Chapter 5
A Brief Review of Relativistic Gravitational
Collapse

Daniele Malafarina

Abstract We review here the basic setup to describe complete gravitational collapse
of massive bodies within the general theory of relativity. We derive Einstein’s equa-
tions describing collapse and solve them in some simple well-known toy models. We
study the final outcome of collapse and the quantities that describe the formation of
trapped surfaces and of the central singularity.

5.1 Introduction

General relativity became an essential part of the curricula of astrophysicists nearly
50 years after it was first developed by Albert Einstein, when new ultra-dense objects
such as pulsars and highly energetic phenomena such as quasars were discovered.
By 1963, it was clear that general relativity was necessary to understand those phe-
nomena and that gravitational collapse played a crucial role for many astrophysical
scenarios. Nevertheless, the seeds of our modern understanding of stellar collapse
have deeper roots. It was Chandrasekhar, back in 1931, who used special relativity
to evaluate the pressure necessary to overcome the electron degeneracy in a star and
derived the famous upper mass limit for a stable white dwarf. He wrote: “...the life
history of a star of small mass must be essentially different from the life history of
a star of large mass. For a star of small mass the natural white dwarf stage is an
initial step towards complete extinction. A star of large mass cannot pass into the
white dwarf stage, and one is left speculating on other possibilities” [8]. The “other
possibilities” to which Chandrasekhar referred today are called neutron stars and
black holes.
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In 1939, Oppenheimer and Volkov performed a similar calculation using neutrons
instead of electrons and general relativity instead of special relativity [39]. They con-
cluded that any body with a large enough mass would not be able to sustain its own
gravity and undergo complete collapse, although at the time it was not clear what the
final state would be. They wrote: “...actual stellar matter after the exhaustion of ther-
monuclear sources of energy will, if massive enough, contract indefinitely, although
more and more slowly, never reaching equilibrium.” Soon after, Oppenheimer and
Snyder and independently Datt developed the first exact solution of Einstein’s equa-
tions describing a collapsing spherical cloud of non-interacting particles [11, 38].
The end state of such collapse model is a Schwarzschild black hole.

The existence of black holes as astrophysical objects was just a conjecture fifty
years ago, while today is almost unanimously accepted by the community of astro-
physicists. Nevertheless, the theoretical paradigm upon which the whole theory of
black hole formation relies is not much different from the original Oppenheimer—
Snyder—Datt (OSD) collapse model. And while our physical knowledge of astro-
physical phenomena has progressed enormously in the last fifty years, our theoret-
ical understanding of how black holes form is still very much rooted in simple toy
models such as OSD. The reason for this relies mostly in the immense difficulty
that one encounters when trying to solve analytically Einstein’s equation in more
general and physically relevant cases. Also, the fact that we do not know much about
the behavior of matter in the strong field regime contributes in making our present
theoretical understanding very limited.

On the other hand, from an experimental perspective, new missions and obser-
vatories are due to come online in the near future, and there is great hope that they
will produce, among other things, an enormous amount of data on gravitational col-
lapse and black hole formation. Astrophysicists of tomorrow will be able to rely on
photons, neutrinos, and gravitational waves in order to study and understand what
happens at the end of the life cycle of a star. This is usually called multimessen-
ger astronomy. One of the key questions they will have to address is whether white
dwarves, neutron stars, and black holes are the only possible objects that are left
after a star dies. At present, it is natural to ask whether it is possible that there exists
some yet unknown state of matter beyond the neutron degeneracy limit and capable
of producing stable ultra-dense remnants. The purpose of this chapter is to pave the
way for astrophysicists toward a broad theoretical understanding of the processes
that lead to the formation of black holes. We do so by reviewing the paradigm for
gravitational collapse in general relativity (GR) and the most fundamental analytical
results that were obtained in the field.

The chapter is structured as follows: In Sect. 5.2, we derive the set of differential
equations that are used to describe collapse. In Sect. 5.3, we discuss how the collaps-
ing “star” can be matched to a vacuum exterior. Section 5.4 is devoted to the discus-
sion of the conditions for the model to be physically viable. In Sect. 5.5, the apparent
horizon and the singularity curve are defined. Section 5.6 presents the simplest solu-
tion for the homogenous dust collapse model, while in Sect. 5.7 inhomogeneous dust
and homogeneous perfect fluid models are briefly outlined. Section 5.8 is devoted to
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discussing how the mathematical models can be useful for astrophysics, and finally,
in Sect. 5.9, some possible future directions of investigation are discussed.

5.2 Einstein’s Equations for the Collapsing Interior

Stars are supported in equilibrium by the balance of the gravitational attraction that
pulls inward and the push outward generated by nuclear reactions happening at their
center. When a star exhausts the nuclear fuel that was keeping it stable, it implodes
under its own weight. At this point, the future evolution of the star depends on its
mass. If a star is sufficiently massive, then there is no known force in nature capable of
halting collapse. These stars end their lives forming black holes. In order to be able to
describe the final stages of collapse, where the gravitational field becomes extremely
large, we must use general relativity. Therefore, it is useful to begin our discussion
by understanding what is a black hole in general relativity. The simplest and most
intuitive definition of a black hole is that of a space-time singularity surrounded by
an event horizon. Clearly, there are two elements that are crucial to our definition
of a black hole: the singularity and the event horizon. The event horizon acts like
a two-dimensional one-way membrane that lets particles and light enter while not
letting anything exit. The singularity, strictly speaking, is not a part of the space-
time, and it is the boundary that marks the geodesic incompleteness of all paths
for particles that enter the horizon. The horizon for a non-rotating Schwarzschild
black hole is located at a radius Rscp, = 2G Mg /cz, where Ms is the black hole’s
mass, G is the Newton’s constant, and c is the speed of light. The singularity is
ideally “located” at the center of symmetry of the system. Intuitively, we can see that
the black hole forms once enough mass is concentrated within a sphere of a small
enough radius. Once matter is trapped inside the horizon, it can only fall toward the
singularity (if there is no rotation). In principle, the equations of general relativity
can be very difficult to solve; therefore, in order to describe the process by which all
the matter in the star falls within the horizon radius thus forming a black hole, we
need a mathematical framework that is simple enough to solve the equations but that
still retains the most important physical features. In the following, we will neglect all
the physical processes that happen in the cloud except gravity, we will assume that
the cloud is perfectly spherically symmetric and not rotating, and we will assume
that the exterior of the cloud is vacuum. Also, we shall consider here only extremely
simplified fluid models to describe the state of matter of the collapsing star. Finally,
it is custom to make use of natural units, thus setting G = ¢ = 1.

5.2.1 Co-moving Coordinates

Our aim is to solve the system of Einstein’s equations for a spherical collapsing
matter cloud. As it is well known, Einstein’s equations possess two distinct parts that
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both require some assumptions in order to allow us to find physically meaningful
solutions. On the left-hand side, we have the geometrical part of the set of equations
that is given by the Einstein tensor. This is determined once we know the metric
for the space-time. As said, we will consider here only spherically symmetric, non-
rotating space-times. A space-time is said to be spherically symmetric if the metric
remains invariant under the group of spatial rotations SO (3). This means that we
can define the two-dimensional metric induced on the unit two-sphere as

d$2° = d6* + sin’ 0d¢? (5.1)

and define a function R for which 47 R? represents the area of each two-sphere in
the space-time. The full four-dimensional metric then can be written as

ds® = gapdxdx® + R(x4, xp)*d 2, (5.2)

with A, B =0, 1. We can then introduce the coordinates t = xy and r = x; that
diagonalize the two-dimensional part of the metric g45 and write the most general
spherically symmetric line element in the simple form

ds® = —e*dt* + eV dr’ + R?d2? (5.3)

where the functions X, ¥, and R do not depend on the coordinates 6 and ¢. In the
following, we will use a dot to express derivatives with respect to ¢ and a prime to
express derivatives with respect to r, thus writing X =dXx /dt, X' = dX/dr. The
above coordinate system for which the metric is diagonal is called co-moving because
one can think of the labels 7 and r as “attached” to each collapsing particle. Then,
the functions A, ¥, and R depend only on r and 7. In this reference frame, the fluid
is instantaneously at rest and its four-velocity u* is u’ = e, u" = u® = u? = 0.

