The Rainbows of Gravity

Pankaj S. Joshi*

1Tata Institute of Fundamental Research,
Homi Bhabha Road, Colaba, Mumbai 400005, India

Abstract
We present here a spectrum of developments and predictions in gravitagiony in recent years which
appear to be amongst some of the most exciting directions. These includpaitetise singularities,
gravitational collapse final states, and the deep cosmic conundrums thatthtesults on these issues have
revealed. Amongst these are the cosmic censorship and the paradedifability in the universe, and
the possible emerging implications for a quantum theory of gravity. The likatyamb with observations

and implications for relativistic astrophysics and black hole physics todanédicated.
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I. INTRODUCTION

After Einstein proposed the general theory of relativitysci#bing the gravitational force in
terms of spacetime curvatures, the proposed field equatidaied the spacetime geometry to the
matter content of the universe. In general relativity, theverse is modeled as a spacetime, which
has mathematically a structure of a four dimensional dffiéiable manifold. This means that
locally the spacetime is always flat, in a sufficiently smegjion around any point, but on a larger
scale it does not have to be so and it can have more rich arebivstriucture. A two-dimensional
example of such a manifold is a sphere, which is flat enoughervicinity of any single point on
its surface, but has a non-zero global curvature.

The earliest solutions found for the field equations wereStlewarzschild metric representing
the gravitational field around an isolated body such as argpatly symmetric star, and the Fried-
mann cosmological models. Both these contained a spacstirgalarity where the curvatures
and energy densities were infinite and the physical deseniptould then break down. In the
Schwarzschild solution such a singularity was presenteat#nter of symmetry = 0 whereas
for the Friedmann models it is found at the epach 0 which is beginning of the universe and
origin of time where the scale factor for the universe vaassand all objects are crushed to a zero
volume due to infinite gravitational tidal forces.

Even though the physical problem posed by the existenceaf austrong curvature singu-
larity was realized immediately in these solutions, whigmed out to have several important
implications towards the experimental verification of thengral relativity theory, initially this
phenomenon was not taken seriously. It was generally thabghthe existence of such a singu-
larity must be a consequence of the very high degree of syrngnmeposed on the spacetime while
deriving these solutions. Subsequently, the distinctietwken a genuine spacetime singularity
and a mere coordinate singularity became clear and it wligedahat the singularity at = 2m
in the Schwarzschild spacetime was only a coordinate samigyiiwhich could be removed by a
suitable coordinate transformation. It was clear, howe¥et the genuine curvature singularity at
r = 0 cannot be removed by any such transformations. The hopeheaghat when more general
solutions are considered with a less degree of symmetryineggants, such singularities will be
avoided. This issue was sorted out when a detailed studyeddttiacture of a general spacetime
and the associated problem of singularities was taken upawkithg, Penrose, and Geroch (see

for example, Hawking and Ellis, 1973), which showed thagslarities are in fact a much more



general phenomena in gravitation theories.

Further to the general relativity theory in 1915, the gratidn physics was a relatively quiet
field with few developments till about 1950s. However, théd®saw the emergence of new ob-
servations in high energy astrophysics, such as quasarsigineénergy phenomena at the center
of galaxies such as extremely energetic jets. These olismrsatogether with important theo-
retical developments such as studying the global strualispacetimes and singularities, led to
important results in black hole physics and relativistiz@shysics and cosmology.

My purpose here is to indicate and highlight a spectrum ohstevelopments and results
which deal with probably some of the most exciting curresties on which useful research in
gravitation and cosmology is centered today. This is of sear personal perspective and no claim
to completeness is made. However, | hope that what is predgdémiow will paint an interesting
view of the landscape of gravity physics and the emergingnaogrontiers. While doing so,
| discuss what | think to be rather interesting results, udodg some of our work on the final
endstates of gravitationally collapse, cosmic censorsmng black holes and naked singularities.
Related major cosmic conundrums such as the issue of paeditt in the universe are discussed,

and observational implications of naked singularitiesiadécated.

II. SPACETIME SINGULARITIES

As mentioned above, the work in early 1970s in gravitaticgoties showed that a spacetime
will admit singularities within a rather general framewqotovided it satisfies certain reasonable
physical assumptions such as the positivity of energy, talsié causality assumption and a condi-
tion implying strong gravitational fields, such as the extiste of trapped surfaces. It thus followed
that singularities form a rather general feature of thetnatg theory. In fact, these considerations
ensure the existence of singularities in other theoriegafity also which are based on a space-
time manifold framework and that satisfy the general caoadg such as those stated above.

Therefore the scenario that emerges is, essentially fatadkical spacetime theories of gravi-
tation, the occurrence of singularities form an inevitadohel integral part of the description of the
physical reality. In the vicinity of such a singularity, igplly the energy densities, spacetime cur-
vatures, and all other physical quantities would blow upstindicating the occurrence of super
ultra-dense regions in the universe. The behaviour of saglons may not be governed by the

classical theory itself, which may breakdown having prestiche existence of the singularities,



and a quantum gravitational theory would be the likely digsion of the phenomena created by
such singularities.

Firstly, it is to be clarified how to characterize a spacetsirggularity. It turns out that it is
the notion of geodesic incompleteness that characterigasyalarity in an effective manner for a
spacetime and enables their existence to be proved by mégeseral enough theorems, which
involve a consideration of the gravitational focusing @iy the spacetime curvature in con-
gruences of timelike and null geodesics. This turns out tthiemain cause of the existence of
singularity in the form of non-spacelike incomplete geacen spacetime. The issue of physi-
cal nature of a spacetime singularity is important. Theeeraany types of singular behaviours
possible for a spacetime and some of these could be regasdedtaematical pathologies in the
spacetime rather than having any physical significances Whi be especially so if the spacetime
curvature and similar other physical quantities remaineitfialong an incomplete non-spacelike
geodesic in the limit of approach to the singularity. A silagity will be physically important
when there is a powerful enough curvature growth along sarggeodesics, and the physical
interpretation and implications of the same are to be cansitl

Considering various situations, the occurrence of nongiacgeodesic incompleteness has
been generally agreed upon as the criterion for the existefia singularity for a spacetime. Itis
clear that if a spacetime manifold contains incomplete spacelike geodesics, there is a definite
singular behaviour present in the spacetime. In such a @asejelike observer or a photon
suddenly disappears from the spacetime after a finite amadyrbper time or after a finite value
of the affine parameter. The singularity theorems whichltdeam an analysis of gravitational
focusing and global properties of a spacetime prove thismqeteness property for a wide class
of spacetimes under a set of rather general conditions.

