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Wald’s entropy is equal to a quarter of the horizon area in units of
the effective gravitational coupling
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The Bekenstein-Hawking entropy of black holes in Einstein’s theory of gravity is equal to a quarter of
the horizon area in units of Newton’s constant. Wald has proposed that in general theories of gravity the
entropy of stationary black holes with bifurcate Killing horizons is a Noether charge which is in general
different from the Bekenstein-Hawking entropy. We show that the Noether charge entropy is equal to a
quarter of the horizon area in units of the effective gravitational coupling on the horizon defined by the

coefficient of the kinetic term of a specific metric perturbation polarization on the horizon. We present
several explicit examples of static spherically symmetric black holes.
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I. INTRODUCTION

The Bekenstein-Hawking entropy of black holes (BH’s)
in Einstein’s theory of gravity is equal to a quarter of the
horizon area in units of Newton’s constant [1,2]. Wald [3,4]
has studied BH’s in generalized theories of gravity and
proposed that the correct dynamical entropy of stationary
BH’s solutions with bifurcate Killing horizons is a Noether
charge entropy.

The Noether charge entropy is in general different from
the Bekenstein-Hawking entropy. First, the Noether charge
entropy is local: it can be defined in terms of quantities on
the horizon. Further, the Noether charge entropy was found
to be invariant under field redefinitions that do not change
the structure of space-time at infinity and on the horizon
[5]. In Einstein’s gravity there is only one dimensional
parameter Gy and from it (and 7 and the speed of light
¢) itis possible to construct a single parameter with units of
length, the Planck length /2 = hGy/c?. In more general
theories additional parameters can appear and hence sev-
eral length scales can replace /p.

The validity of Wald’s proposal has been checked in
many examples in a string theory context where the direct
counting of microstates can be compared explicitly to the
Noether charge entropy [6]. To the best of our knowledge
all the explicit comparisons were done for static solutions
or those that are equivalent to static solutions. Unfor-
tunately, stationary solutions for which the corrections to
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the Einstein-Hilbert action are significant are not known,
so an explicit comparison could not be done for nonstatic
solutions. An early review of the subject can be found in
[7], and a recent and much more extensive review can be
found in [8].

Our goal in this paper was to clarify the relationship
between the Noether Charge entropy and the Bekenstein-
Hawking entropy. Our motivation was to resolve the ap-
parent tension between the entanglement interpretation of
BH entropy and the Noether charge entropy [9], to under-
stand its geometrical dependence and to explain some
calculation of the entropy in string theory [10,11] in which
the entropy of charged BH’s with higher derivative correc-
tions was found to depend on the charges only through the
horizon area. Previously, it was observed in [12] that the
entropy of two dimensional charged BH’s is proportional
to the area of the horizon for any value of the charges and
the mass.

We have discovered that the Noether charge entropy is
equal to a quarter of the horizon area in units of the
effective gravitational coupling on the horizon rather than
in units of Gy. The effective gravitational coupling on the
horizon is defined by the coefficient of the kinetic term of a
specific metric perturbation polarization on the horizon. In
Einstein’s gravity both definitions coincide, however in
general they do not. We discuss several explicit examples
of static spherically symmetric black holes.

The rest of the paper is organized as follows. In Sec. II
we review the Noether charge entropy, in Sec. III we recall
the definition of the effective gravitational coupling and
show that it is equal to the functional derivative of the
Lagrangian density with respect to the Riemann tensor. In
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Sec. IV we discuss our main result and show that the
Noether charge entropy is equal to a quarter of the horizon
area in units of the effective gravitational coupling on the
horizon. In Sec. V we identify the metric perturbation
polarizations chosen in the Wald formula as those associ-
ated with the perturbations of the area density on the
bifurcation surface. In Sec. VI we present several explicit
examples of entropy and gravitational coupling and verify
our results. Section VII contains a discussion of our results
and its significance and an outlook.

