arXiv:1107.1250v3 [gr-qc] 29 Nov 2011

Simple counterterms for asymptotically AdS spacetimes in Lovelock gravity

Alexandre Yale^∗ Perimeter Institute, 31 Caroline St. N., Waterloo, Ontario N2L 2Y5, Canada Department of Physics & Astronomy and Guelph-Waterloo Physics Institute, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada (Dated: October 17, 2011)

Although gravitational actions diverge in asymptotically AdS spacetimes, boundary counterterms can be added in order to cancel out those divergences; such counterterms are known in general to third order in the Riemann tensor for the Einstein-Hilbert action. Considering foliations of AdS with an S^m ×H^{d−m} boundary, we discuss a simple algorithm which we use to generate counterterms up to sixth order in the Riemann tensor, for the Einstein-Hilbert, Gauss-Bonnet and third-order-Lovelock Lagrangians. We also comment on other theories such as F (R) gravity.

I. INTRODUCTION

An important application of the AdS / CFT correspondence [1] has been the study of the thermodynamics of field theories using the tools of black hole thermodynamics. The combination of these two ideas means that one may calculate the free energy of a strongly coupled field theory by integrating the action of a gravitational theory on a suitable background. In particular, this has recently been used to calculate holographically the entanglement entropy of conformal field theories using black hole thermodynamics [2–5].

These gravitational actions are understood to diverge in precisely the same way as their dual quantum field theories [6]. However, the regularization techniques which deal with these divergences are quite different than their field-theoretic counterpart. For example, in order to calculate the free energy associated with a black hole, one typically evaluates the gravitational action then subtracts a divergent piece corresponding to a background which resembles this black hole spacetime. This technique, which goes by the name of background subtraction, can however be problematic because it is not always clear which background spacetime should be subtracted [7]. Topological black holes [8] are particularly problematic: for example, in the case of some hyperbolically-foliated black holes in AdS, it is unclear whether the background should be the hyperbolic foliation of AdS, which itself corresponds to a thermal state similar to the BTZ black hole, or an extremal black hole embedded in AdS, which has T = 0 but is no longer AdS. Moreover, in the context of a gauge/gravity duality, one would expect to find a regulating scheme for gravity which is closer to the one found in field theories, namely through the addition of counterterms. It is important to note that these counterterms are not in competition with the Gibbons-Hawking surface terms that one must add to the action to ensure that the variational principle is well-defined: rather, it is the total action (bulk + boundary) which diverges, and the surface counterterm regularizes these divergences.

The development of such counterterms began soon after the emergence of the AdS/CFT correspondence, initially through the calculation of stress-energy tensors and as a means of renormalizing correlation functions on the gravity side of the duality [9, 10], and soon after as a means of studying the thermodynamics of those topological black holes for which the background subtraction techniques failed [7]. Because this method is both physically well-motivated, through the AdS / CFT correspondence, and much simpler than other regularization techniques, it has become a standard tool in holographic calculations. In particular, it has been key to a number of recent results, such as the derivation of thermodynamic quantities for various types of Kerr-NUT/bolt-AdS spacetimes [11–15] and D-branes [16], as well as the study of linear dilaton gravity [17].

Through a connection with the trace anomaly in the boundary theory [18, 19], an algorithm has been developed [20] to compute these counterterms for asymptotically AdS spacetimes with an arbitrary foliation. This algorithm consists of an iterative procedure whereby the action is varied to yield the stress-energy tensor, which is itself used to find the term that must be added to the Lagrangian to cancel its divergences to the next order. This

∗Electronic address: ayale@perimeterinstitute.ca

new improved Lagrangian is then once again integrated and varied, yielding the next order of the energy-momentum tensor, and so on.

Despite its validity, there are obvious drawbacks to this algorithm. Most importantly, although it allows one to easily calculate the first few counterterms, the higher-order terms have never been computed because of the rapidly increasing complexity of the algebra caused by the need to vary the action with counterterms, as pointed out in [12, 20]. Most of these difficulties come from the generality with which the algorithm was developed: it applies to any foliation of AdS, including those with complicated boundary geometries, such that the boundary counterterms contain terms such as ∇R.

A much more straightforward approach to find renormalizing counterterms consists of first choosing a specific foliation, based on the problem of interest, before finding the linear combination of surface curvature scalars which eliminate the divergences [20]. This is how, in practice, the method of counterterms is actually used. A drawback to this second technique is the limited range of applicability of its results: the counterterms found are no longer valid if the spacetime is foliated differently, and one must perform this tedious task anew for every new problem.

We provide a middle-ground solution. In the spirit of AdS / CFT, one is often interested in boundary geometries which are conformally flat, such as R^d, S^d, H^d, S^m × H^{d−m} and so on. One may therefore look for a simpler algorithm that can yield counterterms valid for this restricted, yet still fairly large, interesting subset of boundaries. Our approach will embody the spirit of the second technique described earlier, which we will modify in such a way that the counterterms be valid for every foliation of AdS having one of the boundaries listed above. Restricting ourselves to those boundaries does not restrict the AdS spacetime itself: rather, it puts restrictions on the kind of conformal field theories our bulk spacetime can be dual to. These theories live on a cutoff surface which is very close to the boundary, but which may be highly curved and complicated if we so desire; our results are valid when the CFTs live on one of the geometries written above, which are by far the most popular in the literature. We ultimately provide, as a future reference, expressions for the counterterms up to sixth order in the Riemann tensor.

The duality between, on one hand, central charges and couplings in the field theory and, on the other, parameters in the gravitational theory has been explored through the trace anomaly [18, 19]. In particular, one learns that General Relativity is only dual to those conformal field theories for which all the central charges are equal. This is simple to understand: GR does not have enough free parameters to account for the ratios between these charges. In order to probe a larger space of field theories, one must expand to more general theories of gravity which contain more free parameters, such as Lovelock theories. These additional central charges have recently been investigated holographically [21, 22] and the compilation of a dictionary has begun [23, 24, 54–58], translating the couplings of this theory into those of the conformal field theory. Because the Lovelock Lagrangians contain terms of higher order in the Riemann tensor, the algorithm from [20] described earlier, while still applicable, becomes yet even more complicated than in the Einstein-Hilbert case, such that generic counterterms for Lovelock theories have yet to be calculated, as pointed out in [25]. The simpler technique which we will use here will allow us to take on this issue.

We begin in Section II by describing the general form of the counterterms as well as the technique we will use to derive them. In Section III, we will go through the derivation of these counterterms for the case of General Relativity, which will exemplify the use of the method, while in Section IV, we will apply these ideas to Lovelock theories. Finally, we will provide a simple application of these counterterms by calculating the entanglement entropy of a spherical surface, following the construction of [3], in section V. In Section VI, we will discuss some of the consequences of these counterterms with regards to applications and thermodynamics in general, and comment on their geometric meaning. Appendix A contains some formulas for Lovelock gravity which are difficult or impossible to find in the literature, while in Appendix B, we discuss a curious result whereby one may calculate a renormalized action starting only from a vanishing bulk action and no boundary counterterm. We comment on renormalizing bulk actions alone (with no boundary terms) in asymptotically AdS spacetimes, and discuss F (R) gravity, in Appendix C and finally write the expressions for the counterterms in Appendix D.

II. FORM OF THE COUNTERTERMS

The setup is as follows: we consider vacuum AdS with scale L and some UV cutoff boundary at a finite radius r. Then, we will look for surface counterterms on this boundary, built only from quantities intrinsic to the boundary, which will cancel out the divergences in the action when the limit r/L → ∞ is taken. This is done by expanding the action in powers of r and adding counterterms which cancel the positive powers of r order by order such that, at the end of the procedure, we are left with a finite action.