In order to describe the collapse of a spherically symmetric massive object such
as a star, we need to solve Einstein’s equations for a space-time described by (5.3)
coupled to an energy momentum tensor describing a realistic fluid source. The energy
momentum tensor is the right-hand side of Einstein’s equations and for a fluid source
in the co-moving frame can be written as

p 0 0 0
0p, 00

2

=100 p 0
00 0 ps

A perfect fluid is an idealized fluid where no shear stresses, no viscosity, and no
heat conduction are present. It can be characterized by its mass density and isotropic
pressures alone. Isotropic pressure means that the radial pressure equals the tangential
pressure, and this implies p, = py = p. The energy density is the energy per unit
volume of the fluid in the local rest frame with four-velocity u* and the energy
momentum tensor for a perfect fluid can then be written as
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" = (p + p)u"u” + pg"". (54

Note that in general relativity, the pressure contributes to the gravitational field, and
therefore, the total gravitational energy need not be conserved. Nevertheless, the
baryon number is conserved. For a gas of non-interacting particles, the so-called
dust, the pressure vanishes and we can set p = 0. This is the simplest fluid model
that can be considered.

5.2.2 Misner-Sharp Mass

The metric (5.3) can be used to describe static sources in equilibrium in the case
when A, ¥, and R do not depend on ¢. These are static objects with non-vanishing
energy momentum. In this case, the area radius R can be used as a radial coordinate
setting R = r. The simplest interior solution of this kind is given by the constant
density Schwarzschild interior and was found by Schwarzschild himself together
with the more famous vacuum solution (see, e.g., [47]). For the constant density
interior, one sets p = const. and solves Einstein’s equations that take the form of the
famous Tolman—Oppenheimer—Volkov equation [44], to find p(r). Then, the object’s
boundary r;, is determined by the condition that p(r,) = 0. For a metric describing
a static interior case, we can define a function m(r) such that

-1
g =PV = (1 - 2m(r)) . (5.5)

r

It is easy to see that at the boundary of the static object, the function m (r) must
become equal to the Schwarzschild parameter Mg that describes the total mass of the
star, and therefore, we can interpret m () as describing the amount of matter enclosed
within the radius r. We can generalize the above expression in the dynamical case
by introducing a function U (r, t) as

dR(r,t .
U= WL) =e¢ R, (5.6)
dxt
then, we get
2m@r, 1)\
gy = VD = (1 +U? - %) R 5.7

which reduces to the static case for R = r, so that R’ = 1 and R = 0. The Misner—
Sharp mass F(r, t) is then defined from 1 — F/R = g,, V*RV"R and it is given by

F(r,t) =2m(r,t) = R(1 — e Y R? + e 2 R?). (5.8)
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In analogy with what was said before, we can interpret the Misner—Sharp mass as
describing the amount of matter enclosed within the radius r at the time ¢ [35].

5.2.3 Einstein’s Equations

Einstein’s equations couple the space-time geometry given by the metric g,,, appear-
ing in the Einstein’s tensor G, for the line element (5.3) to the matter content of the
collapsing cloud given by the energy momentum tensor (5.4). Einstein’s equations
take the usual form

1
G, =Ry, — zg,wR =T, (5.9)

where R, and R are the Ricci tensor and Ricci scalar and where we have absorbed
the constant factor 87k into the definition of 7,,. Then, Einstein’s tensor for the
collapsing system is given by

, F' 2Re™ . . .
Gi=—mm t g (R — RN —yR'), (5.10)
F 2R eV . . .
G =————"——(R — RN —yR), 5.11
= TRE T RE | VE) G-1D
2e % . . .
G = - PG = (R — R\ —yR), (5.12)
e 2V
Gz — Gg — T (()»H +)»/2 _ K/lp/)R +R'+ RN — R/W) +
g_2)‘ . . .. . .. ..
—— (9 = AR+ R+ Ry — RA). (5.13)

These equations need to be supplemented with one more equation coming from the
conservation of energy momentum that in general relativity comes as a consequence
of the fact that the connection is metric and which can be written as

Vv, T" =0. (5.14)

Then, in the simple case of pressureless (i.e., dust) collapse, and by making use of
the definition of the Misner—Sharp mass given in Eq. (5.8), the first two equations of
the above system simplify to

t F/
p = _Gl = W s (515)
P
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the third and fourth combine to give
R = RN +4yR =0, (5.17)
and the conservation of energy momentum (5.14) becomes
pX = 0. (5.18)

From Eq. (5.16), we see that for dust, we must have F = 0 which implies F =
F(r). This shows that the amount of matter enclosed within the co-moving radius
r does not change with time. In other words, during collapse, there is no inflow or
outflow of matter across any co-moving shell r. From Eq. (5.18), since the energy
density is nonzero, we see that we must have A’ = 0, which implies A = A(r). Now,
we can define a new co-moving time coordinate f by rescaling in such a way that

dt
— =¢, (5.19)
dt

and therefore obtain
dar\’> . s
—ePdf? = —eP (d—N) di* = —di*. (5.20)

This means that there is always the gauge freedom to fix the co-moving time ¢ such
that A = 0, and in the following, we shall take ¢ as such a gauge. Finally, Eq. (5.17)
can be written as

R 5.21

from which we get
R = 8V, (5.22)

We call f(r) = ¢?") — 1 and the Misner—Sharp mass equation (5.8) can be rewritten
in the form of the equation of motion of the system as

_F(r)
"R

R2

+ f(r). (5.23)

Once Eq.(5.23) is solved to give R(r, t), the whole system of Einstein’s equations is
solved. The metric becomes

R/2
ds* = —dt* + mdr2 + R%2d 2. (5.24)
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This is the well-known Lemaitre-Tolman—Bondi (LTB) space-time [6, 33, 43]. We
see that the whole problem allows for two free functions of r, namely F and f, to be
specified at will. As said, the function F can be thought of as representing the matter
profile within the radius r, while from the above line element, the function f can
be thought of as an energy profile describing the spatial curvature of the space-time.
Then, provided that F and f are sufficiently regular, a unique solution of the equation
of motion (5.23) exists for each regular initial condition R; = R(r, t;).

5.3 Matching with an Exterior Metric

The metric given in Eq.(5.24) describes the dynamical collapse of a dust sphere.
This can be thought of as describing the final stages of the life of a star, provided that
gravity prevails on all other forces (thus allowing us to neglect any effect coming
from the microphysics of the collapsing fluid) and that the collapsing cloud has a
boundary. In the co-moving frame, this boundary can be identified with the surface
given by the co-moving radius » = r,. We consider the exterior of the collapsing
dust cloud to be static and vacuum. Then, Birkhoff’s theorem implies that it must
be a portion of the Schwarzschild space-time. The exterior Schwarzschild solution
can readily be derived from the metric (5.3) by including the further assumptions
of staticity and vanishing of energy momentum tensor. A space-time is said to be
stationary if it possess a time-like Killing vector, 9. In such a case, the metric (5.3)
becomes invariant under translations in ¢, and this is reflected in the metric functions
A, ¥, and R that do not depend on ¢. Further, a space-time is said to be static if the
time-like Killing vector is orthogonal to the hypersurfaces of constant 7. If we further
impose that the energy momentum tensor is that of vacuum, namely 7},, = 0, we
find that the only static spherically symmetric vacuum solution of Einstein’s field
equations can be written in the form

2M 2Ms\ ™
ds? = — (1 - S) dt? + (1 - S) drl +rld2*. (5.25)

s s

which is the well-known Schwarzschild line element expressed in Schwarzschild
coordinates {t, rs, 6, ¢}. As said, the Schwarzschild metric has a singularity at the
center r¢ = 0. One way to determine the presence of singularities in solutions of Ein-
stein’s field equations is by inspecting curvature invariants looking for divergences.
The Kretschmann scalar is one of these invariants and it is defined starting from the
Riemann tensor as %~ = R;M(SR’“"S . The Kretschmann scalar for Schwarzschild is

4M?

