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Maximal hypersurface in a D-dimensional dynamical spacetime
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In this article, we set up a variational problem to arrive at the equation of the maximal hypersurface in the
interior of a spherically symmetric evolving trapped region. In the first part of the article, we present the
Lagrangian and the corresponding Euler-Lagrange equations that maximize the interior volume of a
trapped region that is formed dynamically due to infalling matter in D-dimensions, with and without the
cosmological constant. In the second part, we explore the properties of special radii, which we call Reinhart
radii, that play a crucial role in approximating the maximal interior volume of a black hole. We derive a
formula to locate these Reinhart radii in terms of coordinate invariants like area radius, principle values of
the energy-momentum tensor, Misner-Sharp mass, and cosmological constant. Based on this formula, we
estimate the location of Reinhart radii in various scenarios: (a) the case of static Bafiados Teitelboim Zanelli
black holes in (2 + 1) dimensions and for the Schwarzschild, Schwarzschild-de Sitter, and Schwarzschild-
anti—de Sitter black holes in D-dimensions. We plot the location of the Reinhart radii in relation to the event
horizon and cosmological horizon in a static D-dimensional scenario, (b) cosmological case: we prove that
these Reinhart radii do not exist for homogeneous evolving dust for the zero and negative cosmological
constant but exist in the presence of positive cosmological constant when the scale factor is greater than a

critical value. We also show the relation between these Reinhart radii and Kodama vectors.
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I. INTRODUCTION

One of the most intriguing and mysterious objects in the
Universe is the black hole. This area of research is now at
the forefront ever since the black holes have been obser-
vationally identified using gravitational wave astronomy.
The study of black holes is now considered mainstream
and astrophysically relevant. The thermodynamical prop-
erties of the black holes, the singularities inside the black
holes, etc. are yet to be understood fully. The information
loss of the black hole and its resolution are still sought after
mysteries.

One of the intriguing aspects of a black hole is the
volume in the interior of a black hole. This question has
been addressed by various authors using different
approaches. Maulikh Parikh [1] discusses the definition
of volume by constructing an invariant slice of the
spacetime inside the black hole horizon. Cvetic ef al. [2]
have discussed the thermodynamical volume, V;,, inside a
black hole in the presence of a varying cosmological
constant A. V,;, is defined as the conjugate variable to A
appearing in the first law of thermodynamics for black
hole, i.e., dE = TdS + QdJ 4+ ®dQ + V ;A\, where E is
the gravitational enthalpy of spacetime. Christodoulou and
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Rovelli [3] provided a somewhat different definition of the
black hole volume, in which the volume grows indefinitely
as a function of the advance time.

In this article, we generalize the approach due to
Christodoulou and Rovelli [3] for finding the interior
volume of a black hole in the case of dynamical situations.
They find out the volume inside the black hole via a
variational approach. They define a spacelike curve from
the event horizon to the singularity, in general, and from
among them define an extremal curve or a maximal
hypersurface that yields the maximum volume in the
interior of the black hole thus setting up a Lagrangian
framework to solve the above question. A similar method
is adopted in the following papers [4—12] discussed by
various authors.

In this article, we work on two aspects concerning the
volume of black holes. The first part deals with the
question about the evolution of the interior volume of
the trapped region where the black hole is in the process of
formation. Due to the evolution of the trapped region, the
interior volume of the black hole evolves. We set up a
variational problem where we write down a Lagrangian for
the spacelike curve between the apparent horizon and the
singularity using which we can estimate the maximal
volume. We then obtain the equations for this maximal
hypersurface from the Euler-Lagrange equations for the
obtained Lagrangian. We first solve the problem for the
simple case of (2 4 1) dimensions where the underlying
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equations and analysis are simpler. We then carry out the
analysis for the case of D-dimensional spherically sym-
metric dust evolution that leads to the formation of the
black hole.

It is proved in [3] that the volume generated by maximal
hypersurface has a maximum contribution from a certain
region that we call in this article Reinhart radius, which we
denote as Rp (the subscript stands for “Reinhart”). This
region provides an excellent approximation for the interior
volume of the black hole [3]. For a Schwarzschild black
hole with mass M, the event horizon is at R = 2M while
the value of Ry = 3M /2. This Reinhart radius Ry lies in
the interior of the black hole. This region inside the
Schwarzschild black hole, which is also a maximal hyper-
surface, was first discovered by Reinhart [13] in 1973.
Similar points of interest in the interior of a black hole have
been found in the examples described below in various other
black holes like Banados Teitelboim Zanelli (BTZ), Kerr,
and Kerr-anti—de Sitter (AdS) black holes [6,10,12]. The
volume of a Schwarzschild black hole is shown to be equal
to V = 3v3M?*v where v is the advance time [3]. The
special feature of the hypersurface is that the normal to the
surface is divergence-free, i.e., the trace of the extrinsic
curvature vanishes. The Reinhart radii have played a pivotal
role in the approximation of the volume of black holes
in a more general setting. For instance, the asymptotic
volume of a static BTZ black hole is crucially dependent on
apoint Ry = \/M/2|A| discussed in [11] with M being the
Arnowitt Deser Misner (ADM) mass of the BTZ black hole,
and A is the cosmological constant. Even in the presence
of rotation, the asymptotic formula for the interior volume
of the BTZ black hole crucially depends on the point
Ri = \/M/2|A| as shown in [12]. For the BTZ black hole
with rotation, we found that the maximal interior volume
is Vs = nv\/M?/|A| — J?, where v is advanced time, M
is mass, and J is the angular momentum of the BTZ
black hole.

The paper [9] tackles the problem of time-dependent
metrics. The important result from [9] is the estimation
of volume during the evolution due to Hawking evapora-
tion. They prove that the volume follows a monotonically
increasing trend in spite of Hawking radiation (till the
Planck regime is reached). The volume is given by
V(v) ~ 3v3zmv(1 — 9B/2m3), where my is the original
mass of the black hole, and B is a constant. Though the
result is counterintuitive, the result in [9] can be understood
owing to the presence of Reinhart radius that decreases with
time. The volume therefore continues to increase since it is
proportional to the advanced time ». Though we did not
include the evaporating case in our article, we show that our
results match in all situations where Reinhart radius exists.

When one explores the interesting aspects of black hole
interiors one thinks of the interior as a somewhat trivial
region with the only interesting feature being the spacetime

singularity (and the inner horizon in case of rotating or
charged black holes). The presence of Ry between the event
horizon and singularity therefore reveals yet another inter-
esting region in the interior of the black hole. These regions
have not been explored in all its generality. In this article, we
explore the features of the Reinhart radii in various space-
times. We point out the relation of the Reinhart radius with
the Kodama vector. We show that these radii correspond to
the locations in the maximal hypersurface that are tangential
to the Kodama vector. The study of Reinhart radii is
exhaustive where we explore its evolutionary aspects in
D-dimensions with and without a cosmological constant.
We arrive at interesting results for the various cases
discussed. We develop a formula for tracking the evolution
of the Ry from which we can deduce its location.

In Sec. II we review the features of spacetime in
D-dimensions and the evolution of dust. In Sec. III A,
we review the evolving dust model in (2 + 1) dimensions.
In Sec. III, we set up the Lagrangian formulation to locate
the maximal hypersurface that maximizes volume for the
homogeneous dust model for (2+ 1) dimensional and
D-dimensional cases. In Sec. IV, we use the extrinsic
curvature method to estimate the Reinhart radius in a
(2 4+ 1) dimensional case. In the subsections of Sec. IV,
we discuss the vacuum case, static black hole case, and
the cosmological case in (2 + 1) dimensions. In Sec. V, we
discuss the extrinsic curvature method to locate the
Reinhart radius in D-dimensions. In the subsections of
Sec. V, we discuss the vacuum scenario, the D-dimensional
Schwarzschild black hole case, the D-dimensional
Schwarzschild-de Sitter and anti—de Sitter case, and the
cosmological case. In Sec. VI we discuss the estimation of
the volume of evolving black hole in D-dimensions. In
Sec. VII we discuss the relation between the Reinhart radii
and Kodama vector. In Sec. VIII, we discuss the con-
clusions of the work.