Working in the vacuum of AdS may not seem particularly useful: we are generally interested in spacetimes which are asymptotically locally AdS but which are not AdS vacuum. However, these same counterterms that we will derive in the vacuum case will also cancel out the divergences that appear in other bulk spacetimes which asymptote to AdS with this same boundary [20], as it is clear that these are all UV divergences with a universal form. Therefore, our goal is to find counterterms which renormalize gravitational actions in vacuum AdS.

Motivated by our goal to study conformal field theories on conformally flat backgrounds, we will restrict ourselves to conformally flat boundaries of the form S^m × H^{d−m}, where H^{d−m} corresponds to the hyperbolic hyperplane; such boundaries were also recently considered in lower-dimensional settings [26]. More precisely, our bulk metric will take the form

ds^2 = dr^2 1 +^{r2}_{L2} + ( r^2 + L^2 ) dH^2_{d−m} + r^2dΩ^2_m , (1)

where dH^2 and dΩ^2 are the line elements for the unit-curvature hyperbolic hyperplane and sphere:

dH^2_{d−m} = du^2_1 + sinh^2 u_1du^2 + sinh^2 u_1 sin^2 u_2du^2_3 + sinh^2 u_1 sin^2 u_2 sin^2 u_3du^2_4 + . . .

dΩ^2_m = dθ^2_1 + sin^2 θ_1dθ^2 + sin^2 θ_1 sin^2 θ_2dθ^2_3 + sin^2 θ_1 sin^2 θ_2 sin^2 θ_3dθ^2_4 + . . . . (2) The dual CFT lives on the r/L → ∞ boundary of this spacetime, which is conformally flat since the radii of S^m and H^{d−m} agree in this limit. However, in order to calculate the counterterms, we need to perform an expansion in (r/L)^{−1}; this forces (r/L) to remain a finite quantity throughout the calculations, meaning that the boundary metric will in effect be

ds^2 = ( r^2 + L^2 ) dH^2_{d−m} + r^2dΩ^2_m . (3)

Working with this family of foliations (1) will be extremely useful for two reasons. First, it will provide us with the additional equations we require in order to uniquely set coefficients in the counterterms. Indeed, these will be of the form I_{ct} = ∫ d^dx √ h { α_{0,1} + α_{1,1}R + α_{2,1}R^2 + α_{2,2}R^{ab}R_{ab} + · · · } ; (4)

where R_{abcd} (in script notation) corresponds to the boundary Riemann tensor and h_{ab} is the induced metric at finite r. Our goal is to find the coefficients α_{i,j} , which we do by expanding both this counterterm (4) and the non-regulated bulk and boundary actions in powers of r, and matching the coefficients of r^n. Working with a single foliation, it is possible to uniquely set α_{0,1} and α_{1,1}. However, because the counterterm contains two terms of order R^2, we need at least two independent equations to uniquely set the coefficients α_{2,1} and α_{2,2}. Each foliation (that is, each value of m) will provide us with one such equation, up to m ↔ (d − m). Working with the generic foliation H^{d−m} × S^m will therefore provide us with the ever-increasing number of independent equations we will need to uniquely set the higher-order coefficients.

There is another important advantage to working with the family of metrics given by (1): by considering a single family of foliations characterized by an integer m, we can construct an extremely simple computational framework which can calculate any scalar quantity (built from either the extrinsic curvature or the boundary Riemann tensor) on the boundary, for any m. Indeed, because the boundary is the product of conformally flat Einstein manifolds, the Weyl tensor vanishes on each part and we find, on either H^{d−m} or S^m, that the Riemann tensor can be written in terms of the Ricci tensor: R^a_{bcd} = 1 p − 1 (δ^a_c R_{bd} − δ^a_d R_{bc}) , (5)

where p is the dimension of the submanifold (so either p = m or p = d − m). This will dramatically simplify the calculations since it implies that boundary scalars can be written as linear combinations of terms of the form Tr(R^nK^m), meaning the trace of the matrix multiplication of n Ricci tensors and m extrinsic curvatures. Writing

{α, β, γ, δ} as S^m indices and {μ, ν, ρ, σ} as H^{d−m} indices, we can illustrate this idea by calculating K^{ac}R^{bd}R_{abcd} = K^{αγ} R^{βδ}R_{αβγδ} + K^{μρ}R^{νσ} R_{μνρσ} = 1 m − 1 [ Tr_S (K)Tr_S (R^2) − Tr_S (KR^2) ] + 1 d − m − 1 [ Tr_H (K)Tr_H (R^2) − Tr_H (KR^2) ] , (6) where the subscripts H and S mean that we’re tracing only over the hyperbolic or spherical indices.

The Ricci tensor on each submanifold is given by R_{ab} = ±^{(p−1)}_{R20} g_{ab}, where R_0 and p are the radius and dimension of the submanifold and where we take the positive sign for the spherical submanifold and the negative for the hyperbolic one. Therefore, we can easily calculate, with x ≡ L^2/r^2:

Tr_S (R^aK^b) = x^a L^{2a+b} [ (1 + x)^{b/2}m(m − 1)^a ]

Tr_H (R^aK^b) = x^a L^{2a+b}(1 + x)^{a+ b}2

[(−1)^a(d − m)(d − m − 1)^a] ; (7)

the total trace is simply defined as the sum of these two quantities:

Tr(R^aK^b) = x^a L^{2a+b}(1 + x)^{a+ b}2 [ (1 + x)^{a+b}m(m − 1)^a + (−1)^a(d − m)(d − m − 1)^a ] . (8)

Any contraction of an arbitrary number of boundary Riemann tensors and extrinsic curvatures, on our hypersurface of constant r, can be calculated using equations (5) and (7), which is quite extraordinary. This will be crucial when investigating Lovelock theories, whose Gibbons-Hawking-York terms involve incredibly complex contractions (see Appendix A) of the extrinsic curvature and the Ricci and Riemann tensors.

An important consequence of equation (8) is that the trace of an odd number of Ricci tensors is not independent of the other quantities to leading order in x. For example, we can write

Tr(R^3) = 1 d(d − 1) [ (2d − 1)Tr(R)Tr(R^2) − Tr(R)^3 ] . (9)

Hence, such terms will not appear in our counterterms. Note also that the counterterms which we will consider will be intrinsic quantities only: these correspond to the b = 0 case of equation (7). However, terms with b ≠ 0 will appear in the surface terms (equivalent to the Gibbons-Hawking-York term for GR) of Lovelock theories.

III. GENERAL RELATIVITY

Let’s begin with a detailed derivation of the counterterms for General Relativity as a preamble to the more complex Lovelock calculations in the following section. In Anti-deSitter space, the Einstein-Hilbert bulk action is given by

I_{bulk} = ∫ d^{d+1}x √ −g ( d(d − 1) L^2 + R ) , (10)

where the first term corresponds to the cosmological constant and L is the AdS curvature scale. Note that here and for the rest of the paper, we will drop the prefactor (16πG)^{−1} for notational simplicity.