The matter fields with positive energy density affect thesadity relations in a spacetime and
cause focusing in the families of timelike and null trajeies. The essential phenomena that
occurs here is that matter focuses the nonspacelike gesdefsihe spacetime into pairs of focal
points or the conjugate points. The rate of change of voluxparsion for a given congruence of

timelike geodesics can be written as

@ _ —RyV'VE — 162 — 262 4 207
dr

where, for a given congruence of timelike geodesics, thatifigsd, o andw areexpansionshear

androtation tensors are respectively. The above equation is calledRthyehaudhuri equation
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(Raychaudhuri, 1955) which describes the rate of changkeotdlume expansion as one moves
along the timelike geodesic curves in the congruence. We thait the second and third term on
the right-hand side involving andc are positive always. Consider now the tefjV*V7. By

Einstein equations this can be written as
R;V'V? = 8x([T;;V'V? + 1T

The termT;,;V*V7 above represents the energy density as measured by a gnodgerver with
the unit tangent’?, which is the four-velocity of the observer. For all reasoleaclassical physical
fields this energy density is generally taken as non-negaind it is assumed that for all timelike
vectorsV? the following is satisfied

T;V'V7 >0
Such an assumption is called thweak energy conditionWhen a suitable energy condition is
satisfied, the Raychaudhuri equation implies that the effiamatter on spacetime curvature causes
a focusing effect in the congruence of timelike geodesiastdwgravitational attraction. This, in
general causes the neighbouring geodesics in the congrueraross each other to give rise to
caustics or conjugate points. This separation betweerbpdanelike geodesics is governed by
what is called the geodesic deviation equation,

D?Z) = —RI ,VkZiV!

where 7' is the separation vector between nearby geodesics of thgrwemce. Solutions of the
above equation are called thacobi fieldsalong a given timelike geodesic.

There are several singularity theorems available whichidish the non-spacelike geodesic in-
completeness for a spacetime under different sets of dondiind applicable to different physical
situations. However, the most general of these is the Hayvwdtenrose theorem (Hawking and
Penrose, 1970), which is applicable in both the collapsmsdn and cosmological scenario. The
main idea of the proof of such a theorem is, using the causattste analysis it is shown that
there must be maximal length timelike curves between cgegairs of events in the spacetime.
Now, a causal geodesic which is both future and past compiet contain pairs of conjugate
points if M satisfies the generic condition and an energy conditions iBiihen used to draw the
necessary contradiction to show tldtmust be non-spacelike geodesically incomplete.

The inevitable existence of spacetime singularities, fidewclasses of general models of space-

times means that the classical gravity necessarily giwestad regions in the spacetime universe
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where the densities and spacetime curvatures would resdky giithout any bounds, where all

other physical parameters also would diverge really.

lll. GRAVITATIONAL COLLAPSE

The existence of spacetime singularities in the Einsteavigy, and in all similar spacetime
theories of gravitation poses intriguing challenges andl&mental questions in physics as well
as cosmology.

Such a phenomenon will basically arise in two physical sgeaan the universe, the first being
the cosmology where such a singularity will correspond &dhgin of the universe, and secondly
whenever locally a large quantity of matter and energy pskes under the force of its own gravity.
This later situation will be effectively realized in the gitational collapse of massive stars in the
universe, which collapse and shrink catastrophically wrideir self-gravity, when the star has
exhausted its nuclear fuel within which earlier supplieglithternal pressure to halt the in-fall due
to gravity. We now discuss this second possibility in sontaitie

When a massive star, more than a few solar masses, has exhigsigteernal nuclear fuel, it is
believed to enter the stage of an endless gravitationagsd without having any final equilibrium
state. According to the Einstein theory of gravitation, #tar goes on shrinking in its radius,
reaching higher and higher densities. What would be the fataeldéf such an object according to
the general theory of relativity? This is one of the centrastions in relativistic astrophysics and
gravitation theory today. It has been suggested that tha-dénse object that forms as a result of
collapse could be a black hole in the space and time from whitreven light rays can escape.
Alternatively, if the event horizon of gravity fails to cavéhe final crunch, it could be a visible
singularity which can causally interact with the outsidévarse and from which emissions of light
and matter may be possible.

It is of course reasonably clear that very near such a spaeedingularity, the classical de-
scription that predicted it must itself breakdown. The quameffects associated with gravity are
most likely to become dominant in such a regime. These mayweshe classical singularity.
However, we have no viable and consistent quantum theoryavity available as of today de-
spite many serious attempts, and therefore the issue diut@soof singularities as produced by
classical gravity remains very much open currently.

An investigation on final fate of collapse is of importancenfr both the theoretical as well as



observational point of view. At the theoretical level, winidx out the collapse outcomes in general
relativity is crucial to the problem of asymptotic prediciity, namely, whether the singularities
forming at the end point of collapse will be necessarily cedeby the event horizons of gravity.
A hypothesis that remains fundamental to the theoreticaldations of black hole physics and its
numerous astrophysical applications which have been evak past decades (e.g. the area theo-
rem for black holes, laws of black hole thermodynamics, Hagkadiation effect, predictability;
and on observational side, accretion of matter by blackdyaiessive black holes at the center of
galaxies etc), isosmic censorshighich states the singularities of collapse must be hiddeinmimvi
horizons of gravity. On the other hand, existence of visini@aked singularities would offer a
new approach on these issues requiring modification andmedation of our usual theoretical
conception on black holes.

To investigate this issue, dynamical collapse scenarioe baen examined in past decade
or so for many cases such as clouds composed of dust, radipgdect fluids, or also of matter

compositions with more general equations of state (foregfees and details, see e.g. Joshi 2008).

