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Subleading contributions to the black hole entropy in the brick wall approach
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The brick wall model is a semiclassical approach to understand the microscopic origin of black hole
entropy. In this approach, the black hole geometry is assumed to be a fixed classical background on which
matter fields propagate, and the entropy of black holes supposedly arises due to the canonical entropy
of matter fields outside the black hole event horizon, evaluated at the Hawking temperature. Apart from
certain lower dimensional cases, the density of states of the matter fields around black holes cannot be
evaluated exactly. As a result, often, in the brick wall model, the density of states and the resulting
canonical entropy of the matter fields are evaluated at the leading order (in terms of %) in the WKB
approximation. The success of the approach is reflected by the fact that the Bekenstein-Hawking area
law—viz. that the entropy of black holes is equal to one-quarter the area of their event horizon, say, Ay —
has been recovered using this model in a variety of black hole spacetimes. In this work, we compute the
canonical entropy of a quantum scalar field around static and spherically symmetric black holes through
the brick wall approach at the higher orders (in fact, up to the sixth order in 72) in the WKB approximation.
We explicitly show that the brick wall model generally predicts corrections to the Bekenstein-Hawking
entropy in all spacetime dimensions. In four dimensions, we find that the corrections to the Bekenstein-
Hawking entropy are of the form [Aflog Ay], while, in six dimensions, the corrections behave as
[A# + At log Ayl, where (m, n) < 1. We compare our results with the corrections to the Bekenstein-
Hawking entropy that have been obtained through the other approaches in the literature, and discuss the

implications.
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I. INTRODUCTION AND MOTIVATION

The concept of black hole entropy was originally intro-
duced by Bekenstein [1-4] to resolve certain thermody-
namical paradoxes that arise in the presence of the black
holes and, in particular, to preserve the universal applica-
bility of the second law of thermodynamics. Soon after
Bekenstein’s proposal—based on their classical, macro-
scopic behavior—the thermodynamic properties of black
holes were formalized as the four laws of black hole me-
chanics [5]. Specifically, it was argued that, as the area
theorem of classical general relativity closely resembles
the statement of the second law of thermodynamics, the
area of the black hole event horizon (Ay) can be inter-
preted as the physical entropy associated with the black
hole. This association, in turn, led to the identification of
the surface gravity («) of the black hole (which, for a
stationary black hole, is a constant all over the horizon)
as the temperature of the hole.
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The laws of black hole mechanics were placed on a firm
footing when, a year or two later, Hawking [6,7] showed
that, in the presence of quantum matter fields, a body that
collapses into a black hole emits thermal radiation at the

temperature
hc\/ Kk
Ty=—)— 1
f (k3)<277 ) M

where 7, ¢, and kg denote the Planck constant, the speed of
light, and the Boltzmann constant, respectively. The above
Hawking temperature fixes the constant of proportionality
between the temperature of the black hole and its surface
gravity and, therefore, between the entropy and the area of
the hole. One finds that the entropy of black holes are given
by the following Bekenstein-Hawking area law:

@) o

where €p; = (Gh/c?)!/? denotes the Planck length with G
being the Newton’s constant.

Black hole entropy assumes considerable importance
due to the fact that it may provide us with an insight
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to the microscopic structure of the gravitational the-
ory through the microcanonical, Boltzmann relation S =
(kg InQ)), where () is the total number of quantum states
that are accessible to a black hole that is described by a
small set of classical parameters. The different approaches
that have been adopted in the literature to understand the
microscopic origin of black hole entropy can be broadly
classified into two categories. (i) Count the ‘“‘microstates”
by assuming a fundamental structure like D-branes, spin
networks, or conformal symmetry [8—11]. (ii) Associate
the black hole entropy to the quantum fields propagating in
the fixed black hole spacetime. Count the microstates of
these quantum fields [12—17].

Although none of the above approaches can be consid-
ered to be complete, all of them—within their domains of
applicability—by counting certain microscopic states yield
the semiclassical result (2) in all spacetime dimensions
d = 3. However, all these approaches seem to lead to dif-
ferent subleading corrections to the Bekenstein-Hawking
entropy. For instance, (i) the prefactor to the logarithmic
corrections obtained using the spin networks and confor-
mal symmetry [18-22] are different from the one obtained
using the statistical fluctuations around thermal equilib-
rium [23]. (ii) The power-law corrections obtained using
the Noether charge approach [15] are different from those
via entanglement of the modes between inside and outside
the horizon [24]. In other words, even though different
degrees of freedom lead to the universal Bekenstein-
Hawking entropy—quite naturally—they lead to different
subleading terms. This indicates that the key to the under-
standing of the statistical mechanical interpretation of
Bekenstein-Hawking entropy may lie in the origin of the
subleading contributions.

Physically, it is natural to expect corrections to (2):
Bekenstein-Hawking entropy is a semiclassical result and
there are strong indications that this is valid for large black
holes (i.e. when horizon radius is much larger than Planck
length). However, it is not clear whether this relation will
continue to hold for the Planck size black holes. Besides,
there is no reason to expect that the Bekenstein-Hawking
entropy is the whole answer for a correct theory of quan-
tum gravity.

In this work, we calculate the higher-order WKB con-
tributions to the Bekenstein-Hawking entropy from the
brick wall model [12,25,26]. We extend the zeroth-order
(7%) WKB analysis to higher order and show that (i) the
contribution to the entropy from the higher-order WKB
modes is of the same order as the leading-order WKB
modes. In other words, our analysis shows that it may be
incomplete to calculate the contribution only from the
leading-order WKB modes. (ii) The brick wall entropy
(Spw) leads to generic corrections to area of the form:

A
Spw = Sgu + G(Ay) + f(ﬂH)log(fTH) (3)
Pl
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where G(Ay), and F(Ap) are polynomial functions of
Ay. In the case of four dimensions, we show explicitly
that the brick wall entropy (up to sixth order) has the form
given above with G(Ay) = 0. In the case of six dimen-
sions, G(Apy) # 0. (iii) We show that, only in the case of
Schwarzschild, F(Ay) is a constant.

The brick wall approach is a semiclassical approach,
wherein the background geometry is assumed to be a fixed
classical background in which quantum fields propagate.
The entropy of the black hole is identified with the statis-
tical mechanical entropy arising from a thermal bath of
quantum fields propagating outside the horizon. The en-
tropy computed in this way turns out to be proportional to
the area of the horizon. This approach has been very
popular in obtaining the leading order to the black hole
entropy in different dimensions (for an incomplete list of
references, see Refs. [27-42]).

The problem with the brick wall model (as is the case of
any semiclassical approach)] is that, due to the infinite
growth of density of states close to the horizon, one has
to impose ultraviolet cutoff near the horizon and hence,
the brick wall entropy depends on the cutoff scale. (See
Sec. I1I, for discussion on various aspects of the brick wall
model.) Clearly, this is an undesirable feature. However,
there are several advantages of the brick wall model over
other approaches: (i) Unlike the Noether charge approach
[15], the brick wall entropy depends only on the kinemati-
cal properties of the metric close to the horizon and does
not depend on the dynamics. Hence, the brick wall entropy
(and the corrections computed in this work) can directly be
mapped to the horizon properties. In the case of Noether
charge approach, since such a mapping is not possible, the
power-law corrections do not provide any new information
about the statistical mechanical properties of black hole
entropy. (ii) Unlike entanglement entropy [24], the brick
wall entropy can be computed analytically for any spheri-
cally symmetric spacetimes to all orders. Also, it is not
possible to compute the entanglement entropy for space-
time dimensions d > 4—the entropy is divergent. (iii) In
the conformal field theory approach [10,19], the black
hole horizon is treated as boundary. However, the vector
fields (which generate the symmetries) do not have a well-
defined limit at the horizon [43]. If one requires that vector
fields generating symmetries be smooth at the horizon,
then the central charge should be zero. In other words,
the conformal field theory analysis can only be performed
close to the horizon like a brick wall.

The remainder of this paper is organized as follows. In
the following section, we shall sketch some essential prop-
erties of static, spherically symmetric black holes in arbi-
trary spacetime dimensions. In Sec. III, we shall discuss the
assumptions and approximations involved in evaluating the
brick wall entropy, and outline the procedure for extending
the calculation to the higher orders (in terms of 7) in the
WKB approximation. In Sec. IV, in addition to the zeroth
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order, we shall evaluate the contributions to the brick wall
entropy of four-dimensional black holes at the second, the
fourth, and the sixth orders (in terms of #) in the WKB
approximation. In Sec. V, we extend the analysis to the
case of black holes in six dimensions. In Sec. VI, we ex-
plicitly write down the results for a few specific black hole
solutions in four and six dimensions. Finally, in Sec. VII,
after a rapid summary of the results we have obtained, we
shall discuss how the subleading contributions we have
evaluated compare with the results obtained from the other
approaches.

Before we proceed further, let us briefly outline the con-
ventions and notations we shall adopt. We shall, in general,
consider a (D + 2)-dimensional,’ spherically symmetric,
black hole spacetime. We shall work with the metric sig-
nature (—, +, +, - - -), and use the geometric units wherein
kg = ¢ = G = 1. We shall denote the derivative of any
function with respect to the radial coordinate r of the black
hole by an overprime. The quantum field ® we shall
consider will be a minimally coupled scalar field.