II. THE NOETHER CHARGE ENTROPY

A general theory of gravity whose action depends on the
metric g,,, the curvature (through the Riemann tensor)
and matter fields ¢ and their covariant derivatives

I= [deV _gL(Rp,u)w’ g,uw va'Rp,u/\w ¢v V¢, .. ')’
(1)

may have stationary BH solutions with bifurcate killing
horizons. According to Wald [3,4], the Noether charge
entropy for such BH’s is

8L \0
s =—27Tj4< ) &,,E.4E. )
v S\OR pca b

The Noether charge entropy was first expressed in this
form in [5]. If derivatives of the Riemann tensor appear
in L then one is to perform an integration by parts first and
then take the derivative. The procedure is similar to finding
the Euler-Lagrange equations in a theory with higher de-
rivatives of the canonical variables.

The integral in Eq. (2) is on the D — 2 dimensional
spacelike bifurcation surface 3. The hatted variable €,
is the binormal vector to the bifurcation surface. It is
antisymmetric under the exchange a < b and normalized

as é*e,, = —2. This normalization sets the computation

of the entropy in units such that the BH temperature is ﬁ
(see [3] for details). The variable € is the induced volume
form on the bifurcation surface. The superscript (0) indi-
cates that the partial derivative (ﬁiﬂ)(o) is evaluated on the

solution of the equations of motion. The variation of the
Lagrangian with respect to R, 1s performed as if R ;.4
and the metric g,, are independent and it includes con-
tributions from the covariant derivatives acting on matter
fields. The covariant derivatives have to be expressed as
symmetric and antisymmetric combinations and then they
have to be expressed in terms of the Riemann tensor. (See
Sec. 2 of [4] for a detailed explanation.)

Since our examples will be of static BH’s we write all
the expressions explicitly for this case. For static spheri-
cally symmetric BH solutions in D = d + 1 space-time
dimensions that possess a bifurcate Killing horizon the
metric can be brought to a canonical form,
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1
f(r)

The function f(r) vanishes at the event horizon r = ry, the
bifurcation surface is at r = ry, t = const and dQ3_, is
the spherical volume element.

For these BH’s the relevant Killing vector is 9, and €, =
1. The €’s vanish for a, b # t, r. The explicit expression for
the Noether charge entropy is

6L \O
Sw = _27Tf < ) Eapécalq(r)] @1/
r=rpy,t=const

ds* = —f(r)d* + —dr* + q(r)dQ3_,.  (3)

5Rabcd
X dQO2_,
6L \©O
—-trf lor,) 01 @
r=ry,t=const 8thrt

The factor of 4 come from the antisymmetry properties of
the Riemann tensor and the binormal vectors. The super-
script (0) emphasizes that the functional derivative is eval-
uated on the solution.

A few examples will be useful. First, let us see how the
Noether charge entropy reproduces the Bekenstein-
Hawking area entropy for the Einstein-Hilbert (EH) action

1
Len = 15,6. R

Su =~ § o (o7, |
v 7 r:rH,t:const167TGN BR””

X [q(n]*=1/Pa0]_,
1
E = oltgrr — glrgtr
4G1\/ fr=rH,t=c0nst(g & &8 )
X [q(n)e-1d 03,
_ Au
4Gy~

&)

We have denoted the background metric solution by g,
and used the fact that it is of the form (3) for which
g"g"m = —1 and g"” = 0. The area of the horizon Ay is
givenby Ay = §,_, —conlg(N]“"PaQ] ;.

As a second example let us consider dilaton-gravity
L= %R and assume that the solution is spherically
symmetric ¢ = ¢(r). Then

el
v i r=ry,t=const 167TGN (Sthrt

X [q(n]412d 0
1
—_ e*2¢(r) Stt=rr __ Strstr
4Gy f{_r,,,t_const (878" — 8"8")
X [q(r]€4=12a0?%_,
_ Ax
42000 Gy,

(6)

Clearly in the case of dilaton-gravity the parameter Gy
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does not determine by itself the strength of the gravita-
tional coupling or of the gravitational force, rather they
should be determined by the combination e2#)G, which
can depend on r. Now consider evaluating the Noether
charge entropy in the Einstein frame. The Einstein-frame
metric is §,, = e~ Wd Vg and in the Einstein frame

the Lagrangian density is £ = R+ ---.Then

167TG

1 SR \©)
Sw = —8m f [(Ai) ]
W r=ry,t=const 16'77-GN Sthrt

x[q(n]“=12aQy_,

1 Attl, Arr Atratr
= _Hf . (&TheT = ggh)
N J r=ry,t=cons
X [q(N]“=12aQ7_,
A
"
N

Since §(r) = e~ #/4=D8(y(y), then, as anticipated, the
entropies evaluated in both frames are equal:

AAH — AH
4Gy  4e*UnGy

III. THE EFFECTIVE GRAVITATIONAL
COUPLING AND THE METRIC PERTURBATIONS’
KINETIC TERMS

Here we discuss the gravitational coupling and the ki-
netic terms of metric perturbations for a general back-
ground and not necessarily for a BH background. We
first recall the definition of the gravitational coupling in
Einstein’s theory. One expands the metric about a fixed
background solution g, ,,,

8uv = 8uv t hyy ®)
The inverse metric is
g,uv — g,uv — M (9)

and the indices of h,, are raised and lowered with the
background metric. The action can be expanded in powers
of h,,. The equations of motion imply that the linear term
in this expansion vanishes.

The expansion of the Einstein-Hilbert Lagrangian Lgy
in h,, to second order [13] is

——JgR=—— 3R+ L),  (10)

16G 16G

with
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_ _ 1- = |
L3 =V, h,, VehH" — Vah Ve + Evahvﬁhaﬁ

Bl

1 - (1 1
- 5vahﬂ,gvﬁhw + R(ZhQ - Zhwh/“’)

_ 1
+ Rw(haMhW - Ehhw), (11)
where h = h*,. For a background metric that solves the
vacuum Einstein equations the last two terms vanish.
We now wish to look at the kinetic terms (terms with two
derivatives) of the metric perturbations in the expansion
%(Vav h, VEh* =2V 4 h, g VP i

auv

-V, ,hVeh
+ 2V, hV gheP).

We can determine the gravitational coupling k> = 327Gy,
from the kinetic terms,
———(Voh, ,V*h*" =2V ,h, s VP h#e
64mG " wP
— V hVeh + 2V iV ghF)
11 - -
=_ —(v h, N*h* =2V h, g VP h#e

a'tuy
— V,hVeh + 2V ,hV gheP). (12)

The coefficients matrix of the kinetic terms is not di-
agonal in the metric perturbations so to identify correctly
the gravitational couplings it needs to be diagonalized. The
eigenvectors H),, are given by linear combinations of the
original metric perturbations #,,. To verify that « in
Eq. (12) is truly the gravitational coupling one expands
8uv=_8&uv+ kH,,. Then the kinetic term for the metric
perturbations H,,, becomes canonical and each factor of
H,,, in the interaction terms is accompanied by a factor of
x. The most general coefficients matrix of the kinetic terms
is a six index object. However, as can be seen from
Eq. (12), due to symmetries it is actually a four index
object. When the background space-time is symmetric
under rotations, the different helicities of the metric per-
turbations can be further separated into independent ten-
sors, vectors and scalars and the coefficient matrix of the
kinetic terms can be diagonalized. Some of the metric
perturbations are gauge degrees of freedom that can be
removed by an appropriate choice of coordinates.
Obviously, some degrees of freedom of the metric pertur-
bations are physical either by their own sake or by mixing
with matter degrees of freedom.

The gravitational coupling in a general theory of gravity
can be determined in a similar way. We take a general
action

= ’[dDX\/ _g‘L(RppLAV’ Euw VO'Rp/.L/\V’ b, vd)r )
(13)

and expand the metric g,, = §,, *+ h,,. The action can
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be expanded I = IO + 81V + 61®@ + - - - We are inter-
ested in contributions to terms in the effective action of the
metric perturbations that are quadratic in the perturbations
and quadratic in derivatives. We call such terms ‘“‘kinetic
terms.” The most general coefficients matrix of the kinetic
terms is a six index object. However, as we will show, due
to symmetries it is actually a four index object also in the
general case.