IV. BLACK HOLES

One could consider a gravitationally collapsing spherivakssive star. We need to consider
the interior solution for the object which will depend on fireperties of matter, equation of state,
and the physical processes taking place within the steitarior. However, assuming the matter to
be pressureless dust allows to solve the problem analytipambviding many important insights.
Here the energy-momentum tensor is giveniy = pu‘u’, and one needs to solve the Einstein
equations for the spherically symmetric metric. This deiees the metric potentials, and the
interior geometry of the collapsing dust ball is given by,

2
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whered? = df? + sin?0d¢? is the metric on two-sphere. The geometry outside is vacuum
Schwarzschild space-time. The interior geometry of the diesid matches at the boundary-= r,

with the exterior Schwarzschild space-time.
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Fig 1. Spherically symmetric homogeneous dust collapse where the finahogiis black hole formation
in the spacetime.

The basic features of such a collapsing, spherical, homemendust cloud configuration are
given in Fig. 1. The collapse is initiated when the star stefis outside its Schwarzschild radius
r = 2m, and a light ray emitted from the surface of the star can estamfinity. However, once
the star has collapsed below= 2m, a black hole region of no escape develops in the space-time,
bounded by the event horizon at= 2m. Any point in this empty region represents a trapped
surface (which is a two-sphere in space-time) in that bo¢haiitgoing and ingoing families of
null geodesics emitted from this point converge and hendgghbcomes out of this region. Then,
the collapse to an infinite density and curvature singylait = 0 becomes inevitable in a finite
proper time as measured by an observer on the surface ofgheTdte black hole region in the
resulting vacuum Schwarzschild geometry is giverDby r < 2m, the event horizon being the
outer boundary. On the event horizon, the radial outwardg@is stay where they are, but all
the rest are dragged inwards. No information from this bllagle can propagate outside= 2m
to observers far away. We thus see that the collapse givesaia black hole in the space-time
which covers the resulting space-time singularity. Thanate fate of the star undergoing such a
collapse is then an infinite curvature singularityrat 0, which is completely hidden within the
black hole. No emissions or light rays from the singularibyild go out to observer at infinity and

the singularity is causally disconnected from the outspics-time.
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V. COSMIC CENSORSHIP

The question now is whether one could generalize these usinals on the occurrence of a
spacetime singularity in collapse and black hole formatammore general matter fields, and for
non-spherical situations.

While we know that the occurrence of the singularity itsel§iable to small perturbations in
the initial data, there is no proof available that such alisgty will continue to be hidden within
a black hole and remain causally disconnected from outdidervers, even when the collapse is
not spherical or when the matter does not have the form oftéd@oogeneous dust.

Thus, in order to generalize the notion of black holes to igmtional collapse situations other
than exact spherically symmetric homogeneous dust caBecdmes necessary to rule out such
naked or visible singularities by means of an explicit agstiom. This is stated as thesmic
censorship hypothesisvhich essentially states that$f is a partial Cauchy surface from which
collapse commences, then there are no naked singulaotibe future ofS, that is, which could
be seen from the future null infinity. This is true for the spb& homogeneous dust collapse,
where the resulting spacetime is future asymptoticallgimtable and the censorship holds. Thus,
the breakdown of physical theory at the spacetime singuldoes not disturb prediction in fu-
ture for the outside asymptotically flat region. What will Ibe tcorresponding scenario for other
collapse situations, when inhomogeneities, non-sphemtc are allowed for? It is clear that the
assumption of censorship in a suitable form is crucial tadx@sults in black hole physics. In fact,
when one considers the gravitational collapse in a gendétiat®on, the very existence of black
holes requires this hypothesis.

If one is to establish the censorship by means of a rigoroasfpthat of course requires a much
more precise formulation of the hypothesis. The statenfettresult of a complete gravitational
collapse must always be a black hole and not a naked sintwllariall singularities of collapse
must be hidden in black holes, causally disconnected frosemers at infinity, is not rigorous
enough. This is because, under completely general cireumoss, the censorship or asymptotic
predictability is false as one could always choose a spage+hanifold with a naked singularity
which would be a solution to Einstein’s equations if we defipe = (1/87)G;;. In fact, as
far as the cosmic censorship hypothesis is concerned, itnigjar problem in itself to find a
satisfactory and mathematically rigorous formulation ¢fawis physically desired to be achieved.

Developing a suitable formulation would probably be a madvance towards the solution of



the main problem. It should be noted that presently no gépeoaf is available for any suitably

formulated version of the weak censorship.

VI. NAKED SINGULARITIES

This situation leads us to conclude that the first and forérask is to carry out a detailed
and careful examination of various gravitational collapsenarios to examine them for their end
states. Itis clear from these considerations that we stitlat have sufficient data and information
available on the various possibilities for gravitatiogaibllapsing configurations so as to decide
one way or other on the issue of censorship hypothesis. Wpatapreally necessary is a detailed
investigation of different collapse scenarios, and to dranthe possibilities arising, in order to
have insights into the issue of the final fate of gravitatlamwlapse. With such a purpose, sev-
eral gravitational collapse scenarios involving diffdrearms of matter have been investigated to
understand better the final fate of collapse.

Since we are interested in collapse, we require that theespiae contains a regular initial
spacelike hypersurface on which the matter fields, as repted by the stress-energy tengoy,
have a compact support and all physical quantities are bedlbved on this surface. Also, the
matter should satisfy a suitable energy condition and thestBin equations are satisfied. We
say that the space-time contains a naked singularity ifetler future directed non-spacelike
curve which reaches a far away observer or infinity in futaned in the past it terminates at the
singularity.

As an immediate generalization of the Oppenheimer-Snizggtr-homogeneous dust collapse,
one could consider the collapse of inhomogeneous dust aadieg the nature and structure of
resulting singularity with special reference to censqrshind the occurrence of black holes and
naked singularities. The main motivation to discuss thisagion is this provides a clear picture in
an explicit manner of what is possible in gravitational apde. One could ask how are the con-
clusions given above for homogeneous collapse are modifieshwthe inhomogeneities of matter
distribution are taken into account. Clearly, it is impottéminclude effects of inhomogeneities
because typically a realistic collapse would start from gy wehomogeneous initial data with a
centrally peaked density profile.

This problem was investigated in detail using the Tolmamdd_emaitre models, which de-

scribe gravitational collapse of an inhomogeneous spalkyisymmetric dust cloud (Joshi and
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Dwivedi 1993). This is an infinite dimensional family of asgtatically flat solutions of Einstein
equations, which is matched to the Schwarzschild spacetitsde the boundary of the collaps-
ing star. The Oppenheimer-Snyder-Datt model is a specsa ohthis class of solutions.