The divergences that we are trying to remove come entirely from the asymptotic region of the spacetime [20]. As such, it suffices for us to consider counterterms which will renormalize the action for AdS spacetime itself; these same counterterms will then naturally also renormalize the action for asymptotically AdS spacetimes with an S^m × H^{d−m} boundary. Using the fact that AdS is maximally symmetric, meaning R_{abcd} =^{−1}_{L2} (g_{ac}g_{bd} − g_{ad}g_{bc}), and relating the integral over the bulk to the integral over the boundary, we calculate the bulk action

I_{bulk} = −2d L^2 ∫ d^{d+1}x √ −g = −2d L^2 σ ∫ dr ( 1 + r^2 L^2 )_{−1/2} ( r^2 + L^2 )^{d−m}_2 r^m

= −2d L^2 ∫ d^dx √ h 1 r^m ( 1 +^{r2}_{L2} )^{d−m}_2 ∫ dr ( 1 + r^2 L^2 )^{d−m−1}_2 r^m , (11) where h_{ab} corresponds to the induced metric on a hypersurface located at a finite value of r and σ is the divergent integral over the unit m-sphere and (d − m)-hyperbolic hyperplane. Although writing the bulk action as a boundary integral in the above equation may seem peculiar, it will let us perform all our computations on the integrand alone without ever having to perform the boundary integral over ∫ d^dx √ h. For a manifold with boundary such as the one we are considering here, a surface term must be added to the action to ensure that its variational principle is well-defined. For the Einstein-Hilbert action, this boundary term is known as the Gibbons-Hawking-York term, which is simply I_{sur} = 2 ∫ d^dx √ hK; using equation (8), we can write this term explicitly as

I_{sur} = ∫ d^dx √ h 2 L ( 1 +^{L2}_{r2} )_{1/2} [( 1 + L^2 r^2 ) m + (d − m) ] . (12)

The total action is I = I_{bulk} + I_{sur} from equations (11) and (12). Working order by order (in either x = L^2/r^2 or the Ricci tensor, which are of the same order), we look for the coefficients α_{i,j} from equation (4) which ensure that the divergent part of the total action is canceled out by the counterterm for every value of m (that is: every foliation). To zeroth order, only one constant needs to be found — α_{0,1} — such that we only need to consider one foliation, which will be m = d for simplicity. Setting I = I_{ct} and truncating to zeroth order in x yields

2(d − 1) L I = α_{0,1} I ct . (13)

To first order, we once again only need to consider a single foliation, m = d, and our single equation is d(d − 1) (d − 2)L I = α_{1,1} d(d − 1) L^2

I_{ct} , (14)

obviously yielding

α_{1,1} = L d − 2 . (15)

To second order, we find our first non-trivial system of equations as we have two constants to solve for. Looking at the two foliations m = d and m = d − 1 leaves us with two independent equations and two constants to find: m = d → −d(d − 1) 4L(d − 4) = α_{2,1} d^2(d − 1)^2 L^4

+ α_{2,2} d(d − 1)^2

L^4 m = d − 1 → −(d − 1) 4L I = α_{2,1}

(d − 1)^2(d − 2)^2 L^4

+ α_{2,2}

(d − 1)(d − 2)^2

L^4

I_{ct} , (16)

yielding the solution

α_{2,1} = −dL^3 (d − 4)(d − 2)^2

α_{2,2} =

L^3 (d − 4)(d − 2)^2 . (17)

Combining the above calculations and rewriting slightly leads to a counterterm up to order R^2:

I_{ct} = ∫ d^dx √ h ( 2(d − 1) L + L d − 2 R + L^3 (d − 4)(d − 2)^2 [ R^{ab}R_{ab} − d 4(d − 1)

R^2 ] + . . . ) ; (18)

this has previously been calculated in [20] and [7]. It is simple to keep going, however, and we can continue this procedure to arbitrary order; we provide the equation to sixth order in (D1). This counterterm can be subtracted from the gravitational action to yield a finite action in asymptotically AdS spacetimes with boundaries given by

S^m × H^{d−m}, which are highly interesting choices in light of the AdS / CFT correspondence. In other words, the following action is finite:

I_{GR,ren} = ∫ d^{d+1}x √ −g ( d(d − 1) L^2 + R ) + 2 ∫ d^dx √ hK − I_{ct} . (19)

Because of the powers of r which are hidden inside √ h, the counterterm (D1) is really an expansion in r, with √ hR^i being of order r^{d−2i}. Therefore, the series should be truncated at order n, where d = 2n + 1, 2n + 2 [7, 20], to ensure that only the divergences get subtracted. For even d = 2m, this means that a finite term will be left over in the action; indeed, this term cannot be subtracted since its corresponding counterterm would have to be proportional to √ hR^m which, as can be seen in equation (D1), is proportional to^1_{d−2m} and would therefore diverge. This finite term is the gravitational anomaly [20].

While the previously known results in the literature, which contained terms up to third order in the Riemann tensor, allowed one to study up to eight bulk dimensions, the counterterm we provide works in up to fourteen dimensions, and can easily be expanded to work in an arbitrary number of dimensions. This therefore provides much greater freedom in studying higher-dimensional field theories.

IV. LOVELOCK GRAVITY

A common application for the counterterm method is holography: the thermodynamics of asymptotically AdS spacetimes are dual to the thermodynamics of some field theory living on this boundary. However, this duality is greatly constrained by the fact that General Relativity is dual only to those conformal field theories where all the central charges are equal; this is essentially caused by the lack of free parameters. Although this is not a problem when working with two-dimensional conformal field theories, whose universality class is uniquely defined by a single central charge c, it becomes an important limiting factor when trying to study higher-dimensional field theories which may have multiple central charges. A more general theory of gravity, built from Lovelock Lagrangians [27] (for a review of such Lagrangians, see Ch. 15 of [28]), can help with this issue as it provides additional parameters which can be dual to CFT couplings. In particular, the coupling in front of the Gauss-Bonnet term L_2, described below, has recently been precisely linked to the ratio between the central charges of the dual higher-dimensional CFT [23, 24]. Although briefly studied in the case of four-dimensional Gauss-Bonnet gravity [30, 31], these counterterms are not known for Lovelock theories in d dimension[25]; therefore, we will follow the same steps as in the previous section to fill this gap in the literature.

These Lovelock Lagrangians are the natural generalization of the Einstein-Hilbert Lagrangian to higher dimensions. Indeed, just as the Einstein-Hilbert Lagrangian is the Euler density of a two-dimensional manifold, the mth Lovelock Lagrangian L_m is the Euler density of a 2m-dimensional manifold. Thus, the quantity L_m vanishes in less than 2m dimensions, and is a total derivative in exactly 2m dimensions [32] since it is topological; in particular, this means that the only Lovelock Lagrangian which is not a total derivative in 4 dimensions is the m = 1 Einstein-Hilbert term. Moreover, the m-th Lovelock Lagrangian is the unique scalar of order m in the Riemann tensor whose equations of motion are second order: they are specifically built so that the fourth-order terms cancel out. These Lagrangians are given by L = ∑ m λ_mL_m L_m = δ^{A1 B1A2B2 ···AmBm} C_1D_1 C_2D_2···C_mD_m R

C_1D_1 A_1B_1 R

C_2D_2 A_2 B_2 · · · R C_mD_m A_mB_m , (20)

where δ^{A1B1 A2B2 ···AmBm} C_1D_1C_2 D_2···C_mD_m = δ

[A_1 C_1 δ

B_1 D_1 · · · δ B_m] D_m (21)

is the totally antisymmetric determinant tensor. In particular, the m = 1 cases leads to the Einstein-Hilbert Lagrangian L_1 = R, while L_2 = R^2 − 4R_{ab}R^{ab} + R_{abcd}R^{abcd} is the Gauss-Bonnet Lagrangian. Examples of Lovelock Lagrangians for larger values of m can be found in Appendix A.