II. KEY PROPERTIES OF STATIC, SPHERICALLY
SYMMETRIC BLACK HOLES

Consider the following (D + 2)-dimensional static and
spherically symmetric line element

dr?

ds* = —f(r)dt* + — + r?dQ3, 4)
g(7)

= f(N[—d? + dx*] + r*dQ3, 5)

where f(r) and g(r) are arbitrary (but continuous and dif-
ferentiable) functions of the radial coordinate r, dQ)3 is the
metric on a D-dimensional unit sphere, and

dr
— [ ©)
* f NiGrG)

denotes the tortoise coordinate. Throughout this work, we
shall assume that the line element (4) contains a singularity
(say, at r = 0) and one, nondegenerate, event horizon (lo-
cated at, say, r = ry).” But, we shall not assume any spe-
cific form of f(r) or g(r). In the rest of this section, we shall
discuss some generic properties of the spacetime (4) near
the horizon at r = ry.

'A comment on this uncommon notation may be in order. We
do not work with two time coordinates. We find it convenient
to assume the spherically symmetric event horizon to be a
D-dimensional sphere. The radial and the time coordinates
make the dimension of spacetime to be (D + 2).

2Since the event horizon is a null hypersurface, its location can
be determined by the condition (¢*”9,Nd,N) = 0, where N is a
scalar quantity that characterizes the hypersurface. For the line
element (4), N proves to be a function of the radial coordinate r.
The above equation then leads to g(ry) = 0, and the roots of this
algebraic equation in turn determine the location of the horizon.
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In almost all approaches that evaluate the entropy of
spherically symmetric black holes, their line element close
to the event horizon is approximated to be that of a Rindler
spacetime (see, for instance, Ref. [39]). For the line ele-
ment (4), the Rindler behavior near the horizon can be
arrived at by first carrying out the following transformation
of the radial coordinate:

(7

where « is a constant that denotes the surface gravity of the
black hole and is defined as (see, for example, Ref. [44])

[N

In terms of the coordinate vy, the line element (4) can be
expressed as

(7

®)

2
ds? = —k2y2dP + 4(5)(%) dy* + 203, (9)

Close to the horizon (i.e. near r = ry), this line element
reduces to

ds*> — —k*y2di* + dy* + r{dQ3, (10)
which describes the Rindler spacetime with a horizon that
is located at y = 0. It should be stressed here that such a
behavior is exhibited by all nondegenerate black hole hori-
zons in all dimensions.

The above derivation of the Rindler line element near
the horizon is essentially equivalent to expanding the
metric components f(r) and g(r) in (4) about ry up to
the linear order in the Taylor series. However, we find that,
when evaluating the contributions to the brick wall entropy
at the higher orders in the WKB approximation, we need
to expand the quantities f(r) and g(r) to higher orders
as follows:

10 = £t = ) + (50) = 2

2
N (f érH))(r P (11a)
o) = g =) + (* (Q’H))U — )’
. <g///érH))(r — ). (11b)

As we shall see, in four dimensions, in addition to the
surface gravity of the black hole, the corrections to the
Bekenstein-Hawking entropy Sgy also depend on the sec-
ond derivative of the metric evaluated at the horizon. In six
dimensions, we find that the subleading contributions to
Sy involve the third derivative of the metric as well.
Another quantity which we shall require in our calcu-
lations is the proper or the coordinate invariant distance of
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the brick wall from the horizon. The proper radial distance
to the brick wall, say, 4., that is located at » = h is given by

rath dr

h, = (12)

o Jn Ve

On using the expansion (11) for g(r) up to the second order
in this integral, we obtain the following relation between &
and h,:

2g'(ru) . 8" (ru) (h,
n'/? = h[ (—)] 13
¢ LV 2 \2 (19
For small £, this relation simplifies to
4h
he = 4|—— (14)
g'(ry)

and, for convenience, we shall use this expression for the
proper distance to the brick wall.

III. EXTENSION OF THE BRICK WALL MODEL
TO HIGHER ORDERS IN THE
WKB APPROXIMATION

In this section, after a rapid sketch of the assumptions
and approximations that are involved in evaluating the
black hole entropy using the brick wall model, we go on
to outline the procedure for computing the brick wall
entropy at the higher orders in the WKB approximation.

A. Basic assumptions

There are two crucial assumptions in the brick wall
approach to black hole entropy. The first assumption con-
cerns the modeling of the microscopic origin of the black
hole entropy, and the second is regarding the handling of
the divergences that arise close to the event horizon.

As we have mentioned before, the brick wall model is a
semiclassical approach wherein the black hole is assumed
to be described by a fixed classical geometry. It is further
assumed that the black hole is in equilibrium with a ther-
mal bath of quantum matter fields at the Hawking tem-
perature. Moreover, it is the canonical entropy (actually, a
specific component) of the quantum matter fields that are
propagating outside the black hole horizon that is identified
to be the entropy of the black hole.

In the process of calculating the canonical entropy of
a matter field outside the black hole horizon, we need to
evaluate the density of states of the field. However, one
finds that, due to the infinite blue shifting of the modes in
the vicinity of the event horizon, the density of states
actually diverges. This divergence is regulated in the model
by introducing a cutoff by hand above the horizon. The
cutoff—popularly referred to as the brick wall—is basi-
cally a static, spherical mirror at which the matter fields are
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assumed to satisfy, say, the Dirichlet boundary conditions.
One finds that the leading component of the brick wall
entropy diverges as & 2, where A, is the proper distance to
the brick wall defined in Eq. (12). (The other component is
essentially a volume dependent term that arises even in flat
space.) It is this contribution that is identified to be the
entropy of the black hole. Moreover, a specific choice for
the cutoff /4, has to be made (this depends on the number of
fields, the dimension of the spacetime, etc., but is generally
of the order of the Planck length €p)), in order to reproduce
the Bekenstein-Hawking area law (2). As we mentioned,
the area law (2) has been recovered in this approach for
a variety of black hole spacetimes and matter fields [27-
42,45].

B. Essential approximations

Two approximations turn out to be essential to make the
computation of the brick wall entropy tractable. The first
approximation is required in evaluating the density of
states of matter fields around black holes, and the second
involves expanding the metric near the event horizon.

As we pointed out above, in order to evaluate the brick
wall entropy, one needs to evaluate the density of states of
matter fields around black holes. However, apart from
some lower dimensional cases, the density of states cannot
be evaluated exactly. As a result, in the brick wall model,
the density of states is usually evaluated at the leading
order in 7 in the WKB approximation.

Moreover, barring a few special cases, one finds that,
even after the WKB approximation, the brick wall entropy
cannot be evaluated exactly. Recall that the dominant con-
tribution to the entropy arises due to the modes close to the
horizon. Motivated by this feature, one Taylor expands the
metric functions f(r) and g(r) near the horizon in order to
obtain a closed form expression for the brick wall entropy.

C. The methodology

Having discussed the assumptions and approximations
involved in the brick wall approach, in the remainder of
this subsection, we shall outline the procedure for evalu-
ating the brick wall entropy at the higher orders in the
WKB approximation.

The key assumption of the brick wall model, as we have
pointed out above, is that the black hole is in equilibrium
with a bath of thermal radiation at the Hawking tempera-
ture of the hole. The free energy F of a scalar field at
the inverse temperature S is given by (see, for example,
Ref. [12])

F= (%) jo ” dE(%f)) In[1 — exp—(BE)],

= [} tsn ) a
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where I'(E) denotes the total number of modes of the field
with energy less than E. We have integrated the first of the
above equation by parts to arrive at the second and have
assumed that the boundary term vanishes. The canonical
entropy associated with the free energy F is given by

oF
S = 2(—) 16
c(B) =8 B (16)
and, it is this entropy, evaluated at the Hawking tem-
perature, that will be identified to be the entropy of the
black hole.

Consider a massive and minimally coupled scalar field
@ that is propagating in the line element (4). Such a field
satisfies the differential equation

O-m?»® =0, a7
where m denotes the mass of the field. The rotational sym-
metry of the line element (4) allows us to decompose the
normal modes ugg, of the field ® as follows (see, for

instance, Ref. [46]): |

o= - o
s0-(9)- (520

2G(r))  \4G*(r)

The total number of modes I'(E) of the field ® with energy
less than E can be evaluated exactly if the solution to the
differential equation (20) can be written down
explicitly. However, apart from some simple (1 + 1)-
dimensional example [35], it proves to be difficult to obtain
an exact analytical solution for the function R(r). As a
result, the WKB approximation is almost always resorted
to in the literature [27-42], and it is the leading-order
WKB solution for R(r) that is utilized to evaluate the
number of states I'(E), and the resulting free energy F
and the entropy of S¢ of the quantum field. Our goal here
is to extend the analysis to the higher orders in the WKB
approximation.