It is seen that the introduction of inhomogeneities leads tather different picture of gravita-
tional collapse. The metric for spherically symmetric epée of inhomogeneous dust, in comov-
ing coordinatest, r, 0, ¢), is given by,

/2
ds? = —dt? + ﬁ—fdﬂ + R*(d0* + sin*0 d¢?)

. o F’
TV =eb,0], e=c¢€(t,r)= R

whereT“ is the stress-energy tenseiis the energy density, anfl is a function of botht and
r given by
F

R =—
Rt/

Here the dot and prime denote partial derivatives with respethe parametersandr respec-
tively. As we are considering collapse, we requité, ) < 0. The quantities” and f are arbi-
trary functions ofr and4r R?(¢,r) is the proper area of the mass shells. The area of such a shell
atr = const. goes to zero wheR(¢, r) = 0. For gravitational collapse situation, we tak® have
compact support on an initial spacelike hypersurface aadgiace-time can be matched at some
r = const.= r. to the exterior Schwarzschild field with total Schwarzsghitassm(r.) = M
enclosed within the dust ball of coordinate radius -6t r.. The apparent horizon in the interior
dust ball lies atR = F'(r).

Using this framework, the nature of the singularfly= 0 can be examined. In particular,
the problem of nakedness or otherwise of the singularitylmneduced to the existence of real,
positive roots of an algebraic equatidf( X)) = 0, constructed out of the free functiori$ and
f and their derivatives [11], which constitute the initialtaaf this problem. If the equation
V(X) = 0 has a real positive root, the singularity could be naked. rttento be the end point
of null geodesics at least one real positive valueXgfshould satisfy the above. Clearly, if no
real positive root of the above is found, the singularity @t naked. It should be noted that many
real positive roots of the above equation may exist whicle gine possible values of tangents to
the singular null geodesics terminating at the singulayppose nowk = X is a simple root

to V(X) = 0. To determine whethek| is realized as a tangent along any outgoing singular
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geodesics to give a naked singularity, one can integrategbation of the radial null geodesics in
the formr = r(X) and it is seen that there is always at least one null geodesigriating at the
singularityt = 0, = 0, with X = Xj. In addition there would be infinitely many integral curves
as well, depending on the values of the parameters invothatiferminate at the singularity. It is
thus seen that the existence of a positive real root of thatemul’ (X ) = 0 is a necessary and
sufficient condition for the singularity to be naked. Figalo determine the curvature strength
of the naked singularity at = 0, » = 0, one may analyze the quantity R,, K*K" near the
singularity. Standard analysis shows that the strong ¢urgacondition is satisfied, in that the

above quantity remains finite in the limit of approach to timgslarity.

VIl. GENERAL COLLAPSE SCENARIOS

The assumption of vanishing pressures, which could be itapbin the final stages of the
collapse, may be considered as the limitation of dust mod&tsthe other hand, it is also argued
sometimes that in the final stages of collapse, the dust iequatt state could be relevant and at
higher and higher densities the matter may behave more like drurther, if there are no large
negative pressures (as implied by the validity of the enegyditions), then the pressure also
might contribute gravitationally in a positive manner te tbffect of dust and may not alter the
conclusions.

In any case, it is important to consider collapse situatmite non-zero pressures and with
reasonable equations of state. Pressures may play an anpoole for the later stages of col-
lapse and one must investigate the possibility if presstadignts could prevent the occurrence
of naked singularity. These issues have been examined paiimelexistence, the termination of
non-spacelike geodesic families, and the strength of swihgalarity for collapse with non-zero
pressure. The results could be summarized as follows. IEglfasimilar collapse with pressure, a
single null radial geodesic escapes the singularity, timesngire family of non-spacelike geodesics
would also escape provided the positivity of energy densisatisfied as above.

Actually, gravitational collapse models with a generahfiasf matter, together with those such
as directed radiation, dust, perfect fluids etc imply someegal pattern emerging about the final
outcome of gravitational collapse. Basically it followsthhe occurrence of naked singularity is
basically related to the choice of initial data to the Eiisfesld equations, and would therefore

occur from regular initial data within the general conteanhsidered, subject to the matter satisfy-
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ing weak energy condition. It appears that the occurrenaeakéd singularity or a black hole is
more a problem of choice of the initial data for field equasioather than that of the form of mat-
ter or the equation of state. This has important implicafammcosmic censorship in that in order
to preserve the same one has to avoid all such regular iddi@ causing naked singularity, and
hence a deeper understanding of the initial data spaceugeeqgn order to determine such initial
data and the kind of physical parameters they would spe€tis would, in other words, classify
the range of physical parameters to be avoided for a paatiéafm of matter. More importantly, it
would also pave the way for the black hole physics to use drdgé ranges of allowed parameter
values which would produce black holes, thus putting bladlk physics on a more firm footing.

What will be the final fate of gravitational collapse which istrspherically symmetric? The
main phases of spherical collapse of a massive star woulgigieatly instability, implosion of
matter, and subsequent formation of an event horizon and@esjime singularity of infinite den-
sity and curvature with infinite gravitational tidal forceEhis singularity may or may not be fully
covered by the horizon as we have discussed above. Agait, ganarbations over the spheri-
cally symmetric situation would leave the situation unajethin the sense that an event horizon
will continue to form in the advanced stages of the collapse.

The question then is, do horizons still form when the flugtres from the spherical symmetry
are high and the collapse is highly non-spherical? It wasvehioy Thorne (1972), that when
there is no spherical symmetry, the collapse of infiniteraydirs do give rise to naked singular-
ities in general relativity, which are not covered by horigo This situation motivated Thorne
to propose the followindnoop conjecturdor finite systems in an asymptotically flat space-time,
which characterizes the final fate of non-spherical cokapEhe horizons of gravity form when
and only when a mask gets compacted in a region whose circumferen@varydirection obeys
C < 2m(2GM/c?*). Thus, unlike the cosmic censorship conjecture, the hoojecture does not
rule outall the naked singularities but only makes a definite assertiothe occurrence of the
event horizons in gravitational collapse. We also note tiathoop conjecture is concerned with
the formation of event horizons, and not with naked singtigar. Thus, even when event horizons
form, say for example in the spherically symmetric casepésinot rule out the existence of naked
singularities, i.e. it does not imply that such horizons tralways cover the singularities.