Thanks to the simplicity of our method for finding counterterms, we are able to calculate them for any Lovelock theory, and to arbitrary order. The first step is calculating the bulk action

I_{bulk,m} = ∫ d^{d+1}x √ −g (L_m − 2Λ_m) . (22)

As in the previous section, the fact that the bulk spacetime is maximally symmetric makes evaluating L_m a trivial matter. However, because the equations of motion from (22) are now different than in the case of General Relativity, we need to find the cosmological constant Λ_m which ensures that the metric (1) is a solution. While varying the Lovelock Lagrangian in equation (22) appears at first to be a daunting challenge, one finds a surprisingly simple result [33]. In vacuum, the equations of motion can be written as 0 = P^{bcd}_a R_{ebcd} − 1 2 g_{ae}L_m + Λg_{ae} P^{ab}_{cd} = mδ^{aba2b2 a3b3 ···ambm} cdc_2d_2c_3d_3···c_md_m R c_2d_2 a_2b_2 · · · R c_md_m a_mb_m . (23)

After some algebra, one finds that this leads to

L_{bulk} = L_m − 2Λ = 2m(−1)^m L^{2m} d(d − 1)(d − 2) · · · (d − 2m + 2); (24)

In particular, we recover the result from the previous section, the prefactor in equation (11), for m = 1: L_1 −2Λ =^{−2d}_{L2} . The bulk action is then simply given by I_{bulk} = L_{bulk} ∫ d^{d+1}x √ −g. Just as a Gibbons-Hawking surface term must be added to the Einstein-Hilbert action to make the variational principle well-defined, a surface countribution must be added to our Lovelock Lagrangian. The topological nature of these Lagrangians will help us find this term: in particular, the Lagrangians are closed and locally exact in d = 2m dimensions. The Chern-Simons form Q is defined to embody this quality: given two connections Γ_1 and Γ_2, we have dimensions dQ(Γ_1, Γ_2) = L_m(Γ_1) − L_m(Γ_2). Then, index theorems [29, 49] tell us that for a manifold with boundary, the Euler characteristic χ must be supplemented by a boundary contribution: χ = ∫ (L_m(Γ) + dQ(Γ_0, Γ));

pictorially, the dQ in this equation replaces the bulk Lagrangian L_m(Γ) with L_m(Γ_0) where Γ_0 is the connection for a product metric having the same boundary. In common language, this Chern-Simons term Q can be written [12, 34]

Q_m = 2m

∫_1 0 dtδ^{a1a2 ···a2m−1} b_1 b_2···b_{2m−1} K b_1 a_1 ( 1 2 R^{b2 b3}_{a2 a3} − t^2K^{b2}_{a2} K^{b3}_{a3} ) · · · ( 1 2 R^{b2m−2 b2m−1} a_{2m−2} a_{2m−1} − t 2K^{b2m−2} a_{2m−2} K b_{2m−1} a_{2m−1} ) ; (25)

the Einstein-Hilbert and Gauss-Bonnet surface terms are thus:

Q_1 = 2Tr(K)

Q_2 = 4Tr(R)Tr(K) − 8Tr(KR) − 4 3 Tr(K)^3 + 4Tr(K)Tr(K^2) − 8 3 Tr(K^3),

(26)

while larger surface terms can be found in Appendix A. The Gibbons-Hawking-like surface term will be the dimensionally-extended version of Q_m and will precisely cancel out normal derivatives of the metric on the boundary, thus ensuring that the variational principle is well defined. This has long been known for the m = 1 Einstein-Hilbert case, and has also been done in detail for the m = 2 Gauss-Bonnet term [46]. These boundary terms have in particular been used to find the Israel conditions [47] and Friedmann equations [48] for Einstein-Gauss-Bonnet gravity. For a more in-depth discussion, we refer the reader to [32] and references therein.

Upon using equation (8) to write these Q_m explicitly as functions of x =^{L2}_{r2} , the total action is found by integrating the bulk action from equation (24), as was done for General Relativity in equation (11), and adding the boundary integral of Q_m from equation (25). Proceeding in precisely the same way as in Section III, we solve linear equations to find the surface counterterm that we should add in order to make the action finite. As in the previous section, we find the counterterms up to sixth order for future reference: they are given in equations (D2) and (D2) for second-order and third-order Lovelock gravity, respectively.

In practice, one should combine many of the above counterterms. For example, in order to regularize an action with Einstein-Hilbert, Gauss-Bonnet and m = 3 Lovelock terms, I = ∫ [λ_1(R − 2Λ_1) + λ_2(L_2 − 2Λ_2) + λ_3(L_3 − 2Λ_3)] + ∮ [λ_1(2K) + λ_2(Q_2) + λ_3(Q_3)] , (27)

one must combine the counterterms from equation (D1) with those from equations (D2) and (D3). These equations are the main results of this paper. As discussed at the end of Section III, they can renormalize the action in up to fourteen boundary dimensions.

V. SIMPLE APPLICATION: ENTANGLEMENT ENTROPY

Let us now demonstrate a practical implementation of these results to holographic calculations of entanglement entropy [50–52]. It has recently been shown [3] that the entanglement entropy for a spherical surface in a CFT is equal to the Wald entropy of the “topological black hole” consisting of the hyperbolic foliation of AdS_{4+1}:

ds^2 = − ( r^2 L^2 − 1 ) L^2 R^2 dt^2 + dr^2 r^2 L^2 − 1

+ r^2dH^2_3 . (28)

We will not go into the details of this construction, which can be found in [3]. Rather, our aim is to provide a simple example where the counterterms may be used. If we take our gravity action to be Einstein-Gauss-Bonnet: I = 1 2l^3_P ∫ d^5x √ −g [ − 12 L^2f_∞

+ R + λf_∞L^2 2 L_2 ] + 1 2l^3_P ∫ d^4x √ h [ 2K + λf_∞L^2 2 Q_2 ] , (29)

where f_∞ obeys 1 − f_∞ + λf^2_∞ = 0, then the entanglement entropy will be proportional to the central charge a of the CFT [3] which, using the standard AdS/CFT dictionary [23, 24], can be written

a = π^2 ( L l_P )_3

(1 − 6λf_∞) . (30)

Using the counterterms calculated in the previous sections, we can present an alternate and elegant derivation of this result. Instead of directly computing the Wald entropy of the horizon, as is done in [3], we will compute the free energy F of the spacetime by integrating the action. In particular, this will reproduce the entropy result through S ∝ ∂F/∂T .

This free energy will necessarily diverge due to the large-r bound of integration, and the standard technique to deal with this — background subtraction — is ambiguous since our spacetime is already (a particular coordinate choice of) vacuum AdS. The introduction of counterterms allows us to deal with the large-r divergences and calculate the free energy: βF = 1 2l^3_P ∫ d^5x √ −g [ − 12 L^2f_∞

+ R + λf_∞L^2 2 L_2 ] + 1 2l^3_P ∫ d^4x √ h [ 2K + λf_∞L^2 2 Q_2 ]

− 1 2l^3_P ∫ d^4x √ h [ 6 L + L 2 R + λf_∞L^2 2 ( −8 L^3 + 2 L R )]

= − (1 − 6λf_∞) L^3 l^3_P R βH , (31)

where H = ∫ dH_3 is the area of the hyperbolic slice. The second line in this expression corresponds to the counterterms from equations (D1) and (D2). These are truncated to order R because we are working with d = 4 for simplicity, and the constant term which they introduce was thrown out. Since the temperature T = β^{−1} for the line element (28) is given by [53] T = L 4πR ∂_r ( r^2 L^2 − 1 ) | | |_{r=L} = 1 2πR , (32)

we can calculate the entropy density: s = S/H = − ∂ (F/H) ∂T = 2 π a , (33)

where we used equation (30). This result is in agreement with [3].

