arXiv:hep-th/0601016 v3 20 Feb 2006

IPM/P-2006/002

Non-Supersymmetric Attractors and Entropy Function

Mohsen Alishahiha^1 and Hajar Ebrahim^2

Institute for Studies in Theoretical Physics and Mathematics (IPM) P.O. Box 19395-5531, Tehran, Iran

Abstract

We study the entropy of non-supersymmetric extremal black holes which exhibit attractor mechanism by making use of the entropy function. This method, being simple, can be used to calculate corrections to the entropy due to higher order corrections to the action. In particular we apply this method for five dimensional non-supersymmetric extremal black hole which carries two magnetic charges and find the R^2 corrections to the entropy. Using the behavior of the action evaluated for the extremal black hole near the horizon, we also present a simple expression for C-function corrected by higher order corrections.

1alishah@theory.ipm.ac.ir 2ebrahimi@theory.ipm.ac.ir

1 Introduction

One of the interesting features of the black hole in N = 2 supersymmetric theories is the attractor mechanism [1–3]. In this mechanism the values of different scalar fields at the horizon are determined entirely by the charges carried by the black hole regardless of their values at asymptotic infinity. Another important feature of the N = 2 supersymmetric theories is that the theory can be described by a function so called prepotential. Actually by making use of this rich structure of the supersymmetric black hole, one can study different aspects of these black holes such as the entropy.

In fact the entropy of 1/2-BPS black holes in N = 2 supersymmetric string theories in four dimensions has been calculated which is in agreement with microscopic counting of the states of the corresponding brane configurations representing these black holes [4–8].

Recently it has been shown that the Legendre transformation of the entropy with respect to the electric charges of the black hole is related to the prepotential. This observation has led to a conjecture relating the entropy to the partition function of topological string theory [9–14]. It could also give a practical way to compute the entropy of the black hole.

So far we have considered only the cases where the theory is supersymmetric. One may wonder if there is similar structure for non-supersymmetric black holes as well. Actually it has been shown that the attractor mechanism can also work for non-supersymmetric extremal black holes [15–22]. Having had the attractor mechanism one would like to know whether this can be used to study different aspects of non-supersymmetric black holes such as entropy.

More recently it has been shown [23] that the similar structure as what we have in the supersymmetric black hole appears in the non-supersymmetric case as well. This observation has provided a simple method to compute the entropy of a spherically symmetric extremal black hole in a theory of gravity coupled to abelian gauge fields as well as neutral scalar fields with arbitrary higher order derivative interactions. In this method one first defines the entropy function which is a function of the parameters labeling the near horizon background. By extremizing this function with respect to the parameters one can find the values of these parameters in terms of the black hole charges. Moreover the entropy of the black hole is equal to this function at the extremum^3.

To be precise let us consider an extremal D-dimensional black hole whose near horizon geometry is AdS_2 ×S^{D−2} and carries electric and magnetic charges. We have also several scalar fields. One can define the entropy function by the Lagrangian density evaluated for this background integrated over (D − 2)-sphere. The Legendre transformation of this function with respect to the electric charges, evaluated at the

3We note that similar function has also been found in the supersymmetric case in [24, 25]. Although in the supersymmetric case is was not called entropy function, it has precisely the same preoperties.

extremum, is equal to the entropy of the black hole divided by 2π. In this sense the entropy function plays the role of the prepotential in the supersymmetric case. This method has been used to compute corrections to the entropy of the different black holes due to higher order corrections to the effective action [26, 27]. It is the aim of this article to further study this method for non-supersymmetric black holes which exhibit attractor mechanism.

The organization of the paper is as follows. In section 2 we shall develop the procedure of evaluating the entropy function for those extremal black holes which exhibit the attractor mechanism. Using this method we will reproduce the results of [17]. In section 3 we will compute corrections to the entropy due to higher order corrections to the action using entropy function. We will consider a particular form of the higher order corrections, namely the Lovelock type action. In section 4 we shall consider a specific model in which the equations can exactly be solved. In five dimensions this model can be treated as a toy model for the five dimensional black hole considered in [28]. We will also compute R^2 corrections to the entropy and find the same structure as that in the supersymmetric case which has recently been computed^4 [29]. The last section is devoted to the discussions where we present different aspects of the models we are considering. In particular we see how one can naturally defined a C-function for the models we are studying and how this function gets corrections due to higher order corrections to the action.

2 Entropy function for non-supersymmetric attractor

In this section we shall study extremal black hole solution in D-dimensions whose metric has the following form

ds^2 = G_{μν} dx^μdx^ν = −a^2(r)dt^2 + dr^2 a^2(r)

+ b^2(r)dΩ^2_{D−2}, (2.1)

where a^2(r) has double zero at horizon. This black hole solution will also be supported by some scalar fields as well as electric and magnetic fields.