Apart from such numerical simulations, some analytic tresaits of aspherical collapse are also
available. For example, the aspherical Szekeres modelgdbational dust without any Killing

vectors, generalizing the spherical Tolman-Bondi-Lensaibllapse, were studied, to deduce the
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existence of strong curvature central naked singulariifésile this indicates that naked singular-
ities are not necessarily confined to spherical symmetmguist be noted that dynamical evolution
of a non-spherical collapse still remains a largely unadhterritory.

We note here that thgenericityandstability of the collapse outcomes, in terms of black holes
and naked singularities need to be understood carefullyimfarther detail. It is by and large
well-accepted now, that the general theory of relativitesl@llow and gives rise to both black
holes and naked singularities as final fate of a continualigégonal collapse, evolving from a
regular initial data, and under reasonable physical cardit What is not fully clear as yet is
the distribution of these outcomes in the space of all altbaetcomes of collapse. The collapse
models discussed above and considerations we gave herd @of some help in this direction,
and may throw some light on the distribution of black holed aaked singularity solutions in the
initial data space.

The important question then is the genericity and stabdftguch naked singularities arising
from regular initial data. Will the initial data subspacehiah gives rise to naked singularity as
end state of collapse, have zero measure in a suitable sémgk&t case, one would be able to
reformulate more suitably the censorship hypothesis,dasea criterion that naked singularities
could form in collapse but may not be generic.

It is natural to ask here, what is really the physics that eaasnaked singularity to develop in
collapse, rather than a black hole? We need to know how ataiictes and energy are allowed
to escape from extremely strong gravity fields. We have erathithis issue in some detail to
bring out the role of inhomogeneities and space-time sleachieve this towards distorting the
geometry of horizons forming in collapse. In Newtonian gigwvt is only the matter density
that determines the gravitational field. In Einstein thebigwever, density is just one attribute of
the overall gravitational field, and the various curvatusenponents and scalar quantities play an
equally important role to dictate what the overall naturehaf field is. What our results show is,
once the density is inhomogeneous or higher at the centesllafpsing star, this rather naturally
delays the trapping of light and matter during collapse,clfgan in principle escape away. This
is a general relativistic effect wherein even if the demsitre very high, paths are created for light
or matter to escape due to inhomogeneously collapsing nfelds, and these physical features
naturally lead to a naked singularity formation rather thdolack hole end state. Itis the amount of
inhomogeneity that counts to distort the horizons. If itésywsmall, below a critical limit, a black

hole will form, but with sufficient inhomogeneity trapping delayed to cause a naked singularity.
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This criticality again comes out in the Vaidya class of réidia collapse models, where it is the
rate of collapse, that is how fast or slow the cloud is collagsthat determines the black hole or

naked singularity formation.

VIIl.  DISTINGUISHING BLACK HOLES AND NAKED SINGULARITIES OBSER VATION-
ALLY

It is clear that the black hole and naked singularity outcemmiea complete gravitational col-
lapse for a massive star are very different from each othgsiphlly, and would have quite dif-
ferent observational signatures. In the naked singulaaie, if it occurs in nature, we have the
possibility to observe the physical effects happening ecinity of the ultra dense regions that
form in the very final stages of collapse. However, in a blaoletscenario, such regions are
necessarily hidden within the event horizon of gravity.

There have been attempts where researchers explored ahgsications and implications of
the naked singularities (see e.g. Joshi and Malafarina a0tilreferences in there). If we could
find astrophysical applications of the models that predasten singularities as collapse final fate,
and possibly try to test the same through observational oalstland the signatures predicted,
that could offer a very interesting avenue to get furtherghsinto the problem as a whole. An
attractive recent possibility in that connection is to explthe naked singularities as possible
particle accelerators (Patil and Joshi 2011).

Also, the accretion discs around a naked singularity, wheree matter particles are attracted
towards or repulsed away from the singularities with gresdoeities could provide an excellent
venue to test such effects and may lead to predictions of itapbobservational signatures to
distinguish the black holes and naked singularities inogs$tysical phenomena. The question
of what observational signatures would then emerge andhdigsh the black holes from naked
singularities is then necessary to be investigated, and ust explore what special astrophysical
consequences the latter may have.

Where could the observational signatures of naked singielsiiie? If we look for the sign
of singularities such as the ones that appear at the endlapsel we have to consider explosive
and high energy events. In fact such models expose thehifjradensity region at the time of
formation of the singularity while the outer shells areldtlling towards the center. In such a

case, shockwaves emanating from the superdense regioal@s smaller than the Schwarzschild
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radius (that could be due to quantum effects or repulsivesatal effects) and collisions of parti-
cles near the Cauchy horizon could have effects on the owterdaThese would be considerably
different from those appearing during the formation of acklaole. If, on the other hand, we
consider singularities such as the superspinning Kerttisolwve can look for different kinds of
observational signatures. Among these the most promimatitifes deal with the way the singu-
larity could affect incoming particles, either in the forrhlight bending, such as in gravitational
lensing, particle collisions close to the singularity, ooperties of accretion disks.

Essentially we ask whether we could test censorship usitigrasmical observations. With
so many high technology power missions to observe the cgsoamswe not just observe the
skies carefully to determine the validity or otherwise & tosmic censorship? In this connection,
several proposals to measure the mass and spin ratio forazimbpjects and for the galactic center
have been made by different researchers. In particulangysillsar observations it is suggested
that gravitational waves and the spectra of X-rays binariesd test the rotation parameter for the
center of our galaxy. Also, the shadow cast by the compaetcblopn be used to test the same in
stellar mass objects, or X-ray energy spectrum emitted byatitretion disk can be used. Using
certain observable properties of gravitational lensirg tlepend upon rotation is also suggested
(for references, see Joshi and Malafarina, 2011).