II. D-DIMENSIONAL EVOLVING
DUST SCENARIO

In this section, we review the evolving dust model in
D-dimensional spherically symmetric spacetime. The dis-
cussion is inclusive of a cosmological constant. The general
metric for a D(= n + 2)-dimensional spherically symmet-
ric spacetime is of the form

ds? = —ettdi? 4+ 0 dr? + R (1, r)dQ2, (1)

where  dQ2 = d6? + sin® 0,(d63 + sin® 0,(d6; + - - - +
sin® §,_,d6?)) is the metric on unit n-dimensional sphere,
t is the time coordinate, and r is the comoving radial
coordinate. It is easily shown in [14] that the gy, component
of the metric can be chosen to be minus one, i.e., ggy = —1
when the matter considered is dust. The metric then has a
simpler form given by
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ds? = —di* + X dr? + R2(t, r)dQ,>. (2)

The Einstein field equations are given below,

1
G/,w =+ Ag/w = R;w - ERg;w + Ag/w = KT/u/' (3)

Here, G, is the Einstein tensor, R, is the Ricci curvature
tensor, R is the Ricci scalar curvature, g, is the metric
tensor, T, is the stress-energy tensor, and  is the Einstein
gravitational constant and is related to Newton’s gravita-
tional constant G, as (k = 87G,/c*). The matter we are
considering here is a pressureless dust, hence, the
only nonzero component of the stress-energy tensor (in
the comoving and synchronous coordinate system) is
Toy = €(t,r), where €(t,r) is the energy density of the
dust. With these conditions we get the Einstein equations
which are shown in [14]. These are listed below:

Gon = o [P i1 4 k) - R2) - 2R
— Ae’R* + g (=2RR" + ¢’RR /1)] =ke(t,r) (4)
R B
Gy = % n(nz— D) (R? —e*(1+ R?)) + Ae*R* — ne’IRR}
-0 (6)
1

Gy = —16_1[2(n —2)(n—1)[e*(1 + R?) — R™]
—2(n—=1)2RR" — RR' — ¢*(RR 1 +2RR)]
+ R} (—4A + 2% +24)] = 0. (7)

The other nonzero relations are given by
Gijrjan) = sin®01) G, (8)

where j takes values from 2 to n + 1. The expressions for
the evolution of matter can be obtained by simplifying the
above set of equations. Solving for the G, we get

R/2
A
et =—"7—, 9
1+ £(r) ©)
where the integration constant f(r) is an arbitrary function
called the energy function. Integration of the G; equation,
after using the above relation, gives

b2 2A -, F()
R —f(r)+n(n+1)R +

where F(r) is called the mass function. Solving for Gy,
we find

nF’
K'€(t,r):ﬂ. (11)

This gives us the expression for the mass function as

F(r)= 2%/6(0, r)r'dr, (12)

where €(0, r) is the initial density of the dust. We make a
choice that when the comoving time ¢ =0, we set the
comoving radius equal to the area radius, R = r. We work
for the case of marginally bounded shells of dust where we
require that f(r) = 0. The result (12) is obtained by
keeping the constant value of f(r) =0, and this holds
true from here on. Throughout the article, we shall assume
that ¢ > 0 (weak energy condition is satisfied).

We consider the scenario where the dust cloud is of finite
extent. We denote the outermost comoving label to be .
The region exterior to radius ry is the vacuum. The metric
element in the exterior of the D(= n + 2)-dimensional
black hole with a cosmological constant given by [14]

F 2AR?
ds = —(1- (V_ol)_ T2
R" n(n+1)
F(r()) 2AR2 -1
- - dR? + R2dQ2, (13
+< R n(nt1) TR, (13)

where F(rg) is the mass function evaluated at r(. T is like
the Schwarzschild time coordinate, and R is the area
radius. The above metric is obtained by matching the
interior with the exterior metric across the boundary r. For
n =2, i.e., the Schwarzschild black hole, F(rq) = 2GM,
where M is the ADM mass. In general D-dimensions, the
relation between mass function F(r) and mass of the dust
cloud M in n + 1 spatial dimensions [14] is defined as

mr(#51)

=2 (14)
n 272

where x = 87G/c* is the Einstein constant, and G is

the Newton’s gravitational constant. Now we track the

evolution of the maximal volume in the next section.

We discuss the solution of the scale parameter a(z) for the

homogeneous dust evolution in the Appendix.

III. LAGRANGIAN FORMULATION
FOR THE MAXIMAL VOLUME
OF AN EVOLVING BLACK HOLE

In this section, we derive the Lagrangian and the
corresponding Euler-Lagrange equation that maximizes
the volume inside an evolving black hole. We first discuss
the evolving dust models in (2 4+ 1) dimensions. The reason
for separating the (2 4 1) dimensional case from the general
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D-dimensional case is that there are unique features in the
(2 + 1) dimensional case that do not generalize to general
D-dimensions.

A. Review of (2 +1) dimensional evolving dust solution

In this subsection, we study a dynamical situation
corresponding to the formation of the BTZ black hole.
We set the angular momentum of the BTZ black hole to
zero in order to obtain analytically tractable expressions
since we do not yet have an analytical collapsing model that
yields a rotating BTZ black hole. The Einstein equations
for the (2 4+ 1) dimensions can be explicitly solved. The
black hole in (2 + 1) dimensions occurs only in the case of
the negative cosmological constant. The solution given
in [15,16] is given by

ds? — —di + (cos(v/|Alt) + B’ sin(/|Alt))>dr?
|A|r? + |A|B* = 2k |5 €;(s)sds + 1

+ (rcos(y/|Alt) + Bsin(y/|Alf))?d¢?. (15)

As the cosmological constant A = —1//? is negative, the

background space is AdS. The metric is expressed in terms
of two functions of comoving r, [16], B(r), and ¢;(r). Here
R(r,t) = rcos(y/|A|f) + Bsin(y/|Alf) is the area radius
defined geometrically using the Killing vector d/d¢ such
that the perimeter of the shell of comoving shell r is 2zR.
B(r) decides the initial velocity of the dust cloud, and €;(r)
decides the initial density. As the cloud evolves, the density
evolves, and the area radius of each shell evolves (decreases
if the cloud undergoes a collapse scenario that leads to the
formation of a black hole). In our present context, we focus
on homogeneous dust interior since the model offers simpler
equations without compromising the caveats involved.