As in the Einstein case, the coefficients matrix of the
kinetic terms is not diagonal in the metric perturbations.
Obviously, since the general theory contains additional
couplings, the coefficients matrix can have different eigen-
values for different H,,’s leading to different gravitational
couplings ' for each H},,. In the basis in which the kinetic
terms are diagonal one then expands g, = g,, + «'H.,,.
In this general case we may also verify that ' may be
called ““gravitational couplings.” The kinetic term for any
of the polarizations in this basis becomes canonical and
each factor of H!,, in the interaction terms is accompanied
by a factor of . A general action may contain additional
dimensionless or dimensionful couplings that determine
the strength of a particular type of interaction. However,
all the interactions of a specific polarization can be classi-
fied according to their overall power of the appropriate .
All interactions will vanish in the limit k¥’ — O when the
other couplings are held fixed.

From general covariance it follows that derivatives of
h,, can only appear through the Christoffel symbols either
in combinations involving the Riemann tensor and its
derivatives, or through covariant derivatives of matter
fields. The covariant derivatives of matter fields can be
expressed as symmetric and antisymmetric combinations.
Both symmetric and antisymmetric contributions can be
expressed in terms of the Riemann tensor and its deriva-
tives as explained in [4]. The argument is most transparent
in Riemann Normal coordinates in which the Christoffel
symbols vanish locally and derivatives of the Christoffel
symbols can be expressed in terms of the Riemann tensor
and its derivatives. Once the derivatives of &,, are ex-
pressed in terms of covariant background tensors then the
action built from them is invariant under general back-
ground coordinate transformations so the conclusion that
the derivatives of & ,, appear only through the Riemann
tensor and its derivatives holds for any coordinate system.
We therefore know that contributions to the metric pertur-
bation kinetic terms must appear only through factors of
the Riemann tensor (or its derivatives) in the action.

Our goal is to find the coefficients matrix of the kinetic
terms. We have just argued that the kinetic terms appear
only through factors of the Riemann tensor (and its deriva-
tives). It follows that we need to focus on the specific
contribution to the variation 61

6L
5I~deX«/_gW5RpM)‘V (14)

purAY
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and look in the expansion for terms that contain two factors
of the metric perturbation and two background covariant
derivatives.

The variation of the Riemann tensor can be expressed as

5RPMAV = v/\SFV/.Lp - VVSF)L/.LP‘ (15)
Consequently, the relevant variation is
6L
5.£ = W(V)\SFVMP - VVSF/\MP)' (16)
puAY

In principle we could imagine expanding all factors in the
metric perturbation to obtain the contribution to the kinetic
terms. However, as we will now show, we need to expand
only the second factor (V,61,,, — V,6T),,).

The expansion of V,éI',,,, — V, 6T, ,, in h,,, contains
at least two derivatives and at least one factor of the
perturbation:

VA(SFVMP - VV(SFMLP = v/\YVMp - VVYA/-LP
+ Y/\éva,uiS - YSVpY,u,/\5
+ O(h?). (17)

Here we have denoted for convenience

st — V., hap). (18)

aPy (vahﬁv + vﬁhay

N —

=Y, =

6L
SR, 2

to kinetic terms only if they contain exactly one factor of
h,, without derivatives. Such terms can come only from
the linear term in the expansion of g”,

Hence terms in the expansion of ./—g can contribute

grr =g — h*" + O(h?). (19)

However, if we had a term which contained a g*” in
N F ,?LA it could have been canceled by integration by
prAY

parts because V,g"” = 0:

dexJ—gﬁﬁ ~ —ZdexV)‘(ﬂ/—g%)éFmp.
puAv

(20)

We conclude that we need to look only at the terms
which are second order in %, in the expansion of 6R

and zeroth order in /=g 2L

purAv

. In other words, kinetic

3R
terms can appear only through 8L =(,/=gs2— RMA )0 x
pPurAY
2
OR, A

We now evaluate 5R;22L 1»- From (17) one finds that

= Y)‘ng o — YngY 5.