6 ’
rS

H =12 (5.26)
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from which we see that the null surface r = 2Ms is not singular; in fact, it is the
event horizon [15], and the singularity is located at ry¢ = 0.

The global solution for the collapsing star is obtained by matching the collapsing
interior given by the metric (5.24) to the vacuum exterior across a shrinking bound-
ary surface X¥'. Mathematically, “matching” means that the induced metric on the
boundary hypersurface X~ must be the same on both sides. Also, the rate of change
of the unit normal to X’ must be the same on both sides [23]. Let us label the interior
metric with (—) and the exterior metric with (4). Then, the two line elements can be
written as

dsi = g, dx4dx}. (5.27)

The boundary hypersurface is implicitly defined on each side by ®* (x4 (y%)) = 0,
and the induced metric on X can be written as

ds: = yapdy'dy®, (5.28)

where a = 1, 2, 3. Now define the three basis 4-vectors tangent to X' as ef;) =
ax*/dy“. Then, the condition that the induced metric yaj; = gffveé)e‘()h) agrees on

both sides is simply ya‘z = y,,- Define the unit normal to X' as

ad 9o\ ? g
n, = (g"”— ) — (5.29)

0xP 9x° dxr’

The extrinsic curvature (or second fundamental form) is defined as

K. = glwn"VaeE’h). (5.30)
Then,
dxk ox}
i A (5.31)
dye dyP
and continuity of K across X' is given by
K} =K. (5.32)

In the case of spherical collapse of dust, we have that the boundary hypersurface, in
the exterior, with coordinates {x*} = {f, rs, 0, ¢}, is given by

Ot =71y — Ry(ts) =0, (5.33)
and in the interior, with coordinates {x~} = {t, r, 6, ¢}, is given by

@ =r—ry=0. (5.34)
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So that the induced metric on the boundary is
ds: = —dt* + R,(1)*d2°. (5.35)

The Schwarzschild time #; can be written as a function of the co-moving time ¢ from

dt 2Mg 2Mg - dRy 2
R D Y P , 5.36
dty \/( R ) ( R, ) (dls ) (330

and the matching conditions for the continuity of the metric become

Ry (ts) = R(ry, 15(1)), (3.37)

Finally, continuity of K, follows identically from the matching conditions. There-
fore, we see that the Misner—Sharp mass can be interpreted as the mass enclosed
within the co-moving radius » and that on the boundary, it becomes proportional to
the Schwarzschild mass Ms. Also, we see that the area function R (7, t) in the interior
at the boundary becomes the shrinking area radius in the Schwarzschild portion of
the space-time. For more general collapse model, a matching to a suitable exterior
space-time can also be defined (see, e.g., [13, 14, 27]).

5.4 Regularity, Scaling, and Energy Conditions

In order for the model to be physically acceptable, we need to choose an initial
configuration that satisfies several conditions. The most important ones are regularity,
which corresponds to requiring that the initial matter profiles do not present any
singularities and are well behaved and the usual energy conditions, which in the dust
case can be expressed via positivity of the energy density. Another requirement that
is often imposed on the model is the absence of shell crossing singularities. These are
caustics like singularities that are due to the overlap of infalling shells. Shell crossing
singularities can possibly be removed by a suitable redefinition of the coordinates
and generally do not represent a breakdown of the model.

5.4.1 Regularity and Scaling

We now investigate regularity of the matter profiles and the condition for avoidance
of singularities at the initial time. In order to study these properties, we first need to
express the area radius R, the Misner—Sharp F mass, and the velocity profile f in an
appropriate gauge. As mentioned before, the Kretschmann scalar constitutes a valid
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tool to investigate the occurrence of singularities. In the case of the metric (5.24),
this becomes
F/2 FF’ F2

H = ]2—R4R/2 — 32_R5R’ +48ﬁ' (5.39)
We note here that with the present choice of the metric functions, one may be induced
to think that the central curve R = 0 is always singular, including at the initial time.
Nevertheless, this is not a physical singularity, as can be easily verified by evaluating
the energy density, which turns out to be finite at the initial time. We notice then
that there is a gauge degree of freedom in the scaling of R, namely in the way R is
“measured” at the initial time that can be used to remove the above ambiguity. In
fact, we can always choose arbitrarily the initial value of R. In the following, we
choose this initial scaling condition as

R t;) =r. (5.40)

From the choice of the initial data for R given in Eq.(5.40), we see that the gauge
freedom allows us to define a scaling function a(r, t) from the area function R(r, t)
as

R =ra(rt). 5.41)

Now, the scaling factor a is an a-dimensional quantity such that

e at the initial time, we have a(r, t;) = 1,
e at the time of formation of the singularity #,s, we have a(r, t;in,) = 0,
e collapse is given by a < 0.

For dust, using Einstein’s equation (5.15), the above scaling implies that the initial
density must satisfy the following condition:

/

F
o t) = pi(r) = ) > 0. (5.42)

Therefore, in order to avoid having p diverging at r = 0 at the initial time, we must
impose a regularity condition on the Misner—Sharp mass. This is given by

F(r)=r’M(), (5.43)

with M (r) non-diverging and sufficiently regular in the interval [0, r,]. Generally, we
assume that the function M () can be written as a polynomial expansion in the vicinity
of r = 0. In general, a physically viable density profile should be non-increasing
radially outwards and therefore we must impose that the first non-vanishing term in
the polynomial expansion of M is vanishing or negative in r = 0. It is reasonable to
suppose that M’ < 0 near the center. With the above scaling, the density becomes
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!/
MM o
a*(a +ra’)
If we add the further requirement that p must not present any cusps at r = 0, we
must impose that M’(r) vanishes in r = 0, and therefore, we must require M” < 0
near r = (. Note that in the simplest case of homogeneous dust, p does not depend
on r and so M (r) must be constant M. Then,

3M,
p(t) = a—J’ (5.45)

and as a consequence, the scale factor also does not depend on r. With this choice
of the scaling factor, it is easy to verify that the central density diverges only at
the singularity. Also, we see that the Kretschmann scalar in the homogeneous case
reduces to

2
My
a®’

K =60 (5.46)

and it is regular at the initial time, its value being % = 60M_. In general, for inho-
mogeneous dust, we have

3M +rM')? MQ@BM +rM’ M?
= MM MOM A M) M (5.47)
a*(a +ra’)? a’(a +ra’) ab

Note that by writing .”#” in terms of M and a, we avoid the problem of divergence
along the central line. In the new scaling along r = 0, we see that %~ diverges only for
a = 0, thus showing the occurrence of the singularity. The curve ;. (r) for which
a(r, tsing) = 0 is the singularity curve which describes the time at which the shell
r becomes singular. As a consequence of the fact that in the homogeneous case, a
depends only on ¢, we see that for homogeneous dust, the singularity occurs at the
same time f,;,,, for every co-moving shell r.