The basic issue here is that of sensitivity, namely how ately and precisely can we measure
and determine these parameters. A number of present arme fagtronomical missions could be
of help. One of these is the Square-Kilometer Array (SKA)ioaelescope, which will offer a
possibility here, with a collecting area exceeding a facfonundred compared to existing ones.
The SKA astronomers point out they will have the sensitidigsired to measure the required
guantities very precisely to determine the vital fundarakisisues in gravitation physics such as
the cosmic censorship, and to decide on its validity or etig. Other missions that could in
principle provide a huge amount of observational data assdtthat are currently hunting for the
gravitational waves. Gravitational wave astronomy hastgetlaim its first detection of waves,
nevertheless in the coming years it is very likely that thstfabservations will be made by the
experiments such as LIGO and VIRGO that are currently stilbly the threshold for observation.
Then gravitational wave astronomy will become an activalfigith possibly large amounts of
data to be checked against theoretical predictions angga almost certain that this will have
a strong impact on open theoretical issues such as the CosmsoS&ip problem.

There are three different kinds of observations that onédcdevise in order to distinguish a
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naked singularity from a black hole. The first one relies andtudy of accretion disks. The accre-
tion properties of particles falling onto a naked singujawould be very different from those of
black hole of the same mass (see for example (Pugliese €1d); doshi, Malafarina and Ramesh
Narayan, 2011), and the resulting accretion disks would bés observationally different. The
properties of accretion disks have been studied in termseofadiant energy, flux and luminosity,
in a Kerr-like geometry with a naked singularity, and thdetgnces from a black hole accretion
disk have been investigated. Also, the presence of a nakgdlarity gives rise to powerful repul-
sive forces that create an outflow of particles from the aaumelisk on the equatorial plane. This
outflow that is otherwise not present in the black hole casaldcbe in principle distinguished
from the jets of particles that are thought to be ejected fldack hole’s polar region and which
are due to strong electromagnetic fields. Also, when charggtdparticles are considered the ac-
cretion disk’s properties for the naked singularity prasemhe Reissner-Nordstrom spacetime are
seen to be observationally different from those of blaclebol

The second way of distinguishing black holes from nakeddangies relies on gravitational
lensing. It is argued that when the spacetime does not poasgisoton sphere, then the lensing
features of light passing close to the singularity will besetvationally different from those of a
black hole. This method, however, does not appear to be ¥eEgtige when a photon sphere is
present in the spacetime. Assuming that a Kerr-like saiubibEinstein equations with massless
scalar field exists at the center of galaxies, its lensing@riies are studied and it was found that
there are effects due to the presence of both the rotatiorsealdr field that would affect the
behavior of the bending angle of the light ray, thus makiragsthobjects observationally different
from black holes.

Finally, a third way of distinguishing black holes from nak&ngularities comes from particle
collisions and particle acceleration in the vicinity of thiegularity. In fact, it is possible that the
repulsive effects due to the singularity can deviate a adgsalling particles, making these out-
going eventually. These could then collide with some ingg@article, and the energy of collision
could be arbitrarily high, depending on the impact parameftéhe outgoing particle with respect
to the singularity. The net effect is thus creating a venhhagergy collision that resembles that of

an immense particle accelerator and that would be impassilihe vicinity of a Kerr black hole.
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IX. PREDICTABILITY AND OTHER COSMIC PUZZLES

What then is the status of naked singularities versus cemgdieday? Can cosmic censorship
survive in some limited and specialized form, and firstlyp ez properly formulate it after all
these studies in recent years on gravitational collapse?eWHis continues to be a major cosmic
puzzle, recent studies on formation of naked singularégsollapse end states for many realistic
models have brought to forefront some of the most intrigusagic questions, both at classical
and quantum level, which may have significant physical exlee. Some of these are: Can the
super ultra-dense regions forming in a physically realistllapse of a massive star be visible to
far away observers in space-time? Are there any observabigphysical consequences? What is
the causal structure of space-time in the vicinity of siagity as decided by the internal dynamics
of collapse which evolves from a regular initial data at amiahtime? How early or late the
horizons will actually develop in a physically realisticagitational collapse, as determined by
the astrophysical conditions within the star? When a nakedutarity forms, is it possible to
observe the quantum gravity effects taking place in theatstrong gravity regions? Can one
possibly envisage a connection to observed ultra-highggngnenomena such as cosmic gamma
ray bursts?

A continuing study of collapse phenomena within a generdl@hysically realistic framework
may be the only way to answers on some of these issues. Thid leaa us to novel physical
insights and possibilities emerging out of the intricacggravitational force and nature of gravity,
as emerging from examining the dynamical evolutions asvatbby Einstein equations.

Apart from its physical relevance, the collpase phenomésa lzave profound philosophical
implications such as on the issue of predictability in theverse. We summarize below a few
arguments, for and against it in the classical generalivéiat

Itis some times argued that breakdown of censorship meatetioin of predictability in space-
time,because we have no direct handle to know what a nakegdlanty may radiate and emit
unless we study the physics in such ultra-dense regionswOukl not be able then to predict the
universe in the future of a given epoch of time as would be dsecfor example, in the case of
the Schwarzschild black hole that develops in OppenheBmgder collapse.

A concern usually expressed is that if naked singularitesiaed as the final fate of gravita-
tional collapse, that would break the predictability in #p@acetime, because the naked singularity

is characterized by the existence of light rays and pasittiat emerge from the same. Typically,
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in all the collapse models discussed above, there is a farhilyture directed non-spacelike curves
that reach external observers, and when extended in thehzess meet the singularity. The first
light ray that comes out from the singularity marks the baamaf the region that can be predicted
from a regular initial Cauchy surface in the spacetime, amd hcalled the Cauchy horizon for
the spacetime. The causal structure of the spacetime wafted significantly in the two cases,
when there is a Cauchy horizon and when there is none.

In general relativity, a given ‘epoch’ of time is sometimepresented by a spacelike surface,
which is three-dimensional space. For example, in the stahl@riedmann models of cosmology,
there is such an epoch of simultaneity, from which the usigevolves in future, given the physical
variables and initial data on this surface. The Einsteiraéigas govern this evolution of universe,
and there is thus a predictability which one would expeciio im a classical theory. The concern
that is expressed at times is one would not be able to predibeifuture of naked singularity, and
that unpredictable inputs may emerge from the same.