Let us begin by expressing the function R(r) in the
following WKB form:

(22)

R(r) = ( J%)exp[% f rdfP(F)],
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R(r)

)Yem[(e, $e UEM (18)

where E, €, and m; (with i € [1, (D — 1)]) are the energy,
angular momentum, and the azimuthal angular momenta
associated with the modes, respectively, the quantity G(r)
is given by

G(r) = /£ (r)g(r),

and Y, (0, ¢;) denote the hyperspherical harmonics. On
substituting the mode (18) in the equation of motion (17)
and using the properties of the hyperspherical harmonics,
we find that the function R(r) satisfies the differential
equation

19)

RY(r) + [V;@ - A(r)]R(r) —0, Qo)
where the quantities V?(r) and A(r) are given by
N
GG+ (75 @

|

where ¢ is a constant. On substituting this expression in
Eq. (20), we find that the function P(r) satisfies the differ-
ential equation

(o - vor- Q) - G)Ger)
— A(r).

(23)

Let us now expand the function P(r) in a power series in /2
as follows (see, for instance, Ref. [47]):

[o )

P(r) = Z 12" Py, (7).

n=0

(24)

On substituting this series in the differential equation (22)
and collecting the terms of a given order in /2, we obtain
the following expressions for P,,(r) up to n = 3:
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Po(r) = £V(r) = t(ﬁ)[Ez - f(r)<m2 + [w])]” g (252)
Falr) = <8Pz(r))(l;§§3)2 - (45?15?) - (22()2)) (23b)
e T S
-0 (Pt 10)_ (s
_(H%ﬂ&&}+ﬂﬂﬂ§¥ziwﬂﬂ—6MUWW». osd)

Note that the function Py(r) is related algebraically to the
quantities V(r) and A(r). It is evident that the higher-order
functions P,,(r) (with n > 0) can be expressed in terms of
the functions at the lower orders and their derivatives and,
eventually, in terms of the function Py(r).

On using the series expansion (24) in the standard
semiclassical quantization procedure [12], we can express
the total number of states I'(E) of the field with energy less
than E as follows:

[(E) = Y T,(E), (26)

n=0

where we have defined I',,(E) as

hzn*l L
Ty (E) = ( ) [ dr
w ru+h,

x ’[e'"“ dt(2¢ + D — ) W({)Py,(r), (27)
0

with the quantity W({) being given by

(€+D—2)!)

(D — 1)t} (28)

W(e)z(

It should be mentioned that, in the above expression for
I';,(E), we have approximated the sum over the angular
quantum numbers € as an integral with a degeneracy factor
“W(€). Such an approximation is often made in the litera-
ture, and the approximation is considered to be valid since
the separation between the states is expected to be small
[33]. Moreover, the upper limit €,,,, on the integral over €
is a function of energy E of the mode and the radial co-
ordinate r, and it has to be chosen such that Py(r) is real.?
Furthermore, the lower limit on the integral over the radial

3 Actually, the limits have to be chosen such that P,,(r) are real
for all n. However, since, for n > 0, the functions P,,(r) can be
expressed in terms of Py(r) and the real functions V(r) and A(r),
when Py (r) is real, P,,(r) are real as well. Therefore, the limits
on € prove to be the same for all n.

[
coordinate, viz. h,, is the invariant thickness of the “‘brick

wall” defined in (12), and the upper limit L is the infrared
cutoff which we shall assume to be much larger than the
horizon radius.

A few clarifying remarks are in order at this stage of our
discussion. In the semiclassical quantization of, say, a one-
dimensional nonrelativistic quantum particle, the integral
over the coordinate will be carried out over the range
wherein Py is real [47]). In the case of bounded systems,
these limits will prove to be the turning points of the po-
tential, whereas in the case of potential barriers the limits
will be between one of the turning points and infinity. In the
context of black holes, the effective potential turns out to
be a barrier and the integral over the radial coordinate is
to carried out between the event horizon of the black hole
(which is an infinity in terms of the tortoise coordinates)
and the first turning point that is located on the barrier.
But, one finds that most of the contribution to the density of
states of the quantum field arises due to the modes close to
the event horizon of the black hole, while the upper limit
located on the barrier leads to a volume dependent contri-
bution to the entropy. As a result, the contribution to the
number of states and the free energy and the entropy of the
quantum field due to the upper (infrared) limit is usually
ignored in the literature.

We should emphasize the point that, apart from replac-
ing the sum over ¢ by an integral, we have not made any
approximations until now. Hereafter, we shall make two
approximations that we had discussed in some detail in the
last subsection. First, we shall approximate the line ele-
ment (4) near the event horizon of a spherically symmetric
black hole to be that of Rindler spacetime, viz. Equa-
tion (10). It should be pointed out that such an approxima-
tion is always made in the literature to arrive at closed form
expressions for the free energy and the entropy of the quan-
tum field. Second, we shall truncate the series (24) at a
particular order (we shall work until the sixth order in ),
and evaluate the density of states and the associated free
energy and the entropy of the quantum field around the
black hole. It is important to note that, in the literature, it is
only the leading term in the series (26) that has always been
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taken into account ignoring the higher orders when evalu-
ating the brick wall entropy.*

In the following two sections, we shall evaluate the
contributions to the brick wall entropy at the higher order
for four- and six-dimensional black holes, respectively. As
we shall see, the contributions to the entropy from the
higher orders turn out to be of the same order as the leading
order in the WKB approximation. In other words, it may be
incomplete to calculate the contribution only from the
leading term in the WKB expansion. Moreover, we show
that the brick wall entropy leads to generic corrections to
Bekenstein-Hawking entropy (2). For instance, in the case
of four dimensions, we find that the brick wall entropy has
the form

A
S = Sun + FO(Awlog( ). 29
Pl

where F“P)(A,) depends on the surface gravity and the
second derivative of the metric at the horizon.

Before we proceed with the calculations, there is yet
another point concerning the WKB approximation at the
subleading orders that we need to discuss. As we men-
tioned above, the limits on the integral over € has been
chosen such that Py(r) is real. This condition essentially
identifies the turning points of the potential. Notice that, in
Eq. (25), all the higher-order WKB terms—i.e. P,,(r) for
n > 0—contain Py(r) in the denominator. Obviously, these
functions will diverge at the turning points, or equivalently,
at the upper limits €. Such a divergence is a well-known
feature of the WKB approximation at the higher orders
[47], and we shall devise a systematic procedure to iso-
late these divergences. We shall outline this procedure
in the next section and relegate some of the details to
Appendix B.

IV. HIGHER-ORDER CONTRIBUTIONS
IN FOUR DIMENSIONS

In this section, we shall evaluate the brick wall entropy
for spherically symmetric, four-dimensional black holes
by considering the contributions up to the » = 3 term in
the series expansion (26) for the number of states of the
quantum field. For simplicity, we shall consider here the
case of f(r) = g(r) in the line element (4) and restrict
ourselves to a massless scalar field (i.e. m = 0). In Ap-
pendix C, we shall extend the second-order results we
obtain in this section for the general case wherein f(r) #
g(r) and, in Appendix D, we extend the analysis to a
massive field, but restrict ourselves to the case f(r) = g(r).

“The higher-order WKB procedure we use is different com-
pared to the approach used in the quasinormal modes [48-50]. In
Ref. [48], the Regge-Wheeler potential is expanded around the
maxima, and the modes close to the maxima are matched to the
one close to the horizon.
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A. Second order
Let us now evaluate the contribution due to the n = 1
term in the series (26). For f(r) = g(r), we find that the
expression (25b) for second-order “momentum” P,(r) can
be written as

£~ (G n) (G ) ol s)

(30)

where the functions P(zo)(r), P(zl)(r), and P(zz)(r) are given by

Oy _ (8
P =-(%)
W _ g 3g'(n  g"(n  3glr)
P 8g(r) 4r 8 * 42’ 3D
/2 !
@ _ (")) 5¢'(r) | 5g(r)
Py = ( g(r) 8r * 8r2’
and, for convenience, we have defined
GE ) =[E—- AV (32)
with & = E? and A(r) being given by
() = [€(€ + 1)h2]<g (r)) (33)

We now need to substitute the above expression for
P,(r) in Eq. (27) and evaluate the number of modes I',
with the upper limit €, on the integral over ¢ being
determined by the condition that the term G(&, r) vanishes.
Clearly, the integral over € will diverge in such a case. In
order to isolate the finite contribution due to these higher-
order WKB modes, it is necessary that we follow a system-
atic procedure. The procedure we shall adopt is as follows.
We shall first rewrite all the terms containing inverse
powers of G(&, r) in terms of derivatives of £ as follows:

(Q(é‘ r)) (ag;i V))’ (34a)
2 r

<@> - ‘4(;%%2), (34b)

(g5(5 r)) (3)( Y ) (34c)

Then, before evaluating the ¢ integral, we shall make use of
the Leibniz’s rule, viz.

0
ax

da(x)

dtf[x 1= flx a0 %57) = /L b0

() [ 2e)
(35)

and interchange the order of differentiation and integration
over the energy E and €. When we do so, we find that the
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divergences occur at the turning point. We have checked
the procedure up to the sixth-order WKB modes and, in-
deed, systematically separates the nondivergent part from
the divergent. For completeness, in Appendix B, we give
the details of the above procedure. [The procedure involves
calculating the contour integral around the branch cut that
joins the turning points. For details, see Sec. (10.7) of
Ref. [47].]

