arXiv:hep-th/0002230 v3 30 Nov 2000

SPIN-2000/05 ITP-UU-00/03 PUTP-1921

hep-th/0002230

Holographic Reconstruction of Spacetime and Renormalization in the AdS/CFT Correspondence

Sebastian de Haro,^{⋆†1} Kostas Skenderis^{‡2} and Sergey N. Solodukhin^{⋆3}

⋆ Spinoza Institute, Utrecht University Leuvenlaan 4, 3584 CE Utrecht, The Netherlands

† Institute for Theoretical Physics, Utrecht University Princetonplein 5, 3584 CC Utrecht, The Netherlands

‡ Physics Department, Princeton University Princeton, NJ 08544, USA

Abstract

We develop a systematic method for renormalizing the AdS/CFT prescription for computing correlation functions. This involves regularizing the bulk on-shell supergravity action in a covariant way, computing all divergences, adding counterterms to cancel them and then removing the regulator. We explicitly work out the case of pure gravity up to six dimensions and of gravity coupled to scalars. The method can also be viewed as providing a holographic reconstruction of the bulk spacetime metric and of bulk fields on this spacetime, out of conformal field theory data. Knowing which sources are turned on is sufficient in order to obtain an asymptotic expansion of the bulk metric and of bulk fields near the boundary to high enough order so that all infrared divergences of the on-shell action are obtained. To continue the holographic reconstruction of the bulk fields one needs new CFT data: the expectation value of the dual operator. In particular, in order to obtain the bulk metric one needs to know the expectation value of stress-energy tensor of the boundary theory. We provide completely explicit formulae for the holographic stress-energy tensors up to six dimensions. We show that both the gravitational and matter conformal anomalies of the boundary theory are correctly reproduced. We also obtain the conformal transformation properties of the boundary stress-energy tensors.

1e-mail: haro@phys.uu.nl
2e-mail: kostas@feynman.princeton.edu
3e-mail: S.Solodukhin@phys.uu.nl

1 Introduction and summary of the results

Holography states that a (d+1)-dimensional gravitational theory (referred to as the bulk theory) should have a description in terms of a d-dimensional field theory (referred to as the boundary theory) with one degree of freedom per Planck area [45, 41]. The arguments leading to the holographic principle use rather generic properties of gravitational physics, indicating that holography should be a feature of any quantum theory of gravity. Nevertheless it has been proved a difficult task to find examples where holography is realized, let alone to develop a precise dictionary between bulk and boundary physics. The AdS/CFT correspondence [31] provides such a realization [47, 42] with a rather precise computational framework [24, 47]. It is, therefore, desirable to sharpen the existing dictionary between bulk/boundary physics as much as possible. In particular, one of the issues one would like to understand is how spacetime is built holographically out of field theory data.

The prescription of [24, 47] gives a concrete proposal for a holographic computation of physical observables. In particular, the partition function of string theory compactified on AdS spaces with prescribed boundary conditions for the bulk fields is equal to the generating functional of conformal field theory correlation functions, the boundary value of fields being now interpreted as sources for operators of the dual conformal field theory (CFT). String theory on anti-de Sitter (AdS) spaces is still incompletely understood. At low energies, however, the theory becomes a gauged supergravity with an AdS ground state coupled to Kaluza-Klein (KK) modes. On the field theory side, this corresponds to the large N and strong ’t Hooft coupling regime of the CFT. So in the AdS/CFT context the question is how one can reconstruct the bulk spacetime out of CFT data. One can also pose the converse question: given a bulk spacetime, what properties of the dual CFT can one read off?

The prescription of [24, 47] equates the on-shell value of the supergravity action with the generating functional of connected graphs of composite operators. Both sides of this correspondence, however, suffer from infinities —infrared divergences on the supergravity side and ultraviolet divergences on the CFT side. Thus, the prescription of [24, 47] should more properly be viewed as an equality between bare quantities. Ones needs to renormalize the theory to obtain a correspondence between finite quantities. It is one of the aims of this paper to present a systematic way of performing such renormalization.

The CFT data^4 that we will use are: which operators are turned on, and what is their vacuum expectation value. Since the boundary metric (or, more properly, the boundary conformal structure) couples to the boundary stress-energy tensor, the reconstruction of the bulk metric to leading order involves a detailed knowledge of the way the energy-momentum tensor is encoded holographically. There is by now an extended literature on the study of the stress-energy tensor in the context of the AdS/CFT correspondence starting from [3, 34]. We will build on these and other related works [15, 32, 30]. Our starting point will be the calculation of the infrared divergences of the on-shell gravitational action [26]. Minimally subtracting the divergences by adding counterterms [26] leads straightforwardly to the results in [3, 15, 30]. After the subtractions have been made one can remove the (infrared) regulator and obtain a completely explicit formula for the expectation value of the dual stress-energy tensor in terms of the gravitational solution.

We will mostly concentrate on the gravitational sector, i.e. in the reconstruction of the bulk metric, but we will also discuss the coupling to scalars. Our approach will be to build perturbatively an Einstein

4We assume that the CFT we are discussing has an AdS dual. Our results only depend on the spacetime dimension and apply to all cases where the AdS/CFT duality is applicable, so we shall not specify any particular CFT model.

manifold of constant negative curvature (which we will sometimes refer to as an asymptotically AdS space) as well as a solution to the scalar field equations on this manifold out of CFT data. The CFT data we start from is what sources are turned on. We will include a source for the dual stress-energy tensor as well as sources for scalar composite operators. This means that in the bulk we need to solve the gravitational equations coupled to scalars given a conformal structure at infinity and appropriate Dirichlet boundary conditions for the scalars. It is well-known that if one considers the standard Euclidean AdS (i.e., with isometry SO(1, d + 1)), the scalar field equation with Dirichlet boundary conditions has a unique solution. In the Lorentzian case, because of the existence of normalizable modes, the solution ceases to be unique. Likewise, the Dirichlet boundary condition problem for (Euclidean) gravity has a unique (up to diffeomorphisms) smooth solution in the case the bulk manifold in topologically a ball and the boundary conformal structure sufficiently close to the standard one [21]. However, given a boundary topology there may be more than one Einstein manifold with this boundary. For example, if the boundary has the topology of S^1 × S^{d−1}, there are two possible bulk manifolds [25, 47]: one which is obtained from standard AdS by global identifications and is topologically S^1 × R^d, and another, the Schwarzschild-AdS black hole, which is topologically R^2 × S^{d−1}.

We will make no assumption on the global structure of the space or on its signature. The CFT should provide additional data in order to retrieve this information. Indeed, we will see that only the information about the sources leaves undetermined the part of the solution which is sensitive on global issues and/or the signature of spacetime. To determine that part one needs new CFT data. To leading order these are the expectation values of the CFT operators.

In particular, in the case of pure gravity, we find that generically a boundary conformal structure is not sufficient in order to obtain the bulk metric. One needs more CFT data. To leading order one needs to specify the expectation value of the boundary stress-energy tensor. Since the gravitational field equation is a second order differential equation, one may expect that these data are sufficient in order to specify the full solution. In general, however, non-local observables such as Wilson loops may be needed in order to recover global properties of the solution and reconstruct the metric in the deep interior region. Furthermore, higher point functions of the stress-energy tensor may be necessary if higher derivatives corrections such as R^2 terms are included in the action. We emphasize that we make no assumption about the regularity of the solution. Under additional assumptions the metric may be determined by fewer data. For example, as we mentioned above, under certain assumptions on the topology and the boundary conformal structure one obtains a unique smooth solution [21]. Another example is the case when one restricts oneself to conformally flat bulk metrics. Then a conformally flat boundary metric does yield a unique, up to diffeomorphisms and global identifications, bulk metric [40].

Turning things around, given a specific solution, we present formulae for the expectation values of the dual CFT operators. In particular, in the case the operator is the stress energy tensor, our formulae have a “dual” meaning [3]: both as the expectation value of the stress-energy tensor of the dual CFT and as the quasi-local stress-energy tensor of Brown and York [11]. We provide very explicit formulae for the stress-energy tensor associated with any solution of Einstein’s equations with negative constant curvature.

Let us summarize these results for spacetime dimension up to six. The first step is to rewrite the solution in the Graham-Fefferman coordinate system [16]

ds^2 = G_{μν} dx^μdx^ν = l^2 r^2 ( dr^2 + g_{ij}(x, r)dx^idx^j ) (1.1) where g(x, r) = g_{(0)} + r^2g_{(2)} + · · · + r^dg_{(d)} + h_{(d)}r^d log r^2 + O(r^{d+1}) (1.2)

The logarithmic term appears only in even dimensions and only even powers of r appear up to order r^{[(d−1)]}, where [a] indicates the integer part of a. l is a parameter of dimension of length related to the cosmological constant as Λ = −^{d(d−1)}_{2l2} . Any asymptotically AdS metric can be brought in the form (1.1) near the boundary ([21], see also [22, 20]). Once this coordinate system has been reached, the stress-energy tensor reads ⟨T_{ij} ⟩ = dl^{d−1} 16πG_N g_{(d)ij} + X_{ij} [g_{(n)}]. (1.3)

where X_{ij} [g_{(n)}] is a function of g_{(n)} with n < d. Its exact form depends on the spacetime dimension and it reflects the conformal anomalies of the boundary conformal field theory. In odd (boundary) dimensions, where there are no gravitational conformal anomalies, X_{ij} is equal to zero. The expression for X_{ij}[g_{(n)}] for d = 2, 4, 6 can be read off from (3.10), (3.15) and (3.16), respectively. The universal part of (1.3) (i.e. with X_{ij} omitted) was obtained previously in [34]. Actually, to obtain the dual stress-energy tensor it is sufficient to only know g_{(0)} and g_{(d)} as g_{(n)} with n < d are uniquely determined from g_{(0)}, as we will see. The coefficient h_{(d)} of the logarithmic term in the case of even d is also directly related to the conformal anomaly: it is proportional to the metric variation of the conformal anomaly.

It was pointed out in [3] that this prescription for calculating the boundary stress-energy tensor provides also a novel, free of divergences^5, way of computing the gravitational quasi-local stress-energy tensor of Brown and York [11]. This approach was recently criticized in [2], and we take this opportunity to address this criticism. Conformal anomalies reflect infrared divergences in the gravitational sector [26]. Because of these divergences one cannot maintain the full group of isometries even asymptotically. In particular, the isometries of AdS that rescale the radial coordinate (these correspond to dilations in the CFT) are broken by infrared divergences. Because of this fact, bulk solutions that are related by diffeomorphisms that yield a conformal transformation in the boundary do not necessarily have the same mass. Assigning zero mass to the spacetime with boundary R^d, one obtains that, due to the conformal anomaly, the solution with boundary R × S^{d−1} has non-zero mass. This parallels exactly the discussion in field theory. In that case, starting from the CFT on R^d with vanishing expectation value of the stressenergy tensor, one obtains the Casimir energy of the CFT on R×S^{d−1} by a conformal transformation [12]. The agreement between the gravitational ground state energy and the Casimir energy of the CFT is a direct consequence of the fact that the conformal anomaly computed by weakly coupled gauge theory and by supergravity agree [26]. It should be noted that, as emphasized in [3], agreement between gravity/field theory for the ground state energy is achieved only after all ambiguities are fixed in the same manner on both sides.