We choose the boundary of the homogeneous dust to be
at a comoving coordinate r = ry. Outside this is comoving
radius r(; we assume that there is no more dust and hence is
the vacuum. We further choose the condition that B(r) = 0
and €; = |A|/k so that the metric (15) is in its simplest form
given by
ds* = —di* +cos®(\/|A|t)dr? + r* cos?(\/|A|t)dg?*. (16)
We note that F(r) is given by the expression F(r) =
2k |5 €;(s)sds in (2 4 1) dimensions. For the parameters
that we consider here, it is equal to |A|r2. Itis easily shown
that the metric (15) can be smoothly matched at the
hypersurface r = r, by equating the first and second
fundamental form to the exterior BTZ metric [from
Eq (13)], given by

2

ds? = —(|A|R? = M)dT?> + —~

+ R%d¢?,  (17)

with T as the time coordinate corresponding to Killing time.
Here M is the ADM mass. We note that for the model under
consideration that M = ke;r§ — 1 = |A|r§ — 1 [16], with ry
the outer comoving radius of the dust cloud. It is more
convenient to switch from Schwarzschild-like coordinate
system (7,R,¢) to Eddington-Finkelstein coordinates
(v, R, @) to avoid the coordinate singularity at the horizons.
The Eddington-Finkelstein coordinates are defined as

R dR
v—t—l—/ VR R=R and ¢=4¢, (18)

where N2(R) = (JA|R?> — M). The metric (17) can now be
written as

ds* = —(|A|R?> = M)dv* + 2dvdR + R*d¢?*, (19)

1. Apparent horizon

Our goal in this article is to find out the volume of an
evolving black hole. To track the boundary of the evolving
black hole, we need the location of the apparent horizon. As
given in [15,16], the condition for the expansion parameter
for outgoing null geodesics to become zero for a general
metric (15) is given by [16]. So

2k [§ei(s)sds — 1 . (20)

AIR?
Physically this means that the apparent horizon occurs
when the Misner-Sharp mass of a given shell gets com-
pressed to a small area radius given by the above equation.
For the specific case we are considering in this article,
we have

A2 =1

|A]r? cos?(

21
|Alf) 2y

This implies the curve of the apparent horizon is given by
the relation

2

1
Fpg=—————.
|Alsin(/[Alr)

We consider the collapsing regime where ¢ goes from 0 to
7/(2+/|Al). At time t = 0, we have the apparent horizon at
r, = oo. This is only true for the cosmological case in
which we take r, to infinity. We note that in the time interval
considered during the collapsing phase, the apparent hori-
zon r, is a decreasing function of time. This implies the
shell 7 is trapped first, and then the smaller values of r get
trapped. This also implies that since there is no more mass
collapsing beyond the shell ry, the radius R at which r
becomes trapped is also the event horizon. The physical

radius of the event horizon is given by R, = /M/|A|,

(22)
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() (b)

FIG. 1. Figure 1(a) shows the homogeneous dust cloud whose
outer boundary labeled with the comoving radial coordinate is
formed at r = ry, and Fig. 1(b) shows that this homogeneous dust
cloud collapses to form a nonrotating BTZ black hole. Here, A
represents the vacuum region that formed during the dust
collapse, has a radius of the outer boundary R, and is known
as the event horizon, and B represents the evolving dust that
eventually collapses to a singularity.

where M = |A|r} — 1. During the course of evolution, we
therefore have two distinct regions inside the BTZ black
hole as illustrated in Fig. 1. (A) is the region from the event

horizon R = R, to the area radius of the outer shell Ry =

rocos(~/|Alt) of the dust cloud inside the event horizon
R;,. Region (B) consists of the interior region of the dust
cloud. We note that the region (A) is a vacuum, whereas
(B) is evolving dust that eventually becomes singular. The
plan is to track the evolution of the maximal volume where
we take into account both the regions (A) and (B). We
discuss the evolution of maximal volume in the next
subsection.

B. Lagrangian formulation for the maximal volume
of a black hole in (2 +1) dimensions

In this subsection we use the method given in [3] to
construct a two-dimensional spacelike surface X, which is a
direct product of one-sphere parametrized by ¢ and a curve
y embedded in the two-dimensional space parametrized by
A in the submanifold (v, R). We note that this hypersurface
extends across the exterior (vacuum spacetime) and the

|

interior (dust cloud). It is more convenient to describe this
hypersurface in terms of (v, R) in the exterior spacetime
and in coordinates (z, ) in the interior of the dust cloud. In
Fig. (1), this hypersurface extends from the event horizon in
region (A) to the point R = 0 in region (B). We note the
following relations:

Ty xSt y~[v(A).R(A)] and y~([t(A).r(2)]. (23)
We choose 4 = 0 at the event horizon (R,) and call A, (f for

“final”) the value of A at R = 0. Thus, the initial and final
end points of y are given by

R(/1 = /10) - Ro,
1)(/1 = /10) = Yo,
=1, r(/,{:ﬂo):ro,

=a/2V/A,  rA=2)=0. (24)

The surface X is coordinated by 4, ¢p. We note that when the
parameter 1 = 4, the curve y enters from region A to
region B. Thus when R(A = ) = Ry, Ry is the area radius
of the outermost shell ry,. The element of the induced
metric on X in the exterior region (A) is

ds} = [-(|A[R? = M)i? + 20 R|d2* + R*d¢?,  (25)

where i = dv/d) and R = dR/d} in the above equation.
Similarly, following the same procedure for interior region
(B), the induced metric element is

dst = [—iz + % cos?( |A|t)} da? + 1?2 cos?(v/|A]t)de?.
(26)
Here ¢ and i are derivatives with respect to the parameter A.

Now, the maximal surface is the union of both the regions.
So the volume is expressed as

Vsly] = — /ﬁj” d /S iR [=(A|R> ~ M)i? 1 20 K] - Aff i /S i/ Peos (/TN + Peost (VAT (27)

The minus sign is because the parameter 4 is chosen to be
monotonically decreasing with increasing radius. In the first
term, R(A = 0) = R, = /M/|A|, which is the event hori-
zon. The above expression is obtained by connecting the
hypersurface across the boundary r = r(. The first term in
the above equation is the volume inside the BTZ black hole

|

from the event horizon to an area radius R(A = 4;) =
Ry = rocos(y/|Alt), which is the outer shell of the col-
lapsing dust cloud, inside the BTZ black hole. The solution
to this term where we seek the maximal volume in the
interior of the vacuum part of a nonrotating BTZ black hole
is solved completely in [11].
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We now focus on the evolution of the maximal surface in
the region (B) as a function of comoving time 7. We follow
the same Lagrangian procedure outlined in [3] for the metric
given by Eq. (26). We note here that as far as the comoving
coordinate chart is concerned the location of the apparent
horizon, or the event horizon, does not appear as any
coordinate singularities in the metric. So the Euler-Lagrange
equations remain the same irrespective of the boundary
limits we impose. This is one of the main advantages of
using the comoving coordinates to describe dust evolution.
We have to maximize the following functional after inte-
grating over the angle variable:

:—27:/ dzl\/r cos?(v/|A|t)[=1% + #2 cos?(1/|Al1)].

(28)

‘We may choose the parameter to be r since this coordinate is
monotonic in the domain under consideration. The above
functional then has only one function #(r) that needs to be
determined. The volume expression now becomes

0
Vs = —27[/ dr\/r2 cos?(/|A|r)[=1* + cos*(1/|A|1)].
o

(29)

where i =1, and 7= 0t/or is the derivative of ¢ with
respect to r. This can be viewed as an extremization
problem, and our goal is to find the equations of motion
for the Lagrangian defined as

L = L(1,1,r) = \/? cos? (v/JAI) [ + cos2 (v/JA]1)].

(30)

The Euler-Lagrange equation is defined as

d (0L\ oL
dr (m) a0 (3D

for the Lagrangian, (30), we get

A
(SCC( | ’)ﬁ+3 A [tan \/|At)t2+—

A sin(2+/[AJr) = 0, (32)

where 7= 0t/dr and d'(t) = da(t)/dt. The solution of
Eq. (32) yields the comoving time as a function of r,
i.e., #(r), which corresponds to maximal hypersurface.

