, if they do exist. Chakraborty et al. [31] have proposed using the spin
precession of a test gyroscope due to frame dragging; Shahidi et al. [32] suggested using the properties
of thin accretion discs around these exotic objects; and Bhattacharya [33] suggested lensing. However,
it seems that it will be some time before we can observationally distinguish between a black hole
and a naked singularity.

5. Conclusions

In this work we first investigated the collapse of modified Vaidya spacetime with nonzero pressure
(represented by a variable cosmological parameter) as well as charge. We found that the introduction
of charge was not sufficient to halt the occurrence of naked singularities in the Vaidya spacetime
with nonzero pressure. This provides yet another example of the violation of the CCH. This work bears
similarity to the methods used in [34] in which the thermodynamic aspects of gravity were discussed,
albeit with a completely different approach. We hope to investigate this comparison further in future.
Secondly, we also looked at some rotating solutions, and found that naked singularities still occur.
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