From the equation of motion (5.23), we see that at the initial time, the velocity of
the infalling particles is given by

R F
Ri= =+, (5.48)

Given the fact that the choice of the free function F' corresponds to fixing the initial
density profile from the above equation, we see that fixing f corresponds to deter-
mining the initial velocity profile for the particles in the cloud. Now, by making use
of the scaling above, we can rewrite Eq. (5.48) as

o= — M+ L (5.49)
r
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from which we see that in order to have a finite initial velocity at all radii, we must
set a scaling for f as well. We shall take

f(r) =r’b(r), (5.50)

with b(r) a sufficiently regular function (again which can be given as a polynomial
expansion near r = 0). To summarize, at the initial time, we have the freedom to
specify three functions of r as follows:

e Choose an initial condition for the scaling R(r, t;) = R;(r) or equivalently set the
value of a(r, t;).

e Choose a mass function F(r), or equivalently M (r), which implies an initial
density p; = F'/r?.

e Choose a velocity function f(r), or equivalently b(r), which implies the initial
condition for the velocity R(r, 1;).

Then, the system is fully determined and the equation of motion can be written as

['m
a(r 1) = — a(r(rt)) +b(r). (5.51)

By solving the above equation for a, we completely solve the system of Einstein’s
equations. As said, homogeneous dust collapse is given by p = p(t) = 3M,/a’>.
Therefore, from the above, it follows that homogeneous dust collapse can be obtained
from the following requirements:

e a=ua(t)
e M(r) = My = const.
e b(r) = k = const.

In this case, we can give a precise interpretation of the velocity profile if we imagine
a dust cloud that extends to infinity. We can think at the constant k as representing the
initial velocity of particles at spatial infinity, and we can characterize the geometry
of the space-time based on the sign of k in the following way:

e k = 0 marginally bound collapse, corresponding to a flat geometry. Shells at radial
infinity begin collapse with zero initial velocity.

e k > 0 unbound collapse, corresponding to a hyperbolic geometry. Shells at radial
infinity have positive initial velocity.

e k < 0bound collapse, corresponding to an elliptic geometry. Shells at radial infin-
ity have negative initial velocity.

Note that if one wishes to have zero initial velocity R; = 0 for particles in the col-
lapsing cloud with boundary, then the only possible choice is that of bound collapse
with My = —«k.
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5.4.2 Energy Conditions

Einstein’s equations are often regarded as made of two different parts. The “golden”
half, more elegant, is the left-hand side that contains the Einstein tensor and therefore
encodes the information about the geometry of the space-time. The “wooden” half
is the right-hand side that contains the energy momentum tensor and in principle
should describe the physical properties of matter. As a matter of fact, it is generally
practically impossible to fully describe all the properties of the matter fields in the
energy momentum tensor, and therefore, one usually resorts to simplifications and
averaged properties that are valid for macroscopic fields. Nevertheless, we must keep
in mind that the behavior of matter under very strong gravitational fields is not known
at present, and therefore, the description of classical macroscopic fluids that is valid
in the weak field may not be enough when the curvature becomes very high. To sim-
plify things, one usually imposes that certain inequalities be satisfied by the energy
momentum tensor in order for the same to be considered physically viable [18]. The
first and most commonly used inequality is the weak energy condition (w.e.c.). To
satisfy the w.e.c., the energy momentum tensor must be given in such a way that
T, V*VV > 0 for any time-like (and null) vector V#. This means that the energy
density must be nonnegative in any reference frame. The energy momentum tensor
for a fluid made of massive particles, with respect to some orthonormal basis, can
always be written as 7" = diag{p, p1, p2, p3}. Then, the weak energy conditions
in the co-moving frame can be written as

p>0 p4+p; >0 with i =1,2,3. (5.52)

This is the less demanding of the energy requirements. The weak energy condition
allows for violations of the conservation of baryon number as new particles can be
created. Still, more stringent conditions can be imposed. If one desires to impose that
the total amount of mass in the space-time is conserved, then one must impose the
dominant energy condition (d.e.c.) which states that for every time-like vector V#,
the energy momentum tensor must satisfy both 7,,,V#V" > 0 and T, V* being a
null or time-like vector. This means that not only the energy density is nonnegative
in any frame, but also the flow of p must be locally not space-like. As a consequence,
we get that in an orthonormal reference frame, the energy density must be greater
than the pressures. Namely,

p>0, —p<p <p with i =1,23. (5.53)

Note that if we define the speed of sound waves within the fluid travelling in the
direction of p; as v; = dp;/dp (i =1, 2, 3), then the d.e.c. does not allow for the
speed of sound to be greater that the speed of light. It is a very reasonable assumption
thatis not implemented by the w.e.c.. A fluid that satisfies the d.e.c. obviously satisfies
also the w.e.c.. Finally, let us briefly mention a third energy condition that can be
imposed and that is not directly related to the previous two. This is the strong energy
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condition (s.e.c.), and for a perfect fluid in the co-moving frame, it is equivalent to
requiring

p>0, p+p>0, p+3p>0. (5.54)

In the following, we shall always require that the fluid satisfies the w.e.c. and when-
ever possible that it satisfies the d.e.c. as well.

5.4.3 Shell Crossing Singularities

From Eq. (5.47), we see that the Kretschmann scalar diverges when the central sin-
gularity forms, namely when a = 0, but also when R’ = 0 if M’ # 0. In this case,
we speak of the occurrence of shell crossing singularities. These are true curvature
singularities that arise from overlapping radial shells. At the shell crossing singular-
ity, the radial geodesic distance between shells with radial coordinate » and r + dr
vanishes. These singularities are equivalent to caustics in wave propagation, and it is
reasonable to assume that the space-time can be extended through the singularity by
a suitable redefinition of the coordinates. This can also be seen from the fact that shell
crossing singularities are gravitationally weak, meaning that geodesics reaching the
singularity are not squeezed into a line (as is the case of the central singularity), and
thus, observers at the shell crossing are not crushed (see, e.g., [21, 22, 32, 49, 50]).
Nevertheless, in any collapse model, a condition that can be required is the absence
of shell crossing singularities. In order to avoid shell crossing singularities, we can
either impose R’ # 0 or choose M (r) in such a way that M (r) = 0 when R’ = 0 so
that M'/R’ < oo. During collapse, the mass function M is generally assumed to be
positive; therefore, requiring the absence of shell crossing singularities is equivalent
to requiring that R’ is not vanishing. Note that since R’ = a + ra’ in a neighborhood
of the center, the condition can always be satisfied if a’ # 0.

5.5 Trapped Surfaces and Singularities

In the Schwarzschild space-time, the surface r; = 2Ms, known as the event horizon,
is “...a perfect unidirectional membrane: causal influences can cross it in only one
direction” [15]. The event horizon is the boundary of the region where light rays can
not escape to infinity. At the horizon, the time-like Killing vector is null and outgoing
null geodesics have zero radial velocity. Nevertheless, the event horizon is not a very
useful concept for practical (i.e., astrophysical) purposes. In fact, the event horizon
is a global property of the space-time which does not depend on the observer and its
determination requires the knowledge of the entire future history of the space-time.
What we need in order to be able to make experiments is a local approach to the
definition of trapped surfaces that allows us to define when a co-moving observer



184 D. Malafarina

that is collapsing with the cloud becomes causally disconnected from the outside
universe. If matter is present, as in the case of the LTB metric given in Eq. (5.24), the
event horizon is not the only possible horizon that can be defined and it is not the most
useful concept to investigate the physics that occurs as the black hole forms. We want
to know how and when the black hole forms during gravitational collapse. When light
will be trapped by the gravitational field? The exterior region will become a black
hole solution once the boundary surface R;(¢) passes the Schwarzschild radius. What
about the interior? Each collapsing shell will become causally disconnected from the
outer universe at some point and will eventually fall into the central singularity. If
we want to track the formation of the horizon inside the matter region, first we need
to know what we mean by trapped surface in the interior.