Having obtained the nondivergent part of the mode func-
tions as a function of E, our next step is to evaluate the
contribution of these modes to the density of states I',(E).
Using the general expression (27), we have

h -
NE) = f LM dr fo 20+ D). (36)

Substituting for P,(r) from Eq. (30) and using the relations
(34), we get

" 2 p(2) &
hl“z(E)=% dri(r)f dAW_%

ryth

2
X f Y P f ann 880,
ruth 5 7T

2p(2) 3
X[L dw[ d/\/\286(§ r).
ryth o0&

(37)

Using the Leibniz rule (35) and following the steps
discussed in Appendix B, we get

_E [L 1 4rg'(r)
Ta(E) = har ,/;H+h dr[g 3g(r)

Ao soll o

The following points are worth noting regarding the above
expression: (i) In the case of leading-order WKB modes,
the density of states goes as E* [see Eq. (A2)]. However,
for the second-order WKB modes the density of states
scales as E. (ii)) As in the leading order, most of the
contributions to the entropy come close to the horizon.
(iii) The expression for the density of state (C3) for the
general spherically symmetric spacetime is the same as for
the special case discussed in this section. Hence, the de-
pendence on the entropy with area is identical to the special
case discussed in this section.

Substituting the above expression in Eq. (15), and inte-
grating over E, the free energy is

T L [1 4rg'(r)
v drl = —
6hﬂ2 ruth

F2:_

13 320
(&) g"(r)
: (3g(r)2 2g(r))]' (39)

Using the relation (16), the entropy is given by
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B O L L )

% ryth g 3 3g(r) 3g(r)>  2g(r)
(40)

Szz

As mentioned above, the maximum contribution to the
entropy is from the modes close to the horizon. Hence, us-
ing the expansion (11) close to the horizon and the defini-
tion of surface gravity (8), we get

L [e" 7
Sl QR (S0 LAl R ) 41
9 hz [ 72 9" ] Og(hz) @b

S2 =
where A, is given by Eq. (14). This is the first result of this
paper, regarding which we would like to stress the follow-
ing points:

(1) The dependence of the entropy on area (from the
second-order WKB modes) is similar to that from
the zeroth-order WKB modes (A6). Also the con-
tribution to the entropy from the second-order WKB
modes contributes more as compared to the leading-
order WKB modes. This result has two immediate
consequences:

(a) To associate the brick wall entropy to Sgy it is nec-
essary to calculate all the higher-order WKB mode
contributions to the brick wall entropy.

(b) The subleading corrections (at the zeroth and
second-order WKB) depend only on the surface
gravity and second derivative of the metric func-
tions. They are of the form F(Ay)log(Ay/h2). To
confirm the generic structure for higher order, in the
next two subsections we evaluate fourth- and sixth-
order contributions to the brick wall entropy.’

(2) If the surface gravity is inversely proportional to
horizon radius and g’(ry) is inversely proportional
to the square of the horizon radius, then the second
term in the right-hand side (RHS) of (41) is a con-
stant. In this case, the corrections to Spy are purely
logarithmic and do not contain any power-law de-
pendence. This uniquely corresponds to Schwarzs-
child spacetime.

In the case of Schwarzschild, we have

=gy =1-21 42)

where M is the mass of the black hole. The horizon is at
ry = 2M, k = 1/(4M), and g"(ry) = —1/(2M?). Substi-
tuting the above expressions in Eq. (41), we get

4 M? 1 r
S, =~ — — — log(-1). 43
27972 36 Og(hg) “43)

STt should be noted that, in the case of sixth-order WKB
modes, the integral over E is divergent near E — 0. However,
the near-horizon contribution of the entropy is identical to the
one obtained in this subsection. The fourth-order WKB modes
do not contribute to the brick wall entropy.
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This result shows that, at least, in the zeroth and second
order, there are no power-law corrections to Sgy for the
four-dimensional Schwarzschild black hole, while, for all
other black holes—since « and g”(r) have a more non-
trivial structure—there are power-law corrections to the
Bekenstein-Hawking entropy. This leads to the following
conclusion: The power-law corrections to the entropy oc-
cur for any nonvacuum solutions. In Sec. VI we obtain the
entropy for some known black hole solutions.

B. Fourth order

Using the expression (25¢), we get

PO APV | (PP
GEn  GE G'(E )
BPY () 2 PP )

G ) GEr)

where the complete form of Pff) (r) (where i goes from 0O to
4) are given in Appendix E.

Rewriting the above expressions in terms of the deriva-
tives of energy and following the procedure discussed in
Appendix B, the contribution to the density of states by the
fourth-order WKB modes is given by

P4(7’) =

(44)

O dr[ 4P§°>(r) [ AAG(E, 1)
T Jrg+h
) 16 2
+3p () fdmg(sr) 0 P2y
xa—4f dAN2G(E, 1) +—2P(3)( r)
&t 105
3 4)
fdx\A GE 1) — 945p )
o 4
X L dANG(E, r)]. (45)
Integrating over A, we get
o)
O @)
[4(E) B /;H+hdr2 (r), (46)

(e = / R Ly Y R

128
P ; N P
945 ( )956[ dANG(E 1) + 15395 Fs oz
512 / . ]
+
20270256 (s 2@ J, MGED

o0&

PHYSICAL REVIEW D 78, 024003 (2008)

where c(04) is a constant and 3*(r) is given in Eq. (E6).

Using the expansion (11) close to the horizon, we get

323rgk

e
Fa(®) = E [2520(r—rH)2

Sr%Ig”(r) — 2OKI‘H]
16(r — ry) '
(47)

This is the second result of the paper, regarding which we
would like to stress the following points: (i) The fourth-
order contributions to the density of states goes as 1/E.
Using the expression (15), it is easy to see that the fourth-
order contribution to the free energy is independent of
B and, hence, the contribution to the entropy vanishes.®
(i1) The density of states contribution close to the horizon
again depends only on the first- and second-order deriva-
tives of the metric. (iii) Comparing the fourth-order con-
tribution to the density of states with the leading and
second order, it is clear that the density of states scales as
E372" where n is the order of the WKB modes.

C. Sixth order
Using the expression (25d), we get

Py = Lo ADPIW) | ROPT()
“TgEn GgeEn  @E
XBPI ) | A PPr) | AP (r)
G'En  GhEN  GREN
A°(r) P (r)
GUEn .

where the complete form of Pg)(r) (where i goes from 0 to
6) are given in Appendix F.

Rewriting the above expressions in terms of the deriva-
tives of energy and following the procedure discussed in
Appendix B, the contribution to the density of states by the
sixth-order WKB modes is given by

/ dANG(E, ) + —P<2> / dANXG(E, r)

884 105 355
256
4 (5) 5
[ dANG(E 1) = e P ()aggf dANG(E 1)

(49)

®Note that, as mentioned earlier, the free-energy integral has an infrared (E — 0) divergence.
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Integrating over A, we get

(6)

I L
rE) = % f ),

(50)
where cff) is a constant 2©(r) is given by Eq. (FS8).
Repeating the steps i.e. using the relation [Eq. (15)] ob-
taining the free energy, substituting the free energy in (16)
and expanding the metric close to horizon using Eq. (11),
we get

S _ 138927 1}
€ 45045 h2

2
X log<%).

This is the third result of the paper, regarding which we
would like to stress the following points: (i) The sublead-
ing corrections (like the zeroth- and second-order WKB)
depend only on the surface gravity and the second deriva-
tive of the metric functions. This indeed implies that the
brick wall entropy does indeed provide generic corrections
to the Bekenstein-Hawking entropy at all orders. We have
shown this to be the case up to sixth order. It is natural to
expect this to be valid for all higher orders. (ii) As men-
tioned above, the density of states in each order is given by
E37". (iii) € in the above expression is due to the fact that
the E divergences as E — 0. Thus, the above expression for
the entropy depends on the infrared cutoff.

9772 3072
+ I:Wg”(rH)rﬁ + - KrH]

D

V. HIGHER-ORDER CONTRIBUTIONS
IN SIX DIMENSIONS

In this section, we obtain the zeroth- and second-order
WKB mode contributions to the brick wall entropy in six-
dimensional black hole spacetime. The analysis can be ex-
tended to any even dimensional spacetime, however, the
analysis in odd-dimensional spacetime is more involved.’

We show that the results of the brick wall entropy in
the zeroth- and second-order WKB modes have the same
structure confirming the results of four dimensions and has
the following generic form:

St = Sgn + G(Ay) + FOO(Ay) log(%) (52)

Pl

A. Zeroth order
In the case of D = 4, the weight function (28) becomes

€+ 1)+2)

W) = ¢

(53)

"This can be traced to the fact that the wave propagation in
these spacetimes are nonlocal. For more discussion, see
Refs. [51,52].
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Substituting the above expression in (27), the density of
states for the zeroth-order WKB modes [for f(r) = g(r)]is

1 L r e AF?
e =—f d —f d/\(—+2) )
O T i S a7 o Mgy T2)9E 7
(54)
where G(&, r) is given by (32) and
A=1(+ 3)h2$. (55)

Repeating the procedure discussed in the previous section,
the zeroth-order brick wall entropy is given by

(6D) _ 8’

327 /L 4 rt N
e — r— e —
0 9458515 Joen g(r)?  1358°H1
L r2
X dr——.
frH+h g(r)?

