arXiv:hep-th/0010054 v2 12 Dec 2000

UBC/HEPTH-01

On the Holographic RG�flow and the Low-energy, Strong Coupling, Large N Limit

N. Hambli^1 Department of Physics and Astronomy 6224 Agricultural Road, Vancouver, BC, Canada V6T - 1Z1

Abstract

From the AdS/CF T correspondence, we learn that the classical evolution of supergravity in the bulk can be reduced to a RG�flow equation for the dual low-energy, strongly coupled and large N gauge theory on the boundary. This result has been used to obtain interesting relations between the various terms in the gravitational part of the boundary effective action, in particular the term that affect the cosmological constant. It is found that once the cosmological constant is canceled in the UV theory, the RG�flow symmetry of the boundary effective action automatically implies the existence of zero cosmological constant solutions that extend all the way into the IR. Given the standard (and well founded) contradiction between the RG�flow idea and the observational evidence of a small cosmological constant, this is considered to be an important progress, albeit incomplete, towards the final solution. Motivated by this success, it would be interesting to see whether this RG�stability extends outside the scope of strong ’t Hooft coupling and large N regime that are implicitly assumed in the de Boer-Verlinde-Verlinde Hamilton-Jacobi formulation of the holographic RG�flow equations of the boundary theory. In this paper, we address this question, where we start first by identifying the modifications that are required in the Hamilton-Jacobi formulation of the bulk supergravity theory when the strong ’t Hooft coupling and the large N limits are relaxed. Next, taking into account the leading order corrections in these parameters, we derive new bulk/boundary relations, from which one can read all the local terms in the boundary effective action. Finally, we use the resulting new constraints, to examine whether the RG�stability of the cosmological extends to the new coupling regime. It would be also interesting to use these constraints to study the Randall-Sundrum scenario in this case.

1email: hambli@physics.ubc.ca

1 Introduction

According to the holographic principle [1,2], a macroscopic region of space and everything inside it can be represented by a boundary theory living on the boundary of that region^1. Furthermore, the boundary theory should not contain more than one degree of freedom per Planck area. This holographic principle has in the pas few years found a remarkable realization in superstring theory due to new insights gained from the investigation of various superstring dualities. At the heart of this string theory incarnation of the holographic principle is the growing evidence for an intimate connection between quantum phenomena in gauge theory and classical aspects of gravity. Early examples illustrating such a relation are D-branes [7,8], black hole entropy counting [9] and Matrix theory [10]. However, the clearest statement about the duality between gauge theory and gravity is made within the framework of the recently discovered AdS_D/CF T_{D−1} correspondence [11,12,13]. According to this correspondence the strong ‘t Hooft coupling, i.e., g^2_{Y M} N >> 1, and the large N limit, i.e., N >> 1, of certain (D − 1) −dimensional gauge theories have a dual description in terms of a supergravity theory defined on one higher-dimensional bulk space. An important feature of this duality is the existence of an intriguing relationship between infrared (IR) effects in the bulk theory and ultraviolet (UV ) ones on the boundary. In a succeeding work [14], this relation was shown to be crucial in yielding the bound of one degree of freedom per Planck area as required by the holographic principle.

An immediate follow-up of the IR/UV relation above, which is important to our work in this paper, is the interpretation of the extra ‘radial’ D−th coordinate r, in the bulk space, as a renormalization group (RG) parameter of the (D − 1) −dimensional quantum field theory living at its boundary. Indeed, the radial evolution of the D−dimensional bulk fields was shown to share many features with an RG−flow [15–19]. This fact was made elegantly more transparent in the work of [15] by casting the Einstein equations in the D−dimensional bulk into the form of a Hamiltonian flow across constant−r timelike foliations. Specifically, it has been shown that the Hamilton-Jacobi (HJ) equation for the D−dimensional Einstein gravity in the bulk, with the latter taken to be sliced along timelike foliations, can be written in the form of first-order RG−flow equations of the classical supergravity action. Furthermore, in the asymptotic limit where the UV boundary extends all the way to infinity, these RG−flow equations reduce to the standard Callan- Symanzik equation including the the conformal anomaly terms [20], in full accordance with the RG− flow ideas in quantum field theory. This result lends support to the identification of the bulk classical supergravity action with the boundary quantum effective action of the gauge theory as suggested in [11,13].