HA

2

(2)
SR »

MAY

Evaluating the product of Y’s gives
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Y)tﬁpY - vph/\ﬁ)

1 = -
vu Z(v/\hﬁp + vﬁh/\p

X (V,h,? +V,h,° =V°h,,)

1 - _ _
= Z(V/\h,gpv,,hﬂ‘s + V)\hapvﬂh,,

—Vsh),V°h,, —V,h,sV,h,°
=V, 15V ,h,° = V,hs,Voh,,
+Vshy,V,h,° +Vshy,V,hd
+V,hsVoh,,). (22)

Substituting this expression into Eq. (21) and taking into
account the symmetries of the Riemann tensor R, ,,: the
symmetry under the double exchange pu < Av and the
antisymmetry under the exchanges p < u, A < v we find
that

@
OR puAY

1 - - - -
E(Vahmvﬁh,,p +2VPh,,V,h,s).  (23)
We can now explicitly exhibit the kinetic terms
81? = [ dPx—3 (
g SR

+2V0n,,V ). (24)

) - _
) (vﬁh/\uvahl/p

pHAY

It is possible to check in a straightforward manner that
applying the above procedure to the case of the Einstein-
Hilbert action reproduces exactly the result in Eq. (12).

IV.NOETHER CHARGE ENTROPY IS A QUARTER
OF THE AREA IN UNITS OF THE EFFECTIVE
GRAVITATIONAL COUPLING

By comparing Eq. (24) to Eq. 2)

0) — _
51% = f dPx\—3% ( ) (Vshy, Voh,,
pMAV

+2V°h,,V,h,s) (25)

6L \O
Sw = —277}( ) €, €cqE,
v S\ORpca bred

we observe that the Noether charge formula involves the
gravitational coupling of specific metric perturbation po-
larizations. In the next section we show that these metric
perturbations correspond to fluctuations of the area density
on the bifurcation surface.

We may formally define

1 1/ 6L \O
LI L R (26)
(Kegr)? 4<5Rabcd) bed

The factor —1/4 in Eq. (26) takes into account the sym-
metries of R,,.; and the negative signature of the metric
[14]. Using definition (26) we find

PHYSICAL REVIEW D 79, 044025 (2009)

3277' B
Sw = Z fz (Keff) @D

In Eq. (27) the “local unit of area” (327)/(k.)* appears.
It determines the weighting of the inﬁnitesimal area bits in

the integral. Identifying G = e )2 we find
1 dA
Sy =— . (28)
V4 Js Gy
If G4 is constant on the bifurcation surface then
Ay
Sw = . 29)
Y 4Gy

In the case of extremal BH’s care should be taken when
evaluating the effective coupling. Wald’s formula can be
defined for extremal BH’s since it was shown in [5] that the
entropy can be computed on any spatial section of the
horizon and since the entropy is a rescaled Noether charge
in units in which the temperature is 1/27r. Therefore
Wald’s formula applies to extremal black holes if they
are treated as limits of nonextremal ones. Similarly, to
define the effective coupling for extremal BH’s and make
the comparison with Wald’s formula we have to treat
extremal BH’s as limits of nonextremal ones.

V. THE CHOICE OF POLARIZATIONS

We have shown that the relevant kinetic terms originate
from the second-order expansion of the Riemann tensor,

5L \O o
5L (5 )5

pHrAY
prAY

(30)

In Wald’s formula a choice of specific polarizations of

5R()

pup 1S made:

ern e"”SR(zl)MV

€1V

This choice is defined by the binormal vectors to the
bifurcation surface. Recall that on the bifurcation surface
the Killing vector ¥” vanishes and the binormal to the
surface is given by €., = V_X,.

We wish to identify the choice of polarizations in (31)
with the fluctuations of the area density a on the bifurca-
tion surface. The area of the bifurcation surface is

: }( ebe,, € (32)
- = €€, pE.
2 s ab

Since € is the induced volume form on the bifurcation
surface the area density can be defined as
Lewg (33)
a=——-é&%e,,.
) ab
Let us consider the following effective Lagrangian for
the area density
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1
L, = Eavza. (34)
Since
vcéah = vcvu/\jb = _Rabcdx/d (35)
we obtain
vavcéab = _va'(Rabch/d)- (36)