Expanding the metric near the horizon (11), up to third
order, and using the relation (14), the zeroth-order entropy
is given by

(56)

r4 r2
o = 378}(;h4. + Goyra) + Foy(rn) log(h%)’ (57)
where
i 2
G(O)(rH) = 151—20]1%[_38”(7’1{)7'}[ + 16K}’H + 56]
r
Folra) = + o [2kg"ra) = 3" Gy (s

+ 24g”(rH)Kr%I — 224k + (568" (ry)
— 481k ry .

As in the four dimensions, the leading-order term in the
above expression (57) is proportional to area (Bekenstein-
Hawking area relation). The subleading term has two
parts: (a) one that contains purely power-law corrections
[G(o)(rp)] that is absent in the case of four dimensions.
(b) The logarithmic term contains a prefactor which, in
general, is a function of area as in four dimensions.
F0)(rn), as in four dimensions, depend up to the second
derivative of the metric close to the horizon while Gg)(ry)
depend up to the third derivative of the metric close to the
horizon.

B. Second order

Substituting Eq. (53) in Eq. (25b), the contribution to the
density of states from the second-order WKB modes is
given by
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1—‘(26D) =% - drI:P(z(é)(r)[ d/\W(/\) 66(5 r)
+4PL)(r) f AW L8ED g(g r) L8 P(z?( N
PG r)
X [0 dAW(/\)A(r)ZTB} 59)

where the degeneracy factor W(A) in terms of A is
given by

AP

W (A) _ﬁ@J“ (60)
and
PR = -0 80
Wy _ 38> 3g(ng'(n  g?  gng"(r)
P =4 R

3 2,/ 1( )2

PO() =555;(:6) _5g(r8)r;g' (r) +5g(;)2<g;4(r) _ 61)

Repeating the procedure discussed in Appendix B, and
substituting the resultant in Eq. (15), we get

T (L r2g'(r)?>  3g"(r)r* + 14g'(r)r
F2 = T [ dr[— B +
Bh Jr+n 54¢(r) 108g(r)
3 L (0,4 10,3,3
N 5 ] LT rl:g (rnr* +6g'(r)r

54 g3 )., 135g(r)?
4102 2

_T g(r)3 o 2r ] 62)
90g(r) 135g(r)

Substituting the above expression in Eq. (16) and expand-
ing the metric using (11) the second-order WKB mode
contribution to the brick wall entropy is given by

SO = Ty G i
@(ra) + F)(ry) log (63)

2 180h4 h2
where
2
G o) = 57 80— rig ()]
r
.7:(2)(”}1) = 8620 [(8”("1{)2 - 2Kgm("H)) (64)

— 8¢" (ry)kry — 800k — (112«
+ 408" (ry))rul-

This is the fourth result of this paper, regarding which we
would like to discuss the following: (i) As in the case of
four dimensions, the second-order WKB modes contrib-
utes the same to the brick wall entropy as the zeroth-order
modes. This again proves that, in order to associate the
brick wall entropy to the black hole entropy, it is necessary
to calculate all the higher-order WKB mode contributions.
(i1) As in the case of four dimensions, the dependence of
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the entropy on the horizon area is the same in both the
orders. (iii) G()(ry) [like Gp)(ry)] has generic power-law
corrections to Sgy and depend only up to the second
derivative of the metric near the horizon. F(5)(ry) [like
F0)(rn)] has a prefactor which is a function of the area,
and—as in four dimensions—is a constant only for the
Schwarzschild spacetime.

VI. RESULTS FOR SPECIFIC BLACK HOLES

In this section, we shall explicitly write down the brick
wall entropy (evaluated up to the second order in the WKB
approximation) for a few well-known black hole solutions
in four and six spacetime dimensions. We shall restrict
ourselves to the cases wherein f(r) = g(r).

A. Four-dimensional examples

We find that, in four dimensions, on combining the
zeroth-order (A6) and the second-order (41) terms, the
total brick wall entropy can be expressed as

SUD) S+ FUD(A) log(%), (65)
Pl

where, in order for the leading term to match the
Bekenstein-Hawking entropy (2), we have set the brick
wall invariant cutoff %, to be

1163
W2 = (W:) (66)

and the quantity F“P)(Ay) is given by

F A = ~(o5)e" v~ (g ) @D

1. Schwarzschild black hole

For the Schwarzschild black hole, the metric coefficients
are given by Eq. (42) and the event horizon of the black
hole is located at ry = (2M). The surface gravity « and the
second derivative of the metric at the horizon are given by

K= (ﬁ) g"(ry) = —<ﬁ) (68)

On substituting these expressions in Eq. (65), we ob-
tain that
1 A
(4D) __ _ H
Seen. = SBH (@) log(—gl%l ) (69)

2. Schwarzschild (anti)de sitter spacetime

For the Schwarzschild (anti)de Sitter spacetime, the
metric function g(r) is given by

=2 2
s =(1-2=0)=(1-2=2) o
r y

2 r
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where y = (I/M)?, r = (#/M), M is the mass of the black
hole, [ is related to the positive (negative) cosmological
constant and —(+) corresponds to (anti)de Sitter space-
time. Note that the coordinates y and r are dimensionless.
While the Schwarzschild anti-de Sitter spacetime has only
one horizon associated with the singularity at the origin,
the Schwarzschild-de Sitter has two—one event and one
cosmological—horizons. Here, we shall focus on the en-
tropy associated with the event-horizon.

Recall that the event horizon is identified by the condi-
tion g(r) = 0. On substituting the resulting ry correspond-
ing to the above g(r) in Eq. (65), we find that the brick wall
entropy up to the second order can be expressed as

<771/2 ﬂlH) (MzﬂlH
SBH_ (0]

S +
I5AY? @y €

Sch-(a)dS

), (71)

where Ay defined in terms of the coordinate r is also
dimensionless. In contrast to the purely Schwarzschild case
wherein the prefactor to the logarithmic correction was a
constant, here the factor is a function of the horizon area.

3. Reissner-Nordstrom black hole

For the Reissner-Nordstrom black hole, we have

where M and Q denote the mass and the electric charge of
the black hole. Also, r = #/M and r. is the outer/inner
horizon given by

r+ = (] +

where, again, r is a dimensionless variable. It is the outer
horizon r, that is the event horizon of the black hole.

On substituting the above relations in Eq. (65), we ob-
tain the brick wall entropy up to the second order to be

1/2 M> A
s (2
R TR T s A1) Ty

where, again, Ay defined in terms of r is dimensionless.
As in the previous example, the prefactor again turns out to
be a function of the horizon area Ay.

1-2)

s (73)

(74)

B. Six-dimensional examples

On combining the zeroth-order (57) and the second-
order (63) terms, we find that the brick wall entropy for
six-dimensional black holes can be expressed as

A
Skw = Spu + G(Ay) + FO(Ay) 10g(€—4H>, (75)
Pl

where, as in the four-dimensional case, we have chosen the
invariant cutoff /. to be such that the leading term matches
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the Bekenstein-Hawking entropy. The quantities #h,,
G(Ay), FO(Ay) are given by

A :( 1165, )
¢ \186072/)

(76)

FOOA ) = (350 JGreg” () = S )

+ 40g" (ry)xri; + 2688k

+ 8(46k2 + 218" (ry))rul, a7

_ 31r§§ 1/2( o e 2
Q(ﬂﬂ)—<m) (25—2)( 5g (VH)”H

+ 8kry + 308). (78)

1. Schwarzschild black hole

In six dimensions, the function g(r) for Schwarzschild
black holes is given by

n-[-)

where r( is related to the black hole mass (M) by the

relation
M <2mg)
37TG6 ’

with G4 being the six-dimensional Newton’s constant
(which we shall hereafter set to unity). On using the defi-
nition (8) of the surface gravity « we find that

= (i)
2rH ’

where ry = ry. Substituting the derivatives of the above
metric function g(r) in the expression Eq. (75), we obtain
the brick wall entropy to be

1977 [155 259 (JZLH)
t—al==5 — = logl ——

63 \33¢2, 840 °\ ¢4

19 [155 A% 59 A
R il B | —“) 82
63188 @ 840 Og( a)

where in deriving the above expression we have used
the expression for the area of the 4-sphere i.e. Ay =
2y /3,4
(87%)/3ry;
Unlike four dimension, there is a pure power-law cor-
rection term to the Bekenstein-Hawking entropy.

(79)

(80)

(81)

= Sgu

2. Schwarzschild (anti)de Sitter black hole

The line element for Schwarzschild (anti)de Sitter
spacetime is given by (4) with
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3 =2 2
=g =1-(2) =L =1-5=2 @
7 [ Y
where yo = (I/ro)%, r— (#/ry), [ is related to the posi-
tive (negative) cosmological constant, and —(+) corre-
sponds to asymptotic (anti)de Sitter. Here again, for
Schwarzschild-de Sitter, we consider only the event-
horizon.
The event horizon is given by the condition g(r = ry) =
0. Substituting these in Eq. (75), we get

31 rZ[2r 72
S(ﬁD) _ T ‘o [ H — 3087 2 _ ]
(Axds — PBH =555 V165 €2, H
_[ 19 é+ % Lot ]
1512 y2  10ys  252ygry 151
X 10g|:€4 JZLH] (84)
P1

Note that as in four dimensions, A y; is dimensionless. The
above expression gives a series of power-law corrections
to SBH'

3. Reissner-Nordstrom black hole

For the 6-dimensional Reissner-Nordstrom black hole,
we have

[ =gr)=1- (m) +?—:= 1 - (%)3 +%, (85)

7
where the charge of the black hole is given by

3 6% 7 6?
Q= 2 G6 ro X ro (86)
As in four dimensions, this has two horizons—event and
Cauchy horizon. The event horizon (ry) is the outer hori-
zon while the inner horizon is the Cauchy horizon. Note
that y and r are dimensionless.
Substituting these in Eq. (75), we get

a |31 7 72 234y
SO0 = Spyy + 2oz q| e [308 2+ = - ]
R TR T Vies e LT A

[ 23x° X ,3-28y 1 ]
+| -
280}"]1_12 1407, 8407 15r3;

x logl: ﬂlH:I (87)

4
€p
where, again, Ay is dimensionless. As can be seen, this
also generates a series of power-law corrections to the
Bekenstein-Hawking entropy.