One might think about this as a solution of an effective action which typically could have the following form I = 1 κ^2_D ∫ d^Dx √ −G ( R − 2(∂ϕ_i)^2 − f^{(e)}_{ab} (ϕ_i)F^{(e)}_a F^{(e)}_b − f^{(m)}_{αβ} (ϕ_i)F^{(m)}_α F^{(m)}_β + · · · ) , (2.2) where dots stand for higher order corrections. Of course we note that, in general, adding higher order terms to the action could change the shape of the metric, nevertheless we will assume that the isometry of the metric remains unchanged though

4The entropy of 5-dimensional black hole in the presence of higher order corrections was also studied in [30–32]

the metric components might get corrections. The only point which is crucial for our consideration is that a^2(r) has double zero at the horizon. In other words, we are interested in the extremal black hole solution.

We would like to study the entropy one can associate with this black hole. These kinds of black holes and their properties including entropy have recently been studied in [17] in the context of non-supersymmetric attractors where the authors showed that these solutions exhibit the attractor mechanism by which several moduli fields are drawn to fixed values at the horizon of the black hole regardless of the values they take at asymptotic infinity. It has also been shown that the entropy of these black hole is given in terms of these values at horizon.

Here we shall use another approach to find the entropy of these extremal black holes. Following [23] we will first define entropy function which leads to a simple method to evaluate the entropy of the black hole. Being simple, this method can also be used to find the corrections to the entropy when we are taking into account higher order corrections to the action.

To proceed we shall use the general formula for the entropy in the presence of higher derivative terms which has been studied in [33–37]. In our case, taking into account that the covariant derivative of the tensor fields are zero, we get S_{BH} = 8π ∫ d^{D−2}x √ G_{D−2} ∂L ∂R_{rtrt} g_{rr}g_{tt} . (2.3)

As it was shown in [23] one may find a simple expression for the entropy of the black hole by using a particular rescaling of the coordinates. To be specific let us consider the following extremal black hole solution of the action (2.2) [17]

ds^2 = −a^2(r)dt^2 + dr^2 a^2(r)

+ b^2(r)dΩ^2_{D−2}, F^α_{D−2} = p^α √ ω_{D−2}, (2.4)

where ω_{D−2} is the determinant of unit (D − 2)-sphere. We also have a non-zero scalar filed ϕ.

To find the entropy function and thereby the entropy one considers an ansatz for the extremal black hole solution at near horizon as follows

ds^2 = v_1 ( −a^2(r)dt^2 + dr^2 a^2(r) ) + v_2b^2(r)dΩ^2_{D−2}, F^α_{D−2} = p^α √ ω_{D−2}, (2.5)

We note that in our notation one has R_{trtr} = −^{a2(r)′′}_{2v1} g_{tt}g_{rr}, which can be used to write the entropy formula as the following S_{BH} = −2π 2 a^2(r)^{′′} ∫ d^{D−2}x √ −G ∂L ∂R_{μνρσ} R_{μνρσ} , (2.6) for μ, ν, ρ, σ = r, t, where a^2(r)^{′′} =^{d2 a2(r)}_{dr2} .

Let us define L_λ to be the same as the original Lagrangian except that each factor of R_{rtrt} in the expression of the L is multiplied by a factor of λ. Thus one can rewrite the above equation as S_{BH} = −2π 2 a^2(r)^{′′} ∫ d^{D−2}x √ −G ∂L_λ ∂λ | | | λ=1 = − 4π a^2(r)^{′′} ∂f_λ(⃗p, v_i, ϕ) ∂λ | | | λ=1 , (2.7)

where the function f is defined by f(⃗p, v_i, ϕ) = ∫ d^{D−2}x √ −G L, (2.8) and the right hand side is evaluated in the near horizon geometry (2.5). Here we have assumed that the solution has a horizon at r = r_H where a^2(r_H ) = a^2(r_H )^′ = 0 and the above expression has ultimately to evaluate at r = r_H . On the other hand the other parameters such as v_i can be found using their equations of motion. We note, however, that f is a function of r which in our procedure it is taken as a fixed parameter. In fact as we shall see the r-dependence will drop in the final expression for the entropy. Actually since we are interested in the solutions which exhibit attractor mechanism, near the horizon one may assume that a ≈ 1 − (r_H /r)^{D−3}. Therefore near the horizon we can define a new coordinate r̂ = r − r_H such that a ≈^{(D−3)r̂}_{rH} . In this coordinates system the solution near the horizon is AdS_2 ×S^{D−2}.