Given a 3 + 1 slicing of the space-time, consider the three-dimensional space-like
slice. Then, a “trapped surface” is defined as a smooth closed two-surface in the slice
whose future-pointing outgoing null geodesics have negative expansion. This means
that all light rays, all null geodesics, emanating from the surface are pointing inward.
The “trapped region” in the slice is then defined as the union of all trapped surfaces,
and the “apparent horizon” is the outer boundary of the trapped region [7, 20, 40].
One intuitive way to understand the difference between the apparent horizon and
the event horizon is to note that the event horizon is the surface at which any light
ray directed outward can be initially outgoing and eventually become ingoing, thus
falling back inwards at some later time, while the apparent horizon is the surface
for which all light rays directed outwards are ingoing, thus directed inward at the
time when they are emitted. In vacuum, the two surfaces coincide, and therefore,
the apparent horizon and the event horizon in the Schwarzschild space-time are the
same. Still, when matter is present, they can be different, as is the case for the LTB
metric.

The apparent horizon in general need not be a null surface and it always lies inside
the event horizon. Nevertheless, it is the apparent horizon that determines the trapped
region in the collapsing cloud. It is a local property of the space-time and is observer
dependent, and therefore, it can be experimentally tested, while the event horizon
may be undetectable. To understand this, imagine the situation of a thin spherical
shell separating a vacuum Minkowski interior from a vacuum Schwarzschild exterior.
The shell may be time-like or light-like. Let the shell have total mass Mg and collapse
under its own gravity (see Fig. 5.1). As the shell collapses, an event horizon will form
at R = 0 at the time ¢t = #y. The event horizon curve will expand to larger radii and
eventually match the Schwarzschild radius R = 2Mj in the exterior at t = fscy. An
observer living at a fixed radial coordinate R = R inside the Minkowski region will
experience the event horizon passing through him at the time #; but will not have
any way to detect it. This shows how in principle we can have event horizons where
we would not expect and why local experiment cannot detect the presence of an
event horizon. For this reason, the apparent horizon is a more useful tool to study the
trapped region that develops during the formation of a black hole.

For the spherical dust collapse model, the apparent horizon is the surface for
which the surface R(r, t) = const. is null. This means



5 A Brief Review of Relativistic Gravitational Collapse 185

Minkowski Schwarzschild

R

Ry 2M

Fig. 5.1 Collapse of a thin spherical null shell (thick line) separating a flat vacuum interior from
a Schwarzschild exterior. The angular coordinates 6 and ¢ are suppressed, so every radius R
corresponds to a spherical surface. The thin line represents the event horizon, which forms at the
center of symmetry of the system at the time 7y and expands toward bigger radii. As the shell crosses
the Schwarzschild radius 2 Mg, the horizon settles to the usual event horizon of a static black hole.
Observers living in the interior at a fixed radius R; would fall inside the trapped region at the time
t; but would have no way of detecting the horizon that is passing through them

g @, R)BR) =1+ f —e PR>=0. (5.55)

From the definition of the Misner—Sharp mass in Eq. (5.8), we get that the condition
for the formation of trapped surfaces can be expressed as

F M
l—-=—=1- =0. (5.56)
R a

This condition can be viewed as the implicit definition of the curve 7, (r) for which
a(r, tan(r)) = r*M(r). (5.57)

The above curve is called the apparent horizon curve and describes the co-moving
time ¢ at which the co-moving shell » becomes trapped.

As we have seen, the other important curve to describe the formation of the black
hole at the end of collapse is the singularity curve #;,(r). This is the curve that
describes the co-moving time ¢ at which the co-moving shell » becomes singular.
This curve represents the limit of the space-time manifold, and all geodesics inside
the trapped region must terminate at the singularity. From the condition of formation
of the singularity, we see that the curve f,;,,(r) is given implicitly by
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a(r, tsing(r)) = 0. (5.58)

We have already seen that in the case of homogeneous dust, we must have f;,, =
const., which means that all shells become singular at the same co-moving time.

5.6 Homogeneous Solutions

The equation of motion (5.51) for homogeneous collapse is written as

) M,
a=— /=2 4k (5.59)
a

We can characterize the geometry depending on the sign of the free parameter k by
introducing the following change of coordinates

sinh x ifk =41, “hyperbolic” region,
r=S(x)=14x if k = 0, “flat” region,

siny ifk = —1, “elliptic” region.
We can then write the Oppenheimer—Snyder metric in a unified form as
ds* = —dt* + a(t)* [dx* + Si(x)*d2*], (5.60)
and the solution of the equation of motion is given in parametric form by

Mo (coshyp — 1) with sinhn — 5= 220 if g > 0,
2/3
— 3My(t—ty) 3 —
a(t) = (_ozf f ) if k =0,

. . )32 (t— .
_Lz‘}((l—cosn) with n—smn:%f”‘) ifk <0,

On the other hand, one can always solve the equation of motion (5.59) to find ¢ (a).
e In the flat region given by k = 0, the equation of motion is easily integrated to give

2a3
t@a)=———+ Ising-

3V M,y

e In the hyperbolic region, given by k > 0, we define X = M,/k and we get

a X 1 1
t(a) = — | — tanh

\/E a §+1

a

X
- —+ 1 +tsing-
a
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e In the elliptic region, given by k < 0, we define X = —M,/k and we get

@)= [ JE o X e 1
a) = — ——1——tanm —— sing-
v —k a a X &

Finally, for homogeneous dust, the metric (5.3) can also be written as

2
a
ds* = —dt* + ———dr* + r*a*d2°, 5.61

1+ r2k (561)

from which we see that the metric in the interior is just the time reversal of a dust
Friedmann—Robertson—Walker cosmological solution.

Marginally bound case is a particularly simple case given by k = 0. Then, the ini-

tial velocity of collapse is nonzero, as can be seen from a; = —+/ M), and the equation

of motion is simply a = —+/Mj/a for which the solution is obtained immediately
as (see Fig.5.2)

3 2/3
a(t) = (1 - Emt) . (5.62)

2M

tsing

Ry (1)

Interior Exterior

t R
0

Fig. 5.2 Schematic view of homogeneous dust collapse. At the time #; = 0, no singularities are
present. The boundary curve Rj(f) separates the interior from the vacuum exterior. The cloud
collapses as ¢ increases, and at the time fg, the horizon forms at the boundary. In the exterior region,
the horizon is the Schwarzschild radius. In the interior, the apparent horizon propagates inward and
reaches the center of symmetry at the time of formation of the singularity #sng. For # > f5ng, the
space-time has settled to the usual Schwarzschild solution



188 D. Malafarina

5.6.1 Apparent Horizon and Singularity

From the condition for formation of trapped surfaces given in Eq. (5.56), we obtain
the curve 7, (r) describing the time at which the shell r crosses the apparent horizon:

tsmg(”) + tanh 1+ \/1 + f fork > 0,

l}m(l") = tsing(r) F(}’) 2«/7 — §I’3M0 s fork = O

tstng(r) + 3 tan™ \/;— —«/1 + for k > 0.

Now, if we look for simplicity at the apparent horizon for marginally bound homo-
geneous dust model, we see that it forms initially at the boundary of the collapsing
cloud at the time #y = 1,,(rp) = 2/3+/My — 2rj My/3 and then propagates inward
toward the center. The time f( is the same time at which the event horizon forms
in the exterior spacetime. For ¢ > 1, the apparent horizon curve moves to smaller
radii reaching the center at the time 7y, = 7,4, (0) = 2/3+/Mj, which is the time of
formation of the singularity. Inside the trapped region, all geodesics terminate at the
singularity; therefore, an observer on the boundary, once this has passed the horizon,

falls toward the singularity in a finite time of the order of ,/R}/GM. An observer
at infinity sees the boundary approaching the horizon becoming infinitely redshifted
and indefinitely slow [36].