4. Boulware-Deser black hole

The Boulware-Deser black hole [53] is an exact spheri-
cally symmetric solution of the Einstein action modified by
the quadratic Gauss-Bonnet combination, i.e.,
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— e G [ d5xJ=g[R + agy(R? — 4R, R
+ RupeaR?4)], (88)

where agy, is the Gauss-Bonnet coupling. The line element
is given by (4), where

6 =

2
=1+r—(1— 1+E), (89)

6A r

s =50 =1+ (1= 1+ 2

where A = Rag, r= Fo 3 A= Aw 3, and o is
related to the ADM mass (M spp) by the relation

w
Mpm = o Ap. (90)

Note that the rescaled variables r, A are dimensionless. The
horizon is given by the condition f(r) = 0 and occurs at
r = rg such that

"13{ +3Arg—1=0. 91

The existence of the horizon requires A > 0 and which then
gives rH? < 1. The surface gravity of the event horizon is
given by

13 14 253
k=2 ( ZH) 92)
2rg \2—ry

Substituting these in Eq. (75), we get

148955 w31 7r3
SO0 — g+ [ 2 4 H
s T OBH T V523008 €2, L' 312- )
2

s ] [ 5 1 17
312 — r3y)? 216 2 —r)® 756
% 1 " E 1 _ 649 n §
Q=) 504 2- ) 7560 756
L 17 1 655 1 ]
2—=r)? 1892—ry 756 (2—r)?
w3
x log[ : ﬂlH:I (93)
€y

It is instructive to stress the implications of this result: (i) In
the limit of the A — 0 limit, ng'; ) reduces to S(Si]ﬁ). (ii) The
subleading corrections to the Bekenstein-Hawking entropy
for the Boulware-Deser black hole have been obtained
earlier by other authors (see, for instance, Ref. [54]). Us-
ing the Noether charge, it was shown that

8w 43

NC _
SGB - SBH + €4
Pl

AT, (94)

Comparing the two results we see that the subleading cor-
rections in the brick wall approach, unlike the Noether
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charge approach, can be completely specified by the hori-
zon properties.

VII. DISCUSSION

A. Summary

As we have pointed out repeatedly, the brick wall model
has been a very popular approach that has been utilized to
recover the Bekenstein-Hawking entropy Sgy in a multi-
tude of situations [27—42]. In all these efforts, it is only the
leading term in the WKB expansion (26) that has been
taken into account in evaluating the density of states and
the associated free energy and entropy of quantum fields
around black holes. Also, the metric has almost always
been assumed to be of the Rindler form near the event
horizon.

In this work, we have extended the brick wall approach
to the higher orders in the WKB approximation. Moreover,
by expanding the metric functions f(r) and g(r) beyond
the leading order near the event horizon, we have been able
to evaluate the corrections to the Bekenstein-Hawking
entropy for spherically symmetric black holes in four and
six dimensions. To begin with, we have illustrated that
even the often considered zeroth-order term in the WKB
approximation leads to corrections to the Bekenstein-
Hawking entropy, provided the metric functions are ex-
panded beyond the linear order near the horizon. Second,
we have shown that all the higher-order terms in the WKB
approximation have the same form as the zeroth-order
term. Last, we find that the higher-order WKB terms
actually contribute more to the entropy than the lower or-
der terms.

Specifically, we have shown that, up to the second order
in the WKB approximation, the brick wall entropy of four-
dimensional black holes can be expressed as

A
S5 = S+ T A log( 1),
Pl
where FUP(Ay) « Al with n < 1. Whereas, in six
dimensions, we find that the brick wall entropy up to the
second order has the form

S = S + G + FO( A log( T3,
Pl
where G(Ap) x A% and FOP(Ay) « A with
(n, m) < 1. Note that, while the brick wall entropy in
four dimensions depends only on the first and the second
derivatives of the metric at the horizon, in six dimensions it
depends on the third derivative as well. It is tempting to
propose that, at least in even dimensions, the brick wall
entropy will depend on as many as derivatives of the metric
as half the number of spacetime dimensions. However, the
black hole entropy is a coordinate invariant concept. If
the brick wall entropy depends on arbitrary derivatives of
the metric functions at the horizon, then it is not a priori
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evident that the resulting entropy will be coordinate in-
variant. We believe that this is an issue that needs to be
addressed satisfactorily.

B. Comparison with results from other approaches

Power-law and logarithmic corrections to the
Bekenstein-Hawking entropy Spy that we have obtained
in the brick wall approach have been encountered earlier in
a few other approaches to black hole entropy. For instance,
the Noether charge approach predicts a generic power-law
correction to the Bekenstein-Hawking entropy [15]. How-
ever, unlike our approach wherein the brick wall entropy
can be completely expressed in terms of the metric and
its first few derivatives at the event horizon, the Noether
charge entropy cannot be mapped to the horizon properties.
It is also interesting to note that, in the case of the four-
dimensional Reissner-Nordstrom black hole, for large hor-
izon area, i.e. when M >> {p, the brick wall entropy Sgg )
[cf. Eq. (74)] reduces to

271/2
Sgl?) =~ Spn — ( 15 )(

Similar power-law corrections arise on evaluating the en-
tanglement entropy of such black holes [24]. This behavior
seems to suggest a possible relationship between the brick
wall model and the approach due to entanglement entropy.
Another interesting feature is the absence of power-law
corrections in case of four-dimensional Schwarzschild
black hole. It seems to indicate that power-law corrections
to the Bekenstein-Hawking entropy are related with the
presence of matter. The logarithmic corrections that we
have obtained as in Eq. (69) for the case of the four-
dimensional Schwarzschild black hole have also been ar-
rived at in other methods such as the approach through
conformal field theory [19], statistical fluctuations around
thermal equilibrium [23], and spin foam models [18].
However, it should be pointed out that the prefactor to
the logarithmic term that we obtain turns out to be different
from the one that arises in the other approaches.

1 —‘712"“%/2). (95)

ﬂ]l{/Z M2

C. A few words on the divergences

The divergence that results in the need of a brick wall
cutoff arises even at the leading order in the WKB approxi-
mation, and is, obviously, well known. So, it is not at all
surprising that such a divergence occurs at the higher or-
ders terms as well. However, in addition to the brick wall
divergence, we seem to encounter three more types of
divergences at the higher orders. The first is the divergence
that occurs at the upper limit when integrating over € in the
higher orders and the second is an infrared divergence that
arises at a sufficiently high order when integrating over E
(as in the case of the sixth-order term in four dimensions).
As we mentioned above, the higher-order terms contribute
more to the brick wall entropy than the lower orders.
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Therefore, the third and last is a divergence that can arise if
we get around to summing over all the terms n.

The first of these additional divergences is associated
with the turning points. Such divergences are known to oc-
cur at the higher orders in the WKB approximation even in
nonrelativistic quantum mechanics. Evidently, these di-
vergences are not a feature of the field theory, but a feature
of the approximation. The procedure we have adopted to
isolate and discard these divergences effectively deals
with them.

In contrast, the remaining two divergences that occur at
the higher orders are field theoretic divergences. The in-
frared divergence is clearly one as it arises when integrat-
ing over all the modes. In the context of the leading-order
results, it has been argued that the brick wall divergence
can be absorbed into the renormalization of the Newton’s
constant [30,41]. Clearly, if the higher-order WKB terms
continue to contribute more to the brick wall entropy than
the lower order ones, then a divergence will arise when the
contributions from all the orders are summed over. We be-
lieve that, when working at the higher orders in the WKB
approximation, these additional divergences need to be ac-
commodated in a renormalization procedure, along with
the brick wall divergence itself.

D. Outlook

Since the odd-dimensional cases are analytically more
involved, after first working in four dimensions, we had
jumped to consider six-dimensional black holes. Needless
to add, it will be interesting to extend the current analy-
sis to black holes in odd-dimensional spacetimes. The
Banados-Teitelboim-Zanelli black hole in three dimen-
sions [55,56] and the five-dimensional Boulware-Deser
black hole [53] are interesting cases that are to be studied.
The canonical entropy has been calculated exactly around
the Banados-Teitelboim-Zanelli black hole (see, for ex-
ample, Ref. [57]), and the entropy of the Boulware-Deser
black hole is expected to contain a power-law correction
(x .521114/ %) to the Bekenstein-Hawking entropy (see, for
instance, Ref. [54]). It will be worthwhile to investigate
how the brick wall entropy compares with these results. We
hope to consider these cases in a future publication.
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APPENDIX A: RECOVERING Sy
FROM BRICK WALL

In the first part of the Appendix, we provide the steps
leading to the Spy in the Schwarzschild-like coordinate
system, i.e. f(r) = g(r) in the line element (4). In the
second part, we obtain the same in the tortoise coordinate
(5). As mentioned in Sec. III, the brick wall model assumes
that the WKB mode functions are a good approxima-
tion for the radial modes near the horizon. In the case of
Schwarzschild-like coordinate system, it is not apparent
whether such an approximation is valid.