Using the same argument as [23] one can see that the function f_λ must be of the from v_1f̃_λ(⃗p, ϕ, v_2, λv^{−1}_1 ) and thus we arrive at λ ∂f_λ(⃗p, ⃗v, ϕ) ∂λ + v_1 ∂f_λ(⃗p, ⃗v, ϕ) ∂v_1 − f_λ(⃗p, ⃗v, ϕ) = 0. (2.9) Therefore setting λ = 1 in (2.9) and using the equations of motion one can find an expression for the entropy in terms of the function f as follows S_{BH} = − 4π a^2(r)^{′′} f. (2.10)

Here the left hand side is evaluated at the near horizon solution when the parameters v_i and ϕ are fixed using their equations of motion which can be given by extremizing f with respect to the corresponding parameters ∂f ∂ϕ = 0, ∂f ∂v_i = 0. (2.11)

Here we assume that these equations have a solution.

Actually this is a special case of what considered in [23] where the entropy is found to be the Legendre transformation of function f, defined as (2.8), with respect to the electric charges. But in our case since the solution carries only magnetic charge the first term in the Legendre transformation is zero. We will come back to this point later.

To see how this formalism works let us compute f for the solution (2.5). Doing so we arrive at f = Ω_{D−2} 16π v_1v^{(D−2)2}_2 b^{D−2} ( (D − 3)(D − 2)v_1 − 2(D − 3)^2v_2 v_1v_2b^2 − (D − 2)!V_{eff} v^{D−2}_2 b^{2(D−2)} ) , (2.12) where V_{eff} = f_{αβ}(ϕ)p^αp^β . In writing this equation we have used the fact that a^2 has double zero root at horizon and also b^2(r)a^2(r)^{′′} = 2(D − 3)^2 in the near horizon limit. The later assumption can be obtained directly from the equations of motion. Now we need to extremize f with respect to v_i and ϕ ∂f ∂v_1 = 0, ∂f ∂v_2 = 0, ∂f ∂ϕ = 0. (2.13)

The last equation leads to ∂_ϕV_{eff} = 0 which we assume that this equation as a solution at ϕ = ϕ_0. From the first two equations one finds

v_1 = v_2 = ( (D − 4)! V_{eff} b^{2(D−3)} ) 1_{D−3} . (2.14)

Evaluating f at these values we get f = −2 Ω_{D−2} 16π (D − 3)^2 b^2 ( (D − 4)! V_{eff} (ϕ_0) ) D−2_{2(D−3)} . (2.15)

Therefore the entropy is given by S = Ω_{D−2} 4 ( (D − 4)! V_{eff} (ϕ_0) ) D−2_{2(D−3)} . (2.16)

It is worth noting that the r-dependence is dropped in the final result and the entropy is given by the value of the potential at its extremum which is given in terms of the magnetic charge and f_{αβ}(ϕ_0). We note also that by plugging v_1 and v_2 into the metric, one can read the radius of horizon in terms of the effective potential

r^2_H = ( (D − 4)! V_{eff} (ϕ_0) )_{1/(D−3)} , (2.17)

in agreement with [17].

3 Higher order corrections to entropy function

In this section we shall study corrections to the entropy due to higher order corrections to the action. In general adding higher order corrections can change the entropy in two different ways. The corrections could be due to the additional terms in the action when we are evaluating f using the zeroth order solution for the metric and other fields. One may also consider the case where the modification is due to the fact that adding these terms would change the equations of motion and thereby change the solution. We note that in the procedure we use to compute the entropy both effects will be taken into account.

To be specific we consider higher order corrections to the action to be of the Lovelock type where the higher order corrections are given by the extended Gauss- Bonnet action [38] I = 1 κ^2 ∫ d^Dx √ G ∑ m=1 λ_m 2^m δ^{ρ1σ1···ρmσm} μ_1ν_1 ···μ_m ν_m R μ_1 ν_1 ρ_1 σ_1 · · · R μ_m ν_m ρ_mσ_m , (3.1)

where λ_m are free parameters which could be either constant or one may consider the case where they depend on the scalar fields. δ^{ρ1σ1 ···ρmσm}_{μ1ν1 ···μm νm} is totally antisymmetric product of m Kronecher deltas, normalized to take values ±1. For m = 1 setting λ_1 = 1 we get standard Einstein action, for D = 2m the mth term is topological and for D dimensional space-time all terms for m > D/2 identically are equal to zero.

The corrections to the entropy of the small black hole in the heterotic string theory due to this action has recently been studied in [27] where the near horizon solution is AdS_2 × S^{D−2}. It is the aim of this section to study these corrections for the extremal black hole solution given by (2.4) using the procedure we have developed in the previous section.