The singularity is reached once the density diverges. From the above, we have
seen that the shell focusing strong curvature singularity corresponds to a = 0. In the
homogeneous dust collapse case, this gives

(Xtan"\/%— X—l), fork > 0,

L 2r2 2 —
txmg - 3VE Tﬁo s for k = 0,

1
[(«/X—i—l—Xtanh «/ﬁ)’ for k > 0.

The singularity is simultaneous, and all shells fall into the singularity at the same
co-moving time.

5.7 Inhomogeneous Dust and Collapse with Pressures

The easiest way to extend the homogeneous dust collapse model is to introduce
inhomogeneities in p. Inhomogeneous models have been widely considered in cos-
mology which are obtained by a time reversal of collapse models (see [5, 31] and
references therein). This means considering p = p(r, t), with p radially decreasing
in order for the matter profile to be physically realistic. This describes a dust cloud
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that initially has higher density at the center. Following the same procedure as in
homogeneous collapse, we can evaluate Einstein’s equations as

F/
F=0, (5.64)
A =0, (5.65)
. R
V= = (5.66)

The main difference with the homogeneous case is that now we will have M (r),
b(r), and a(r, t). Then, it is worth asking how the boundary, the trapped surfaces,
and singularity are affected by the presence of inhomogeneities. Does a black hole
still form at the end of collapse? Yes, the singularity theorems by Hawking and
Penrose tell us that once the trapped surfaces form, the formation of the singularity
is inevitable. Eventually, all matter falls into the central singularity and we are left
with a Schwarzschild black hole [19]. Nevertheless, if we ask whether we get a
picture of collapse qualitatively similar to the OS model, then the answer is not
always in the affirmative. In fact, the way in which the apparent horizon and the
singularity curve develop depends on the form of the density and velocity profiles
and some important differences with the OS model may arise. The most striking of
these differences is that in the inhomogeneous dust collapse, there is the possibility
for the central singularity to be “naked” (i.e., not covered by a horizon) at the instant
of formation (see, e.g., [9, 12, 26, 37, 48]).
In general, if M = M (r), we have

F’ 3M +rM’

= = . 5.67
= RR a*(a+ra’) (5.67)
If we consider M (r) as a polynomial expansion near » = (0, we can take
M(r) = Mo+ Mr + Mor® + - -, (5.68)

and the condition for the energy density to be radially decreasing outward is given by
M, < 0.If we also wish to impose that the density does not present cusps at the center,
we may impose M| = 0, and then, the condition for p to be decreasing becomes
M, < 0. This is consistent with the choice of density profiles in astrophysical models
that generally present only quadratic terms in r. Similar to the homogeneous case,
the value a = 0 signals the appearance of the shell focusing singularity. On the
other hand, now we need to make sure that shell crossing singularities, given by
R’ = a + ra’ = 0,donotoccur before the formation of the singularity. For simplicity,
let us consider the marginally bound case. Then, R’ = 0 implies
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M/
- —\/ L " 5.69
Wi ( )

which can be used to obtain the time at which the shell r develops a shell crossing
singularity as

2 M
tie(r) = . (5.70)
3M +rM’

For homogeneous dust, then 7, = t;,; and we do not have shell crossing singularities
during collapse. Similarly, in the inhomogeneous case with M’ < 0, we have t,.(rr) >
t;(r), and therefore, no shell crossing singularities occur before the formation of the
central singularity. From this, we see that the physical requirement of a radially
decreasing density profile is compatible with the condition for avoidance of shell
crossing singularities.

The solution for inhomogeneous dust collapse can be obtained form the one for
homogeneous dust by replacing M, and k with M (r) and b(r). Again, let us consider
for simplicity the solution for marginally bound collapse. This is given by

3 2/3
a(r,t) = (1 — Ex/M(r)t) . (5.71)

We immediately see that now each shell collapses with a different scale factor and
a different velocity. As a consequence, each shell becomes singular at a different
time. The apparent horizon curve is also affected, as now it does not necessarily
form initially at the boundary. The singularity curve and apparent horizon curve are
explicitly given by

2

Lsing(r) = —/——, 5.72
sing (1) NG (5.72)
2
tan(r) = txing(r) - §r3Ma (5.73)
and near r = 0, they have the same behavior up until the third order in r,
g (F) = — Mir | (5.74)
sing\l') = —F— — ——=7>5 © .
U 3UMy 3mp”
2 er
tan(r) = (5.75)

— -+
N

Note that near the center, the apparent horizon curve is increasing and the central line
r = 0 becomes singular and trapped at the same time. This suggests the possibility
for the existence of geodesics that originate at the central singularity and are not
trapped inside the horizon as (see Fig. 5.3). Due to the lack of pressures in the model,
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Fig. 5.3 Schematic view of inhomogeneous dust collapse. At the time # = 0, no singularities
are present. The boundary curve Ry (¢) separates the interior from the vacuum exterior. The cloud
collapses as ¢ increases, and at the time 7y, the horizon forms at the center of the cloud. The
singularity forms at the same time. Null geodesic can originate from the singularity and reach
distant observers. In the interior, the apparent horizon propagates outward and reaches the boundary
at the time 7; > #y. Once all the matter falls into the singularity, the space-time settles to the usual
Schwarzschild solution

the boundary of the star r;, can be chosen arbitrarily. This is a mathematical artifact
of the dust solution, and in the case with pressures, the boundary would have to be
set at the radius where p vanishes. Therefore, if the boundary is chosen in such a
way that #,, is always increasing, it is possible to find null geodesics that originate at
t,(0) and reach observers at infinity. Outgoing radial null geodesics f, (r) are given
by

—+t =R, (5.76)

and it can be proven that there are null geodesics coming out of the first instant of
the central singularity #,(0) and reaching the boundary [9, 12, 26, 37, 48]. Naked
singularities are found in many solutions of Einstein’s equations and can be very
different from one another. The question is if they can form from physically realistic
processes. How much these models rely on the assumptions? What outcome will
come from more realistic models? We shall shortly discuss these issues in the next
sections (for a more detailed discussion, see, e.g., [28]).

Analytically, we cannot deal with rotation or departures from spherical symmetry.
In fact, when it comes to rotation at present, we do not possess an analytical solu-
tion that describes an interior for the Kerr space-time that matches smoothly to the
exterior. Nevertheless, some indications on how general is the scenario described
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in the dust collapse model can be obtained by considering collapse of a fluid
source with pressures. For a fluid source, the energy momentum tensor is given
by T,, =diag{p, pr, po, pe} and we can write Einstein’s equations and energy
momentum conservation

_F (5.77)
P = RR" ’
__r (5.78)
pr - RZR ’ .
—p, R/ /
DYDY o S . ’ (5.79)
p+p R p+p
. R
G = 2,\/§G , with G = R"?e . (5.80)

Then, it is easy to see that the system of equations to be solved becomes much more
complicated with respect to the dust case. Together with the Misner—Sharp mass
definition, the system has five equations and seven unknown functions. Specifying
equations of state for p, and py then closes the system.

In this case, the Misner—Sharp mass need not be conserved during the evolution,
and therefore, there can be an inflow or outflow of matter across each shell r as
collapse progresses. As a consequence, the matching with the exterior space-time
need not be done with the Schwarzschild solution. Requiring the boundary condition
pr(rp, t) = 0 implies that F (rp, t) is conserved during collapse and the exterior is
Schwarzschild, and on the other hand, the condition that p, vanishes at the bound-
ary translates in a variable boundary surface r,(¢). It can be shown that matching
with the Vaidya solution describing ingoing or outgoing null dust can be done in
certain cases and matching with a generalized Vaidya solution is always possible
[13, 14, 27].