A conformal transformation in the boundary theory is realized in the bulk as a special diffeomorphism that preserves the form of the coordinate system (1.1) [28]. Using these diffeomorphisms one can easily study how the (quantum, i.e., with the effects of the conformal anomaly taken into account) stress-energy tensor transforms under conformal transformations. Our results, when restricted to the cases studied in the literature [12], are in agreement with them. We note that the present determination is considerably easier than the one in [12].

The discussion is qualitatively the same when one adds matter to the system. We discuss scalar fields

5We emphasize, however, that one has to subtract the logarithmic divergences in even dimensions in order for the stress-energy tensor to be finite.

but the discussion generalizes straightforwardly to other kinds of matter. We study both the case the gravitational background is fixed and the case gravity is dynamical.

Let us summarize the results for the case of scalar fields in a fixed gravitational background (given by a metric of the form (1.1)). We look for solutions of massive scalar fields with mass m^2 = (Δ − d)Δ that near the boundary have the form (in the coordinate system (1.1)) Φ(x, r) = r^{d−Δ} ( ϕ_{(0)} + r^2ϕ_{(2)} + · · · + r^{2Δ−d}ϕ_{(2Δ−d)} + r^{2Δ−d} log r^2ψ_{(2Δ−d)} ) + O(r^{Δ+1}). (1.4)

The logarithmic terms appears only when 2Δ − d is an integer and we only consider this case in this paper. We find that ϕ_{(n)}, with n < 2Δ − d, and ψ_{(2Δ−d)} are uniquely determined from the scalar field equation. This information is sufficient for a complete determination of the infrared divergences of the on-shell bulk action. In particular, the logarithmic term ψ_{(2Δ−d)} in (1.4) is directly related to matter conformal anomalies. These conformal anomalies were shown not to renormalize in [37]. We indeed find exact agreement with the computation in [37]. Adding counterterms to cancel the infrared divergences we obtain the renormalized on-shell action. We stress that even in the case of a free massive scalar field in a fixed AdS background one needs counterterms in order for the on-shell action to be finite (see (5.9)). The coefficient ϕ_{(2Δ−d)} is left undetermined by the field equations. It is determined, however, by the expectation value of the dual operator. Differentiating the renormalized on-shell action one finds (up to terms contributing contact terms in the 2-point function)

⟨O(x)⟩ = (2Δ − d)ϕ_{(2Δ−d)}(x) (1.5)

This relation, with the precise proportionality coefficient, has first been derived in [29]. The value of the proportionality coefficient is crucial in order to obtain the correct normalization of the 2-point function in standard AdS background [17].

In the case the gravitational background is dynamical we find that, for scalars that correspond to irrelevant operators, our perturbative treatment is consistent only if one considers single insertions of the irrelevant operator, i.e. the source is treated as an infinitesimal parameter, in agreement with the discussion in [47]. For scalars that correspond to marginal and relevant operators one can compute perturbatively the back-reaction of the scalars to the gravitational background. One can then regularize and renormalize as in the discussion of pure gravity or scalars in a fixed background. For illustrative purposes we analyze a simple example.

This paper is organized as follows. In the next section we discuss the Dirichlet problem for AdS gravity and we obtain an asymptotic solution for a given boundary metric (up to six dimensions). In section 3 we use these solutions to obtain the infrared divergences of the on-shell gravitational action. After renormalizing the on-shell action by adding counterterms, we compute the holographic stress-energy tensor. Section 4 is devoted to the study of the conformal transformation properties of the boundary stress-energy tensor. In section 5 we extend the analysis of sections 2 and 3 to include matter. In appendices A and D we give the explicit form of the solutions discussed in section 2 and section 5. Appendix B contains the explicit form of the counterterms discussed in section 3. Finally, in appendix C we present a proof that the coefficient of the logarithmic term in the metric (present in even boundary dimensions) is proportional to the metric variation of the conformal anomaly.

2 Dirichlet boundary problem for AdS gravity

The Einstein-Hilbert action for a theory on a manifold M with boundary ∂M is given by^6

S_{gr}[G] = 1 16πG_N [ ∫ M d^{d+1}x √ G (R[G] + 2Λ) − ∫ ∂M d^dx √ γ 2K], (2.1)

where K is the trace of the second fundamental form and γ is the induced metric on the boundary. The boundary term is necessary in order to get an action which only depends on first derivatives of the metric [18], and it guarantees that the variational problem with Dirichlet boundary conditions is well-defined.

According to the prescription of [24, 47], the conformal field theory effective action is given by evaluating the on-shell action functional. The field specifying the boundary conditions for the metric is regarded as a source for the boundary operator. We therefore need to obtain solutions to Einstein’s equations, R_{μν} − 1 2 RG_{μν} = ΛG_{μν} , (2.2)

subject to appropriate Dirichlet boundary conditions.

Metrics G_{μν} that satisfy (2.2) have a second order pole at infinity. Therefore, they do not induce a metric at infinity. They do induce, however, a conformal class, i.e. a metric up to a conformal transformation. This is achieved by introducing a defining function r, i.e. a positive function in the interior of M that has a single zero and non-vanishing derivative at the boundary. Then one obtains a metric at the boundary by g_{(0)} = r^2G|_{∂M}^7. However, any other defining function r^′ = r exp w is as good. Therefore, the metric g_{(0)} is only defined up to a conformal transformation.

We are interested in solving (2.2) given a conformal structure at infinity. This can be achieved by working in the coordinate system (1.1) introduced by Feffermam and Graham [16]. The metric in (1.1) contains only even powers of r up to the order we are interested in [16] (see also [22, 20]). For this reason, it is convenient to use the variable ρ = r^2 [26],^8

ds^2 = G_{μν}dx^μdx^ν = l^2 ( dρ^2 4ρ^2 + 1 ρ g_{ij}(x, ρ)dx^idx^j )

g(x, ρ) = g_{(0)} + · · · + ρ^{d/2}g_{(d)} + h_{(d)}ρ^{d/2} log ρ + ... (2.3)

where the logarithmic piece appears only for even d. The sub-index in the metric expansion (and in all other expansions that appear in this paper) indicates the number of derivatives involved in that term, i.e. g_{(2)} contains two derivatives, g_{(4)} four derivatives, etc. It follows that the perturbative expansion in ρ is also a low energy expansion. We set l = 1 from now on. One can easily reinstate the factors of l by dimensional analysis.

6Our curvature conventions are as follows Rijkl = ∂iΓjk l + ΓiplΓjkp − i ↔ j and Rij = Rikjk. We these conventions the curvature of AdS comes out positive, but we will still use the terminology “space of constant negative curvature”. Notice also that we take

∫_{dd+1} x = ∫_{dd} x ∫ 1_{0 dr and the boundary is at r = 0 (in the coordinate system (1.1)). The minus sign}

in front of the trace of the second fundamental form is correlated with the choice of having r = 0 in the lower end of the radial integration.

7Throughout this article the metric g(0) is assumed to be non-degenerate. For studies of the AdS/CFT correspondence in cases where g(0) is degenerate we refer to [9, 43].

8Greek indices, μ, ν, .. are used for d + 1-dimensional indices, Latin ones, i, j, .. for d-dimensional ones. To distinguish the curvatures of the various metrics introduced in (2.3) we will often use the notation Rij[g] to indicate that this is the Ricci tensor of the metric g, etc.

One can check that the curvature of G satisfies R_{κλμν} [G] = (G_{κμ}G_{λν} − G_{κν} G_{λμ}) + O(ρ) (2.4) In this sense the metric is asymptotically anti-de Sitter. The Dirichlet problem for Einstein metrics satisfying (2.4) exactly (i.e. not only to leading order in ρ) was solved in [40].

In the coordinate system (2.3), Einstein’s equations read [26]

ρ [2g^{′′} − 2g^′g^{−1}g^′ + Tr (g^{−1}g^′) g^′] + Ric(g) − (d − 2) g^′ − Tr (g^{−1}g^′) g = 0 ∇_i Tr (g^{−1}g^′) − ∇^jg^′_{ij} = 0 Tr (g^{−1}g^{′′}) − 1 2 Tr (g^{−1}g^′g^{−1}g^′) = 0, (2.5)

where differentiation with respect to ρ is denoted with a prime, ∇_i is the covariant derivative constructed from the metric g, and Ric(g) is the Ricci tensor of g.

These equations are solved order by order in ρ. This is achieved by differentiating the equations with respect to ρ and then setting ρ = 0. For even d, this process would have broken down at order d/2 if the logarithm was not introduced in (2.3). h_{(d)} is traceless, Tr g^{−1}_{(0)}h_{(d)} = 0, and covariantly conserved, ∇^ih_{(d)ij} = 0. We show in appendix C that h_{(d)} is proportional to the metric variation of the corresponding conformal anomaly, i.e. it is proportional to the stress-energy tensor of the theory with action the conformal anomaly. In any dimension, only the trace of g_{(d)} and its covariant divergence are determined. Here is where extra data from the CFT are needed: as we shall see, the undetermined part is specified by the expectation value of the dual stress-energy tensor.

We collect in appendix A the results for g_{(n)}, h_{(d)} as well as the results for the trace and divergence g_{(d)}. In dimension d the latter are the only constraints that equations (2.5) yield for g_{(d)}. From this information we can parametrize the indeterminacy by finding the most general g_{(d)} that has the determined trace and divergence.

In d = 2 and d = 4 the equation for the coefficient g_{(d)} has the form of a conservation law

∇^ig_{(d)ij} = ∇^iA_{(d)ij} , d = 2, 4 (2.6)

where A_{(d)ij} is a symmetric tensor explicitly constructed from the coefficients g_{(n)}, n < d. The precise form of the tensor A_{(d)ij} is given in appendix A (eq.(A.4)). The integration of this equation obviously involves an “integration constant” t_{ij}(x), a symmetric covariantly conserved tensor the precise form of which can not be determined from Einstein’s equations.