To find the entropy we need to calculate function f for the solution (2.5) using the above action. Actually it was shown [39] that for the metric of type

ds^2 = g_{ab}dx^adx^b + r^2(x)dΩ^2_{D−2}, a, b = 1, 2, (3.2)

one gets the following expression for the Gauss-Bonnet densities integrated over the unit (D − 2)-sphere 1 κ^2 ∫ d^{D−2}x √ −GL_m = − Ω_{D−2} κ^2

(D − 2)! (D − 2m)! λ_m √ −g r^{D−2m−2}[1 − (∇r)^2]^{m−2} × { 2m(m − 1)r^2[(∇_a∇_br)^2 − (∇^2r)^2]

+2m(B − 2m)r∇^2r[1 − (∇r)^2] − mr^2R[1 − (∇r)^2]

−(D − 2m)(D − 2m − 1)(1 − (∇r)^2]^2 } , (3.3)

where R is the 2-dimensional Ricci scalar of the metric g_{ab}. Plugging the solution (2.5) into the equation (3.3) and taking into account that all terms which have covariant derivative vanish for the near horizon solution, one can find f as follows f = Ω_{D−2}v_1 16π { − (D − 2)! V_{eff} v^{(D−2)/2} 2 b^{D−2} + [D/2]∑

m=1 (D − 2)! (D − 2m)! λ_mv^{(D−2m)/2} 2 b^{D−2m}

× ( (D − 2m)(D − 2m − 1)v_1 − mv_2b^2a^2(r)^{′′} v_1v_2b^2 ) } . (3.4)

For m = 1 setting λ_1 = 1 we get the leading order action studied in the previous section, the other terms can be considered as higher order corrections to the action. We still assume that a^2(r) has double zero root at the horizon which means that although it might get corrections from higher order terms in the action the a^2(r)^{′′} remains a non-zero constant at the horizon. Actually this is the only assumption we make in the rest of this section. Now the same as before we will consider b (or r) as a fixed parameter and extremize f with respect to v_i and ϕ. Then the entropy will be given by (2.10) at this extremum.

To get an insight how this procedure works, let us study some examples explicitly. In four dimensions we have only m = 1, 2 and so we get f = 1 4 ( 2v_1 − v_2b^2a^2(r)^{′′} −

2v_1 v_2b^2

V_{eff} ) − λ_2a^2(r)^{′′}, (3.5)

from which one finds v_1 = a^2(r_H )^{′′}V_{eff} (ϕ_0)/2, v_2 = V_{eff} (ϕ_0)/b^2 and therefore we arrive at S = πV_{eff}(ϕ_0) + 4πλ_2. (3.6)

Note that the entropy is corrected by a constant due to Gauss-Bonnet term. On the other hand using this result and plugging them into the metric one can read the radius of the horizon which is given by r^2_H = V_{eff} that is the same as the leading order which we have studied in the previous section. We note, however, that λ_2 could be a function of ϕ, i.e. λ_2 = g(ϕ)λ̃_2. In this case although the expression for r_H in terms of the effective potential is the same as the leading order, it could get corrections due to the corrections of ϕ_0 which in this case it is the solution of ∂_ϕV_{eff} (ϕ) = −4λ̃_2∂_ϕg(ϕ).

In five dimensions we still have m = 1, 2 and the function f reads f = π 8 ( b √ v_2(6v_1 − v_2b^2a^2(r)^{′′}) −

6v_1 v^{3/2}_2 b^3

V_{eff} ) − 3 2 πλ̃_2g(ϕ) √ v_2ba^2(r)^{′′}, (3.7)

which upon extremizing it with respect to v_1 and v_2 one gets

v_2 = √ V_{eff} (ϕ_0) b^2

, v_1 = a^2(r)^{′′} 8 (√ V_{eff} (ϕ_0) + 4λ̃_2g(ϕ_0) ) , (3.8)

where ϕ_0 is a solution of ∂_ϕf = 0. The entropy is given by S = π^2 2 ( V^{3/4}_{eff} (ϕ_0) + 12λ̃_2g(ϕ_0)V^{1/4}_{eff} (ϕ_0) ) . (3.9)

It is worth noting that to get consistent results one needs to assume that ∂_ϕf = 0 has a solution. Since at leading order the function f is proportional to the effective potential it means that the effective potential has to have an extremum. Taking into account the higher order corrections, with ϕ-dependent coefficients, the condition cannot be given only in terms of the effective potential and in fact one will have to put the condition directly on f which is the generalization of the leading order condition. Namely the function f has to have an extremum with respect to ϕ, i.e. ∂_ϕf|_{ϕ0} = 0 must have a solution. Therefore as far as the entropy computation is concerned we just need to extremize the entropy function and the entropy is given in terms of the value of entropy function at extremum.

We note, however, that the way the entropy function is defined might give an insight whether one needs to put another condition on f. In fact the function f is very similar to what is defined as the free energy for a system with gravitational interaction [41] in which one can identify the free energy with the Euclidean gravitational action times the temperature. If f could be interpreted as the free energy of the system, then one may want to assume ∂^2_ϕf|_{ϕ0} > 0 to get the stable solution where the free energy is minimum. Otherwise the solution could be unstable which might mean there is not attractor behavior^5. Note that in leading order this condition is equivalent to have minimum for the effective potential which is crucial to have attractor mechanism [17].