VI. DISCUSSION

A popular motivation for studying renormalization counterterms in asymptotically AdS spacetimes is to understand the thermodynamics of their associated conformal field theories. Indeed, the action of a bulk theory of gravity evaluated on an asymptotically AdS background provides us, through the usual ideas of black hole thermodynamics, with the free energy of this spacetime. The AdS / CFT correspondence then links this free energy with that of a thermal vacuum of the dual field theory living on the boundary. Although this free energy — and its associated entropy — is generally divergent, the method of counterterms not only provides a consistent and mostly unambiguous way of calculating the renormalized bulk free energy, it does so in a way which is analogous to the counterterm renormalization technique used on the CFT side. Because our technique is easily applicable to any gravitational Lagrangian, as demonstrated by our application to Lovelock Lagrangians, a large number of conformal field theories can be studied in this manner. Indeed, previous work on counterterms has essentially focused on General Relativity and on the first two or three terms in the counterterm expansion; this not only limits the number of dimensions that the dual field theory may have, but also constrains us to look only at a small section of the space of field theories, where all central charges are equal. By generalizing to both higher-order counterterms and wider gravitational theories, we have lifted both of these constraints, at the very small cost of requiring the field theories to live on conformally flat Einstein spacetimes.

An important lesson, which was also pointed out in [20], is that the renormalized action will see no contribution from surface terms at infinity, such as the Gibbons-Hawking-York surface term, because they are entirely canceled out by the renormalization procedure. This means that all the information contained in the renormalized action appears to be included in the bulk term alone. As we exemplify in Appendix B, this can even be true when the bulk term vanishes!

In fact, the counterterm plays two roles: it cancels the boundary term at infinity and regularizes the volume integral. This can be seen by writing the bulk Lagrangian, in a stationary spherically symmetric background, as a total derivative, L(r) = ∂_rf(r), such that the action is: I = ∫_r r_0 Ldr + ∮ Q = f(r) − f(r_0) + ∮ Q . (34)

Then, up to a constant, the only contribution which will survive the renormalization process is f(r_0): that is, the entire non-trivial contribution to the free energy will come from the horizon. This is caused by the divergent nature of f(r) and ∮ Q, both of which being evaluated at infinity, and the counterterm’s role will be to cancel them out up to some constant.

This means that the boundary terms of the non-renormalized theory are not required in order to find the renormalized action. In that spirit, we will provide an expression for counterterms which regularize bulk Lagrangians in asymptotically AdS spacetimes in Appendix C, allowing one to renormalize theories of gravity for which surface terms are not usually used, such as F (R) gravity. Moreover, this point of view is particularly insightful in that it can shed some light on some alternate counterterms which have been proposed in an effort to understand the geometric meaning of counterterms. In particular, it has been noticed [12] that in 2n dimensions, another possible counterterm for either Einstein-Hilbert or Lovelock gravity (without Gibbons-Hawking surface terms) is the Chern-Simons form Q_n, with a proportionality constant depending on the theory which we are investigating. One should note, however, that unlike the counterterms we present here, Q_n depends on quantities extrinsic to the boundary. In four-dimensional General Relativity, the following action is finite for some value of α: I_{ren} = ∫ ( R + 6 L^2 ) + α ∮ Q_2 . (35)

It seems very surprising that the surface term for m = 2 Lovelock gravity, Q_2, somehow knows enough about the Einstein-Hilbert action to cancel its divergences. However, it turns out that this is merely a regularization of the volume integral. Indeed, because the Euler number in four dimensions is χ = ∫ L_2 + ∮ Q_2, then the regularizing term ∮ Q_2 in equation (35) is merely, up to a constant (χ), the volume integral of the Gauss-Bonnet Lagrangian L_2. However, since both R =^{−12}_{L2} and L_2 =^{24}_{L2} are constants in AdS, then the above action (35) can be written I_{ren} = ∫ (_{−6} L^2 − α 24 L^4 ) + αχ, which diverges unless α =^{−L2}_4 ; this value of α is also found in [12]. Thus, Q_2 regularizes the action in pure AdS. No issues will arise when we extend the discussion to asymptotically AdS spacetimes with, say, a black hole in the center, since we’ve seen that all the divergences come from the boundary. Through a Fefferman-Graham expansion, [35, 36] shows that this is indeed the case.

Because the counterterms are essentially a series in ∑ i r^{d−2i}, one may find, depending on whether the dimensionality is even or odd, a finite counterterm. This introduces an inherent ambiguity as to whether this finite term should be added, as initially pointed out in [10, 20]. This problem is akin to the fact that one may add a constant term to the action without affecting the equations of motion. However, adding this constant term would affect both the free energy and energy density, emphasizing once more that these are only useful as relative quantities.

As we showed in section V, these counterterms let us calculate the renormalized free energy without having to worry about the usual ambiguity of background subtraction. This allowed us to calculate the entropy density for a hyperbolic black hole with inverse temperature β = 2πR. This quantity has previously been shown to be equal to the entanglement entropy for a spherical entangling surface [3] and is proportional to the A-type central charge of the boundary theory.

The counterterms that we find in equations (D1), (D2) and (D3) apply to the boundaries of asymptotically conformally flat AdS spaces which are among the most interesting in the context of AdS / CFT. Counterterms were previously known to third order in General Relativity, which only renormalize the action in up to 8 dimensions; by including the counterterms to sixth order, the action remains finite in up to 14 dimensions. Moreover, the Lovelock theories of gravity which we considered are dual to richer families of conformal field theories than pure General Relativity.

Acknowledgments

The author would like to thank Rob Myers for many insightful comments and suggestions, as well as Janet Hung, Nima Doroud and Ross Diener for insightful discussions. Some of the calculations were done with the help of the tensor manipulation software Cadabra [44, 45]. The author is supported by the National Science and Engineering Research Council of Canada. Research at Perimeter Institute is supported by the Government of Canada through Industry Canada and by the Province of Ontario through the Ministry of Research & Innovation.

Appendix A: Lovelock Theory

The Lovelock Lagrangian L_m consists of the Euler density for a compact 2m-dimensional manifold as well as its corresponding Chern-Simons surface term Q_m [12, 34] which yields the boundary contribution to the Euler number for a manifold with boundary. Although the action can be succinctly written as S = ∫ L_m + ∮ Q_m with L_m and Q_m given by equations (20) and (25), these definitions involve the totally antisymmetric tensor δ^{a1a2 ...a2m}_{b1b2 ...b2m} which we must expand in order to perform actual computations. As this can be a tedious exercise in practice, especially for the surface term, the expressions for Lovelock Lagrangians past the Gauss-Bonnet term (m = 2) are extremely difficult to find in the literature. We therefore provide some of these here for convenience. The bulk terms are

L_1 = R

L_2 = R^2 − 4R_{ab}R^{ab} L_3 = R^3 − 12RR^{ab}R_{ab} + 3RR^{abcd}R_{abcd} + 16R^{ab}R^c_a R_{bc} + 24R^{ac}R^{bd}R_{abcd} − 24R^{ab}R^{cde}_a R_{bcde} + 2R^{abcd}R_{ab}R^{ef} R_{cdef} − 8R^{abcd}R^{e f}_{a c} R_{bf de} (A1)

while the surface terms are

Q_1 = 2K Q_2 = 4KR − 8K^{mn}R_{mn} − 4 3 K^3 + 4KK^{mn}K_{mn} − 8 3 K^{mn}K^p_mK_{np} Q_3 = 6KR^2 − 24KR^{mn}R_{mn} + 6KR^{mnpq}R_{mnpq} − 24K^{mn}RR_{mn} + 48K^{mn}R^p_mR_{np} + 48K^{mn}R^{pq} R_{mnpq} − 24K^{mn}R^{pqr}_m R_{npqr} − 4RK^3 + 24K^2K^{mn}R_{mn} + 12KK^{mn}K_{mn}R − 48KK^{mn}K^p_mR_{np} − 24KK^{mn}K^{pq}R_{mpnq} + 48K^{mn}K^p_mK^q_nR_{pq} + 48K^{mn}K^p_mK^{qr}R_{nqpr} + 6 5 K^5 − 12K^{mn}K_{mn}K^3 + 24K^{mn}K^p_mK_{np}K^2 + 18KK^{mn}K_{mn}K^{pq}K_{pq} − 36KK^{mn}K^p_mK^q_nK_{pq} − 24K^{mn}K_{mn}K^{pq} K^r_p K_{qr} + 144 5 K^{mn}K^p_mK^q_nK^r_p K_{qr} .