C. Lagrangian formulation for the maximal volume
of a black hole in D-dimensions

In this subsection, we consider a spherically symmetric
D(= n + 2)-dimensional evolving dust cloud in the pres-
ence of a cosmological constant. The construction of the
spacelike hypersurface between the event horizon and the
singularity proceeds the same way as the (2 + 1) dimen-
sional case. We again have regions (A) and (B) as shown in
the Fig. 1, with (A) being the exterior of the dust cloud
within the event horizon and (B) the interior of the dust
cloud. We now focus on region (B). From Egs. (2) and (9)
with f(r) =0, the metric element in the interior of the
black hole is defined as

ds> = —df* + R?dr* + R*(t,r)dQ,>. (33)
The total volume of the black hole is the sum of the interior
of dust and the exterior lying within the event horizon.
Applying the conditions (23) and (24) in the D(= n + 2)-
dimensional case, we get the induced metric element as

dst = (—1> + i*R?)d2* + R*(t,r)dQ2.  (34)

The volume in D(= n + 2)-dimensions is defined as

v = / dAdQ,\/R¥ (=1 + *R"™)

_ / an R + PR, (35)

Hence, the Lagrangian is defined as

L(t.i.2) = /R (=2 + PR?). (36)
Now, let the parameter A= r then i =1, substitute
R(t,r) =ra(t) and R'(t,r) =a(t) in Eq. (36), where
a(t) is the scale parameter, and we get

L(t.i.r) = \/Ira(OP (=2 + [a@)).  (37)

Our next goal is to find the equation of motion for the above
Lagrangian from Eq. (31); we get

~ ()~ () ()

+ (n+ Da(n)d (1) = 0, (38)

where ¢ = dt/0r and d'(t) = da(t)/dt. This is the differ-
ential equation in D-dimensions, and we can easily recover
the (2 4+ 1) dimensional case by substituting » =1 and
a(t) = cos(1/|A|t) in Eq. (38). For estimating the maximal
hypersurface in the trapped region, we can choose the
appropriate boundary values. We note that the condition for
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marginal trapping for the model under consideration is
given by r, = —1/a [17], where the & is a derivative of the
scale factor with respect to time 7. In a collapsing scenario,
we have a is negative thereby giving a positive value for r,,.

IV. REINHART RADIUS IN (2+1) DIMENSIONAL
EVOLVING DUST MODEL

In this section, we discuss the existence of Reinhart radii
in various evolving dust models in (2 + 1) dimensions. As
discussed in the Introduction, these are special radii that
have been found in the interior region of black holes. In the
paper [13], Reinhart showed that in the interior of the
Schwarzschild black hole, the hypersurface Ry = 3M /2 isa
maximal hypersurface. He used the vanishing of the trace
of the extrinsic curvature to arrive at this value for the
radius. As pointed out in the Introduction, this radius has
proved useful in approximating the interior volume of a
black hole in the paper [3]. This radius was found in [3] via
an independent method whereby the volume inside the
Schwarzschild black hole was maximized. Similarly in the
papers [4—6,9—12] the maximization of the internal volume
yielded the Reinhart radius. All these models describe static
or stationary black holes. The Reinhart radii in the more
general setting is a gap in the literature. This is the goal of
the second part of the article. We now track the existence of
the Reinhart radii in various cases in (2 4+ 1) dimensions.
The location of the Reinhart radius and its correlation with
the evolution of the apparent horizon can provide important
clues toward estimating the volume of the evolving black
hole. To this end, we evaluate the divergence of normal to
R(t, r) = const surface. To find the normal to the surface we
differentiate R(z,r) = const and get

Rdt + R'dr = 0. (39)

The covariant components of normal vector are defined as
n, = (n,,n,), where n, = R and n, = R'. We now analyze
the case of (2 + 1) dimensional scenario separately here
owing to the nontrivial nature of gravity in (2 4 1) dimen-
sions. We start with the area radius R(7, r) of the comoving
shell as a function of the comoving time and shell label r.
The normalized contravariant components of normal vector

a t ry — -R 1 e
are N* = (N',N") = (x/ﬁ’R’\/ﬁ)' The condition for
the vanishing trace of extrinsic curvature, which implies that
the normal vector is divergence free, is written as

10
N = ——c— [ /—g®N* ) =0, 40
: ,/_g<3)axa< g ) (40)

where \/—¢®) = R'R, which is obtained from the deter-
minant of metric (33) for n = 1, i.e, (2 + 1) dimensional
case. Equation (40) can be written as

1 |0 d
— (R'RN") +—(R'RN")| =0 41
o | RRN + 2 (R RN ay

or

o0 ( RRR 0 R
R (e —[—) =0. 42
0t< R2—1>+0r<\/iz2—1> )
After simplifying Eq. (42), we get

RR3R’

(R2 - 1)2 + R/

—RR =0, (43)

where the expression for R? is obtained for the (2 + 1)
dimension by substituting n = 1 into Eq. (10), and we get

R?> = f(r) + AR + F(r). (44)
We take the f(r) = 0 for the marginally bounded shell of

the dust cloud. Now differentiating Eq. (44) with respect to ¢
and r, we get expression for R and R’ as

R = AR (45)
and
. ARR F'(r)
R =— ~ 46
R t 2R ( )

Substituting the value of R2, R, and R’ from Egs. (44)—(46)
into Eq. (43), we get

RF'(r) ) )
W[AR + F(r)] + [AR* + F(r) = 1]

< 2AR? + F(r) — 1] = 0, (47)

We now obtain a general formula connecting the comoving
energy density at a point with the area radius R(z,r),
Misner-Sharp mass F(r), and cosmological constant A. Let

€ be the energy density of the collapsing dust cloud then we
F'(r)
2RR'"

can define the energy density as € = Therefore, from

Eq. (47), we can write ¢ as

_F(r)

[AR?> + F(r) = 1][2AR? + F(r) = 1]
“T2RR

- R*[AR® + F(r)] - 48)

This is the condition for R = const hypersurface to have a
vanishing trace of extrinsic curvature. Though this for-
mula is true, in general, we now examine a few simple
cases and gain an understanding of this special point in the
hypersurface.

044019-7



MAURYA, NIGAM, and GUTTI

PHYS. REV. D 109, 044019 (2024)

A. Vacuum case

When F(r) = 0. This situation represents matter content
is zero in the entire spacetime. We see that

[AR> — 1]2AR?> — 1] = 0. (49)

We have two values of area radius where the condition is
met: RCH = 1/\//_\ and RR = l/m: RCH/\/i' The
former root is the de Sitter cosmological horizon, which
is a null horizon. The normal to the horizon is also the null
generator and has vanishing divergence. We look for
timelike normals (timelike normals for R = const occur
in the interior of a black hole) and spacelike normals, so
this root is not our answer. The other root is the answer,
and we observe that this root lies between the R =0
and the cosmological horizon R.y. This feature is also
observed in the situations to come. We note that for a
negative cosmological constant, this case does not yield
any solutions.

B. Static black hole case

Suppose we consider the case when the Misner-Sharp
mass F(r) is a constant, this is the situation of a black hole
or a naked singularity where all the mass has already
collapsed to a point. We can use the formula derived above
to examine the situation of a black hole using the comoving
chart and not static/stationary coordinates. So we take
the condition that F(r) = const = M + 1, where M is the
ADM mass. Also, we note that automatically F'(r) = 0.
From Eq. (47), we get

[AR? + M][2AR? + M) = 0; (50)

there are again two roots of the Eq. (50),

[—M [—M
R:RCH: T and R:RR: X (51)

Here we have two subcases. For a positive cosmological
constant, we require that the mass function F(r) at the
naked singularity (which is a conical singularity) is not
greater than 1 so that M is negative. In this case, we have
the cosmological horizon at R, and as can be seen in the

above equation, Ry = Rcy/ /2. The fact that M has to be
negative is observed in [15,16]. This scenario is not present
in the four and higher dimensions where the ADM mass M
is positive definite. Here Ry < Ry, which shows that the
surface is not beyond the cosmological horizon. The second
subcase involves a negative cosmological constant. Here, in
contrast, we require M to be positive for roots to be real. So
F > 1 for a black hole event horizon to exist. The total
mass that collapses has to be greater than 1 so that an event
horizon forms [15,16]. We then have

M M
R=R,= |1 d R=Rp =57 2

As is evident from the above equations, R occurs in the
interior of the BTZ black hole with zero angular momen-
tum. The radius is Rz = R,/+/2. This is similar to the
situation of the case of four-dimensional black holes as
observed in the works of [3,5,9,10].