4 Exact solution

Let us now consider an explicit example in which the equations can exactly be solved. To be precise consider a system with one scalar and two gauge fields and the following potential V_{eff} (ϕ) = e^{α1ϕ}p^2_1 + e^{α2ϕ}p^2. (4.1)

For the 4-dimensional extremal black hole this potential have been studied in [17] where the authors have noticed that for the special case where α_1 = −α_2 the entropy is given by S = 2π|p_1p_2|. (4.2)

For α_1 = −α_2 = 2 it is in fact the supersymmetric black hole solution studied in [42] whose entropy is exactly (4.2). Note that although for generic values of α_1 and α_2 the solution is not supersymmetric, as long as α_1 = −α_2 the entropy is still given by (4.2). Therefore one might conclude that as far as the entropy of the black hole is concerned it is the attractor mechanism which plays the role which is the same for supersymmetric and non-supersymmetric cases.

Let us now consider higher order corrections to this entropy using the results we have presented in the previous section. To be concrete we shall consider the case where g(ϕ) = e^{α3ϕ}. In this case the critical value ϕ_0 is given by the solution of the

5Non-supersymmetric attractor mechanism in the presence of R^2 correction has recently been studied in [40].

following equation

e^{−2α2ϕ0} +

4λ̃_2α_3 α_2p^2_1 e^{(α3−α2)ϕ0} − p^2 p^2_1

= 0 . (4.3)

To proceed let us further assume that α_3 = α_2. For this case the entropy is given by S = π|p_1p_2| ( (1 − 4λ̃ p^2

)^{1/2} + (1 − 4λ̃ p^2

)^{−1/2} ) + 4πλ̃ | | | | p_1 p_2 | | | |(1 − 4λ̃ p^2

)^{−1/2}. (4.4)

In the large p_2, p_1 limit, one may expand this expression to get

S = 2π|p_1p_2| + 4πλ̃ | | | | p_1 p_2 | | | | + O(p^{−2}2 ). (4.5)

We note that if we had considered α_3 = −α_2, we would have gotten the same result as above expect that the leading order is now proportional to |p_2/p_1|.

Let us also study the five dimensional extremal black hole with the same potential as above, though here we will consider the case where α_1 = −2α_2. We shall first evaluate the entropy in the leading order which is given in terms of the effective potential V_{eff} (ϕ_0) where ϕ_0 is given by

e^{α2ϕ0} = ( √ 2p_1 p_2 )_{2/3} , (4.6)

and therefore we arrive at S = 3^{3/4}π^2 2 √ p_1p^2 2 . (4.7)

This could be compared with 5-dimensional black hole studied in [28], of course we have an extra 3^{3/4}π/4 factor. Indeed as far as the potential is concerned this case has the same potential structure as that considered in [28]. Therefore this model could be used to understand the five dimensional black hole better. We will come back to this point later.

On the other hand adding the higher order correction to the action such that λ_2 = λ̃_2e^{α3ϕ} and using the correction we found for the entropy for the 5-dimensional black hole (3.9) and setting α_3 = α_2 one finds

S = (

3^{3/4}π 4 ) ( 2π √ p_1p^2 2 ) [ 1 + 2^{8/3} √ 3λ̃ ( p_1 p^4_2 )_{1/3} + · · · ] . (4.8)

Higher order corrections for 5-dimensional black holes and black rings have recently been studied in [29]. Of course in this paper the authors have considered BPS solution, though in our case we have not assumed any supersymmetry. It is worth noting that although our solution is not supersymmetric, we get a correction to the entropy which has the same structure as that in BPS black hole studied in [29], namely setting p_1 = 2p_2 = 2Q, the above equation reads

S = (

3^{3/4}π 4 )(2π √ Q^3) ( 1 + 2^3 √ 3 λ̃ Q + · · · ) . (4.9)

It would be interesting to further study this case and compare this non-supersymmetric model with the BPS black hole solution.

In general we can consider D-dimensional black hole solution with the above effective potential. In this case assuming α_1 = −(D − 3)α_2, in leading order, one finds S ∼ (p_1p^{D−3}_2 )^{1/(D−3)}. (4.10)

5 Discussions

In this section we shall study different physical aspects of the black hole solutions we have considered in the previous sections. So far we have studied higher order corrections to the entropy of extremal black hole (2.5) by making use of the entropy function which can be defined as the Lagrangian density integrated over (D − 2)- sphere. In this procedure one only needs to know the behavior of the solution near the horizon. Although the Lagrangian density is in general r-dependent function, the r is treated as a fixed parameter. Of course it will dropped in the final expression we have found for the entropy. In fact since the physics is governed by the behavior of the black hole solution in near horizon limit, one should set r = r_H which can be found in terms of the effective potential in its extremum.

Of course it is not the only way to calculate the higher order corrections to the entropy of an extremal black hole with spherically symmetric metric. Actually it has been shown [43] (see also [39]) that for general relativity in D ≥ 3 dimensions one can find an effective two dimensional theory which governs the conformal dynamics at the horizon and the entropy of the black hole is given by the central charge of the corresponding Virasoro algebra. It is interesting to compare this computations with what we have done in this paper.