In two dimensions, we get [40] (see also [6])

g_{(2)ij} = 1 2 (R g_{(0)ij} + t_{ij} ), (2.7)

where the symmetric tensor t_{ij} should satisfy

∇^it_{ij} = 0, Tr t = −R. (2.8)

In four dimensions we obtain^9

g_{(4)ij} = 1 8 g_{(0)ij} [(Tr g_{(2)})^2 − Tr g^2_{(2)}] + 1 2 (g^2_{(2)})_{ij} − 1 4 g_{(2)ij} Tr g_{(2)} + t_{ij} , (2.9)

9From now on we will suppress factors of g(0). For instance, Tr g(2)g(4) = Tr [g�1(0)g(2)g�1(0)g(4)]. Unless we explicitly mention to the contrary, indices will be raised and lowered with the metric g(0), all contractions will be made with this metric.

The tensor t_{ij} satisfies ∇^it_{ij} = 0, Tr t = − 1 4 [(Tr g_{(2)})^2 − Tr g^2_{(2)}]. (2.10)

In six dimensions the equation determining the coefficient g_{(6)} is more subtle than the one in (2.6). It given by ∇^ig_{(6)ij} = ∇^iA_{(6)ij} + 1 6 Tr(g_{(4)}∇_jg_{(2)}) (2.11)

where the tensor A_{(6)ij} is given in (A.4). It contains a part which is antisymmetric in the indices i and j. Since g_{(6)ij} is by definition a symmetric tensor the integration of equation (2.11) is not straightforward. Moreover, it is not obvious that the last term in (2.11) takes a form of divergence of some local tensor. Nevertheless, this is indeed the case as we now show. Let us define the tensor S_{ij},

S_{ij} = ∇^2C_{ij} − 2R^{k l}_{i j} C_{kl} + 4(g_{(2)}g_{(4)} − g_{(4)}g_{(2)})_{ij} + 1 10 (∇_i∇_jB − g_{(0)ij}∇^2B) + 2 5 g_{(2)ij}B + g_{(0)ij}(− 2 3 Tr g^3_{(2)} − 4 15 (Tr g_{(2)})^3 + 3 5 Tr g_{(2)}Tr g^2_{(2)}) , (2.12)

where C_{ij} = (g_{(4)} − 1 2 g^2_{(2)} + 1 4 g_{(2)}Tr g_{(2)})_{ij} + 1 8 g_{(0)ij}B , B = Tr g^2 − (Tr g_2)^2 .

The tensor S_{ij} is a local function of the Riemann tensor. Its divergence and trace read

∇^iS_{ij} = −4Tr(g_{(4)}∇_jg_{(2)}) , TrS = −8Tr(g_{(2)}g_{(4)}) . (2.13)

With the help of the tensor S_{ij} the equation (2.11) can be integrated in a way similar to the d = 2, 4 cases. One obtains g_{(6)ij} = A_{(6)ij} − 1 24 S_{ij} + t_{ij} . (2.14)

Notice that tensor S_{ij} contains an antisymmetric part which cancels the antisymmetric part of the tensor A_{(6)ij} so that g_{(6)ij} and t_{ij} are symmetric tensors, as they should. The symmetric tensor t_{ij} satisfies

∇^it_{ij} = 0 , Tr t = − 1 3 [ 1 8 (Trg_{(2)})^3 − 3 8 Trg_{(2)}Trg^2_{(2)} + 1 2 Trg^3_{(2)} − Trg_{(2)}g_{(4)}] . (2.15)

Notice that in all three cases, d = 2, 4, 6, the trace of t_{ij} is proportional to the holographic conformal anomaly. As we will see in the next section, the symmetric tensors t_{ij} are directly related to the expectation value of the boundary stress-energy tensor.

When d is odd the only constraint on the coefficient g_{(d)ij}(x) is that it is conserved and traceless

∇^ig_{(d)ij} = 0 , Tr g_{(d)} = 0 . (2.16)

So that we may identify g_{(d)ij} = t_{ij} . (2.17)

3 The holographic stress-energy tensor

We have seen in the previous section that given a conformal structure at infinity we can determine an asymptotic expansion of the metric up to order ρ^{d/2}. We will now show that this term is determined by the expectation value of the dual stress-energy tensor.

According to the AdS/CFT prescription, the expectation value of the boundary stress-energy tensor is determined by functionally differentiating the on-shell gravitational action with respect to the boundary metric. The on-shell gravitational action, however, diverges. To regulate the theory we restrict the bulk integral to the region ρ ≥ ϵ and we evaluate the boundary term at ρ = ϵ. The regulated action is given by S_{gr,reg} = 1 16πG_N [∫ ρ≥ϵ d^{d+1}x √ G (R[G] + 2Λ) − ∫ ρ=ϵ d^dx √ γ 2K ] = (3.1) = 1 16πG_N ∫ d^dx [∫ ϵ dρ d ρ^{d/2+1} √ det g(x, ρ) + 1 ρ^{d/2} (−2d √ det g(x, ρ) + 4ρ∂_ρ √ det g(x, ρ))|_{ρ=ϵ} ]

Evaluating (3.1) for the solution we obtained in the previous section we find that the divergences appears as 1/ϵ^k poles plus a logarithmic divergence [26],

S_{gr,reg} = l 16πG_N ∫ d^dx √ det g_{(0)} ( ϵ^{−d/2}a_{(0)} + ϵ^{−d/2+1}a_{(2)} + . . . + ϵ^{−1}a_{(d−2)} − log ϵ a_{(d)} ) + O(ϵ^0), (3.2)

where the coefficients a_{(n)} are local covariant expressions of the metric g_{(0)} and its curvature tensor. We give the explicit expressions, up to the order we are interested in, in appendix B.

We now obtain the renormalized action by subtracting the divergent terms, and then removing the regulator,

S_{gr,ren}[g_{(0)}] = lim_{ϵ→0} 1 16πG_N

[S_{gr,reg}− ∫ d^dx √ det g_{(0)} ( ϵ^{−d/2}a_{(0)} + ϵ^{−d/2+1}a_{(2)} + . . . + ϵ^{−1}a_{(d−2)} − log ϵ a_{(d)} ) ] (3.3) The expectation value of the stress-energy tensor of the dual theory is given by ⟨T_{ij} ⟩ = 2 √ det g_{(0)}

∂S_{gr,ren} ∂g^{ij}_{(0)} = lim_{ϵ→0} 2 √ det g(x, ϵ) ∂S_{gr,ren} ∂g^{ij} (x, ϵ) = lim_{ϵ→0} ( 1 ϵ^{d/2−1} T_{ij}[γ] ) (3.4)

where T_{ij}[γ] is the stress-energy tensor of the theory at ρ = ϵ described by the action in (3.3) but before the limit ϵ → 0 is taken (γ_{ij} = 1/ϵ g_{ij}(x, ϵ) is the induced metric at ρ = ϵ). Notice that the asymptotic expansion of the metric only allows for the determination of the divergences of the on-shell action. We can still obtain, however, a formula for ⟨T_{ij} ⟩ in terms of g_{(n)} since, as (3.4) shows, we only need to know the first ϵ^{d/2−1} orders in the expansion of T_{ij} [γ].

The stress-energy tensor T_{ij}[γ] contains two contributions,

T_{ij}[γ] = T^{reg}_{ij} + T^{ct}_{ij} , (3.5)

T^{reg}_{ij} comes from the regulated action in (3.1) and T^{ct}_{ij} is due to the counterterms. The first contribution is equal to

T^{reg}_{ij} [γ] = − 1 8πG_N (K_{ij} − Kγ_{ij} ) = − 1 8πG_N (−∂_ϵg_{ij}(x, ϵ) + g_{ij}(x, ϵ) Tr[g^{−1}(x, ϵ)∂_ϵg(x, ϵ)] + 1 − d ϵ g_{ij}(x, ϵ)) (3.6) The contribution due to counterterms can be obtained from the results in appendix B. It is given by

T^{ct}_{ij} = − 1 8πG_N ( (d − 1)γ_{ij} + 1 (d − 2) (R_{ij} − 1 2 Rγ_{ij} ) − 1 (d − 4)(d − 2)^2 [−∇^2R_{ij} + 2R_{ikjl}R^{kl} + d − 2 2(d − 1) ∇_i∇_jR − d 2(d − 1) RR_{ij} − 1 2 γ_{ij} (R_{kl}R^{kl} − d 4(d − 1)

R^2 − 1 d − 1 ∇^2R)] − T^a_{ij} log ϵ ) (3.7) where T^a_{ij} is the stress-energy tensor of the action ∫ d^dx √ det γ a_{(d)}. As it is shown in Appendix C, T^a_{ij} is proportional to the tensor h_{(d)ij} appearing in the expansion (2.3).

The stress tensor T_{ij}[g_{(0)}] is covariantly conserved with respect to the metric g_{(0)ij}. To see this, notice that each of T^{reg}_{ij} and T^{ct}_{ij} is separately covariantly conserved with respect to the induced metric γ_{ij} at ρ = ϵ: for T^{reg}_{ij} one can check this by using the second equation in (2.5), for T^{ct}_{ij} this follows from the fact that it was obtained by varying a local covariant counterterm. Since all divergences cancel in (3.4), we obtain that the finite part in (3.4) is conserved with respect to the metric g_{(0)ij}.

We are now ready to calculate T_{ij}. By construction (and we will verify this below) the divergent pieces cancel between T^{reg} and T^{ct}.

3.1 d = 2

In two dimensions we obtain ⟨T_{ij} ⟩ = l 16πG_N t_{ij} (3.8)

where we have used (2.7) and (2.8) and the fact that T^a_{ij} = 0 since ∫ R is a topological invariant (and reinstated the factor of l). As promised, t_{ij} is directly related to the boundary stress-energy tensor. Taking the trace we obtain ⟨T^i_i ⟩ = − c 24π R (3.9)

where c = 3l/2G_N, which is the correct conformal anomaly [10].