(A2)

Appendix B: A curiosity: renormalized action from a vanishing bulk action

As discussed in the last paragraph of Section VI, a somewhat surprising consequence of these renormalization techniques is that the free energy appears to be entirely determined by the bulk Lagrangian. Although formulated differently, this was noticed by Padmanabhan [37] while studying the thermodynamics of black holes. Because it shines some light on our discussion, we shall recap some of his arguments. Consider a stationary spherically symmetric black hole whose line element is given by

ds^2 = −f(r)dt^2 + dr^2 f(r) + dX^2 , (B1)

where X corresponds to the transverse coordinates which we will drop for the remainder of this discussion. Then, the Ricci scalar can be written as a total derivative:

R = ∇^2_r f(r) − 2 r^2

∂_r (r(1 − f)) . (B2)

The (Euclidean) action is now integrated over the exterior region of the spacetime, from the location of the horizon r_0 up to some large radius r: I = −β 4 ∫_r r_0 dr [ −∂_r(r^2f^′) + 2∂_r(r(1 − f)) ]

= −β 4 [ r^2_0 f^′(r_0) − 2r_0 ] I_{ren} + β 4 [ r^2f^′(r) − 2r ] F (r) , (B3)

where F (r) is a function of the large radius r and will be renormalized away. Although we did not explicitly add a surface term to our action, one can imagine that F (r) could account for it. If we denote the period of the Euclidean time by β ≡^{4π}_{f ′ (r0)} , then the above expression relates the Euclidean action to the free energy through I_{ren} = S − βE

where S =^A_4 is the entropy and E = √_A 16π is the energy. While interesting, this is all now quite well understood.

An important observation, however, is rarely stressed. Consider now the Schwarzschild black hole, which corresponds to f(r) = 1 −^{2M}_r . Because the Ricci scalar vanishes, the typical calculation for the renormalized Euclidean action is very different than the one given above: we write I = 2 ∮ K over the boundary, and subtract the flat-space contribution I_0 = 2 ∮ K_0 to find the finite action I − I_0 = 4πM^2. On the other hand, if we tried to use the above, more general, technique, we would find that the Ricci scalar vanishes because it is the total derivative of a constant... Yet, following through with the outlined steps, we would recover once more the correct finite action I_{ren} = 4πM^2. Thus, we are led to a curious result: even when the bulk action vanishes, it can still contain all the information of the renormalized action.

An astute eye will notice an ambiguity: because the Ricci scalar is the total derivative of a constant, then we can choose that constant to be anything, and not necessarily this 4πM^2. This ambiguity actually lets us modify the entropy as we can add a term that depends on M to the term in square brackets in (B3) (provided we also subtract that same term from F (r), but that gets thrown out according to the procedure); this is obviously nonsense. The counterterm technique provides an elegant solution to this puzzle by properly defining what is meant by “throwing away” the function F (r) in equation (B3) (that is: how much of F (r) comes from the boundary at infinity, which should be removed, and how much of F (r) comes from a constant that we’ve added, which should be kept so that the entropy remains unchanged). With this strategy, equation (B3) could actually be written I = −β 4 [ r^2_0 f^′(r_0) − 2r_0 + C ] + β 4 [ r^2f^′(r) − 2r + C ] + 2 ∮ K F (r) − { β 4 [ r^2f^′(r) − 2r ] + 2 ∮ K }

I_{ct} = −β 4 [ r^2_0 f^′(r_0) − 2r_0 ] , (B4)

where the arbitrary constant C no longer plagues the final result. By the underbrace denoting I_{ct}, we really mean that I_{ct} is an expansion in boundary quantities which is equal to the term above the underbrace; the actual form of I_{ct} would need to be derived through the non-vanishing off-shell bulk action (which will not be vanishing). The counterterms might therefore provide a procedure for extracting the renormalized action from the bulk action even when it vanishes, and without having to introduce boundary terms.

Appendix C: Regularizing the bulk action alone

In light of our discussion and the previous appendix, it is clear that the ideas presented in this paper can be applied to gravitational theories for which we do not generally know the Gibbons-Hawking-York equivalent boundary term. Indeed, as previously noted, the contribution from this boundary term to the action would have been entirely canceled out by our counterterm. One example of gravitational theories where surface terms are not generally used are F (R) theories of gravity (see [38, 39] for modern reviews), where the bulk action is some function of the Ricci scalar: I = ∫ d^{d+1}x √ −gF (R) . (C1) Although these theories are plagued by a number of difficulties, such as an ill-defined initial-value problem, they have received a considerable amount of interest in the literature, particularly in cosmology where one goal is to find a function F (R) which could replace dark energy [40, 41]; moreover, they are equivalent to scalar-tensor theories of gravity [28]. Recently, some of the attention has shifted to studying F (R) gravity in terms of the gauge / gravity duality, where the aim [42, 43] is to understand which holographic features of gravity (such as calculation of various types of entropies, the existence of Cardy’s c-theorem, etc) are specific to Einstein-Hilbert or Lovelock Lagrangians, and which are more universal. We therefore provide a simple expression for the counterterm, to fourth order, valid for the family of bulk metrics defined in equation (1):

I_{ct} = F ( −d(d + 1) L^2 ) ∫ d^dx √ h ( L d − L^3 2(d − 2)(d − 1)d + L^5 2(d − 4)(d − 2)^2(d − 1)d [ 3d R^2 4(d − 1) − 3R^{ab}R_{ab} ]

+ L^7 4(d − 6)(d − 4)(d − 2)^3(d − 1)^2d^2 [ ( − 160 + 160d − 10d^2 − 5d^3 ) R^3 4(d − 1) + ( 40 − 70d + 15d^2 ) RR^{ab}R_{ab} ]

+ L^9 8(d − 8)(d − 6)(d − 4)(d − 2)^4(d − 1)^2d [

( 20480 − 48384d + 28672d^2 − 5528d^3 + 210d^4 + 35d^5 ) R^4 16(d − 1)^2d^2 + ( 2560 − 8608d + 11352d^2 − 5798d^3 + 1229d^4 − 105d^5 ) R^2R^{ab}R_{ab} 2(d − 1)^2d^2 + ( − 440 + 114d + 11d^2 ) R^a_b R^b_cR^c_dR^d_a ] + . . . )

(C2)

Setting F (x) = 1, this provides a regularization counterterm for the volume of asymptotically AdS spacetimes.

Appendix D: Expressions for the counterterms

The counterterm for General Relativity, derived in Section III, is:

I_{ct} = ∫ d^dx √ h ( 2(d − 1) L + L (d − 2) R + L^3 (d − 4)(d − 2)^2 ( R^{ab}R_{ab} − d 4(d − 1)

R^2 )

+ L^5 2(d − 6)(d − 2)^3(d − 1)^2d [ 1 4 ( d^2 + 6d − 8 ) R^3 − (d − 1)(3d − 2)RR^a_b R^b_a ]

+ L^7 4(d − 8)(d − 6)(d − 4)(d − 2)^4(d − 1) [

( −4096 + 9984d − 5632d^2 + 936d^3 − 30d^4 − 5d^5 ) R^4 16d^2(d − 1)^2 + ( −512 + 1760d − 2344d^2 + 1130d^3 − 203d^4 + 15d^5

) R^2R^a_b R^b_a 2d^2(d − 1)^2 + ( 136 − 62d + 3d^2 ) R^a_b R^b_cR^c_dR^d_a ]

+ L^9 8(d − 10)(d − 8)(d − 6)(d − 4)(d − 2)^5(d − 1)^3d [ ( − 163840 + 903168d − 1734656d^2 + 1349248d^3 − 463984d^4 + 70380d^5