To do that we start from the most general action we have considered in this paper and evaluate it for the ansatz (3.2) which leads to an effective two dimensional action such that at near horizon one finds I = Ω_{D−2} 16π ∫ d^2x √ −g { − (D − 2)! V_{eff} b^{D−2} + [D/2]∑

m=1 (D − 2)! (D − 2m)! λ_mb^{D−2m} × ( (D − 2m)(D − 2m − 1) − mb^2R b^2 ) } . (5.1)

Here we have used the fact that the covariant derivative of different fields goes to zero near horizon. Following [39, 43] if we define

φ = 2Φ^2 qΦ_H , g̃_{ab} = dφ db e^{−2φ/qΦH} g_{ab}, Φ^2 = 2 Ω_{D−2} κ^2_D [D/2]∑

m=1 mλ_m (D − 2)! (D − 2m)! b^{D−2m}, (5.2) the above two dimensional effective action reads I = ∫ d^2x √ −g ( 1 2 (∂φ)^2 + q 4 Φ_H φR + U(φ) ) . (5.3)

On the other hand for the extremal black hole we are interested in the two dimensional part of the metric can be written as ds^2 = a^2(z)(−dt^2 + dz^2) where z = ∫ dr/a^2(r). It is easy to see that for the solutions we have been discussing in which a^2(r) has double zero at horizon, z → −∞ at r → r_H . Now the crucial observation [39, 43] is that the trace of energy-momentum tensor of this two dimensional system vanishes near the horizon and therefore the theory of the scalar field φ approaches a CFT near the horizon with central charge c = 3πq^2Φ^2_h. The entropy of the black hole is also given by

S = 2πΦ^2_H = Ω_{D−2} 4 [D/2]∑

m=1 mλ_m (D − 2)! (D − 2m)! r^{D−2m} h . (5.4)

In particular for D = 5 case one finds S =^{π2}_2 (r^3_H +12λr_H ) which upon using the fact that in this case r_H = V^{1/4}_{eff} one get the same result as (3.9). Writing the entropy in terms of Φ_H is instructive. Actually Φ^2 as a function of r whose value at horizon gives the central charge of the CFT, can be treated as a parameter which tells us how near we are to the horizon, where the theory becomes a CFT. Therefore it is tempting to consider it as a C-function

C = Φ^2 = Ω_{D−2} 8π [D/2]∑

m=1 mλ_m (D − 2)! (D − 2m)! r^{D−2m}. (5.5)

In fact for D = 4 and in the leading order, m = 1, it is the C-function introduced in [22]. Using the same argument as that in [22] one can see that it is a monotonically decreasing function. Moreover as we have seen at the fixed point (horizon) it is the central charge of the corresponding CFT theory.

So far we have only considered the cases where the black hole has no electric charges. We note however that the procedure can be generalized for the case where we have electric charges as well. For this case one may still concentrate at the near horizon solution where r is kept fixed and indeed equal to the radius of the horizon and therefore the electric gauge fields can be chosen as F^a_{rt} =^{4π}_{ΩD−2} e^a. Using the same argument as [23] it is now easy to see that in this case the entropy can be found from the Legendre transformation of f as follows S = 4π a^2(r)^{′′} (e^a ∂f ∂e^a − f), (5.6)

and the electric charges of the black hole is given by Q_a =^{∂f}_{∂ea} which for our ansatz and the action (2.2) it reads

Q_a = 4π Ω_{D−2} v^{(D−2)/2} 2 b^{D−2} v_1 f^{(e)}_{ab} e^b. (5.7)

By making use of this expression and plugging it into the equation (5.6), one can see that the entropy is given by equation (2.10) with f defined as (3.4) but with a modified effective potential. The modified effective potential is given by

V_{eff} = f^{(m)}_{αβ} p^αp^β + 2 (D − 2)!

f^{(e)ab}Q_aQ_b . (5.8)

where f^{(e)ab} is the inverse of f^{(e)}_{ab}, of course we assume that it is invertible. This procedure can also be used when we have axionic coupling as well.