Using our results, one can immediately obtain the stress-energy tensor of the boundary theory associated with a given solution G of the three dimensional Einstein equations: one needs to write the metric in the coordinate system (2.3) and then use the formula ⟨T_{ij}⟩ = 2l 16πG_N

(g_{(2)ij} − g_{(0)ij} Tr g_{(2)}). (3.10)

From the gravitational point of view this is the quasi-local stress energy tensor associated with the solution G. 3.2 d = 4

To obtain T_{ij} we first need to rewrite the expressions in T^{ct} in terms of g_{(0)}. This can be done with the help of the relation

R_{ij}[γ] = R_{ij}[g_{(0)}] + 1 4 ϵ ( 2R_{ik}R^k_j − 2R_{ikjl}R^{kl} − 1 3 ∇_i∇_jR + ∇^2R_{ij} − 1 6 ∇^2Rg_{(0)ij} ) + O(ϵ^2). (3.11)

After some algebra one obtains,

⟨T_{ij} [g_{(0)}]⟩ = − 1 8πG_N lim_{ϵ→0} [ 1 ϵ (−g_{(2)ij} + g_{(0)ij}Tr g_{(2)} + 1 2 R_{ij} − 1 4 g_{(0)ij}R) + log ϵ (−2h_{(4)ij} − T^a_{ij})

−2g_{(4)ij} − h_{(4)ij} − g_{(2)ij}Tr g_{(2)} − 1 2 g_{(0)ij}Tr g^2_{(2)} 1 8 (R_{ik}R^k_j − 2R_{ikjl}R^{kl} − 1 3 ∇_i∇_jR + ∇^2R_{ij} − 1 6 ∇^2Rg_{(0)ij})

− 1 4 g_{(2)ij}R + 1 8 g_{(0)ij}(R_{kl}R^{kl} − 1 6 R^2) ] . (3.12)

Using the explicit expression for g_{(2)} and h_{(4)} given in (A.1) and (A.6) one finds that both the 1/ϵ pole and the logarithmic divergence cancel. Notice that had we not subtracted the logarithmic divergence from the action, the resulting stress-energy tensor would have been singular in the limit ϵ → 0.

Using (2.9) and (2.10) and after some algebra we obtain ⟨T_{ij}⟩ = − 1 8πG_N [−2t_{ij} − 3h_{(4)}]. (3.13)

Taking the trace we get ⟨T^i_i ⟩ = 1 16πG_N

(−2a_{(4)}), (3.14)

which is the correct conformal anomaly [26].

Notice that since h_{(4)ij} = −^1_2 T^a_{ij} the contribution in the boundary stress energy tensor proportional to h_{(4)ij} is scheme dependent. Adding a local finite counterterm proportional to the trace anomaly will change the coefficient of this term. One may remove this contribution from the boundary stress energy tensor by a choice of scheme.

Finally, one can obtain the energy-momentum tensor of the boundary theory for a given solution G of the five dimensional Einstein equations with negative cosmological constant. It is given by ⟨T_{ij} ⟩ = 4 16πG_N

[g_{(4)ij} − 1 8 g_{(0)ij}[(Tr g_{(2)})^2 − Tr g^2_{(2)}] − 1 2 (g^2_{(2)})_{ij} + 1 4 g_{(2)ij}Tr g_{(2)}], (3.15)

where we have omitted the scheme dependent h_{(4)} terms. From the gravitational point of view this is the quasi-local stress energy tensor associated with the solution G.

3.3 d = 6

The calculation of the boundary stress tensor in d = 6 case goes along the same lines as in d = 2 and d = 4 cases although it is technically involved. Up to local traceless covariantly conserved term (proportional to h_{(6)}) the results is ⟨T_{ij}⟩ = 3 8πG_N (g_{(6)ij} − A_{(6)ij} + 1 24 S_{ij} ) . (3.16)

where A_{(6)ij} is given in (A.4) and S_{ij} in (2.12). It is covariantly conserved and has the correct trace ⟨T^i_i ⟩ = 1 8πG_N (−a_{(6)}) , (3.17)

reproducing correctly the conformal anomaly in six dimensions [26].

Given an asymptotically AdS solution in six dimensions equation (3.16) yields the quasi-local stress energy tensor associated with it.

3.4 d = 2k + 1

In this case one can check that the counterterms only cancel infinities. Evaluating the finite part we get ⟨T_{ij} ⟩ = d 16πG_N g_{(d)ij}. (3.18) where g_{(d)ij} can be identified with a traceless covariantly conserved tensor t_{ij} . In odd boundary dimensions there are no gravitational conformal anomalies, and indeed (3.18) is traceless. As in all previous cases, one can also read (3.18) as giving the quasi-local stress energy tensor associated with a given solution of Einstein’s equations.

3.5 Conformally flat bulk metrics

In this subsection we discuss a special case where the bulk metric can be determined to all orders given only a boundary metric. It was shown in [40] that, given a conformally flat boundary metric, equations (2.5) can be integrated to all orders if the bulk Weyl tensor vanishes^{10}. We show that the extra condition in the bulk metric singles out a specific vacuum of the CFT.

The solution obtained in [40] is given by

g(x, ρ) = g_{(0)}(x) + g_{(2)}(x)ρ + g_{(4)}(x)ρ^2 , g_{(4)} = 1 4 (g_{(2)})^2 (3.19)

where g_{(2)} is given in (A.1) (we consider d > 2), and all other coefficients g_{(n)}, n > 4 vanish. Since g_{(4)} and g_{(6)} are now known, one can obtain a local formula for the dual stress energy tensor in terms of the curvature by using (2.9) and (2.14).

In d = 4, using (2.9) and g_{(4)} =^1_4 (g_{(2)})^2, one obtains

t_{ij} = t^{cf}_{ij} ≡ − 1 4 (g_{(2)})^2_{ij} + 1 4 g_{(2)ij}Tr g_{(2)} − 1 8 g_{(0)ij}[(Tr g_{(2)})^2 − Tr g^2_{(2)}] . (3.20)

It is easy to check that trace of t^{cf}_{ij} reproduces (2.10). Furthermore, by virtue of Bianchi’s, one can show that t^{cf}_{ij} is covariantly conserved. It is well-known that the stress-energy tensor of a quantum field theory on a conformally flat spacetime is a local function of the curvature tensor (see for example [8]). Our equation (3.20) reproduces the corresponding expression given in [8].

In d = 6, using (2.14) and g_{(6)} = 0 we find

t_{ij} = t^{cf}_{ij} ≡ [ 1 4 g^3_{(2)} − 1 4 g^2_{(2)}Tr g_{(2)} + 1 8 g_{(2)}(Trg_{(2)})^2 − 1 8 g_{(2)}Tr g_{(2)}

+g_{(0)}( 1 8 Tr g_{(2)}Tr g^2_{(2)} − 1 12 Tr g^3_{(2)} − 1 24 (Tr g_{(2)})^3)]_{ij} . (3.21)

One can verify that the trace of t^{cf}_{ij} reproduces (2.15) (taking into account that g_{(4)} =^1_4 g^2_{(2)}) and that t^{cf}_{ij} is covariantly conserved (by virtue of Bianchi’s).

Following the analysis in the previous subsections we obtain ⟨T_{ij} ⟩ = d 16πG_N t^{cf}_{ij}. (3.22)

So, we explicitly see that the global condition we imposed on the bulk metric implies that we have picked a particular vacuum in the conformal field theory.

Note that the tensors t^{cf}_{ij} in (3.20), (3.21) are local polynomial functions of the Ricci scalar and the Ricci tensor (but not of the Riemann tensor) of the metric g_{(0)ij}. It is perhaps an expected but still a surprising result that in conformally flat backgrounds the anomalous stress tensor is a local function of the curvature.

10In [40] it was proven that if the bulk metric satisfies Einstein’s equations and it has a vanishing Weyl tensor, then the corresponding boundary metric has to be conformally flat. The converse is not necessarily true: one can have Einstein metrics with non-vanishing Weyl tensor which induce a conformally flat metric in the boundary.

4 Conformal transformation properties of the stress-energy tensor

In this section we discuss the conformal transformation properties of the stress-energy tensor. These can be obtained by noting [28] that conformal transformations in the boundary originate from specific diffeomorphisms that preserve the form of the metric (2.3). Under these diffeomorphisms g_{ij}(x, ρ) transforms infinitesimally as [28] δg_{ij}(x, ρ) = 2σ(1 − ρ∂_ρ) g_{ij}(x, ρ) + ∇_ia_j (x, ρ) + ∇_ja_i(x, ρ), (4.1) where a_j(x, ρ) is obtained from the equation a^i(x, ρ) = 1 2 ∫_ρ 0 dρ^′g^{ij} (x, ρ^′)∂_j σ(x). (4.2)

This can be integrated perturbatively in ρ, a^i(x, ρ) = ∑ k=1 a^i_{(k)}ρ^k. (4.3)

We will need the first two terms in this expansion,

a^i_{(1)} = 1 2 ∂^iσ, a^i_{(2)} = − 1 4 g^{ij}_{(2)}∂_j σ. (4.4)

We can now obtain the way the g_{(n)}’s transform under conformal transformations [28] δg_{(0)ij} = 2σg_{(0)ij}, δg_{(2)ij} = ∇_ia_{(1)j} + ∇_ja_{(1)i} δg_{(3)ij} = −σg_{(3)ij}, δg_{(4)ij} = −2σ(g_{(4)} + h_{(4)}) + a^k_{(1)}∇_kg_{(2)ij} + ∇_ia_{(2)j} + ∇_ja_{(2)i} + g_{(2)ik}∇_ja^k_{(1)} + g_{(2)jk}∇_ia^k_{(1)} δg_{(5)ij} = −3σg_{(3)ij}, (4.5) where the term h_{(4)} in g_{(4)} is only present when d = 4. One can check from the explicit expressions for g_{(2)} and g_{(4)} in (A.1) that they indeed transform as (4.5). An alternative way to derive the transformation rules above is to start from (A.1) and perform a conformal variation. In [28] the variations (4.5) were integrated leading to (A.1) up to conformally invariant terms.

Equipped with these results and the explicit form of the energy-momentum tensors, we can now easily calculate how the quantum stress-energy tensor transforms under conformal transformations. We use the term “quantum stress-energy tensor” because it incorporates the conformal anomaly. In the literature such transformation rules were obtained [12] by first integrating the conformal anomaly to an effective action. This effective action is a functional of the initial metric g and of the conformal factor σ. It can be shown that the difference between the stress-energy tensor of the theory on the manifold with metric ge^{2σ} and the one on the manifold with metric g is given by the stress-energy tensor derived by varying the effective action with respect to g.

In any dimension the stress-energy tensor transforms classically under conformal transformations as δ⟨T_{μν} ⟩ = −(d − 2) σ ⟨T_{μν} ⟩ (4.6) This transformation law is modified by the quantum conformal anomaly. In odd dimensions, where there is no conformal anomaly, the classical transformation rule (4.6) holds also at the quantum level. Indeed, for odd d, and by using (3.18) and (4.5), one easily verifies that the holographic stress-energy tensor transforms correctly.

In even dimensions, the transformation (4.6) is modified. In d = 2, it is well-known that one gets an extra contribution proportional to the central charge. Indeed, using (3.10) and the formulae above we obtain δ⟨T_{ij} ⟩ = l 8πG_N (∇_i∇_jσ − g_{(0)ij}∇^2σ) = c 12 (∇_i∇_jσ − g_{(0)ij}∇^2σ), (4.7)

which is the correct transformation rule.