− 4752d^6 + 77d^7 + 7d^8 ) R5 16(d − 1)^2d^2 + ( − 20480 + 133376d − 344832d^2 + 448128d^3 − 288428d^4 + 90032d^5

− 13185d^6 + 968d^7 − 35d^8 ) R3RabR_{ab} 2(d − 1)^2d^2 + ( 7552 − 30480d + 28668d^2 − 9576d^3 + 1097d^4 − 33d^5 ) RR^a_b R^b_cR^c_dR^d_a ]

+ L^{11} 8(d − 12)(d − 10)(d − 8)(d − 6)(d − 4)(d − 2)^6(d − 1)^3 [ ( − 15728640 + 158007296d − 598376448d^2 + 1080991744d^3 − 998355456d^4 + 493757056d^5

− 131566512d^6 + 18413972d^7 − 1333692d^8 + 45543d^9 − 378d^{10} − 21d^{11} ) 1 64(d − 1)^4d^4

R^6 + ( − 3932160 + 43433984d − 194895872d^2 + 458334208d^3 − 615241984d^4 + 476404592d^5

− 211709588d^6 + 52722304d^7 − 7059991d^8 + 498441d^9 − 17865d^{10} + 315d^{11} ) R4RabR_{ab} 16(d − 1)^4d^4 + ( 1449984 − 9623040d + 24449280d^2 − 26776016d^3 + 14306460d^4 − 3857428d^5

+ 507861d^6 − 30858d^7 + 645d^8 ) 1 4(d − 1)^2d^2

R^2R^a_b R^b_cR^c_dR^d_a + ( − 157056 + 261136d − 156092d^2 + 41432d^3 − 4945d^4 + 285d^5 − 6d^6 ) R^a_b R^b_cR^c_dR^d_e R^e_f R^f_a ] + . . . ) .

(D1)

The counterterms for m = 2 and m = 3 Lovelock theories, derived in Section IV are given by

I_{m=2,ct} = ∫ d^dx √ h ( − 4(d − 3)(d − 2)(d − 1) 3L^3 + 2(d − 3) L R + L (d − 2)(d − 4) [ 3d(d − 3) R^2 2(d − 1) − 6(d − 3)R^{ab}R_{ab} ]

+ L^3 3(d − 6)(d − 2)^2(d − 1)d [ ( − 120 + 130d − 15d^2 − 5d^3 ) R^3 4(d − 1) + ( 30 − 55d + 15d^2 ) RR^{ab}R_{ab} ]

+ L^5 6(d − 8)(d − 6)(d − 4)(d − 2)^3(d − 1) [

( − 61440 + 167168d − 123136d^2 + 38008d^3 − 4514d^4 + 63d^5 + 21d^6 ) R^4 16d^2(d − 1)^2 + ( − 7680 + 28576d − 42456d^2 + 26246d^3 − 7803d^4 + 1080d^5 − 63d^6 ) R^2R^{ab}R_{ab} 2d^2(d − 1)^2 + ( 2328 − 1634d + 375d^2 − 19d^3 ) R^a_b R^b_cR^c_dR^d_a ]

+ L^7 12(d − 10)(d − 8)(d − 6)(d − 4)(d − 2)^4(d − 1)^3d [ ( − 2457600 + 14538752d − 30459904d^2 + 27699584d^3 − 12618640d^4 + 3046820d^5

− 374764d^6 + 21195d^7 − 216d^8 − 27d^9 ) R^5 16d^2(d − 1)^2 + ( − 307200 + 2124544d − 5869824d^2 + 8344576d^3 − 6276084d^4 + 2580076d^5

− 587415d^6 + 71301d^7 − 4509d^8 + 135d^9 ) R^3R^{ab}R_{ab} 2d^2(d − 1)^2 + ( 122496 − 527600d + 589236d^2 − 278756d^3 + 62727d^4 − 6092d^5 + 189d^6 ) RR^a_b R^b_cR^c_dR^d_a ]

+ L^9 12(d − 12)(d − 10)(d − 8)(d − 6)(d − 4)(d − 2)^5(d − 1)^3 [ ( − 235929600 + 2521890816d − 10093428736d^2 + 19583016960d^3 − 20243482112d^4 + 11975617920d^5 − 4208281360d^6 + 879183244d^7 − 105396104d^8 + 6849353d^9

− 208013d^{10} + 1155d^{11} + 77d^{12} ) R^6 64d^4(d − 1)^4 + ( − 58982400 + 689455104d − 3247906816d^2 + 8067641344d^3 − 11660653312d^4 + 10114976464d^5 − 5371636812d^6 + 1759074292d^7 − 349958269d^8 + 40538978d^9

− 2588868d^{10} + 83050d^{11} − 1155d^{12} ) R^4R^{ab}R_{ab} 16d^4(d − 1)^4 + ( 23519232 − 162132480d + 436222208d^2 − 533662448d^3 + 344089348d^4 − 125624216d^5

+ 26237659d^6 − 2995067d^7 + 170609d^8 − 3645d^9

) R^2R^a_b R^b_cR^c_dR^d_a 4d^2(d − 1)^2 + ( − 2636928 + 4990512d − 3718820d^2 + 1421092d^3 − 293971d^4 + 31944d^5

− 1767d^6 + 38d^7 ) R^a_b R^b_cR^c_dR^d_e R^e_f R^f_a ] + . . . ) ,

(D2)

15 I_{m=3,ct} = ∫ d^dx √ h ( − 6(−4 + d)(−3 + d)(−2 + d)(−1 + d) L^5 + 3(−4 + d)(−3 + d) L^3 R + 9(d − 3) L(d − 2) [ −d 4(d − 1) R^2 + R^{ab}R_{ab} ]

+ 15(d − 4)(d − 3)L 2(d − 6)(d − 2)^2(d − 1)d [ (d^2 + 6d − 8)

R^3 4(d − 1) + (3d − 2)RR^{ab}R_{ab} ]

+ L^3 4(d − 8)(d − 6)(d − 2)^3(d − 1) [

( 184320 − 496896d + 403200d^2 − 135768d^3 + 18474d^4 − 315d^5 − 105d^6 ) R^4 16d^2(d − 1)^2 + ( 23040 − 85152d + 127992d^2 − 86238d^3 + 28455d^4 − 4632d^5 + 315d^6 ) R^2R^{ab}R_{ab} 2d^2(d − 1)^2 + ( − 3960 + 2346d − 243d^2 − 33d^3 ) R^a_b R^b_cR^c_dR^d_a ]

+ L^5 8(d − 10)(d − 8)(d − 6)(d − 2)^4(d − 1)^3d [ ( 7372800 − 39450624d + 79469568d^2 − 72985728d^3

+ 34270704d^4 − 8733180d^5 + 1235700d^6 − 92301d^7 + 1512d^8 + 189d^9 ) R^5 16d^2(d − 1)^2 + ( 921600 − 5852928d + 15351168d^2 − 21246912d^3 + 16007436d^4 − 6722340d^5

+ 1619457d^6 − 233667d^7 + 21051d^8 − 945d^9 ) R^3R^{ab}R_{ab} 2d^2(d − 1)^2 + ( − 243072 + 1026960d − 1097772d^2 + 448092d^3 − 66753d^4 + 156d^5 + 429d^6 ) RR^a_b R^b_cR^c_dR^d_a ]

+ L^7 8(d − 12)(d − 10)(d − 8)(d − 6)(d − 2)^5(d − 1)^3 [ ( 707788800 − 6401359872d + 23481679872d^2

− 43466637312d^3 + 43522156032d^4 − 24779634048d^5 + 8211306384d^6 − 1587130092d^7 + 180670920d^8