C. Cosmological case

We look at cosmological solutions in (2 + 1) dimensions
with and without a cosmological constant. The mass
function for homogeneous collapsing dust in (2+1)
dimensions is defined as F(r) = gr?, and the area radius
of comoving shells is R = R(t,r) = ra(t). Substituting
these parameters into Eq. (47), we get

2(Aa® + g)*rt = BAa> +29)r* +1=0.  (53)

In case (1) when A =0, i.e., without a cosmological
constant, we set A =0 in the above equation then we
obtain ¢?r* + (gr* — 1)? = 0. As can be seen readily, this is
a sum of squares and is never zero. So we do not have Ry
for real values of the area radius. To analyze the case with a
nonzero cosmological constant, we evaluate the roots of
Eq. (53). This gives Reinhart radius ry as

(3Aa* + 29) + /(3Aa* + 29)> — 8(Aa® + g)? :
rg = .
" 4(Aa” +g)?

(54)
In case (2) when A > 0, i.e., de Sitter spacetime rp will be
positive only when the terms inside the square root are

positive, i.e.,

(3Aa* +29)* —8(Aa*>+g)* > 0

29(vV2+ 1) 29(vV2-1)
:a2>_/\(3+2ﬁ) 2>A(3—2\/§)
,_ 29(v2-1) , _29(V2+1)
a >m or a*>————. (55)

This condition can be seen to be equal to the relation inside;
the square root has to be positive. This inequality implies
that ry is only possible during the evolution if the scale
parameter is greater than a critical value given in the
equation. This is a surprising fact that this point emerges
during the course of evolution provided the scale parameter
crosses a certain threshold value.

In case (3) when A < 0, i.e., anti—de Sitter spacetime, we
replace A with —A in Eq. (54), and we get
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(=3Ala® +2g) £ /A2a* + 4[AJga® — 45\
4(=|Ala* + g)?

(56)

Let us define A =—3|A|a®+2g and B =/8(—|A|a*+2g),
then the terms A% —B? = (=3|A|a*>+2g)> —8(Aa*+g)* =
A’a*+4|A|ga* —4g*. There are two possible situations
that arise on A:
(1) Suppose A is negative, i.e., A < 0, then Eq. (56) can
be written as

4(—|Ala*+g)*

1
<—|<—3|A|a2+2g>|i¢A2a4+4|Aga2—4gz>2
rR: .

(57)

Now we check the existence of the above Reinhart
radius ry as follows:

(=3|Ala® +29)* > (=3|A|a® +29)* —8(Aa’+ g)*
= (=3|Ala®>+29)* > A2a* +4|A|ga® —4g?

= |(=3|Ala? +29)| > /A2a* + 4|Alga? —4g?

= —|(=3|Ala*+2g)| < —\/A2a4 +4|A|ga® —4¢?

:»—I(—3\Ala2+2g)l+\/A2a4+4lAlga2—4gz<0
(58)

and —|(=3|Ala®+2g)| = /A2a* +4|A|ga®> —4g* <0
is also possible. Hence, these conditions show that the
terms —|(=3|A|a®4-2g)| £/ A2a* +4|A|ga*—4¢* <0
in the Eq. (57), which means rp becomes imaginary,
and hence there is no any rp exist.

(ii) Suppose A is positive, i.e., A= (=3|A]a*+2g) >0,
then it gives the condition on the scale parameter
a(t) as a* < 2g/3|A| and using this condition inside
the square root term /A2a* + 4|A|ga® — 4¢%) we
get an imaginary value. Hence in both scenarios,
there is no solution for rp, and hence they do not
exist for (2+ 1) dimensional AdS cosmological
spacetimes.

V. REINHART RADII IN D-DIMENSIONAL
EVOLVING DUST IN THE PRESENCE
OF COSMOLOGICAL CONSTANT

We now extend our results in (2 + 1) dimensions to
general D-dimensions. We consider the D-dimensional
metric found in Sec. II. We repeat the analysis done in a
(2 + 1)-dimensional case. We find the normal to the surface
R(t,r) = const and get

Rdt + R'dr = 0. (59)

The normalized contravariant components of normal vector

t ry —
(V' NT) = (\/R— R’\/R2—> The
condition for the vanishing trace of extrinsic curvature in
D(= n + 2)-dimensions is given by

1 0
Ny =—— " (/—gPNa) =0 60
“= o M,( g ) ., (60)

where \/—¢'?) = R'R"®,,, which is obtained from the
determinant of metric (33), where ®,, contains the product
of all the angular parts of the determinant of metric (33).
Equation (60) can be written as

can be found to be N* =

| {a (RR"O,N') +

a ! pn r —
wR6. |3 —(RR G),IN)}—O (61)

or
0 [ RR'R" 0 R
———— )+ ——] =0. 62
ot <VR2 - 1) or <\/R2 - 1> (62
After simplifying Eq. (62), we get

R'R*R'
R’

nR™1(R2 = 1)? + —R'"R=0. (63)

Now, differentiating Eq. (10) with respect to ¢ and r, we get
the expression for R and R’ as

. 2AR (n—=1)F(r)
k= _ 4
nn+1) 2R" (64)
and
. 2ARR’ F' - 1)FR
R = _ __(n=DFR sy

n(n+ 1R 2R"'R  2R"R

Substituting the value of Rz, R, and R’ from Egs. (10), (64),
and (65) into Eq. (63) and after simplifying, we get

Rge('rf ( <2nA le) * 2@) * ( <2nA le) * 259 B 1)
2A (n+ 1)
2

R +———F(r) - nR”"} =0. (66)

n

We will see below that the above formula simplifies to
an expression involving coordinate invariant since the
term containing F’ gets related to the energy density.
The formula therefore is an interesting relation between
the principle value of the energy-momentum tensor, the
cosmological constant, and the Misner-Sharp mass.
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In a general setting, the Misner-Sharp mass is a mono-
tonically increasing function of the comoving radius r.
We take a nonzero value for the mass function F(r) # 0
(and F'(r) # 0). Let € be the energy density of collapsing

dust, then we can define the energy density as e = 2L.)

Therefore, from Eq. (66), we can write € as
nF'(r)
€=—-
2R"R’
n(l — nz(ﬁl\fi) - gff?) [%R"H + —("erl) F(r) - nR”‘l}
R (0 4 £))
(67)

A. Vacuum scenario

When there is no matter in the spacetime we have
F(r)=0. In this case, the above equation yields
Minkowski, de Sitter, or anti—de Sitter spacetime. For
the case of F(r) =0, the formula above gives

(% - 1) [%R”“ - nR”_l] =0. (68)

We solve for the Ry,

2AR?
——-1=0 (69)
n(n+1)
and
2A
—R"! —pR" =0 (70)
n

from Egs. (69) and (70), and we get

n(n+ 1 n?
RCH = % and RR = ﬂ (71)
or
n
Ry = Rcy. 72
o= R 72)

Here n <n+1 so Rr < Rcy, which means Reinhart
radius occurs before the cosmological horizon. The cos-
mological horizon is the boundary of the antitrapped
region. So Ry occurs in the accessible part of spacetime
from the point of view of the interior of the cosmological
horizon. We also note that this surface is possible only in de
Sitter space and not possible in anti—de Sitter space.