In d = 4 we obtain, δ⟨T_{ij} ⟩ = −2σ⟨T_{ij} ⟩ + 1 4πG_N ( −2σh_{(4)} + 1 4 ∇^kσ[∇_kR_{ij} − 1 2 (∇_iR_{jk} + ∇_jR_{ik}) − 1 6 ∇_kRg_{(0)ij}] + 1 48 (∇_iσ∇_jR + ∇_iσ∇_jR) + 1 12 R(∇_i∇_jσ − g_{(0)ij}∇^2σ) + 1 8 [R_{ij}∇^2σ − (R_{ik}∇^k∇_jσ + R_{jk}∇^k∇_iσ) + g_{(0)ij}R_{kl}∇^k∇^lσ] ) . (4.8)

The only other result known to us is the result in [12], where they computed the finite conformal transformation of the stress-energy tensor but for a conformally flat metric g_{(0)}. For conformally flat backgrounds, h_{(4)} vanishes because it is the metric variation of a topological invariant. The terms proportional to a single derivative of σ vanish by virtue of Bianchi identities and the fact that the Weyl tensor vanishes for conformally flat metrics. The remaining terms, which only contain second derivatives of σ, can be shown to coincide with the infinitesimal version of (4.23) in [12].

One can obtain the conformal transformation of the stress energy tensor in d = 6 in a similar fashion but we shall not present this result here.

5 Matter

In the previous sections we examined how spacetime is reconstructed (to leading order) holographically out of CFT data. In this section we wish to examine how field theory describing matter on this spacetime is encoded in the CFT. We will discuss scalar fields but the techniques are readily applicable to other kinds of matter.

The method we will use is the same as in the case of pure gravity, i.e. we will start by specifying the sources that are turned on, find how far we can go with only this information and then input more CFT data. We will find the same pattern: knowledge of the sources allows only for determination of the divergent part of the action. The leading finite part (which depends on global issues and/or the signature of spacetime) is determined by the expectation value of the dual operator. We would like to stress that in the approach we follow, i.e. regularize, subtract all infinities by adding counterterms and finally remove the regulator to obtain the renormalized action, all normalizations of the physical correlation functions are fixed and are consistent with Ward identities.

Other papers that discuss similar issues include [1, 36, 35, 44].

5.1 Dirichlet boundary problem for scalar fields in a fixed gravitational background

In this section we consider scalars on a fixed gravitational background. This is taken to be of the generic form (2.3). In most of the literature the fixed metric was taken to be that of standard AdS, but with not much more effort one can consider the general case.

The action for massive scalar is given by

S_M = 1 2 ∫ d^{d+1}x √ G ( G^{μν} ∂_μΦ∂_ν Φ + m^2Φ^2 ) (5.1)

where G_{μν} has an expansion of the form (2.3).

We take the scalar field Φ to have an expansion of the form

Φ(x, ρ) = ρ^{(d−Δ)/2} ϕ(x, ρ), ϕ(x, ρ) = ϕ_{(0)} + ϕ_{(2)}ρ + ... , (5.2)

where Δ is the conformal dimension of the dual operator. We take the dimension Δ to be quantized as Δ =^d_2 + k, k = 0, 1, ... This is often the case for operators of protected dimension. For the case of scalars that correspond to operators of dimensions^d_2 − 1 ≤ Δ <^d_2 we refer to [29]. Inserting (5.2) in the field equation, (−_G + m^2)Φ = 0, (5.3)

where_GΦ =^{1√}_G ∂_μ( √ GG^{μν}∂_ν Φ), we obtain that the mass m^2 and the conformal dimension Δ are related as m^2 = (Δ − d)Δ, and that ϕ satisfies

[−(d − Δ)∂_ρ log g ϕ + 2(2Δ − d − 2)∂_ρϕ −_gϕ] + ρ[−2∂_ρ log g ∂_ρϕ − 4∂^2_ρϕ] = 0. (5.4)

Given ϕ_{(0)} one can determine recursively ϕ_{(n)}, n > 0. This is achieved by differentiating (5.4) and setting ρ equal to zero. We give the result for the first couple of orders in appendix D. This process breaks down at order Δ − d/2 (provided this is an integer, which we assume throughout this section) because the coefficient of ϕ_{(2Δ−d)} (the field to be determined) becomes zero. This is exactly analogous to the situation encountered for even d in the gravitational sector. Exactly the same way as there, we introduce at this order a logarithmic term, i.e. the expansion of Φ now reads,

Φ = ρ^{(d−Δ)/2} (ϕ_{(0)} + ρϕ_{(2)} + ...) + ρ^{Δ/2} (ϕ_{(2Δ−d)} + log ρ ψ_{(2Δ−d)} + ...). (5.5)

The equation (5.4) now determines all terms up to ϕ_{(2Δ−d−2)}, the coefficient of the logarithmic term ψ_{(2Δ−d)}, but leaves undetermined ϕ_{(2Δ−d)}. This is analogous to the situation discussed in section 2 where the term g_{(d)} was undetermined. It is well known [4, 5, 29] that precisely at order ρ^{Δ/2} one finds the expectation value of the dual operator. We will review this argument below, and also derive the exact proportionality coefficient. Our result is in agreement with [29].

We proceed to regularize and then renormalize the theory. We regulate by integrating in the bulk from ρ ≥ ϵ,^{11}

S_{M,reg} = 1 2 ∫ ρ≥ϵ d^{d+1}x √ G ( G^{μν} ∂_μΦ∂_ν Φ + m^2Φ^2 )

11This regularization for scalar fields in a fixed AdS background was considered in [33, 17]. In these papers the divergences were computed in momentum space, but no counterterms were added to cancel them. Addition of boundary counterterms to cancel infinities for scalar fields was considered in [13], and more recently in [29].

= − ∫ ρ=ϵ d^dx √ g(x, ϵ)ϵ^{−Δ+d/2} [ 1 2 (d − Δ)ϕ^2(x, ϵ) + ϵ ϕ(x, ϵ)∂_ϵϕ(x, ϵ)] (5.6) = ∫ d^dx √ g_{(0)} [ϵ^{−Δ+d/2}a^M_{(0)} + ϵ^{−Δ+d/2+1}a^M_{(2)} + ... + ϵ a^M_{(2Δ−d+2)} − log ϵ a_{(2Δ−d)}] + O(ϵ^0)

Clearly, with Δ − d/2 a positive integer there are finite number of divergent terms. The logarithmic divergence appears exactly when Δ = d/2 + k, k = 0, 1, .., in agreement with the analysis in [37], and is directly related to the logarithmic term in (5.5). The first few of the power law divergences read

a^M_{(0)} = − 1 2 (d − Δ)ϕ^2_{(0)}, a^M_{(2)} = − 1 4 Tr g_{(2)} ϕ^2_{(0)} + (d − Δ + 1) ϕ_{(0)}ϕ_{(2)}. (5.7)

Given a field of specific dimension it is straightforward to compute all divergent terms.

We now proceed to obtain the renormalized action by adding counterterms to cancel the infinities,

S_{M,ren} = lim_{ϵ→0}[S_{M,reg} − ∫ d^dx √g_{(0)} [ϵ^{−Δ+d/2}a^M_{(0)} + ϵ^{−Δ+d/2+1}a^M_{(2)} + ... + ϵ a^M_{(2Δ−d+2)} − log ϵ a_{(2Δ−d)}] (5.8)

Exactly as in the case of pure gravity, and since the regulated theory lives at ρ = ϵ, one needs to rewrite the counterterms in terms of the field living at ρ = ϵ, i.e. the induced metric γ_{ij} (x, ϵ) and the field Φ(x, ϵ), or equivalently g_{ij}(x, ϵ) and ϕ(x, ϵ). This is straightforward but somewhat tedious: one needs to invert the relation between ϕ and ϕ_{(0)} and between g_{ij} and g_{(0)ij} to sufficiently high order. This then allows to express all ϕ_{(n)}, and therefore all a^M_{(n)}, in terms of ϕ(x, ϵ) and g_{ij}(x, ϵ) (the ϕ_{(n)}’s are determined in terms of ϕ_{(0)} and g_{(0)} by solving (5.4) iteratively). Explicitly, the first two orders read,

S_{M,ren} = lim_{ϵ→0} [ 1 2 ∫ ρ≥ϵ d^{d+1}x √ G ( G^{μν} ∂_μΦ∂_ν Φ + m^2Φ^2 ) (5.9) + ∫ ρ=ϵ √ γ [ (d − Δ) 2 Φ^2(x, ϵ) + 1 2(2Δ − d − 2)

(Φ(x, ϵ)_γ Φ(x, ϵ) + d − Δ 2(d − 1) R[γ]Φ^2(x, ϵ)) + ...] ]

The addition of the first counterterm was discussed in [29]. The action (5.9) with only the counterterms written explicitly is finite for fields of Δ < d/2 + 2. As remarked above, it is straightforward to obtain all counterterms needed in order to make the action finite for any field of any mass. These counterterms contain also logarithmic subtractions that lead to the conformal anomalies discussed in [37]. For instance, if Δ =^1_2 d + 1, the coefficient [2(2Δ − d − 2)]^{−1} in (5.9) is replaced by −^1_4 log ϵ. An alternative way to derive the counterterms is to demand that the expectation value ⟨O⟩ is finite. This holds in the case of pure gravity too, i.e. the counterterms can also be derived by requiring finiteness of ⟨T_{μν} ⟩ [3].

The expectation value of the dual operator is given by ⟨O(x)⟩ = − 1 √ det g_{(0)} δS_{M,ren} δϕ_{(0)}

= − lim_{ϵ→0} 1 √ det g(x, ϵ) δS_{M,ren} δϕ(x, ϵ) . (5.10)

Exactly as in the case of pure gravity, the expectation value receives a contribution both from the regulated part and from the counterterms. We obtain,

⟨O(x)⟩ = (2Δ − d) ϕ_{(2Δ−d)} + F (ϕ_{(n)}, ψ_{(2Δ−d)}, g_{(m)}), n < 2Δ − d (5.11)

where we used that ϕ_{(2Δ−d)} is linear in ϕ_{(0)} (notice that the action (5.1) does not include interactions). F (ϕ_{(n)}, ψ_{(2Δ−d)}, g_{(m)}) is a local function of ϕ_{(n)} with n < 2Δ−d, ψ_{(2Δ−d)} and g_{(m)}. These terms are related to contact terms in correlation functions of O with itself and with the stress-energy tensor. Its exact form is straightforward but somewhat tedious to obtain (just use (5.9) and (5.10)).