− 13174929d^9 + 644853d^{10} − 10395d^{11} − 693d^{12} ) R^6 64d^4(d − 1)^4 + ( 176947200 − 1777287168d + 7657439232d^2 − 18007136256d^3 + 25041792768d^4 − 20965903440d^5 + 10619859372d^6 − 3234507732d^7 + 582978213d^8 − 62594418d^9 + 4607652d^{10} − 280698d^{11}

+ 10395d^{12} ) R^4R^{ab}R_{ab} 16d^4(d − 1)^4 + ( − 46669824 + 317514240d − 839054592d^2 + 993035376d^3 − 594270372d^4 + 185533464d^5

− 27917331d^6 + 1259907d^7 + 99783d^8 − 8811d^9

) R^2R^a_b R^b_cR^c_dR^d_a

4d^2(d − 1)^2 + ( 4599936 − 8142768d + 5263044d^2 − 1517124d^3 + 171147d^4 + 1080d^5 − 1161d^6

+ 66d^7 ) R^a_b R^b_cR^c_dR^d_e R^e_f R^f_a ]) . (D3)

[1] E Witten, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150] [2] L-Y Hung, R C Myers, M Smolkin, JHEP 1104 (2011) 025 [arXiv:1101.5813] [3] H Casini, M Huerta, R C Myers, JHEP 1105 (2011) 036 [arXiv:1102.0440] [4] L-Y Hung, R C Myers, M Smolkin, [arXiv:1105.6055] [5] J. Hung, R. C. Myers, M. Smolkin, A. Yale, [arXiv:1110.1084 [hep-th]]. [6] C P Burgess, N R Constable, R C Myers, JHEP 9908 (1999) 017 [hep-th/9907188] [7] R Emparan, C V Johnson, R C Myers, Phys.Rev. D60 (1999) 104001 [hep-th/9903238]

[8] A Yale, Mod.Phys.Lett. A26 (2011) 937-947 [arXiv:1012.2114] [9] S de Haro, S N Solodukhin, K Skenderis, Commun.Math.Phys. 217 (2001) 595-622 [hep-th/0002230] [10] V Balasubramanian, P Kraus, Commun.Math.Phys. 208 (1999) 413-428 [hep-th/9902121] [11] I Papadimitriou, K Skenderis, JHEP 0508 (2005) 004 [hep-th/0505190] [12] R Olea, JHEP 0506 (2005) 023 [hep-th/0504233] [13] A M Awad, C V Johnson, Phys.Rev. D61 (2000) 084025 [hep-th/9910040] [14] S Das, R B Mann, JHEP 0008 (2000) 033 [hep-th/0008028] [15] R B Mann, Phys.Rev. D61 (2000) 084013 [hep-th/9904148] [16] A Karch, A O’Bannon, K Skenderis, JHEP 0604 (2006) 015 [hep-th/0512125] [17] R B Mann, R McNees, Class. Quant. Grav. 27, 065015 (2010) [arXiv:0905.3848] [18] M Henningson, K Skenderis, JHEP 9807, 023 (1998) [hep-th/9806087] [19] M Henningson, K Skenderis, Fortsch. Phys. 48, 125 (2000) [hep-th/9812032] [20] P Kraus, F Larsen, R Siebelink, Nucl.Phys. B563 (1999) 259-278 [hep-th/9906127] [21] R C Myers, A Sinha, Phys.Rev. D82 (2010) 046006 [arXiv:1006.1263] [22] R C Myers, A Sinha, JHEP 1101 (2011) 125 [arXiv:1011.5819] [23] R C Myers, M F Paulos, A Sinha, JHEP 1008 (2010) 035 [arXiv:1004.2055] [24] A Buchel, J Escobedo, R C Myers, M F Paulos, A Sinha, M Smolkin, JHEP 1003 (2010) 111 [arXiv:0911.4257] [25] M H Dehghani, N Bostani, A Sheykhi, Phys.Rev. D73 (2006) 104013 [hep-th/0603058] [26] D. P. Jatkar, A. Sinha, Phys. Rev. Lett. 106, 171601 (2011) [arXiv:1101.4746] [27] D. Lovelock, J. Math. Phys. 12, 498-501 (1971) [28] T Padmanabhan, Gravitation, Cambridge University Press, Ed. 1 (2010) [29] M Nakahara, Geometry, Topology and Physics, Taylor & Francis, Ed. 2 (2003) [30] D. Astefanesei, N. Banerjee, S. Dutta, JHEP 0811, 070 (2008) [arXiv:0806.1334] [31] M. Cvetic, S. ’i. Nojiri, S. D. Odintsov, Nucl. Phys. B628, 295-330 (2002) [hep-th/0112045] [32] A Yale, T Padmanabhan, Gen.Rel.Grav. 43 (2011) 1549-1570 [arXiv:1008.5154] [33] T Padmanabhan, Rep. Prog. Phys. 73 (2010) 046901 [arXiv:0911.5004] [34] R C Myers, Phys.Rev. D36 (1987) 392 [35] O Miskovic, R Olea, JHEP 0710 (2007) 028,2007 [arXiv:0706.4460] [36] O Miskovic, R Olea, Phys.Rev. D79 (2009) 124020 [arXiv:0902.2082] [37] T Padmanabhan, Gen.Rel.Grav. 34 (2002) 2029-2035 [gr-qc/0205090] [38] T P Sotiriou, V Faraoni, Rev.Mod.Phys. 82 (2010) 451-497 [arXiv:0805.1726] [39] S. ’i. Nojiri, S. D. Odintsov, [arXiv:1011.0544] [40] W Hu, I Sawicki, Phys.Rev. D76 (2007) 064004 [arXiv:0705.1158] [41] A A Starobinsky, JETP Lett. 86 (2007) 157-163 [arXiv:0706.2041] [42] J T Liu, W Sabra, Z Zhao, [arXiv:1012.3382] [43] F Caravelli, L Modesto, [arXiv:1001.4364] [44] K. Peeters, Comput. Phys. Commun. 176, 550-558 (2007) [cs/0608005] [45] K. Peeters, [hep-th/0701238] [46] T. S. Bunch, J. Phys. A14, L139-L143 (1981) [47] S. C. Davis, Phys. Rev. D67, 024030 (2003). [hep-th/0208205]. [48] E. Gravanis, S. Willison, Phys. Lett. B562, 118-126 (2003). [hep-th/0209076]. [49] T. Eguchi, P. B. Gilkey, A. J. Hanson, Phys. Rept. 66, 213 (1980). [50] S. Ryu, T. Takayanagi, Phys. Rev. Lett. 96, 181602 (2006). [hep-th/0603001]. [51] S. Ryu, T. Takayanagi, JHEP 0608, 045 (2006). [hep-th/0605073].

[52] T. Nishioka, S. Ryu, T. Takayanagi, J. Phys. A A42, 504008 (2009). [arXiv:0905.0932 [hep-th]]. [53] A. Yale, Phys. Lett. B697, 398-403 (2011). [arXiv:1012.3165 [gr-qc]]. [54] X. O. Camanho, J. D. Edelstein, JHEP 1004, 007 (2010). [arXiv:0911.3160 [hep-th]]. [55] X. O. Camanho, J. D. Edelstein, JHEP 1006, 099 (2010). [arXiv:0912.1944 [hep-th]]. [56] X. O. Camanho, J. D. Edelstein, M. F. Paulos, JHEP 1105, 127 (2011). [arXiv:1010.1682 [hep-th]]. [57] J. de Boer, M. Kulaxizi, A. Parnachev, JHEP 1003, 087 (2010). [arXiv:0910.5347 [hep-th]]. [58] J. de Boer, M. Kulaxizi, A. Parnachev, JHEP 1006, 008 (2010). [arXiv:0912.1877 [hep-th]].