B. D-dimensional Schwarzschild black hole

When A =0 and mass function F(r) = const then
F'(r) = 0. From Eq. (66) we get

<Hd Qrglﬂg_ww@_o (73)

Rn—l -
or

n—

R=R,=[F(r)J# and R=Rg= <n;1F(r))_l. (74)

From Eq. (74), we can write

n+ 1\
RR—< o ) R,. (75)

For Schwarzschild case n = 2 (i.e., 4 dimensions), the mass
function F(r) = 2M, then from Eq. (74) we get R, = 2M,
which corresponds to the event horizon and Rp = %M,
which is the Reinhart radius that corresponds to maximal
hypersurface as identified in [3]. From Eq. (75) Rz = %Re,
i.e., Ry < R,, which means Ry, lies inside the event horizon
of a black hole since 2n >n—+1 for n =2,3.... This
means Ry always lies inside the event horizon for all n > 1.
For the case n = 1 there is no black hole if there is no
negative cosmological constant.

C. D-dimensional Schwarzschild-de
Sitter/anti—de Sitter spacetime scenario

If the mass function F(r) = const, then the change in
mass function of the dust cloud vanishes, i.e., F'(r) =0,
and the event horizon will be static. Let cosmological
constant A # 0, then from Eq. (66), we get

2AR>  F(r) 2AR™  (n+D)F(r)
(n(n+l)+R”_1_l> |: . + > —nRm1
—0. (76)

From Eq. (76) the solutions of the first and second bracket
give event horizon R, and Reinhart radius Ry as

2AR? F
PR=R,)=—""¢ 1+ 1= 77
( e) n(n+1)+Rg*' 0 (77
and
2AR? F
P(R = Rg) = R "__o0.  (78)

At ) 2R a1

Both of the Egs. (77) and (78) are n+ 1 dimensional
polynomials and finding analytical roots is in general
difficult. We obtain good insight into the relative locations
of the event horizons R, and the Ry by plotting the graphs
of the polynomials explicitly. We observe that Ry usually
lies in the interior of a black hole. In the presence of a
positive cosmological constant, we get another root for R,
which is at a radius smaller than the cosmological horizon
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Event Horizon (R,) : AdS Space

Reinhart Radius (Rg) : AdS Space

n=2 (D=4)-dimensions : AdS Space

PR) P(R) P(R)
2r 2 2
—— n=2 (D=4) —— n=2 (D=4) — Event horizon (Rg)
~—— n=3 (D=5) Rr — n=3 (D=5) ~— Reinhart radius (RR)
1 Re ~— n=4 (D=6) 1 —— n=4 (D=6) 1 Re=0.98
— n=5(D=7) — n=5 (D=7)
0 0 R 0
2 3 4 5 6
“1F 1 1
-2+ -2 -2
(@) (b) (©
n=3 (D=5)-dimensions : AdS Space n=4 (D=6)-dimensions : AdS Space n=5 (D=7)-dimensions : AdS Space
PR) P(R) P(R)
2r 2 2
— Event horizon (Re) ) — Event horizon (Re)
~ Reinhart radius (Rr) ~ Event horizon (Re) ~— Reinhart radius (RRr)
1} 1 ~— Reinhart radius (RR) 1
Re =0.99 Re =1.00 Re =1.00
0 R 0 R
2 3 4 5 6 2 3 4 5 6
_1| Re =085 _q| Rr=088
-2- -2 -2
(d) (e) (f)

FIG. 2. The graph (a) shows the location of all the event horizons corresponding to the polynomial P(R = R,) of Eq. (77), and
graph (b) shows the location of all the Reinhart radii corresponding to the polynomial P(R = Ry) of Eq. (78) for D =4, 5, 6, and 7
dimensions in AdS spacetime. Graphs (d), (e), and (f) show that the Reinhart radius Ry always lies inside the event horizon R,. Here we
take the cosmological constant A = —0.05 and mass function F(r) = 1 for all the graphs.

Event Horizon (R¢) and Cosmological Horizon (Rch): dS Space

Reinhart Radius (Rg) : dS Space

n=2 (D=4)-dimensions : dS Space

PR) PR) PR)
M 2
vent horizon (Rg)
Inner (RR) Outer (RRr) Outer (Rr) Reinhart radius (RR)

1 1 1| Re=1.01 ~5.90

0 0 ——— "o f0 O
-1r -1 1 [Inner (Rg) RcH=7.01

=075
2L ) -2
(a) (b) ()
n=3 (D=5)-dimensions : dS Space n=4 (D=6)-dimensions : dS Space n=5 (D=7)-dimensions : dS Space
P(R) P(R) P(R)
2 —— Event horizon (R, 2 —— Event horizon (Re) 2 ~— Event horizon (Re)
Outer(Rg)  Reinhartradius (RR) ~—— Reinhart radius (Rg) ~— Reinhart radius (Rr)
; R 1 Outer (RR) 1 Ro=1.00 Outer (RR)
o= 1.
=12.64 =15.82
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- RcH =14.13
=1 tnrer (Rr) Ren =100 =T tnner (Rr) =T tner (R Roy =17.33
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2 -2 -2
(d) (e) ()
FIG. 3. The graph (a) shows the location of all the event horizons R, and cosmological horizons Ry corresponding to the polynomial

P(R = R,) of Eq. (77). The graph (b) shows the location of all the inner and outer Reinhart radius Ry corresponding to the polynomial
P(R = Ry) of Eq. (78) for D = 4, 5, 6, and 7 dimensions in de Sitter spacetime. The graphs (d), (e), and (f) show that the inner Ry
always lies inside the R, and outer R lies between R, and Rp. Here we take the cosmological constant A = 0.05 and mass function

F(r) =1 for all the graphs.
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Rcy. These facts are illustrated in the plots given in the
Figs. 2 and 3.

D. D-dimensional cosmological scenario

We now explore the presence and evolution of the
Reinhart radius for the cosmological solutions in
D-dimensions. We can think of the cosmological solutions

as being valid for the entire Universe, or we can think of
|

the solutions as a homogeneous interior of an evolving star.
If we assume the latter, we need to define an outer
comoving shell r, beyond which there is the vacuum.
The mass function for homogeneous dust in D(= n + 2)-

dimension is defined as F(r) :%r”“, where g =
ke(0,7) >0 and R = R(t,r) = ra(t). The dynamics of
various cases are given in the Appendix. Substituting these

values in Eq. (66), we get

<4(Aa2 + gal‘”)z) . <2Aa2(2n +1)+9g(3n+1)al™
nRd TIE ) 4

nP(n+1)

I >r2+1:0. (79)

In case (1) when A = 0, i.e., without a cosmological constant, the solution of Eq. (79) gives Reinhart radius rp as

"R=T 2ga'™"

—ﬁ<(3n+l)i\/(3"+1)2—16n(n+1)>'/2:{0

; if n =0 i.e. (2 — dimensions) (80)
Im ; if n>1 ie. (>3 — dimensions).

Equation (80) shows that the Reinhart radius does not exist in any number of dimensions when the cosmological constant

18 zero.

In case (2), for a general case (when A # 0), the solution of Eq. (79) gives Reinhart radius ry as

2(/\02 +gal—r1)2

o ([2Aa2(2n—|— 1) +gG3n+a]+/2Aa>2n+ 1)+ g(B3n+ a2 = 16n(n + 1)(Aa2+ga1_")2> 12 1)
R_T :

There are two possible situations that arise from Eq. (81) for the validity of Reinhart radius and which we discuss as follows:
(a) When A < 0, i.e., anti—de Sitter spacetime, we replace the cosmological constant A with —A in Eq. (81), and we get the

Reinhart radius 7y as

Fp=

2

Now, let us define x=[-2|Ala>(2n+1)+g(Bn+1)a'™], y=4/n(n+1)(=|Ala®> + ga'™),

Vi ([221Ala2n+1) +9(3n+ Da' =)+ /[2]Al? 2+ 1) + 9B+ Da"P=16n(n+ 1) ([Ala>+ga )7\ 2
2(=|A|@@+ga'")? '

(82)

and 7z =

V2(=|Ala* 4 ga'~"). There are two possible cases that arise on x.