1. Schwarzschild-like coordinate

In the case of a massless scalar field, the leading-order
WKB modes are given by
1 L>1/2
g(r) r

Substituting the above expression in Eq. (27), we get

2E3 (L ridr
e =5 [

— _ A2
310 Joen 820 (A2)

Substituting the above expression in (15) and integrating
over E, the free energy F now reads

27 1 (L 2
F0=_l3—4f zr—dr, (A3)
45 B* Jry+n 87(r)
and the entropy is
8m 1 (L r?
So=-—3— ——dr. A4
V= T Ay

On expanding the metric near the horizon up to the first
order, we recover the following standard result [12]:

2
(Std) _ '\
0 90h%"

(A5)

However, if we expand the metric to higher orders (11),
we get

2 KT, 8" (ry)r 3
Sy = —H +[—H—7H H]l <_H)
T 90r2 L0 360 1 E\n2

(A6)

It is interesting to note that the form of the brick wall
entropy in the lowest-order WKB is same as the one
obtained in the higher-order WKB. See Sec. IV for details.

2. Tortoise coordinates

For the case f(r) = g(r) in (4), the tortoise coordinate
simplifies to
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dr

x=[@.

As mentioned in Sec. I, in the Rindler approximation (10)
the new radial coordinate x takes the form x = log(r —
rn)/ g (rg). Thus, the horizon r = ry corresponds to
x — —oo. Hence the tortoise coordinate cover the range
(—00, 00). The massless scalar field propagating in the
background (5) is nothing but the Regge-Wheeler equation
given by

(AT)

‘;R +[w? — Vewlr]IR = 0, (A8)
where
Velr] = D g + 800 )

The Regge-Wheeler potential decays exponentially near
the event horizon and as a power-law near spatial infinity
(for asymptotically flat spacetimes), i.e.,

1
x2
(A10)

Thus, the general solution to Eq. (A8) as x — oo can be
written as a superposition of plane waves:

R[x]

V)] =77 exp2iyx);  Vr(x)] =77

~7E CF expliox) + C5 exp(—iwx),  (All)

where C7, C5 are the constants determined by the choice
of the boundary conditions. Thus, in other words, the WKB
modes are a good approximation for the radial modes close
to the horizon.

Using the procedure discussed in Sec. III, the leading-
order density of states is given by

2t T 8Mg ()P
3h’ f—deg(r) [E r ] ’
(A12)

where H is a large positive number corresponding to the
cutoff h. At the linear order in the near-horizon approxi-
mation we finally obtain

I'{(E) = —

2 L E3r
1“<X>E=——/ dx - exp(—2
o (E) 307 ) xg’(rH) exp(—2kx)
E3 2
= hSV—exp(ZKH) (A13)

Following the procedure discussed above, the leading-
order free energy and the entropy are given by

. 3 ’,.2
F = - A M exp(2kH) (A14)
r2
s — 150 “H exp(2kH). (A15)
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Now, we want to express this entropy in terms of invariant
cutoff H,. defined as

H, = [:: dr*\/(g@ = \[%exp(—HK).

Using this invariant cutoff, the final expression of entropy
is given by

(A16)

S(X) r2H

. Al7
GO’ (A7)

The entropy obtained in the tortoise coordinate is the same
as obtained in the Schwarzschild coordinate.

APPENDIX B: ISOLATING THE
FINITE CONTRIBUTION

In this Appendix, we shall outline how we isolate the
finite part of the integrals using the Leibniz rule (35).

The first integral in the RHS of Eq. (37) does not lead to
any divergent term. Using the relation (35)—with a(€) =
0, b(E) = E—we get

/ dAPY( )ag(g N _ 5 [ “aAPO(NGE P, B
0

The second and third integral in the RHS of Eq. (37) lead to
divergent terms. The origin of the divergent terms can be
associated to the breakdown of WKB approximation at the
turning point (£). In order to see this, we evaluate the two
integrals explicitly.

Using the relation (35) in the second integral of Eq. (37),
we get

s 9G(E 1) € 86(5 r)
A———"d\ =
ﬁ aE? d 5[
_gag(g, r)
& atE=A
(€
=7§LAmgawA
E
- , B2
(E= N2 | yg=n (B2
where we have used Eq. (B1) to obtain the second

equation.
Using the relation (35) in the third integral of Eq. (37),
we get

i =ie
0

Gl )

2 M———[szwﬂ [

&3
2 2
X [2@?& r>] - 4@5& r>] -
(B3)

From Egs. (B2) and (B3), it is clear that both the in-
tegrals have a finite and a divergent part. The divergence
occurs at the turning point £ = A. This is not a physical
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divergence, this is occurring due to the fact that the WKB
approximation is not valid close to the turning points.
However, it can be shown that by introducing a cutoff close
to the turning point the results are independent of the
cutoff. (For details, see Sec. (10.7) in Ref. [47].)

APPENDIX C: SECOND-ORDER CONTRIBUTION
WHEN f(r) # g(r)

Earlier, in Sec. IVA, we had computed the brick wall
entropy at the second order in the WKB approximation for
the specific case wherein f(r) = g(r) in the line element
(4). In this Appendix, we shall obtain the corresponding

J

PO = _(G(r)f'(r)) _ (G(r)g’(r))’

4rf(r) 4rg(r)
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result for the more general case of f(r) # g(r). For sim-
plicity, we shall again consider a massless field.

When f(r) # g(r), we find that, the “momentum” at the
second order P,(r) [cf. Eq. (25b)] can be written as

@,y — (Pae(0) N CAWINNG 7.
P (gae, 5 )<g3<e, r)) S )(GS(& r>)’
(C1)

where G(&, r) is given by Eq. (32). We have defined the
functions P(O)(r) P(l)(r) and P(Z) (r) to be

3G(r)f(r)) _ <5G(r)f’(r)) N (G(r>f’(r>2> _ (

W
P =
26(7) ( 4 83 16727 (r)

G(r)f(r)g’(r)> N (G(r)f’(r)g’(r)> N (G(r)f”(r)

8r3g(r) 16r2g(r) 8r2 )’ €2)

(2) (N —
PZG(F) N ( 8790 8r

with the quantity G(r) given by Eq. (19). Then we find that
the number of states at the second order F )(E) can be
expressed as follows:

o) — (%) [ dr(ngg(r)i [} argie.n

f AAG(E, 7)

+ @)pgg< )a53 j AANG(E, r))

Repeating the procedure discussed in Appendix B to iden-
tify and ignore the divergences in the above expression and
substituting this expression in the integral (15) for the free
energy, we obtain that

—4P(r

(C3)

G — (L7 N[5 _4rCU) o os
& (36Bh) frH+Izg(V)f3(r) [4/*(r)g(r)

— 16rf(r)f'(r)g(r) + Tr2f2(r)g(r)
=377 f(nf'(g'(r) — 6r° f(r)g(r f"(r)]

Using the relation (16) and expanding the functions f(7) an
g(r) about the event horizon as in Eq. (11), we obtain the
expression for the entropy to be

= (5) - [(5) - ()

(N =)

(C4)

(C5)

5G(r>f(r)2> B <5G(r)f(r)f’(")) n <5G(3r; ]:;(r)2>,

f
APPENDIX D: SECOND-ORDER CONTRIBUTION
FOR A MASSIVE FIELD

In Sec. IVA, we had evaluated the brick wall entropy at
the second order for a massless field in four spacetime
dimensions. We had considered the specific case wherein
f(r) = g(r) in the line element (4). In this Appendix, we
shall discuss the corresponding result for a massive field.

For a massive field, the quantity P,(r) as given by
Eq. (25b) can be expressed as follows:

P () — ( PY(r) ) +()\(r)P‘”(r)+P“”(r))

G(m)(g }") ggn(g: }")
N (Az(r)P(ZZ)(r) + A(PPO(r) + P (r)])
Go(&. 1) ’
(D1)

where we have defined the functions P(O) o (7), P(l) (), and
P(frzl(r) to be

2
PO = (% )"0 + g’

) — (szgmg'(r)

P(l)
1653

2m

)[Zg(r)+rg’(r)] and (D2)

5
PR = (53 )i s )
with the quantity G,,(&, r) being given by

G w(& 1) =[€ = A(r) — m?*g(n]/2, (D3)
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Carrying out the procedure we had discussed in Appen-
dix B to identify and discard the divergences, we obtain the
second-order density of states F(zm) (E) for the massive field
to be

I (E) = (2 ;W) f ‘ drrZ[Pg")(r)i f " AAG o (E.7)

—2P() [ dAAG (. r)+4p<0>()

f dAG (&, r)+< )p<2>( )ag*
[ AAN2G ) (£, r)+( )[P“) (r)

+ P2 (r) (D4)

?'/;) " d/\/\g(m)(g, r)],

where &, = [€ — m?g(r)]. As in the massless case, on
expanding the function g(r) near the event horizon as in

Eq. (11), we find that F(Zm) (E) can be expressed as
1 L 2Er
- (LA 62
2 () whar) Jry+n ’ 3(r — ry)

N ( Erg ) 3 ( Eryg" (ry) )
3(r — ry)? 12(r — rg)k

n ( mzrﬁk )]
E(r—ry/t

Note that the last term containing the mass m of the field is

inversely proportional to E. Recall that, in Sec. IV B, we
|

(D5)
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had encountered such a behavior at the fourth order for the
massless field [cf. Eq. (47)]. As we had then pointed out,
such a dependence on the energy E in the number of states
leads to a free energy that turns out to be independent of the
inverse temperature 8 and, hence, the term does not con-
tribute to the entropy. Therefore, the massless and the
massive fields lead to the same entropy at the second order
in the WKB approximation.