The point here is, given a regular initial data on a spacédijggersurface, one would like to
predict the future and past evolutions in the spacetime lfdinaes (see for example, Hawking
and Ellis 1973). Such a requirement is termed asglobal hyperbolicityof the spacetime. A
globally hyperbolic spacetime is a fully predictable umges it admits &Cauchy surfacewhich
is a three dimensional spacelike surface the data on whishbeaevolved for all times in the
past as well as in future. Simple enough spacetimes sucleadittkowski or Schwarzschild are
globally hyperbolic, but the Reissner-Nordstrom or Kerogetries are not globally hyperbolic.
For further details on these issues, we refer to (Joshi, 2008

The key role that the event horizon of a black hole plays is ithaides the super-ultra-dense
region formed in collapse from us. So the fact that we do ndeustand such regions has no effect
on our ability to predict what happens in the universe atdaBut if no such horizon exists, then
the ultra-dense region might, in fact, play an important emen decisive role in the rest of the
universe, and our ignorance of such regions would becomead than merely academic interest.

Yet such an unpredictability is common in general relagivind not always directly related
to censorship violation. Even black holes themselves ne¢duly respect predictability when
they rotate or have some charge. For example, if we drop arrieleharge into an uncharged
black hole, the spacetime geometry radically changes and isnger predictable from a regular
initial epoch of time. A charged black hole admits a nakedysiarity which is visible to an

observer within the horizon, and similar situation holdsewtihe black hole is rotating. There is
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an important debate in recent years, if one could over-ghargver-rotate a black hole so that the
singularity visible to observers within the horizon bec@mwesible to external far away observers
too.

Another point is, if such a black hole was big enough on a césgical scale, the observer
within the horizon could survive in principle for milliond gears happily without actually falling
into the singularity, and would thus be able to observe thkedaingularity for a long time. Thus,
only purest of pure black holes with no charge or rotationllateapect the full predictability, and
all other physically realistic ones with charge or rotatawriually do not. As such, there are many
models of the universe in cosmology and relativity that asetotally predictable from a given
spacelike hypersurface in the past. In these universespeetime cannot be neatly separated
into space and time foliation so as to allow initial data aivag moment of time to fully determine
the future.

In our view, the real breakdown of predictability is the ogemce of spacetime singularity
itself, which indicates the true limitation of the classigeavity theory. It does not matter really
whether it is hidden within an event horizon or not. The redilison of the problem would then
be the resolution of singularity itself, through either aagtum theory of gravity or in some way
at the classical level itself.

Actually, the cosmic censorship way to predictability, ttb&‘hiding the singularity within a
black hole’, and then thinking that we restored the spacepmedictability may not be the real
solution, or at best it may be only a partial solution to thg lssue of predictability in spacetime
universes. In fact, it may be just shifting the problem elsew, and some of the current major
paradoxes faced by the black hole physics such as the inflmmparadox, the various puzzles
regarding the nature of the Hawking radiation, and otharasscould as well be a manifestation
of the same.

No doubt, the biggest argument in support of censorship avbel that it would justify and
validate the extensive formalism and laws of black hole pisyand its astrophysical applications
made so far. Censorship has been the foundation for the lawtaok holes such as the area
theorem and others, and their astrophysical applicatiBosthese are not free of major paradoxes.
Even if we accept that all massive stars would necessarilyituo black holes, this still creates
some major physical paradoxes. Firstly, all the matterremdea black hole must of necessity
collapse into a space-time singularity of infinite densitg @urvatures, where all known laws of

physics break down, which is some kind of instability at ttessical level itself. This was a reason
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why many gravitation theorists of 1940s and 1950s objeaidaidck hole formation, and Einstein
also repeatedly argued against such a final fate of a catigssar, writing a paper in 1939 to this
effect. Also, as is well-known and has been widely discugséte past few years, a black hole, by
potentially destroying information, appears to contrathe basic principles of quantum theory.
In that sense, the very formation of a black hole itself wissiryularity within it appears to come
laden with inherent problems. It is far from clear how one ldagsolve these basic troubles even
if censorship were correct.

In view of such problems with the black hole paradigm, a gabti worth considering is the
delay or avoidance of horizon formation as the star collapseler gravity. This happens when
collapse to a naked singularity takes place, namely, winer@dorizon does not form early enough
or is avoided. In such a case, if the star could radiate awast widts mass in the late stages of
collapse, this may offer a way out of the black hole conundmhile also resolving the singularity
issue, because now there is no mass left to form the singulari

What this means is, such an ‘unpredictability’ is somewhahm@mn in general relativity. For
example, if we drop a slight charge in a Schwarzschild blaak fthe spacetime geometry com-
pletely changes into that of a charged black hole that is ngdo predictable in the above sense.
Similar situation holds when the black hole is rotating. dotf there are very many models of uni-
verse in use in relativity which are not ‘globally hyperlm]ithat is, not totally predictable in the
above sense where space and time are neatly separated sdlew iaitial data to fully determine
future for all times.

In any case, a positive and useful feature that has emergetviork on collapse models so far
is, we already have now several important constraints fgnenssible formulation of censorship.
It is seen that several versions of censorship proposecearbuld not hold, because explicit
counter-examples are available now. Clearly, analyzingigrgonal collapse plays a crucial role
here. Only if we understand clearly why naked singularitesdevelop as collapse end states in
many realistic models, there could emerge any pointer arieany practical and provable version
of censorship.

Finally, it may be worth noting that even if the problem ofgtarity was resolved somehow,
possibly by invoking quantum gravity which may smear thgslarity, we still have to mathemat-
ically formulate and prove the black hole formation assugran appropriate censorship principle,
which is turning out to be most difficult task with no sign okodve. As discussed, the detailed

collapse calculations of recent years show that the finaldéata collapsing star could be a naked
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singularity in violation to censorship. Finally, as is wktlown and widely discussed by now, a
black hole creates the information loss paradox, violatingarity and making contradiction with
basic principles of quantum theory. It is far from clear haweavould resolve these basic troubles

even if censorship were correct.

X. ALAB FOR QUANTUM GRAVITY-QUANTUM STARS?

It is believed that when we have a reasonable and completguuaheory of gravity avail-
able, all spacetime singularities, whether naked or thaddelm inside black holes, will be re-
solved away. As of now, it remains an open question if the guargravity will remove naked
singularities. After all, the occurrence of spacetime giagties could be a purely classical phe-
nomenon, and whether they are naked or covered should netdvant, because quantum gravity
will possibly remove them all any way. It is possible that isuatable quantum gravity theory the
singularities will be smeared out, though this has beenewsltzed so far.