(i) Suppose x is negative, i.e., x < 0, then Eq. (82) gives
Reinhart radius ry as follows:

o=V (lli_ M) -

2

Now we check the existence of Reinhart radius rp
defined in Eq. (83) as follows:

x2 > x2 —y?

= |x| > 1/x? —y?

= —|x| < —y/x* —y?

= —|x| +/x*=y* <0

and also, —|x| —/x>—y><0. (84)

Equation (84) shows that the terms —|x|=+
\/x*> —y* < 0, which means rz becomes imaginary
and hence does not exist.
(i1) Suppose x is positive, i.e., x > 0, then Eq. (82) gives
Reinhart radius ry as
+ 2 2
oV (7 y ) (55)
2 z

Now, if x > 0, then we get a condition on scale
parameter a(t) as a™*! < g(3n +1)/2|A|(2n +1).
Using this condition for any value of n (ie.,
n=1,2,3,4,..) the term /x> —y* in Eq. (85)
becomes imaginary. Hence, rp does not exist for
positive x also. Therefore, these two cases prove
that the Reinhart radius rp does not exist in
D-dimensional cosmological AdS spacetime.
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(b) When A > 0, i.e., de Sitter spacetime, from Eq. (81)
the Reinhart radius rp is positive only when the terms
inside the square root are positive, i.e.,
2Aa*(2n+1) + g(3n+ 1)a'™"* = 16n(n + 1)

x (Aa® + ga'=")* > 0. (86)

The inequality in Eq. (86) gives the condition on the
scale parameter a(z) as

ot 9 4y/n(n+1)+ Bn+1)
Al(2n+1)+2y/n(n+1)

4./ 1) - 1
and o' > L n(n + Gntl) . (87)
2N (2n+1) =24/n(n+1)

From the inequalities in Eq. (87), the general condition
on scale parameter a(r) in de Sitter spacetime is

9 4/n(n+1)—CBn+1) (88)
72A (2n+1) - 2\/ (n+1)
where  4y/n(n+1)>3n+1 and 2n+1>

2y/n(n+1), which shows that the terms in the
square bracket of Eq. (88) are positive. Hence, in
the above inequality, the scale parameter a(r) is
positive, which means there exists Reinhart radius
rg in the de Sitter spacetime cosmological solution in
D-dimensions.

VI. ESTIMATION OF THE VOLUME
OF EVOLVING BLACK HOLE
IN D-DIMENSIONS

In the cases discussed in the previous section, we note
the following. The nonexistence of Reinhart radius is
shown for the case of homogeneous and isotropic scenarios
like Friedmann—-Lemaitre—Robertson—Walker spacetime or
Oppenheimer-Snyder collapse. In other generic circum-
stances, the Reinhart radius can form. In a realistic
scenario, the dust density reduces continuously to zero
as one moves outwards. In such models, the Reinhart radius
does form and can evolve continuously. The evolving
Reinhart radius finally asymptotes to the Reinhart radius
of the Schwarzschild black hole (or other relevant exterior
spacetime). The result in the paper implies that if we
take the Oppenheimer-Snyder collapsing dust, then the
Reinhart radius is never inside the dust cloud but can be
there in the exterior part of the spacetime. In the cases
where the Reinhart radius does not exist, a closed-form
expression along the lines of the work done in [3] is not
possible and the volume estimation has to be done
numerically.

Based on the work done in the article and also the
work in [9], the collapsing matter solutions come in two
categories in the context of the article. In one category,
like the cases discussed in [9], the Reinhart radius exists
within the interior solution, in which case, the maximal
volume can be estimated using the Reinhart radius. In this
case, one can estimate the volume of the black hole using
the Reinhart radius. This is presented below right after the
discussion of the second case.

In the second case, the Reinhart radius is not present in
the interior of the dust cloud (for example Oppenheimer-
Snyder dust collapse or cosmological solution with negative
cosmological constant as shown in the article). In such
cases, the volume in the interior of the cloud cannot be
simplified using the Reinhart radius but, as pointed out
earlier, needs to be numerically evaluated. This also implies
that the Reinhart radius is present in the region outside of the
matter cloud (usually within the event horizon). The volume
in the exterior part, though, can then be estimated using the
Reinhart radius.

We now show how one can estimate the volume of
collapsing matter scenarios that have Reinhart radius using
a closed form expression. An example we consider is a
collapsing scenario consisting of shell-by-shell collapse of
matter without cosmological constant in D(=n + 2)
dimensions. In such a scenario, the Reinhart radius under-

goes a series of jumps given by Rg = (%L F (rl-))ﬁ, where
F(r;) is the Misner-Sharp mass of the black hole formed by
the collapse of the first i shells. As is easily seen, the
Reinhart is a monotonically increasing function of the
Misner-Sharp mass. This fact can be used to set a lower
bound on the volume of the black hole. We show this
below. The metric between the shells is Schwarzschild and

is defined as

F(r; 2AR?
st = —(1-Fl) AR o
R' n(n+1)
F(r) 2AR? \-!
1- A dR?* + R2dQ2. 8
+ < R n(n+ 1)) + w o (89)

We first note that the interior of the matter cloud can be
matched to the Eddington-Finkelstein spacetime. The mass
function F(r;) gets related to the combined ADM mass M;
of the first ith shells using the Eq. (14). In the Eddington-
Finkelstein coordinates (v, R, 6, ¢) the metric (89) exterior
to the shell of radius r; becomes (this metric is valid
between the shells 7; to r;,)

ds* = =N?(r;)dv* + 2dvdR + R*dQ},  (90)

R " n(n+1) )
R = const hypersurface the volume of the metric (90) is
defined as

where the lapse function N?(r;) = (1 — Fln) _ 2AR? ) For
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D) = / /—=gdvdQ,
, 2
/ R2n 1— F(ri) _ 2AR” dv/dQ,,
R n(n+1)

_/¢<*>

Now, from the Egs. (14) and (91) we can calculate the
volume of black holes using the Reinhart radius after the
shell of radius r; has collapsed.

We estimate the volume for the easier case of A = 0 and
D(= n + 2)-dimensional Schwarzschild black hole. Here

1
Reinhart radius is obtained as Ry = (% F (r,))”",

F(r;) is given in Eq. (14). The volume of the black hole
after the shell with label i has collapsed is given from
Eq. (91) as

2 F(r
% Rn 1

T e o

Now the Misner-Sharp mass F(r) is a monotonically
increasing function of r (unless we consider the r, beyond
which there is no further matter that will collapse, in which
case, F(r) will be a constant or the case of Hawking
radiation for which F(r) decreases with time). The
Reinhart radius too is a monotonically increasing function
of r as more shells collapse. Therefore, the asymptotic
volume of the black hole is always greater than or equal to
(when the shell is the outermost one) the volume found in
Eq. (92). So during the collapse, if we find that there is a
Reinhart radius available for a shell of radius r;, then the
eventual asymptotic volume is greater than or equal to that
of Eq. (92). So we can use the Reinhart radius to get lower
bounds on the asymptotic volume of the black hole formed
during the collapse.