The simplest model with pressures that can be considered is that of a homogeneous
perfect fluid with linear equation of state. Then, requiring that the fluid be perfect
implies p, = py = p, while homogeneity implies p = p(¢) and p = p(t). Finally,
a linear equation of state relates p to p via

pP=vp, (5.81)

with y being a constant. The presence of the linear equation of state closes the system,
and Einstein’s equations can be fully integrated in this case. The third Einstein’s
equation (5.79) becomes again A’ = 0, and the fourth equation gives again G =
1 + kr2. Then, the equation of motion is again written as

., M
a”-=—+k, (5.82)
a

where now M = M(t) is to be determined from the equation of state that together
with Eqgs. (5.77) and (5.78) gives
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. 3y M
=2 (5.83)
a
Integrating the above equation, we get
My
M@) = — (5.84)
a’v

Einstein’s equations (5.77) and (5.78) imply that the density is p = 3M/a> and the
pressure is p = —M /a>. To have a positive pressure, M must decrease in time. If
we require a constant co-moving boundary r = r;, then the exterior metric cannot
be a portion of the Schwarzschild space-time and some mass must be radiated away
in the exterior region. This can be easily seen from the fact that M (¢) implies that
the total mass within 7, changes with time, and therefore, there must be an outflow
of matter from the co-moving boundary. As said, we can always match to a non-
vacuum solution describing a radiating null fluid or we can require the matching to
be performed at a surface r,(¢).

5.8 Collapse in Astrophysics

We studied here some simple analytical toy models that describe the complete grav-
itational collapse of a spherical matter cloud made of non-interacting particles in
general relativity (GR). If we assume as a first approximation that these models can
be used to describe the most relevant features of the collapse of the core of a massive
star, we see that a black hole must inevitably form as the final product of collapse. At
the time #(, the horizon forms as the boundary of the star crosses the threshold of the
Schwarzschild radius, and at the time #;;,¢ > fo, the singularity forms at the center
of symmetry of the system. In the end, we are left with a Schwarzschild black hole.
The Oppenheimer—Snyder—Datt (OSD) model is very simple and relies on many
simplifying assumptions that while on the one hand allow us to solve the equations
analytically thus finding a global solution, on the other hand make for a scenario that
is not very realistic. The OSD model can be seen as the bridge between mathematical
black holes and astrophysical black holes in the sense that it is a simplified mathe-
matical description of a dynamical phenomena that nevertheless captures the most
essential features. The main assumptions in the model are spherical symmetry, no
rotation, homogeneous density, and no pressures. A real star will have some small
but non-vanishing quadrupole moment, it will have angular momentum, it will be
composed of several kinds of gases with pressures and different equations of state,
and its density will not be homogeneous. Therefore, it is reasonable to ask how gen-
eral is the picture obtained in the OSD model and how much the collapse of a real
star will depart from our mathematical idealization.

What happens to singularity and horizon once we introduce inhomogeneities, pres-
sures, rotation, and asymmetries in the model? Gravitational collapse is a dynamical
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process, and the structure and evolution of the horizon in a realistic stellar interior
is not well understood. We still do not have any analytical model of formation of a
Kerr black hole. In fact, we do not even have any analytical solution describing a
viable interior metric for the Kerr solution. Nevertheless, the evidence for the exis-
tence of black holes is now almost universally accepted, and most people believe
that the process that leads to their formation can be roughly described via the OSD
model. Still, the question of whether the black hole candidates that we observe in the
universe are well described by the Schwarzschild and Kerr metrics is still open. As is
the question of whether every collapsing star that is massive enough must inevitably
form a black hole as the final end state. In order to study more realistic models, one
needs to give up the hope to solve Einstein’s equations analytically and resort to
numerical simulations. Fully general relativistic simulations have been done in the
past years to study (among other things) gravitational core collapse with rotation and
magnetic fields, black hole mergers and black hole neutron star mergers, gravitational
wave production, recoil from black hole mergers, production of jets, and gamma ray
bursts (see, e.g., [24, 25, 42] and references therein).

Numerical simulations have improved dramatically over the last decade. Never-
theless, there are still no fully satisfactory simulations of supernovae explosions that
lead to the formation of a black hole. One reason resides in the fact that many ele-
ments of classical and quantum physics come into play during the last stages of the
life of a star. Describing accurately such scenarios is an enormous task that requires
very expansive computations on the most advanced supercomputers. Further to this,
numerical simulations must assume that GR holds unchanged at all energy scales and
therefore are limited by our lack of knowledge of gravity in the strong field. Stellar
evolution and black hole formation still present a lot of open questions, and the pos-
sibility exists that black holes are not the only possible final outcome of collapse of
very massive stars. For these reasons, despite the increasing amount of observational
evidence for the existence of black holes, it is useful to keep an eye open for other,
more exotic, possibilities (see, e.g., [10, 16, 34, 45, 46] and references therein).

5.9 Concluding Remarks

Simple analytical models of general relativistic collapse show that a black hole can
form as the end state of the life of a massive star. From a mathematical point of view,
a black hole is a space-time singularity covered by an event horizon. The curvature
singularity at the end of collapse is indicated by the divergence of the scalar 7,
and approaching the singularity matter reaches infinite density in a finite co-moving
time. In some sense, the singularity at the end of collapse is analogous to the infinite
density obtained in Newtonian collapse and can be viewed as a limit of the model
rather than a physical feature of the system. Singularities are found in many solutions
of Einstein’s equations. The question is whether they can form from physically real-
istic processes and how we should interpret their appearance. We may think that GR
works well in the strong field regime and nothing can prevent complete collapse from
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happening. In this case, one has to accept that singularities are there and they may be
causally connected to the outside universe. On the other hand, we can believe that GR
works well in the strong field, but other effects arise either preventing the formation
of singularities or hiding them from view. Or we can think that GR needs modifica-
tions in the strong field regime due perhaps to quantum effects. These modifications
would then affect the space-time near the formation of classical singularities, thus
removing them. The first attitude, although legitimate, is not very common. A sin-
gularity in any classical theory such as classical mechanics or electromagnetism is
located somewhere in time and space and it does not affect the future predictability
of space-time itself. On the other hand in GR, a singularity is not a part of the space-
time. The distribution of matter determines the properties of space and time, and the
occurrence of singularities translates in geodesic incompleteness and has important
consequences for the causal structure of the space-time itself. For this reason, most
people believe that singularities must not occur in the real universe. The second atti-
tude can be summarized by the words of Roger Penrose [41]: “...does there exist a
‘cosmic censor’ who forbids the appearance of naked singularities, clothing each
one in an absolute event horizon?” This is the famous cosmic censorship conjecture
(CCCO). At present, there exist counterexamples to the CCC, like the inhomogeneous
dust collapse model, but their physical relevance is not entirely clear. On the other
hand, it is highly plausible that GR is not enough to describe what happens in the
strong field regime. One needs to account for microphysics or for modifications to
GR possibly due to quantum effects. This third attitude is a view that was already
suggested by Wheeler who saw singularities as possible probes for new physics.