On a bifurcation surface the Killing vector vanishes. It
follows that

VoVeéay = =RapeaVo X' = —Ryp"€0a- (37)
Substituting Eq. (37) into
Vi(éte,,) = 2éabga'gvavﬂ(éab) (38)
gives
Via = &é*PeY’R,p5.5. (39)

Let us expand the Lagrangian (34) to second order. In
performing the expansion we use the fact that the normal-
ization of the Killing vector on the unperturbed bifurcation
surface leads to a = 1 and we make a gauge choice such
that 5é*# = ( as in [3]. The fluctuations of the area density
can be viewed as the difference in area density between
two slightly different surfaces. Let us denote the difference
in the metric between the perturbed and unperturbed bi-
furcation surface by dg,, = h,,. Since we look at two
slightly different surfaces we have the freedom to choose
how the points in the two surfaces correspond. We will use
this freedom to make the correspondence such that the
Killing vector y* does not change from one surface to
the other. Thus 6 y* = 0 and [15]

5e*B = V5P =0, (40)
To summarize, we have shown that
(aV2a)? = eaPerdsRY 1)

prAY?

In other words, we have shown that the specific polariza-
tion of gravitons that appears in the expansion of (34) is the
same one that appears in Wald’s entropy formula.

VI. EXAMPLES

In this section we present three examples. The purpose
of presenting the first two examples is to check explicitly
the proposed relationship between the gravitational cou-
pling and the functional derivative of £ with respect to the
Riemann tensor. We do this by expanding £ to second
order. The third example shows that the relationship be-
tween Gy and G can be nonanalytic in certain cases and
resolves a long-standing puzzle [16] as to why in N = 2
SUGRA BH’s (and in small heterotic BH’s) S = A/2Gy
rather than A/4G .

PHYSICAL REVIEW D 79, 044025 (2009)
A.R + AR"

As a first example let us consider the following
Lagrangian:

(R + AR™M).

" 167Gy

The calculation of Wald’s Noether charge entropy gives
(substitution in Eq. (4)):

1
S = — f gltgrr — rigrty(1 4+ I’l/\R”_l
w G, r:m‘t:const(g g —8"g") )
X [q(n]“=12a07_

_ Ay
41+ nA[RGrp) ] H Gy

(42)

Again, in this case Gy does not determine by itself the
strength of the gravitational coupling or of the gravitational
force. The similarity to the case of dilaton-gravity can be
made more explicit by performing a field redefinition into
the Einstein frame [5]. The gravitational coupling of the
specific metric perturbation polarization (¢, r) can be ob-
tained using Eq. (26):

1 1 1

= =tt=rr __ =rtsrt 1 + ARn_l
) > 167Gy, (g"g" —g"g" (1 +n )

(1 + AnR" ).

= 43
327Gy (“43)

In this case the entropy in Eq. (42) becomes
_ An
4Geff .

Sw
The computation of the kinetic term for this example is
as follows. Using the expansion of R to second order in 4,

from Sec. III:

D l = v ANy v vV a v via
R=R+ Z(vahwv h#? =2V 4 h, gVPhEe =V, hV*h

+ 2V, hV gh®P) + - - -, (44)
we obtain
! (R + AR") = ! (R + AR") + !
167Gy 167Gy 647Gy
X (1 + AnR" ) (V,h,,V*h#
— 2V, h, zVPh#e —V ,hV*h
+ 2V, hV gh*F)
so that we identify the prefactor of the kinetic term
K2 = 327Gy(1 + AnR" )71, (45)
and thus
Ger = Gy(1 + AnR 1)1 (46)

This is the same G, that we obtained in Eq. (43).

044025-6
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B. R + AR, RP*

Next let us consider a more complicated example:

(R + AR, RPPAY).