As we have promised, we have shown that the coefficient ϕ_{(2Δ−d)} is related with the expectation value of the dual CFT operator. In the case that the background geometry is the standard Euclidean AdS one can readily obtain ϕ_{(2Δ−d)} from the unique solution of the scalar field equation with given Dirichlet boundary conditions. One finds that ϕ_{(2Δ−d)} is proportional to (an integral involving) ϕ_{(0)}. Therefore, ϕ_{(2Δ−d)} carries information about the 2-point function. The factor (Δ − d/2) is crucial in order for the 2-point function to be normalized correctly [17]. We refer to [29] for a detailed discussion of this point.

We finish this section by calculating the conformal anomaly associated with the scalar fields and in the case the background is (locally) standard AdS (i.e. g_{(n)} = 0, for 0 < n < d). Equation (5.4) simplifies and can be easily solved. One gets

ϕ_{(2n)} = 1 2n(2Δ − d − 2n)^0 ϕ_{(2n−2)}, ψ_{(2Δ−d)} = − 1 2(2Δ − d)^0 ϕ_{(2Δ−d−2)} = − 1 2^{2k}Γ(k)Γ(k + 1)

(_0)^kϕ_{(0)}, (5.12)

where k = Δ −^d_2 and_0 is the Laplacian of g_{(0)}. The regularized action written in terms of the fields at ρ = ϵ contains the following explicit logarithmic divergence,

S_{M,reg} = − ∫ ρ=ϵ d^dx √ γ [log ϵ (Δ − d 2 ) ϕ(x, ϵ) ψ_{(2Δ−d)}(x, ϵ) + · · ·] , (5.13)

where the dots indicate power law divergent and finite terms, ψ_{(2Δ−d)}(x, ϵ) is given by (5.12) with g_{(0)} replaced by γ and ϕ_{(0)} by ϕ(x, ϵ). Using the same argument as in [26] we obtain the matter conformal anomaly, A_M = 1 2 ( 1 2^{2k−2}(Γ(k))^2 ) ϕ_{(0)}(_0)^kϕ_{(0)}. (5.14)

This agrees exactly with the anomaly calculated in [37] (compare with formulae (10), (37) in [37]).

5.2 Scalars coupled to gravity

In the previous section we ignored the back-reaction of the scalars to the bulk geometry. The purpose of this section is to discuss this issue. The action is now the sum of (2.1) and (5.1),

S = S_{gr} + S_M. (5.15)

The gravitational field equation in the presence of matter reads R_{μν} − 1 2 (R + 2Λ)G_{μν} = −8πG_N T_{μν} (5.16)

In the coordinate system (2.3) and with the scalar field having the expansion in (5.5), these equations read

ρ [2g^{′′}_{ij} − 2(g^′g^{−1}g^′)_{ij} + Tr (g^{−1}g^′) g^′_{ij} ] + R_{ij}(g) − (d − 2) g^′_{ij} − Tr (g^{−1}g^′) g_{ij} = (5.17) = −8πG_N ρ^{d−Δ−1} [ (Δ − d)Δ d − 1 ϕ^2 g_{ij} + ρ ∂_iϕ∂_jϕ ] , ∇_iTr (g^{−1}g^′) − ∇^jg^′_{ij} = −16πG_N ρ^{d−Δ−1} [ d − Δ 2 ϕ∂_iϕ + ρ ∂_ρϕ∂_iϕ ] , Tr (g^{−1}g^{′′}) − 1 2 Tr (g^{−1}g^′g^{−1}g^′) = −16πG_N ρ^{d−Δ−2} [ d(Δ − d)(Δ − d + 1) 4(d − 1) ϕ^2

+ (d − Δ) ρ ϕ∂_ρϕ + ρ^2 (∂_ρϕ)^2 ] ,

If Δ > d, the right-hand side diverges near the boundary whereas the left-hand side is finite. Operators with dimension Δ > d are irrelevant operators. Correlation functions of these operators have a very complicated singularity structure at coincident points. As remarked in [47], one can avoid such problems by considering the sources to be infinitesimal and to have disjoint support, so that these operators are never at coincident points. Requiring that the equations in (5.17) are satisfied to leading order in ρ yields

ϕ^2_{(0)} = 0, (5.18)

which is indeed the prescription advocated in [47].

If Δ ≤ d, which means that we deal with marginal or relevant operators, one can perturbatively calculate the back-reaction of the scalars to the bulk metric. At which order the leading back-reaction appears depends on the mass of the field. For fields that correspond to operators of dimension Δ = d − k the leading back-reaction appears at order ρ^k, except when k = 0 (marginal operators), where the leading back-reaction is at order ρ.

Let us see how conformal anomalies arise in this context. The logarithmic divergences are coming from the regulated on-shell value of the bulk integral in (5.15). The latter reads

S_{reg}(bulk) = ∫ ρ≥ϵ dρ d^dx √ G [ d 8πG_N − m^2 d − 1 Φ^2] = ∫ ρ≥ϵ dρ d^dx 1 ρ √ g(x, ρ) [ d 16πG_N ρ^{−d/2} − m^2 2(d − 1) ϕ^2(x, ρ) ρ^{−k}] (5.19)

where k = Δ − d/2. We see that gravitational conformal anomalies are expected when d is even and matter conformal anomalies when k is a positive integer, as it should.

In the presence of sources the expectation value of the boundary stress-energy tensor is not conserved but rather it satisfies a Ward identity that relates its covariant divergence to the expectation value of the operators that couple to the sources. To see this consider the generating functional

Z_{CFT}[g_{(0)}, ϕ_{(0)}] = ⟨ exp ∫ d^dx √g_{(0)} [ 1 2 g^{ij}_{(0)}T_{ij} − ϕ_{(0)}O] ⟩ . (5.20)

Invariance under infinitesimal diffeomorphisms,

δg_{(0)ij} = ∇_iξ_j + ∇_jξ_i, (5.21)

yields the Ward identity, ∇^j⟨T_{ij} ⟩ = ⟨O⟩ ∂_iϕ_{(0)}. (5.22) As we have remark before, ⟨T_{ij} ⟩ has a dual meaning [3], both as the expectation value of the dual stressenergy tensor and as the quasi-local stress-energy tensor of Brown and York. The Ward identity (5.22) has a natural explanation from the latter point in view as well. According to [11] the quasi-local stress-energy tensor is not conserved in the presence of matter but it satisfies ∇^j⟨T_{ij}⟩ = −τ_{iρ} (5.23) where τ_{iρ} expresses the flow of matter energy-momentum through the boundary. Evidently, (5.22) is of the form (5.23).

Solving the coupled system of equations (5.17) and (5.4) is straightforward but somewhat tedious. The details differ from case to case. For illustrative purposes we present a sample calculation: we consider the case of two-dimensional massless scalar field (d = Δ = 2, k = 1).

The equations to be solved are (5.4) and (5.17) with d = Δ = 2 and the expansion of the metric and the scalar field are given by (2.3) and (5.5) (again with d = Δ = 2), respectively. Equation (5.4) determines ψ_{(2)}, ψ_{(2)} = − 1 4^0 ϕ_{(0)}. (5.24)

Equations (5.17) determine h_{(2)}, the trace of the g_{(2)} and provide a relation between the divergence of g_{(2)} and ϕ_{(2)},

h_{(2)} = −4πG_N ( ∂_iϕ_{(0)}∂_j ϕ_{(0)} − 1 2 g_{(0)ij} (∂ϕ_{(0)})^2 ) , Tr g_{(2)} = 1 2 R + 4πG_N (∂ϕ_{(0)})^2,

∇^ig_{(2)ij} = ∂_iTr g_{(2)} + 16πG_N ϕ_{(2)}∂_iϕ_{(0)}. (5.25)

Notice that g_{(2)} and ϕ_{(2)} are still undetermined and are related to the expectation values of the dual operators (3.4) and (5.11), respectively. Notice that h_{(2)} is equal to the stress-energy tensor of a massless two-dimensional scalar.

Going back to (5.19), we see that the second term drops out (since m^2 = 0) and one can use the result already obtained in the gravitational sector, A = 1 16πG_N

(−2a_{(2)}) = 1 16πG_N

(−2Tr g_{(2)}) = − 1 16πG_N R + 1 2 ϕ_{(0) 0}ϕ_{(0)} − 1 2 ∇_i(ϕ_{(0)}∇^iϕ_{(0)}), (5.26)

which is the correct conformal anomaly [26, 37] (the last term can be removed by adding a covariant counterterm).

The renormalized boundary stress tensor reads ⟨T_{ij}(x)⟩ = 1 8πG_N ( g_{(2)ij} + h_{(2)ij} − g_{(0)ij}Tr g_{(2)} ) (x) (5.27)

Its trace gives correctly the conformal anomaly (5.26). On the other hand, taking the covariant derivative of (5.27) we get ∇^j⟨T_{ij}⟩ = ⟨O(x)⟩ ∂_iϕ_0(x) ⟨O(x)⟩ = 2(ϕ_2(x) + ψ_2(x)). (5.28)

in agreement with equations (5.22) and (5.11).

6 Conclusions

Most of the discussions in the literature on the AdS/CFT correspondence are concerned with obtaining conformal field theory correlation functions using supergravity. In this paper we started investigating the converse question: how can one obtain information about the bulk theory from CFT correlation functions? How does one decode the hologram?

Answering these questions in all generality, but within the context of the AdS/CFT duality, entails developing a precise dictionary between bulk and boundary physics. A prescription for relating bulk/boundary observables is already available [24, 47], and one would expect that it would allow us to reconstruct the bulk spacetime from the boundary CFT. The prescription of [24, 47], however, relates infinite quantities. One of the main results of this paper is the systematic development of a renormalized version of this prescription. Equipped with it, and with no other assumption (except that the CFT has an AdS dual), we then proceeded to reconstruct the bulk spacetime metric and bulk scalar fields to the first non-trivial order.

Our approach to the problem is to start from the boundary and try to build iteratively bulk solutions. Within this approach, the pattern we find is the following:

• Sources in the CFT determine an asymptotic expansion of the corresponding bulk field near the boundary to high enough order so that all infrared divergences of the bulk on-shell action can be computed. This then allows to obtain a renormalized on-shell action by adding boundary counterterms to cancel the infrared divergences.

• Bulk solutions can be extended one order further by using the 1-point function of the corresponding dual CFT operator.

In the case the bulk field is the metric, our results show that a conformal structure at infinity is not in general sufficient in order to obtain a bulk metric. The first additional information one needs is the expectation value of the boundary stress energy tensor.