SRR

where

n—+1

VII. KODAMA VECTOR FOR SPACELIKE
HYPERSURFACES IN SPHERICALLY
SYMMETRIC SPACETIME

We now show that the Kodama vector is tangential
to the maximal hypersurface at these Reinhart radii. The
trace of the extrinsic curvature vanishes at Reinhart radius
by definition [13,18]. Kodama vector in a spherically
symmetric spacetime is defined in [19,20]. We consider
the metric for the D(= n + 2)-dimensional spherically
symmetric dust cloud, defined as

ds* = —dt* + R?(t, r)dr* + R*(t,r)dQ%.  (93)

The 2-metric in the coordinate chart (¢, r) is given by

ds3 = —dr* + R"?dr. (94)
The two-dimensional volume form in (¢, r) coordinates is
expressed as

€ = R'dt A dr. (95)

Using the standard definition of Kodama vector [19,20],
K® = ¢"0,R, where (a,b) = (t,r), R(t,r) is the area
radius, €® is the volume form of the 2-metric of
Eq. (94), and we evaluate the components to be
R

K'=-1 and K = R (96)
Now, evaluating the dot product with the normal vector
n, = (n,,n,) = (R, R') obtained from Eq. (39), we find that

R
K®n,=K'n,+K'n,= (1)xR+< )xR’ 0. (97)

This shows that the Kodama vector is tangential to the
maximal hypersurface at the Reinhart radius. We note that
the above result is independent of whether the Kodama
vector is spacelike or timelike. In fact for the cases that were
discovered in [3,6—10], the Kodama vector is spacelike and
is tangential to the maximal hypersurface at the Reinhart
radius. Another interesting observation is that at the
Reinhart radius, both the normal vector to the hypersurface
and the Kodama vector, have vanishing divergence.

VIII. CONCLUSIONS

In this work, we address a few aspects concerning the
maximal hypersurface of a black hole in a dynamically
evolving scenario. We considered the spherically symmetric
collapse of dust clouds, generalized to D-dimensions since
the model is analytically tractable. We have carried out the
analysis separately for (24 1) dimensions and grouped
the other dimensions together. This is due to the fact that
(2 4+ 1) dimensional gravity is fundamentally different from
other dimensions owing to the topological nature of gravity
in (2 + 1) dimensions. The dimensions D > 3 are qualita-
tively similar to each other. For the evolving setting, we
choose the Lemaitre-Tolman-Bondi model generalized to
D-dimensions since the model has simplicity in terms of
analytical expressions while capturing the core essence of
the problem.

We obtain the differential equation for the maximal
hypersurface using the variational technique developed
in [3]. We set up a Lagrangian whose solution to the
Euler-Lagrange equation yields the maximal hypersurface
in an evolving setting. By choosing the appropriate
boundary values for the solutions one can arrive at the
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maximal volume inside a trapped region which is in the
process of evolving. The same procedure is generalized to
D-dimensions. We present the equations by considering a
subclass of Lemaitre-Tolman-Bondi models, the homo-
geneous dust evolution where the expressions greatly
simplify.

We analyze an interesting region of the maximal hyper-
surfaces, which we denote as “Reinhart radius” (Rg). The
reason for this nomenclature is due to the role these points
play in the estimation of the maximal volume inside a black
hole. Identified first by Reinhart [13] 1973, these Reinhart
points were found in various other black holes. In this
article, we explored the existence and evolution of these
points during the course of the formation of black holes. We
have identified an interesting property of these points in
relation to the maximal hypersurfaces. These points are
located where the Kodama vector becomes tangential to the
maximal hypersurface. The geometrical meaning and con-
sequence of this observation are left for future consider-
ations. The Kodama vector works as a substitute for a
timelike Killing vector in scenarios that do not have a
timelike Killing vector. Kodama vector, when it is timelike,
has been used to define surface gravity in a dynamically
evolving setting. In this article, we find another role of the
Kodama vector, viz., it is used to pinpoint the Reinhart radii
of a maximal hypersurface. We note that inside the black
holes, the Kodama vector is spacelike.

We develop a formula to find the location of Ry in terms
of coordinate invariants like area radius, cosmological
constants, the principle value of the energy-momentum
tensor, and Misner-Sharp mass. Using the formula one can
locate the Reinhart radius in various situations. We have
explicitly evaluated the location of Ry for the vacuum case
and black hole case with and without the cosmological
constant. We have presented our analysis and compared the
Ry with the position of the event horizon and cosmological
horizon. We showed that in the black hole scenario, the R
is located within the event horizon. If there is a positive
cosmological constant, then we showed that Ry lies at an
area radius smaller than the cosmological horizon. When we
consider an evolving situation, we use the collapse of a
homogeneous dust cloud. This can be viewed as a cosmo-
logical solution or the collapse of a star with a homogeneous
distribution of dust. We showed that for the case of the
Oppenheimer-Snyder scenario and the collapse with a
negative cosmological horizon, there is no real solution
for Ry, and therefore, Ry does not exist. For the dust
evolution in the presence of a positive cosmological con-
stant, we showed that Ry exists provided the evolving scale
factor crosses a certain critical value. We show that during a
collapsing scenario, we can use the Reinhart radius, when-
ever available, to get lower bounds on the asymptotic
volume of the black hole formed during the collapse.

The analysis raises many questions that are left for future
consideration. Does the relation between the Kodama

vector and the maximal hypersurface continue to hold in
a nonspherically symmetric situation, like the Kerr family
of solutions? A timelike Kodama vector has been used to
define various quantities that have thermodynamic inter-
pretation like surface gravity, etc., in dynamical situations.
Does a spacelike Kodama vector also have a geometric
interpretation? The Lagrangian formulation for the maxi-
mal hypersurface in Kerr/Kerr-AdS/Kerr-Newman/Kerr-de
Sitter has not been formulated though there are many
interesting papers estimating the volume of the interior of
the Kerr family of black holes [6,10]. We also note that the
radius used to estimate the maximum volume in these
papers does not obey the property of the trace of extrinsic
curvature vanishing and hence is not Reinhart radii. The
Lagrangian formulation of the Kerr family is a work in
progress.

We note that at Ry both the normal vector and its tangent
have zero divergence. Is there a special geometric meaning
associated with R owing to the above property? These
questions are left open.
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APPENDIX: SOLUTION OF THE SCALE
PARAMETER «(f) FOR THE HOMOGENEOUS
DUST EVOLUTION

As we know the area radius R(z, r) and mass function
F(r) of homogeneous dust are defined as

R(t,r) = ra(s) and F(r) = ﬁr’l*l, (A1)
and also
R = n(nzi IR +219)R”‘1 o (A2)
From Egs. (A1) and (A2) we get
AW = o a0+ et (83)

and the solution of Eq. (A3) gives the scale parameter a(t)
for different regions of spacetime based on cosmological
constant (A).
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1. For zero cosmological constant

For zero cosmological constant A =0, Eq. (A3)
becomes

o 2g da(t) | 1 2g
GO = Dty a2\ a1y

(A4)

and the solution of Eq. (A4) with initial scale parameter
a(0) =1 gives

a(t):<1+ %t)T and (1— g(nTj;l)t>T.
(AS)

2. For de Sitter spacetime

For negative cosmological constant (A < 0), the change
in scale parameter is defined as

2O = — 2A 212 2g
=) O G D
da(t) 2A 29
Ta _i\/_nm1)“‘“””n(nﬂ){a(r)]"-l‘
(A6)
The solutions of Eq. (A6) with initial condition

a(0) =1 are

a(t) =

2
/A 1 A\ [T
\/% sin ( %t + arcsin \/;> ]
2
/L sin | 4 /Mt — arcsin é
A 2n g

(A7)

and

3. For anti-de Sitter spacetime

For positive cosmological constant (A > 0), the change
in scale parameter is defined as

SN/ S 29
[a()] n(n—l—l)[ ()] +n(n+1)[a(l)]"_1
da(t) 2A y 2g
T _i%a(m)[ O D lator
(A8)

The solutions of Eq. (A8) with initial condition a(0) = 1

are
N+ 1 A) ]
g sin & ( Mt + arcsinh\/:>1
2n g
N+ 1 A7
and |— g sin & Mr —arcsinhy [—
A 2n g

a(t) =

S

(A9)
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