In any case, the important and real issue is, whether theragtistrong gravity regions formed
due to gravitational collapse are visible to faraway obsenor not. It is quite clear that the
gravitational collapse would certainly proceed clasjcat least till the quantum gravity starts
governing and dominating the dynamical evolution at théescaf the order of the Planck length,
i.e. till the extreme gravity configurations have been alreadyettgned due to collapse. The point
is, itis the visibility or otherwise of such ultra-dense iags that is under discussion, whether they

are classical or quantum (see Fig.2).
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Fig 2: The naked singularity may be resolved by the quantum gravity effiettthe ultra-strong gravity
region that developed in gravitational collapse will still be visible to exterbakovers in the universe.

What is important is, classical gravity implies necessahly existence of ultra-strong gravity
regions, where both classical and quantum gravity cometimgio own. In fact, if naked singulari-
ties do develop in gravitational collapse, then in a litaseise we come face-to-face with the laws
of quantum gravity, whenever such an event occurs in thesusgy

In this way, the gravitational collapse phenomenon has obenpial to provide us with a possi-
bility of actually testing the laws of quantum gravity. Iretbase of a black hole developing in the
collapse of a finite sized object such as a massive star, suigsyravity regions are necessarily
hidden behind an event horizon of gravity, and this would led aefore the physical conditions
became extreme near the spacetime singularity. In that dasequantum effects, even if they
caused qualitative changes closer to singularity, will beaphysical consequences as no causal
communications are then allowed from such regions. On therdiand, if the causal structure
were that of a naked singularity, then the communicatiomsifsuch a quantum gravity dominated
extreme curvature ball would be visible in principle. Thiglwe so either through direct physi-
cal processes near a strong curvature naked singularityadhe secondary effects, such as the
shocks produced in the surrounding medium. It is possitdedhspacetime singularity basically
represents the incompleteness of the classical theory hed guantum effects are combined with

the gravitational force, the classical singularity may égalved.
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Therefore, more than the existence of a naked singulahiy,itnportant physical issue is
whether the extreme gravity regions formed in the grawtai collapse of a massive star are
visible to external observers in the universe. An affirma@nswer here would mean that such a
collapse provides a good laboratory to study quantum graffects in the cosmos, which may
possibly generate clues for an as yet unknown theory of guagtravity. Quantum gravity theo-
ries in the making, such as the string theory or loop quanttemity in fact are badly in need of
some kind of an observational input, without which it is hganpossible to constrain the plethora
of possibilities.

We could say quite realistically that a laboratory similattiat provided by the early universe is
created in the collapse of a massive star. However, the lng,ba@hich is also a naked singularity
in that it is in principle visible to all observers, happernady once in the life of the universe
and is therefore a unique event. But a naked singularity avitational collapse could offer an
opportunity to explore and observe the quantum gravityct$fevery time a massive star in the
universe ends its life.

The important questions one could ask are: If in realistimaéysical situations the star termi-
nates as a naked singularity, would there be any observahkequences which reflect the quan-
tum gravity signatures in the ultra-strong gravity regioB® naked singularities have physical
properties different from those of a black hole? Such qoastunderlie our study of gravitational
collapse.

In view of recent results on gravitational collapse, andows problems with the black hole
paradigm, a possibility worth considering is the delay ovidance of horizon formation as the
star evolves collapsing under gravity. This happens whdlase to a naked singularity takes
place, where the horizon does not form early enough or isdaebi In such a case, in the late
stages of collapse if the star could radiate away most of &ssnthen this may offer a way out of
the black hole conundrum, while also resolving the sindgiylésue, because now there is no mass
left to form the curvature singularity. The purpose is tootes the black hole paradoxes and avoid
the singularity, either visible or within a black hole, whiactually indicates the breakdown of
physical theory. The current work on gravitational collegsiggests possibilities in this direction.

In this context, we considered a cloud that collapsed to a&daakngularity final state, and
introduced loop quantum gravity effects (Goswami, Joski &imgh, 2006). It turned out that the
guantum effects generated an extremely powerful repulsixee within the cloud. Classically

the cloud would have terminated into a naked singularity,quantum effects caused a burstlike
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emission of matter in the very last phases of collapse, thggedsing the star and dissolving
the naked singularity. The density remained finite and tleespme singularity was eventually
avoided. One could expect this to be a fundamental featuothefr quantum gravity theories as
well, but more work would be required to confirm such a conjeet

For a realistic star, its final catastrophic collapse takesein matter of seconds. A star
that lived millions of years thus collapses in only tens afms®ls. In the very last fraction of
a microsecond, almost a quarter of its total mass must beeshdiue to quantum effects, and
therefore this would appear like a massive, abrupt burst exéernal observer far away. Typically,
such a burst will also carry with it specific signatures of iofuan effects taking place in such ultra-
dense regions. In our case, these included a sudden dip imté&msity of emission just before the
final burstlike evaporation due to quantum gravity.

The question is, whether such unique astrophysical sigesitan be detected by modern ex-
periments, and if so, what they tell on quantum gravity, diddre are any new insights into other
aspects of cosmology and fundamental theories such ag gteory.

The key point is, because the very final ultra-dense regidribeostar are no longer hidden
within a horizon as in the black hole case, the exciting gokiyi of observing these quantum
effects arises now, independently of the quantum gravagused. An astrophysical connection
to extreme high energy phenomena in the universe, such amthema-rays bursts that defy any
explanations so far, may not be ruled out.

Such a resolution of naked singularity through quantumigraould be a solution to some of
the paradoxes mentioned above. Then, whenever a massivadegoes a gravitational collapse,
this might create a laboratory for quantum gravity in theniaf a Quantum Stafsee e.g. Joshi,
2009), that we may be able to possibly access. This wouldsalggest intriguing connections
to high energy astrophysical phenomena. The presentisituabses one of the most interesting
challenges which have emerged through the recent work ositgtianal collapse.

We hope the considerations here have shown that gravitatanllapse, which essentially is
the investigation of dynamical evolutions of matter fieldsler the force of gravity in the space-
time, provides one of the most exciting research frontiergravitation physics and high energy
astrophysics. In our view, there is a scope therefore fon bio¢oretical as well as numerical in-
vestigations in these frontier areas, which may have mudalidor our quest on basic issues in
guantum gravity, fundamental physics and gravity theoiesl towards the expanding frontiers

of modern high energy astrophysical observations.
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