" 167Gy puv

Since Wald’s formula is linear in the Lagrangian we can
substitute A— G R,,0,RP*Y in Eq. (4) and obtain the

correction term to the Bekenstein-Hawking entropy,

A
-8 Rrtrt (d—l/z)dQZ
7 f;—m t=const 87TGN [q(r)] -1

/\thrt
= — Ay 47
Gy 47)

Then

SW——(I

4AR™™). 48
e ) (48)

The gravitational coupling of the specific metric perturba-
tion polarization (z, r) can be obtained using Eq. (26):

1
= 327Gy, (1 — 4AR™™), (49)
In this case the entropy becomes
5= A (50)
4G o4
On the other hand the expansion of 2~ 167TG RPM,,R”M” to

second order [17] in h,, according to Eq. (23), is the
following:

A
m(Y/\aﬂYWL Yﬁvp 6)RPM/\V
A - _
1677(; ———(Vsh),V°h,, +2V°h,,V  h,s)RPH

(S

When we add this contribution to the EH action (44) we get
the full kinetic term

PAGUY _ oGPV g MA 4/\Rp,u,/\v
5 47TGN(g g 8’"g )
X (Vshy,V°h,, +2V2h),V h,s).  (52)

In this example we have to take the (7, r) sector and then we
obtain

K% = 327G (1 — 4AR"") 71, (53)
and thus
Ger = Gy(1 — 4AR™N) ™, (54)

This is the same G, that we obtained in Eq. (49).
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C. Small black holes in heterotic string theory

Sen has defined the BH entropy function [18] and used it
[8,19] to find the near horizon geometry of extremal BH
solutions in the four dimensional low energy effective
action of heterotic string theory on M X §' X §'. The
manifold M is some four manifold suitable for heterotic
string compactification. The entropy function can be used
to compute the entropy of such BH’s.

For completeness we recall the field content and action
of Sen’s construction. The four dimensional fields relevant
for the construction of this are related to the ten dimen-
sional string metric Gl(\}[g?, antisymmetric tensor field Bl(\}&)
and the dilaton ®(9 via the relations:

D = PUl0 — 1 (G5 — —1 (G — anM,
Gy ol - G YA - (G YL
S=e 2 R=4G, R=4G

A(l) (G(lo)) lG(lo) A;%)

" SGI G,

@ _ 1 (10) @ _ 1500
Ap' =3By, AL =3By, (35)
where V4, denotes the volume of M measured in the

string metric. The effective action of these fields is given
by

fd“ V—detGS[R; + S~ 2G‘“’a $9,8

1677' N
— R2G*"9,Rd,R — R72G*"d,Rd,R
_ RZG;U/G,M’V’F(I) F(l) _ RZG,U,VG,M’V’F(Z) F(z)
pp' " v pu'" v

_ R*ZGMVGM’V’FG) ,F(3)/ _ R’—ZGMVGM’V’F(‘U /F(4)/]

' vy ' vy

+ higher derivative terms + string loop corrections.
(56)

In [19] Sen considered extremal BH’s with two electric
and two magnetic charges assuming the near horizon so-
lution is of the form AdS, X §%:

d 2
ds®> = 1/1[—r2a't2 + —2] + v,dQ2. (57)
r

Here v, v, and all the additional fields are constant on the
horizon. By extremizing of the entropy function one ob-
tains the solution (justifying the ansatz above):

V) = V) = 4NW, (58)
2¢(ry) — | 59
e NW (59)

where n, w are electric charges that correspond to momen-
tum and winding modes of the fundamental string, N, W
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are the corresponding magnetic charges and ¢(ry) is the
value of the dilaton field on the horizon. Since the solutions
are extremal they may be expressed as a function of the
charges without an explicit dependence on the mass.

The area of the horizon is

A =47y, = 167TNW, (60)
and the entropy is, according to Eq. (6),
A 4
Sy = ——e=200) = 2T JLUNW. 61)

4Gy Gy

Such BH’s are singular in the limit when the magnetic
charges, either N or W, go to zero. In this case the horizon
area vanishes and consequently also the entropy. In this
limit @’ corrections become important since the curvature
is large in comparison with the radius of the BH. To model
the effects of the corrections Sen considered the addition of
a Gauss-Bonnet term to the original low energy effective
Lagrangian:

A

-2¢ R
167TGN ¢ [

wrpoR*P7 — 4R, ,R* + R?]
where A is equal to @’ up to a numerical constant. Using the
same ansatz (57) for the near horizon solution Sen obtained
the following solution:

8A
v = v, =4NW + — (62)

Gy
2¢0r) — | "W 63
¢ NW + 4 ©9)