As a by-product, we have obtained ready-to-use formulae for the Brown-York quasi-local stressenergy tensor for arbitrary solution of Einstein’s equations with negative cosmological constant up to six dimensions. The six-dimensional result is particularly interesting because, via AdS/CFT, provides new information about the still mysterious (2, 0) theory. Furthermore, we have obtained the conformal transformation properties of the stress-energy tensors. These transformation rules incorporate the trace anomaly and provide a generalization to d > 2 of the well-known Schwartzian derivative contribution in the conformal transformation rule of the stress-energy tensor in d = 2.

Our discussion extends straightforwardly to the case of different matter. We expect that in all cases obstructions in extending the solution to the deep interior region will be resolved by additional CFT data (including data about non-local observables such as Wilson loops, Wilson surfaces etc.). An interesting case to study in this framework is point particles [14]. Reconstructing the trajectory of the bulk point particle out of CFT data will present a model of how holography works with time dependent processes. Furthermore, following [27], one could study the interplay between causality and holography. Another extension is to study renormalization group flows using the present formalism. This amounts to extending the discussion in section 5.2 by adding a potential for the scalars. Another application of our results is in the context of Randall-Sundrum (RS) scenarios [38]. Incorporating such a scenario in string theory, in the case the bulk space is AdS, may yield a connection with the AdS/CFT duality [46, 48]. As advocated in [48], one may view the RS scenario as 4d gravity coupled to a cut-off CFT. The regulated theory in our discussion provides a dual description of a cut-off CFT. In this context, the counterterms are re-interpreted as providing the action for the bulk modes localized in the brane [39, 23, 19]. We see, for instance, that the counterterms in (5.9) can be re-interpreted as an action for a bulk scalar mode localized on the brane.

Note added

As this paper was being finalized, [7] appeared with some overlap with the results of section 2.

Acknowledgments

We would like to thank G. ’t Hooft for reading the manuscript and his useful remarks. This research is supported in part by NSF grants PHY94-07194 and PHY-9802484. KS would like to thank ITP in UCSB for hospitality during initial stages of this work. SS would like to thank the Theory Division at CERN for the hospitality extended to him while this work was in progress.

Appendix

A Asymptotic solution of Einstein’s equations

In this appendix we collect the results for the solution of the equations (2.5) up to the order we are interested in.

From the first equation in (2.5) one determines the coefficients g_{(n)}, n ≠ d, in terms of g_{(0)}. For our purpose we only need g_{(2)} and g_{(4)}. There are given by

g_{(2)ij} = 1 d − 2 ( R_{ij} − 1 2(d − 1) R g_{(0)ij} )

g_{(4)ij} = 1 d − 4 ( − 1 8(d − 1)

D_iD_j R + 1 4(d − 2) D_kD^kR_{ij} − 1 8(d − 1)(d − 2) D_kD^kRg_{(0)ij} − 1 2(d − 2) R^{kl}R_{ikjl} + d − 4 2(d − 2)^2 R_i^kR_{kj} + 1 (d − 1)(d − 2)^2 RR_{ij} + 1 4(d − 2)^2 R^{kl}R_{kl}g_{(0)ij} − 3d 16(d − 1)^2(d − 2)^2

R^2g_{(0)ij} ) . (A.1)

The expressions for g_{(n)} are singular when n = d. One can obtain the trace and the divergence of g_{(n)} for any n from the last two equations in (2.5). Explicitly,

Tr g_{(4)} = 1 4 Tr g^2_{(2)}, Tr g_{(6)} = 2 3 Tr g_{(2)}g_{(4)} − 1 6 Tr g^3_{(2)} Tr g_{(3)} = 0, Tr g_{(5)} = 0, (A.2) and ∇^ig_{(2)ij} = ∇^iA_{(2)ij}, ∇^ig_{(3)ij} = 0, ∇^ig_{(4)ij} = ∇^iA_{(4)ij}

∇^ig_{(5)ij} = 0, ∇^ig_{(6)ij} = ∇^iA_{(6)ij} + 1 6 Tr (g_{(4)}∇_jg_{(2)}) , (A.3)

where

A_{(2)ij} = g_{(0)ij}Tr g_{(2)} (A.4)

A_{(4)ij} = − 1 8 [Tr g^2_{(2)} − (Tr g_{(2)})^2] g_{(0)ij} + 1 2 (g^2_{(2)})_{ij} − 1 4 g_{(2)ij} Tr g_{(2)}

A_{(6)ij} = 1 3 ( 2(g_{(2)}g_{(4)})_{ij} + (g_{(4)}g_{(2)})_{ij} − (g^3_{(2)})_{ij} + 1 8 [Tr g^2_{(2)} − (Tr g_{(2)})^2] g_{(2)ij}

− Tr g_{(2)} [g_{(4)ij} − 1 2 (g^2_{(2)})_{ij} ] − [ 1 8 Tr g^2_{(2)}Tr g_{(2)} − 1 24 (Tr g_{(2)})^3 − 1 6 Tr g^3_{(2)} + 1 2 Tr (g_{(2)}g_{(4)})] g_{(0)ij} ) .

For even n = d the first equation in (2.5) determines the coefficients h_{(d)}. They are given by

h_{(2)ij} = 0 (A.5)

h_{(4)ij} = 1 2 g^2_{(2)ij} − 1 8 g_{(0)ij}Tr g^2_{(2)} + 1 8 (∇^k∇_ig_{(2)jk} + ∇^k∇_jg_{(2)ik} − ∇^2g_{(2)ij} − ∇_i∇_jTr g_{(2)}) (A.6) = 1 8 R_{ikjl}R^{kl} + 1 48 ∇_i∇_jR − 1 16 ∇^2R_{ij} − 1 24 RR_{ij} + ( 1 96 ∇^2R + 1 96 R^2 − 1 32 R_{kl}R^{kl})g_{(0)ij} h_{(6)ij} = 2 3 (g_{(4)}g_{(2)} + g_{(2)}g_{(4)})_{ij} − 1 3 g^3_{(2)ij} − 1 6 g_{(4)ij}Tr g_{(2)} + 1 6 g_{(0)ij}(3Trg_{(6)} − 3Trg_{(2)}g_{(4)} + Trg^3_{(2)})

− 1 12 [− 1 4 ∇_i∇_jTrg^2_{(2)} − ∇^k∇_ig_{(4)jk} − ∇^k∇_jg_{(4)ik} + ∇^2g_{(4)ij}

+g^{kl}_{(2)}[∇_l∇_ig_{(2)jk} + ∇_l∇_jg_{(2)ik} − ∇_l∇_kg_{(2)ij}] + 1 2 ∇^kTrg_{(2)}(∇_ig_{(2)jk} + ∇_jg_{(2)ik} − ∇_kg_{(2)ij}) + 1 2 ∇_ig_{(2)kl}∇_j g^{kl}_{(2)} + ∇_kg_{(2)il}∇^lg_{(2)j}^k − ∇_kg_{(2)il}∇^kg_{(2)j}^l]. (A.7)

B Divergences in terms of the induced metric

In this appendix we rewrite the divergent terms of the regularized action in terms of the induced metric at ρ = ϵ. This is needed in order to derive the contribution of the counterterms to the stress energy tensor.

The coefficients a_{(n)} of the divergent terms in the regulated action (3.2) are given by

a_{(0)} = 2(1 − d), a_{(2)} = b_{(2)}(d) Tr g_{(2)}, (B.1)

a_{(4)} = b_{(4)}(d) [(Tr g_{(2)})^2 − Tr g^2_{(2)}], a_{(6)} = ( 1 8 Tr g^3_{(2)} − 3 8 Tr g_{(2)}Tr g^2_{(2)} + 1 2 Tr g^3_{(2)} − Tr g_{(2)}g_{(4)} ) , where a_{(6)} is only valid in six dimensions and the numerical coefficients in a_{(2)} and a_{(4)} are given by

b_{(2)}(d ≠ 2) = −

(d − 4)(d − 1) d − 2 , b_{(2)}(d = 2) = 1, b_{(4)}(d ≠ 4) =

−d^2 + 9d − 16 4(d − 4)

, b_{(4)}(d = 4) = 1 2 . (B.2)

Notice that the coefficients a_{(n)} are proportional to the expression for the conformal anomaly (in terms of g_{(n)}) in dimension d = n [26].

The counterterms can be rewritten in terms of the induced metric by inverting the relation between γ and g_{(0)} perturbatively in ϵ. One finds

√g_{(0)} = ϵ_{d/2} ( 1 − 1 2 ϵ Tr g^{−1}_{(0)}g_{(2)} + 1 8 ϵ^2 [(Tr g^{−1}_{(0)}g_{(2)})^2 + Tr (g^{−1}_{(0)}g_{(2)})^2] + O(ϵ^3) ) √ γ Tr g_{(2)} = 1 2(d − 1) 1 ϵ ( R[γ] + 1 d − 2 (R_{ij}[γ]R^{ij}[γ] − 1 2(d − 1)

R^2[γ]) + O(R[γ]^3) )

Tr g^2_{(2)} = 1 ϵ^2 1 (d − 2)^2 ( R_{ij}[γ]R^{ij}[γ] + −3d + 4 4(d − 1)^2

R^2[γ] + O(R[γ]^3) ) (B.3)

The terms cubic in curvatures in (B.3) give vanishing contribution in (3.4) up to six dimensions.

Putting everything together we obtain that the counterterms, rewritten in terms of the induced metric, are given by

S^{ct} = − 1 16πG_N ∫ ρ=ϵ √ γ [ 2(1 − d) + 1 d − 2 R − 1 (d − 4)(d − 2)^2 (R_{ij}R^{ij} − d 4(d − 1)

R^2) − log ϵ a_{(d)} + ... ]

(B.4) where all quantities are now in terms of the induced metric, including the one in the logarithmic divergence. These are exactly the counterterms in [3, 15, 30] except that these authors did not include the logarithmic divergence. Equation (B.4) should be understood as containing only divergent counterterms in each dimension. This means that in even dimension d = 2k one should include only the first k counterterms and the logarithmic one. In odd d = 2k + 1, only the first k + 1 counterterms should be included.

The logarithmic counterterms appear only for d even. The counterterms in (B.4) render the renormalized action finite up to d = 6. This covers all cases relevant for the AdS/CFT correspondence. It is straightforward but tedious to compute the necessary counterterms for d > 6. From (B.4) one straightforwardly obtains (3.7).

C Relation between h_{(d)} and the conformal anomaly a_{(d)}

We show in this appendix that the tensor h_{(d)} appearing in expansion of the metric in (2.3) when d is even is a multiple of the stress tensor derived from the action ∫ a_{(d)}. (a_{(d)} is, up to a constant, the holographic conformal anomaly).