Finally let us consider the five dimensional supersymmetric black hole studied in [28] in more detail. The corresponding five dimensional action which can be obtained by compactification of type II string theory on K3 × S^1 in the Einstein frame is given by I = 1 16π ∫ d^4x √ −G ( R − 4 3 (∂ϕ)^2 − e^{−4ϕ/3} 4 H^2 − e^{2ϕ/3} 4 F^2 ) , (5.9)

where F is a RR 2-form field strength and H is a 2-form axion field strength arising from the NS-NS 3-form with one component tangent to the S^1. We shall consider the following ansatz for the near horizon solution of the 5-dimensional black hole

ds^2 = v_1 ( −a^2(r)dt^2 + dr^2 a^2(r) ) + v_2r^2dΩ_3, e^{2ϕ/3} = u,

F_{tr} = e_F , H_{tr} = 4 π e_H , (5.10)

in which the entropy function, f, reads f = π 8 v_1v^{3/2}_2 r^3 ( 6v_1 − v_2r^2a^2(r)^{′′} v_1v_2r^2 + 8e^2_H π^2v^2_1 u^2 + e^2_F u 2v^2_1 ) . (5.11)

Therefore the black hole electric charges are given by

Q_F = ∂f ∂e_F = π 8 v^{3/2}_2 r^3 v_1 ue_F , Q_H = ∂f ∂e_H = 2 π v^{3/2}_2 r^3 v_1u^2 e_H , (5.12)

Now one needs to extremize the entropy function with respect to v_1, v_2 and u. Doing so one finds

v_1 = a^2(r)^{′′} 8 ( 8Q_H Q^2_F π^2 )_{1/3} , v_2 = 1 r^2 ( 8Q_H Q^2_F π^2 )_{1/3} , u^3 = 1 2 ( 4Q_F πQ_H )_2 , (5.13) which together with (5.6) can be used to find the entropy as follows S = 2π √ Q_H Q^2_F 2 . (5.14)

The radius of horizon is also found as

r_H = ( 8Q_H Q^2_F π^2 )_{1/6} . (5.15)

Essentially the result is the same as what we have considered in previous section up to a numerical factor. To understand the origin of this numerical mismatch one may use electric-magnetric duality to write the gauge fields as follows

F_3 = 8 π Q_f √ ω_3, H_3 = 2Q_H √ ω_3. (5.16)

We note that in comparison with (2.5) one needs to rescale p^α proprely. Doing so and going through the computations we find the correct numerical factors. Using the R^2 correction to the effective action one can also find the corrections to the entropy.

Acknowledgments

We would like to thank B. Chandrasekhar, A Ghodsi and S. Parvizi for discussions on the related topics.

References

[1] S. Ferrara, R. Kallosh and A. Strominger, “N=2 extremal black holes,” Phys.

Rev. D 52, 5412 (1995) [arXiv:hep-th/9508072].

[2] A. Strominger, “Macroscopic Entropy of N = 2 Extremal Black Holes,” Phys.

Lett. B 383, 39 (1996) [arXiv:hep-th/9602111].

[3] S. Ferrara and R. Kallosh, “Supersymmetry and Attractors,” Phys. Rev. D 54, 1514 (1996) [arXiv:hep-th/9602136].

[4] J. M. Maldacena, A. Strominger and E. Witten, “Black hole entropy in Mtheory,” JHEP 9712, 002 (1997) [arXiv:hep-th/9711053].

[5] B. de Wit, “N = 2 electric-magnetic duality in a chiral background,” Nucl.

Phys. Proc. Suppl. 49, 191 (1996) [arXiv:hep-th/9602060].

[6] G. Lopes Cardoso, B. de Wit and T. Mohaupt, “Corrections to macroscopic supersymmetric black-hole entropy,” Phys. Lett. B 451, 309 (1999) [arXiv:hep-th/9812082].

[7] G. Lopes Cardoso, B. de Wit, J. Kappeli and T. Mohaupt, “Stationary BPS solutions in N = 2 supergravity with R^2 interactions,” JHEP 0012, 019 (2000) [arXiv:hep-th/0009234].

[8] G. L. Cardoso, B. de Wit, J. Kappeli and T. Mohaupt, “Examples of stationary BPS solutions in N = 2 supergravity theories with R^2-interactions,” Fortsch. Phys. 49, 557 (2001) [arXiv:hep-th/0012232].

[9] H. Ooguri, A. Strominger and C. Vafa, “Black hole attractors and the topological string,” Phys. Rev. D 70, 106007 (2004) [arXiv:hep-th/0405146].

[10] A. Dabholkar, “Exact counting of black hole microstates,” Phys. Rev. Lett. 94, 241301 (2005) [arXiv:hep-th/0409148].

[11] E. P. Verlinde, “Attractors and the holomorphic anomaly,” arXiv:hep-th/0412139.

[12] H. Ooguri, C. Vafa and E. P. Verlinde, “Hartle-Hawking wave-function for flux compactifications,” arXiv:hep-th/0502211.

[13] R. Dijkgraaf, R. Gopakumar, H. Ooguri and C. Vafa, “Baby universes in string theory,” arXiv:hep-th/0504221.

[14] V. Pestun, “Black hole entropy and topological strings on generalized CY manifolds,” arXiv:hep-th/0512189.

[15] S. Ferrara, G. W. Gibbons and R. Kallosh, “Black holes and critical points in moduli space,” Nucl. Phys. B 500, 75 (1997) [arXiv:hep-th/9702103].