If the occurrence of singularities at the end of collapse signals a breakdown of
the fluid model approximation or a breakdown of GR itself, then what could be a
better mathematical framework to describe the last stages of the life of a star? Is there
any viable model for collapse that does not originate a singularity? The singularity
theorems by Hawking and Penrose tell us that if GR is the ultimate ingredient that we
need to use to describe collapse and if matter satisfies the usual energy conditions,
then a singularity must necessarily form [19]. More precisely, provided that some
energy condition is satisfied, the space-time is globally hyperbolic, and a trapped
region develops at some point, a singularity must always form. Therefore, in order
to develop non-singular model of collapse, one needs to modify GR in some way.
Several attempts have been made over the years, and the general scenario that is
arising is that singularities may be removed by quantum gravitational effects. Matter
in the strong field regime may violate standard energy conditions, and the complete
collapse to a black hole may be replaced by a bouncing scenario in which collapsing
matter re-expands after reaching a minimal size. The expansion phase may take the
form of an explosive event, and it may leave behind an exotic compact remnant (see,
e.g., [3, 4, 17] and references therein).

These compact remnants may be less massive, more dense, and smaller than a
neutron star and they would not possess an event horizon. Several types of exotic
compact objects have been investigated, and their observational properties are of
great interest for future astrophysical observations (see, e.g., [1, 2, 29, 30]). Given
the small number of astrophysical black hole candidates observed so far and the
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peculiar features that theoretical compact objects may possess, it is reasonable to
suppose that their observation may pose a great challenge for future astrophysics.
Nevertheless, if some departure from the black hole paradigm will be observed in
the future, this may open a window onto new areas of physics where gravitation and
quantum mechanics merge.

References
1. C. Bambi, Phys. Rev. D 87, 023007 (2013)
2. C.Bambi, D. Malafarina, Phys. Rev. D 88, 064022 (2013)
3. C. Bambi, D. Malafarina, L. Modesto, Phys. Rev. D 88, 044009 (2013)
4. M. Bojowald, R. Goswami, R. Maartens, P. Singh, Phys. Rev. Lett. 95, 091302 (2005)
5. K. Bolejko, A. Krasinski, C. Hellaby, M.N. Celerier, Structures in the Universe by Exact Meth-

ods: Formation, Evolution, Interactions, sect. 18 (Cambridge University Press, Cambridge,

2010)

H. Bondi, Mon. Not. Astron. Soc. 107, 343 (1947)

I. Booth, Can. J. Phys. 83, 1073 (2005)

S. Chandrasekhar, Asrophys. J. 74, 81 (1931)

9. D. Christodoulou, Commun. Math. Phys. 93, 171 (1984)

10. M. Colpi, S.L. Shapiro, I. Wasserman, Phys. Rev. Lett. 57, 2485-2488 (1986)

11. S. Datt, Zs. F. Phys. 108, 314 (1938)

12. D.M. Eardley, L. Smarr, Phys. Rev. D 19, 2239 (1979)

13. F. Fayos, X. Jaen, E. Llanta, JJM.M. Senovilla, Phys. Rev. D 45, 2732 (1992)

14. F. Fayos, J.M.M. Senovilla, R. Torres, Phys. Rev. D 54, 4862 (1996)

15. D. Finkelstein, Phys. Rev. 110, 965 (1958)

16. B. Freedman, L.D. McLerran, Phys. Rev. D 17, 11091122 (1978)

17. R. Goswami, P.S. Joshi, P. Singh, Phys. Rev. Lett. 96, 031302 (2006)

18. S.W. Hawking, G.F.R. Ellis, The Large Scale Structure of Space-time (Cambridge University
Press, Cambridge, 1973)

19. S.W. Hawking, R. Penrose, Proc. R. Soc. Lond. A 314, 529 (1970)

20. S.A. Hayward, Phys. Rev. D 49, 6467 (1994)

21. C. Hellaby, K. Lake, Astrophys. J. 290, 381 (1985)

22. C. Hellaby, K. Lake, Astrophys. J. 300, 461 (1986)

23. W. Israel, Nuovo Cimento B 44, 1 (1966); Nuovo Cimento B 48, 463 (1966)

24. H.T. Janka, Annu. Rev. Nucl. Part. Sci. 62(1), 407 (2012)

25. H.T. Janka, F. Hanke, L. Hdepohl, A. Marek, B. Mller, M. Obergaulinger, Prog. Theor. Exp.
Phys. 2012(1), id.01A309 (2012)

26. P.S. Joshi, .LH. Dwivedi, Phys. Rev. D 47, 5357 (1993)

27. PS. Joshi, .H. Dwivedi, Class. Quantum Gravity 16, 41 (1999)

28. P.S. Joshi, D. Malafarina, Int. J. Mod. Phys. D 20(14), 2641 (2011)

29. PS. Joshi, D. Malafarina, R. Narayan, Class. Quantum Gravity 28, 235018 (2011)

30. P.S.Joshi, D. Malafarina, R. Narayan, Class. Quantum Gravity 31, 015002 (2014)

31. A.Krasinski, Inhomogeneous Cosmological Models (Cambridge University Press, Cambridge,
1997)

32. A. Krasinski, J. Plebanski, Introduction to General Relativity and Cosmology, sect. 18.15
(Cambridge University Press, Cambridge, 2006), pp. 301

33. G. Lemaitre, Ann. Soc. Sci. Bruxelles I, A 53, 51 (1933)

34. P.O. Mazur, E. Mottola (2001), arXiv:0109035 [gr-qc]

35. C. Misner, D. Sharp, Phys. Rev. 136, B571 (1964)

36. C.W. Misner, K.S. Thorne, J.A. Wheeler, Gravitation (W. H Freeman, San Francisco, 1973)

® N


http://arxiv.org/abs/0109035

5 A Brief Review of Relativistic Gravitational Collapse 197

37.
38.
39.
40.
41.
42.

43.
44.
45.
46.
47.
48.
49.
50.

R.P.A.C. Newman, Class. Quantum Gravity 3, 527 (1986)

J.R. Oppenheimer, H. Snyder, Phys. Rev. 56, 455 (1939)

J.R. Oppenheimer, G.M. Volkov, Phys. Rev. 56, 374 (1939)

R. Penrose, Phys. Rev. Lett. 14, 57 (1965)

R. Penrose, Rivista del Nuovo Cimento 1, 257 (1969)

L. Rezzolla, B. Giacomazzo, L. Baiotti, J. Granot, C. Kouveliotou, M.A. Aloy, Astrophys. J.
Lett. 732, L6 (2011)

R.C. Tolman, Proc. Natl. Acad. Sci. USA 20, 410 (1934)

R.C. Tolman, Phys. Rev. 55, 364 (1939)

D.E. Torres, S. Capozziello, G. Lambiase, Phys. Rev. D 62, 104012 (2000)

M. Visser, C. Barcelo, S. Liberati, S. Sonego (2009), arXiv:0902.0346 [gr-qc]

R.M. Wald, General Relavitity, sect. 6.2 (University of Chicago Press, Chicago, 1984), p. 125
B. Waugh, K. Lake, Phys. Rev. D 38, 1315 (1988)

P. Yodzis, H.-J. Seifert, H. Muller zum Hagen, Commun. Math. Phys. 34, 135 (1973)

J.B. Zeldovich, L.E. Grishchuk, Mon. Not. R. Astron. Soc. 2(07), 23 (1984)


http://arxiv.org/abs/0902.0346

	5 A Brief Review of Relativistic Gravitational Collapse
	5.1 Introduction
	5.2 Einstein's Equations for the Collapsing Interior
	5.2.1 Co-moving Coordinates
	5.2.2 Misner--Sharp Mass
	5.2.3 Einstein's Equations

	5.3 Matching with an Exterior Metric
	5.4 Regularity, Scaling, and Energy Conditions
	5.4.1 Regularity and Scaling
	5.4.2 Energy Conditions
	5.4.3 Shell Crossing Singularities

	5.5 Trapped Surfaces and Singularities
	5.6 Homogeneous Solutions
	5.6.1 Apparent Horizon and Singularity

	5.7 Inhomogeneous Dust and Collapse with Pressures
	5.8 Collapse in Astrophysics
	5.9 Concluding Remarks
	References