This can be shown by deriving the stress-energy tensor of the regulated theory at ρ = ϵ in two ways and then comparing the results. In the first derivation one starts from (3.1) and obtains the regulated stress-energy tensor as in (3.6). Expanding T^{reg}_{ij} [γ] in ϵ (keeping g_{(0)} fixed) we find that there is a logarithmic divergence, T^{reg}_{ij} [γ; log] = 1 8πG_N log ϵ ( 3 2 d − 1)h_{(d)ij}. (C.1)

On the other hand, one can derive T^{reg}_{ij} [γ] starting from (3.2). One has to first rewrite the terms in (3.2) in terms of the induced metric. This is done in the previous appendix. Once T^{reg}_{ij} [γ] has been derived, we expand in ϵ. We find the following logarithmic divergence

T^{reg}_{ij} [γ; log] = 1 8πG_N log ϵ ( (1 − d)h_{(d)ij} − T^a_{ij}, ) (C.2)

where T^a_{ij} is the stress-energy tensor of the action ∫ d^dx √ det g_{(0)} a_{(d)}. If follows that h_{(d)ij} = − 2 d T^a_{ij} (C.3)

We have also explicitly verified this relation by brute-force computation in d = 4.

D Asymptotic solution of the scalar field equation

We give here the first two orders of the solution of the equation (5.4)

ϕ_{(2)} = 1 2(2Δ − d − 2)

(_0

ϕ_{(0)} + (d − Δ)ϕ_{(0)}Tr g_{(2)} ) , ϕ_{(4)} = 1 4(2Δ − d − 4) ( 0ϕ_{(2)} − 2 Tr g_{(2)}ϕ_{(2)} − 1 2 (d − Δ) [Tr g^2_{(2)} ϕ_{(0)} − 2Tr g_{(2)} ϕ_{(2)}] − 1 √g_{(0)} ∂μ(

√g_{(0)} gμν_{(2)}∂_ν ϕ_{(0)}) + 1 2 ∂^iTr g_{(2)}∂_jϕ_{(0)} ) , (D.1)

where in_0 the covariant derivatives are with respect to g_{(0)}.

If 2Δ − d − 2k = 0 one needs to introduce a logarithmic term in order for the equations to have a solution, as discussed in the main text. For instance, when Δ =^1_2 d + 1, ϕ_{(2)} is undetermined, but instead one obtains for the coefficient of the logarithmic term,

ψ_{(2)} = − 1 4 ( 0ϕ_{(0)} + ( d 2 − 1) ϕ_{(0)}Tr g_{(2)} ) . (D.2)

References

[1] I.Ya. Aref’eva and I.V. Volovich, “On the Breaking of Conformal Symmetry in the AdS/CFT Correspondence”, Phys.Lett. B433 (1998) 49-55, hep-th/9804182.

[2] A. Ashtekar and S. Das, “Asymptotically Anti-de Sitter Space-times: Conserved Quantities”, Class.Quant.Grav. 17 (2000) L17-L30, hep-th/9911230.

[3] V. Balasubramanian and P. Kraus, “A stress tensor for anti-de Sitter gravity,” Commun.Math.Phys.

208 (1999) 413, hep-th/9902121.

[4] V. Balasubramanian, P. Kraus and A. Lawrence, “Bulk vs. Boundary Dynamics in Anti-de Sitter Spacetime”, Phys.Rev. D59 (1999) 046003, hep-th/9805171.

[5] V. Balasubramanian, P. Kraus, A. Lawrence and S. Trivedi, “Holographic Probes of Anti-de Sitter Spacetimes”, Phys.Rev. D59 (1999) 104021, hep-th/9808017.

[6] K. Bautier, “Diffeomorphisms and Weyl transformations in AdS_3 gravity”, hep-th/9910134. [7] K. Bautier, F. Englert, M. Rooman and Ph. Spindel, “The Fefferman-Graham Ambiguity and AdS Black Holes”, hep-th/0002156.

[8] N.D. Birrell and P.C.W. Davies, “Quantum fields in curved space”, Cambridge University Press 1982.

[9] R. Britto-Pacumio, A. Strominger and A. Volovich, “Holography for Coset Spaces”, JHEP 9911 (1999) 013, hep-th/9905211.

[10] J.D. Brown and M. Henneaux, “Central charges in the canonical realization of asymptotic symmetries: An example from three-dimensional gravity”, Commun. Math. Phys. 104 (1986) 207.

[11] J.D. Brown and J.W. York, “Quasilocal energy and conserved charges derived from the gravitational action”, Phys.Rev. D47 (1993), 1407-1419.

[12] A. Cappelli and A. Coste, “On the stress tensor of conformal field theories in higher dimensions”, Nucl.Phys. B314 (1989) 707-740.

[13] G. Chalmers and K. Schalm, “Holographic Normal Ordering and Multi-particle States in the AdS/CFT Correspondence”, Phys.Rev. D61 (2000) 046001, hep-th/9901144.

[14] S. de Haro and K. Skenderis, in progress.

[15] R. Emparan, C.V. Johnson and R.C. Myers, “Surface Terms as Counterterms in the AdS/CFT Correspondence”, Phys.Rev. D60 (1999) 104001, hep-th/9903238 [16] C. Fefferman and C. Robin Graham, ‘Conformal Invariants’, in Elie Cartan et les Mathématiques d’aujourd’hui (Astérisque, 1985) 95.

[17] D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, “Correlation functions in the CFT(d)/AdS(d+1) correpondence”, Nucl.Phys. B546 (1999) 96-118, hep-th/9804058.

[18] G.W. Gibbons and S.W. Hawking, “Action integrals and partition functions in quantum gravity”, Phys.Rev. D15 (1977) 2752.

[19] S.B. Giddings, E. Katz and L. Randall, “Linearized Gravity in Brane Backgrounds”, hep-th/0002091. [20] C.R. Graham, “Volume and Area Renormalizations for Conformally Compact Einstein Metrics”, math.DG/9909042.

[21] C. R. Graham and J.M. Lee, “Einstein Metrics with Prescribed Conformal Infinity on the Ball”, Adv.Math. 87 (1991) 186.

[22] C. R. Graham and E. Witten, ”Conformal Anomaly Of Submanifold Observables In AdS/CFT Correspondence”, Nucl.Phys. B546 (1999) 52-64, hep-th/9901021.

[23] S.S. Gubser, “AdS/CFT and gravity”, hep-th/9912001.

[24] S. Gubser, I. Klebanov and A. Polyakov, “Gauge Theory Correlators from Non-Critical String Theory”, Phys.Lett. B428 (1998) 105-114, hep-th/9802109.

[25] S. Hawking and D. Page, “Thermodynamics of black holes in anti-de Sitter space”, Commun.Math.Phys. 87 (1983) 577.

[26] M. Henningson and K. Skenderis, “The holographic Weyl anomaly”, JHEP 9807 (1998) 023, hepth/9806087; “Holography and the Weyl Anomaly”, hep-th/9812032.

[27] G.T. Horowitz and N. Itzhaki, “Black Holes, Shock Waves, and Causality in the AdS/CFT Correspondence”, JHEP 9902 (1999) 010, hep-th/9901012.

[28] C. Imbimbo, A. Schwimmer, S. Theisen and S. Yankielowicz, “Diffeomorphisms and Holographic Anomalies”, hep-th/9910267.

[29] I.R. Klebanov and E. Witten, “AdS/CFT Correspondence and Symmetry Breaking”, Nucl.Phys.

B556 (1999) 89-114, hep-th/9905104.

[30] P. Kraus, F. Larsen and R. Siebelink, “The Gravitational Action in Asymptotically AdS and Flat Spacetimes”, Nucl.Phys. B563 (1999) 259-278, hep-th/9906127.

[31] J. Maldacena, “The Large N Limit of Superconformal Field Theories and Supergravity”, Adv.Theor.Math.Phys. 2 (1998) 231-252, hep-th/9711200.

[32] R. Mann, “Misner string entropy”, Phys. Rev. D61 (2000), 084013, hep-th/9904148. [33] W. Mück and K.S. Viswanathan “Conformal Field Theory Correlators from Classical Scalar Field Theory on AdS_{d+1}”, Phys.Rev. D58 (1998) 041901, hep-th/9804035.

[34] R.C. Myers, “Stress Tensors and Casimir Energies in the AdS/CFT Correspondence”, hepth/9903203.

[35] M. Nishimura and Y. Tanii, “Super Weyl Anomalies in the AdS/CFT Correspondence”, Int.J.Mod.Phys. A14 (1999) 3731-3744, hep-th/9904010.

[36] S. Nojiri and S.D. Odintsov, “Conformal Anomaly for Dilaton Coupled Theories from AdS/CFT Correspondence”, Phys.Lett. B444 (1998) 92-97, hep-th/9810008.

[37] A. Petkou and K. Skenderis “A non-renormalization theorem for conformal anomalies”, Nucl.Phys.

B561 (1999) 100-116, hep-th/9906030.

[38] L. Randall and R. Sundrum, “A Large Mass Hierarchy from a Small Extra Dimension”, Phys.Rev.Lett. 83 (1999) 3370-3373, hep-ph/9905221; “An Alternative to Compactification”, Phys.Rev.Lett. 83 (1999) 4690-4693, hep-th/9906064.

[39] K. Skenderis, unpublished.

[40] K. Skenderis and S.N. Solodukhin, “Quantum effective action from the AdS/CFT correspondence”, Phys. Lett. B432 (2000) 316-322, hep-th/9910023.

[41] L. Susskind, “The World as a Hologram”, J.Math.Phys. 36 (1995) 6377, hep-th/9409089. [42] L. Susskind and E. Witten, “The Holographic Bound in Anti-de Sitter Space”, hep-th/9805114. [43] M. Taylor-Robinson, “Holography for degenerate boundaries”, hep-th/0001177. [44] M. Taylor-Robinson, “More on counterterms in the gravitational action and anomalies”, hepth/0002125.

[45] G. ‘t Hooft, “Dimensional reduction in Quantum Gravity”, in Salamfestschrift: A Collection of Talks, World Scientific Series in 20th Century Physics, Vol. 4, ed. A. Ali, J. Ellis and S. Randjbar-Daemi (World Scientific, 1993), gr-qc/9310026.

[46] H. Verlinde, “Holography and Compactification”, hep-th/9906182.

[47] E. Witten, “Anti De Sitter Space And Holography”, Adv.Theor.Math.Phys. 2 (1998) 253-291, hepth/9802150.

[48] E. Witten, remarks at ITP Santa Barbara conference “New dimensions in field and string theory”, http://www.itp.ucsb.edu/online/susy c99/discussion/.