The area of the horizon in this case is
A

A =47y, = 16TNW + 3277'G—. (64)

N

The gravitational coupling of the specific metric pertur-
bation polarization, (z, ), can be obtained using Eq. (26)

(K:ff)Z — _ 64771-GN e—2¢[2gttgrr + 2/\(4er _ 4gtthr
— 48R + 28"g"R)]
1
"~ 327Gy

—2g,R"+ R)].

e 21+ 2AQ2R",, — 28,,R"”"
(65)

Using the metric (57) and the solution (62) and (63) one
gets that the gravitational coupling of the specific metric
perturbation polarization (z, r) is

21
NW—i—G—N

‘[nw(NW + 4G—’\N)

Ger = Gy

(66)

and the entropy becomes
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A 4 A
= — NW +4—). 67
4Gy Gy nw( GN) (©7)
In the limit of a small BH we obtain that
AG G
G = \/ N= =2 (68)
nw 2

This example is different than the previous ones since the
dependence of the effective coupling is not analytic in Gy.
This may be expected due to the singular behavior of the
horizon in the original solution which is resolved by the
added Gauss-Bonnet term.

Transforming to the Einstein-frame we get Ay = Ae™2¢
and therefore for small black holes we obtain that

Gy
-
The same result is, of course, obtained by direct application
of Eq. (26) and thus the entropy becomes
Ap _ Ag
4Geff a E

The factor of 2 difference between Wald’s entropy and the
Bekenstein-Hawking entropy has been somewhat of a
puzzle since its discovery in the context of N =2
SUGRA [16]. However, it is simply explained by the
difference in the effective gravitational coupling.

G = (69)

(70)

VII. CONCLUSIONS AND OUTLOOK

We have found that the Noether charge entropy is equal
to an integral over the horizon of the “entropy density”
dSy = %Aﬂ_. The only difference between the Wald en-

tropy and the Bekenstein-Hawking entropy is that the “unit
of area” rather than being Newton’s constant Gy is G-
We believe that this simple appealing expression may be
valid for a more general class of black holes, not only those
for which the Noether charge entropy can be defined.

The G in Wald’s entropy is associated with a specific
metric perturbation polarization. We have been able to
identify the polarizations with area fluctuations on the
bifurcating surface. It would be interesting to relate the
choice of polarization to the fact that the entropy satisfies
the first law and to understand the choice from a dynamical
point of view. Perhaps this polarization is related to the
response of the black hole to a change in its energy.

We have been able to verify our proposal only for static
backgrounds, which in our formulation are spherically
symmetric. For spherically symmetric solutions the effec-
tive coupling is trivially constant on the horizon. Stationary
(nonstatic) solutions may involve a varying effective cou-
pling, so it would be interesting to find such solutions and
to put our proposal to a nontrivial test. For this we would
need an example of a stationary black hole solution (in-
cluding higher derivative corrections) in string theory
whose entropy can be calculated via microstates counting.
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We were not able to find any such solutions in the
literature.

The local and observer dependent expression for the
entropy is consistent with the entanglement interpretation
of BH entropy and hence resolves the apparent tension
between the Wald’s entropy of BH’s in higher derivatives’
theories and the entanglement entropy [9]. The entangle-
ment “entropy density” has the form dSgyangiement =
dA/48P 72 with 6°~2 being some “unit of area” defined
by a UV scale in the theory. Our results suggest that 572
should be proportional to G-

Our results explain in a simple way the results of [10,11]
where it was found that entropy of certain BH’s is propor-
tional to the area as a function of the charges rather than
being a more general function of the charges. We now
understand that in the examples discussed in [10,11] the
effective gravitational coupling G is determined only by
the dilaton on the horizon which is independent of the
charges.

Our results should be extendible to cosmological space-
times. It has long been suspected that entropy bounds may
provide important clues to the nature of cosmological

PHYSICAL REVIEW D 79, 044025 (2009)

singularities and their possible resolution. The form of
the entropy bounds in theories with higher derivatives
has been under debate (For a review, see for example
[20]). Our results suggest a specific form for cosmological
entropy bounds.
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