APPENDIX E: EXPLICIT FORMS OF P (r)

The functions Pff)(r) (where i goes from 0 to 4) are given
by

PO = =2 5P = 7 g (PP
— OO0 = g (OP)
- 2PV () = LgGPPROW), @D

PO = =5ePY 0PV () + 507 g (0P )
+ 8PP0~ LY (g
+ 8PP = - g (VP ()

= LRV + 300 (P )

+ g(Ng"(NPY (1) + ¢(N*PyV ()] (E2)

PR = =5gIPL PR = 2 P2 = - g (P () = {Teg" (IPE() + g 2PL ()
+ ORI = g PV + 5g<r>3 WPV - [3g(r)3P“><r> g(r)zg/(r)ngm(r)]
1580 P () + 95 PAV ()] - ;g(r)g’(r)P?(r) — 1P
+ 9g(rg (NP (r) + 2g(rg" (NP (1)) (E3)
3p() I
PY(r) = —5g(NPV (P (r) — %g(r)“P(zl)(r) + 220 ijs ') %[3 (PP (r) = (r)2 ’(r)zP“)(r)]
S5 12580PP (g (1) + 13507 PR 0] = S T1T80)PR (g 07 + 13g(r>2g'(r>P;<2><r>
+ 45(n2 PP (r)g" ()], (E4)
POG) = = gl PR ) + g0 PR (0) = g PP = g (PR ), (ES)
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323 rg'(r)* N 10172g'(r)?g"(r) — 631;’g’(r)3

@ () = 12 + Te!(r)e® @ o
29(r) 10080 5()? 168080 [g (r)* +7g'(rg™(r) + 5g(r)g(r] + 840
467g'(r)* + 150g”(r)g(r) 17 g(r)* 1223 g'(r)g(r)
/ " (3) " —
X [155g"(r)g"(r) + 252 (r)g(r)] + 130 + 630 2 5530 . (E6)
APPENDIX F: EXPLICIT FORMS OF PV (r)
The functions Pg) (r) (where i goes from O to 6) are given by
PO = ~25PL 0 — 5P 0P () — E 8D [P0 0 + (] — B 2P (PO 0
= PP = 3PP (1) + 6g'<r>P£f"><r) + 288" (NP () + zg<r>P:(<°><r> + 24" (NP ()]
1 PO (2, (F1)

4

S e (PP P ) + P )]~ g(r) 80 1 (PO (2! (1)

str 2) [g(r)g '(r)Pg(’)(r)P';O)(r) — 11g' (2P ()

PUG) = = gV TgIPY (02 + 2P0 ()] -
= 158/ (NP () + g PP (PLY (r) = 9g(NPL(n)] +
=~ 92(Ng (NP (r) = g(rg"(NPY (1] = ﬁg(rfg"(r)PaO)(r) = 6g(rPPY Py (1) = 58(nPY ()P (1)
= 5gnPY P + S [ RPOPY) + 35 R PP () — g1 PL ()

= PP P — 200" DPY P ()] = LT GPEY () + 82RO + g()P (g ()

+3g(ng' (NP (1] (F2)
PO = -8 (r 2 [B3g(NPO(r)? + 23P0(r)] + W[%(Mé‘”(ﬂz +46PY(r)] — 3g (r) 2 Le(nNPY ()P (r)
+ PP~ BB 0 2+ 6P (0] - SO oy 2g<r)Pg°>(r)P§>(r>

g()

2
= g P (2] + S 3P PE () + 1350 + 0 8 (P (P

=258 (IP() — 752 PR ) + EDEL [—17g'<r>P“><r> + T8 PY P ()

= 350 PO (P ) — 1389 )] - g(r)g SO B0 + )~ D [P

+28(PY (NP () + PY(] = 6g<r)2[P<°><r>P;”< > + PY (PP (0] - 5g<r>[P;2><r>P<°>(r>

g(r)g (r)? [

+ PP + POPD (] + SDE T pi 2 1 p0)p2 () — & proy) - 2 Pf)(r)]

g(r) g(n)

( )
r
") 4 pOPIO) + 5P;“>(r)2 + 3P0 (N P(r) ] (F3)

~ e [PROP ) + PP + 2D
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P (r) =

PY(r) =

PO = -

=8 tosP 1P + 40P (] + I o PO P 1)+ 40P ]~ s [ PV

+2P;°)< )+ 2R - ST 4P (P () + 497 07] — S e [13P2 P )

gl * 16r*
—7PO (NP + 3g(r) PV (DPO(r) - (7) P )] (’li (’)[ ( )Pf)( P + 6P (Y
+ 12P§°>(r)P§2)(r)] - #[k'(r)f’i@(r) +g"(NPY(r)] — %g(rﬁ "(r)[P;“(r)2 +2PP ()P (1)

01380 (0P ()

r)g'(r)? r
- 2P0 | 20 g P+ 176 P +
+ 3PP = TP ()P )] ~ M[gv)Pg”(r)P?(r) + (] - 282 P

= 12g(PPY (P PR () = 8PPV = SenTPPOPY () + PG + PP ()

+ B 0 PR0) - PP+ B BPPI ) — 2P0 0PI0) — 2P0 PL
- PP ()], (F4)

_gé:? [3P(21)(r)2 +46PO ()P (r) + 1(66) PO(r )] g(r)rg (r) Le(NPOAPD () + PO + g (;)gs(r)4
< [aor0p2 )+ 300+ T8 P20 ] = B L+ P - SO
< [P0 + 46P0 PL) + 200 P2 | - E O P + 2] + 4

)*

X [16g(r)gl(7”)P(21)(I”)P(2)(}") + 45g(r)P(3)(r) + 84g(r)P2(3)(r)] g(r [91)(2)( )P/(l)(r)

+ g PP (PR (] - FEE DO (1P (2 + P97 + 88 (’; 3 (r) [9P<§)(r)P’;“(r) — PV (P2 (r)

- 2L P00 = 95D B0 | - 66 I PP + PP P - Ser PP )
+ PPV + PP 0]+ g0 ¢ PR 07 - 25 D00 - 610
+ e [PR0R —2PR P (0~ P | (FS)
O oPL P20 + 252001+ 8D [ + 25800 - 13 a0 et P 0
2P0 = 2R (RLe P (PR () + 25 0] + w[z(g(rw@(mz + 1182 0]
= 80 PPy + 2500~ 8 pioyy o G D) pi) pi2 ) - 5y

5¢' (r)g(r)

= 6g(r*PY (NP (r)? - [P () = 2P (0] = 5g(IPY (NP (r) + P (PP (), (Fe)

024003-20



SUBLEADING CONTRIBUTIONS TO THE BLACK HOLE ...

PO = s (IR (0 — 0Py) - B L)

8r

= 70P()] = 28(rPPY(r)* = 5g(n PP (r) P (1),

30)(r)
_ 9341g(r)* _ 4741g'(r)g(r)? N 1308784g" (r)g(r)® +3926504g'(r)*g(r)?

(1]

(6]

[¢()PP (2 = T0P ()] +
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58(r)g'(r)?

o PP

(F7)

1801804 1638073

5765760r?

536 1203 (r)g(r)? + 37190325/ (r)g" (r)g(r)® + 28690408’ (r)*g(r)

5765760r

| 213928¢%(r)g(r)* +761280g"(r)g(r)? + 1261208¢'(r) g (r)g(r)? + 15087484/ (r)*g" () (r) +435674¢'(r)*

5765760

(13728085 (r)g(r)* +9478045" (r)g® (r)g(r)? + 9031885’ (r)g™ (r)g(r)? + 462228’ (r)g" (r)?g(r))

r
+

5765760
N r(971568g'(r)2g™ (r)g(r)* — 44962/ (r)3g" (r)g(r) — 244965' (r)%)

57657605 (r)

N r2(3473g'(r)® —27895g(r)g" (r)g'(r)* + 84032¢(r)2g® (r)g'(r)® + 113100g(r)2g" (r)2g' (r)?)
5765760g(r)?
L r(1838982(r)*g™(r)g!(r)* +316316g(r)*¢"(r)g ™ (r)g'(r) +995282(r)*g"(r)g'(r))

5765760g(r)2

N r2(40040g(r)3g" (r)? + 61776g(r)* g (r)2 + 123552g(r)* " (r) g™ (r) + 12012g(r)3 g9 (r))

5765760g(r)?

(F8)
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