[16] G. W. Gibbons, R. Kallosh and B. Kol, “Moduli, scalar charges, and the first law of black hole thermodynamics,” Phys. Rev. Lett. 77, 4992 (1996) [arXiv:hep-th/9607108].

[17] K. Goldstein, N. Iizuka, R. P. Jena and S. P. Trivedi, “Non-supersymmetric attractors,” arXiv:hep-th/0507096.

[18] R. Kallosh, “Flux vacua as supersymmetric attractors,” arXiv:hep-th/0509112.

[19] R. Kallosh, “New attractors,” arXiv:hep-th/0510024.

[20] P. K. Tripathy and S. P. Trivedi, “Non-supersymmetric attractors in string theory,” arXiv:hep-th/0511117.

[21] A. Giryavets, “New attractors and area codes,” arXiv:hep-th/0511215.

[22] K. Goldstein, R. P. Jena, G. Mandal and S. P. Trivedi, “A C-function for nonsupersymmetric attractors,” arXiv:hep-th/0512138.

[23] A. Sen, “Black hole entropy function and the attractor mechanism in higher derivative gravity,” JHEP 0509, 038 (2005) [arXiv:hep-th/0506177].

[24] K. Behrndt, G. Lopes Cardoso, B. de Wit, R. Kallosh, D. Lust and T. Mohaupt, “Classical and quantum N = 2 supersymmetric black holes,” Nucl. Phys. B 488, 236 (1997) [arXiv:hep-th/9610105].

[25] T. Mohaupt, “Strings, higher curvature corrections, and black holes,” arXiv:hep-th/0512048.

[26] A. Sen, “Entropy function for heterotic black holes,” arXiv:hep-th/0508042.

[27] P. Prester, “Lovelock type gravity and small black holes in heterotic string theory,” arXiv:hep-th/0511306.

[28] A. Strominger and C. Vafa, “Microscopic Origin of the Bekenstein-Hawking Entropy,” Phys. Lett. B 379, 99 (1996) [arXiv:hep-th/9601029].

[29] M. Guica, L. Huang, W. Li and A. Strominger, “R^2 corrections for 5D black holes and rings,” arXiv:hep-th/0505188.

[30] S. Nojiri, S. D. Odintsov and S. Ogushi, “Cosmological and black hole brane world universes in higher derivative gravity,” Phys. Rev. D 65, 023521 (2002) [arXiv:hep-th/0108172].

[31] M. Cvetic, S. Nojiri and S. D. Odintsov, “Black hole thermodynamics and negative entropy in deSitter and anti-deSitter Einstein-Gauss-Bonnet gravity,” Nucl. Phys. B 628, 295 (2002) [arXiv:hep-th/0112045].

[32] S. Nojiri and S. D. Odintsov, “(Anti-) de Sitter black holes in higher derivative gravity and dual conformal field theories,” Phys. Rev. D 66, 044012 (2002) [arXiv:hep-th/0204112].

[33] R. M. Wald, “Black hole entropy in the Noether charge,” Phys. Rev. D 48, 3427 (1993) [arXiv:gr-qc/9307038].

[34] M. Visser, “Dirty black holes: Entropy as a surface term,” Phys. Rev. D 48, 5697 (1993) [arXiv:hep-th/9307194].

[35] T. Jacobson, G. Kang and R. C. Myers, “On black hole entropy,” Phys. Rev.

D 49, 6587 (1994) [arXiv:gr-qc/9312023].

[36] V. Iyer and R. M. Wald, “Some properties of Noether charge and a proposal for dynamical black hole entropy,” Phys. Rev. D 50, 846 (1994) [arXiv:gr-qc/9403028].

[37] T. Jacobson, G. Kang and R. C. Myers, “Black hole entropy in higher curvature gravity,” arXiv:gr-qc/9502009.

[38] D. Lovelock, “The Einstein Tensor And Its Generalizations,” J. Math. Phys.

12, 498 (1971).

[39] M. Cvitan, S. Pallua and P. Prester, “Horizon conformal entropy in Gauss- Bonnet gravity,” Phys. Lett. B 546, 119 (2002) [arXiv:hep-th/0207265].

[40] B. Chandrasekhar, S. Parvizi, A. Tavanfar and H. Yavartanoo, “Nonsupersymmetric attractors in R^2 gravities,” arXiv:hep-th/0602022.

[41] S. W. Hawking and D. N. Page, “Thermodynamics Of Black Holes In Anti-De Sitter Space,” Commun. Math. Phys. 87, 577 (1983).

[42] R. Kallosh, A. D. Linde, T. Ortin, A. W. Peet and A. Van Proeyen, “Supersymmetry as a cosmic censor,” Phys. Rev. D 46, 5278 (1992) [arXiv:hep-th/9205027].

[43] S. N. Solodukhin, “Conformal description of horizon’s states,” Phys. Lett. B 454, 213 (1999) [arXiv:hep-th/9812056].