In the standard AdS_D/CF T_{D−1} correspondence (as described above), where the bulk spacetime is taken to be non-compact, the dual boundary theory is at infinite bulk radius. As such, it must have an infinite energy UV cutoff by virtue of the IR/UV relation. Therefore, the D−dimensional bulk graviton modes that extend all the way to the UV boundary are not normalizable, and hence gravity decouples totally form the boundary, leaving out there pure Yang-Mills theory. However, as first pointed out in [21] by Randall and Sundrum (RS), this situation changes as soon as one

1Recently, however, the entropy bound on spacelike and lightlike surfaces has been generalized to the case of flat Robertson-Walker geometries in [3] and to more general geometries in [4,5]. See also [6] for work related to the role of focusing mechanism in holography.

considers the transverse bulk radius to be of finite range. This in effect translates into having a dual boundary theory at finite bulk radius, and hence with a finite UV cutoff due to the IR/UV relation. In this case, there will exist normalizable fluctuations of the D−dimensional metric that propagate and couple as graviton modes of the (D − 1) −dimensional boundary theory. This generalization of the AdS_D/CF T_{D−1} correspondence leads also to a remarkable interplay between Einstein equations of the coupled gravity-matter theory on the boundary and the RG−flow equations [15,16,17,21]. In addition, it provides interesting relations between the various terms in the boundary quantum effective action, in particular the boundary Newton constant, the cosmological constant and the scalar potential [15,16,17,21]. As a result, a cosmological constant is naturally prevented from being generated dynamically along the RG−flow once it has been canceled at higher energies inside the bulk, as pointed out in [15]. These results join and corroborate earlier findings on the role of large extra dimensions in the resolution of the cosmological constant puzzle [22].

In principle, the above results should continue to hold for any (D − 1)-dimensional gauge theory provided that it can be represented as a relevant or marginal perturbation (in the sense of [23]) of a large N superconformal field theory or any deformation of it, for which the AdS_D/CF T_{D−1} correspondence has been established. It is important to point out, though, that two main assumptions went into the derivation of the RG−flow equation of the boundary gauge theory from the HJ equation of the classical supergravity action in the bulk, as presented first in [15]. These two assumptions are, inherently, part of the conditions that are involved in the derivation AdS_D/CF T_{D−1} correspondence. The first assumption concerns the requirement that the gauge theory must have a large N >> 1, (and thus a large gauge group) so that one can neglect the string loop effects represented by the 1/N^2 corrections. Secondly, the gauge theory is required to have a large ‘t Hooft coupling, g^2_{Y M} N >> 1, which amounts to taking the energy scale in the theory to be low enough so that one can ignore quantum gravity effects controlled by the ‘stringy’ α^′/R^2 corrections. α^′ denotes as usual the square of the string length, and R represents some characteristic radius of the bulk geometry^2. Therefore, one expect to have significant modifications of the HJ equation and hence the RG−flow equations outside this low-energy, strongly coupled, large N regime. It is the purpose of this paper to identify the changes that are brought in the derivation of the RG−flow equation from the equation when the limits N >> 1 and α^′/R^2 << 1 are relaxed. In other words, we are interested in the calculation of the leading-order corrections, in the parameters 1/N and α^′/R^2, to the HJ equation of the bulk supergravity, and in the study of their consequences.

We start in section (2) by reviewing briefly the AdS_D/CF T_{D−1} correspondence to set notation and especially to emphasis the emergence of the large N and large ‘t Hooft coupling. In section (3), we introduce the leading α^′ corrections in the bulk supergravity action [24,25,26]. These corrections have their origin in the vanishing of the beta function of the string theory non-linear sigma model. They are represented by higher-derivative local effective interactions involving the higher-curvature gravitational terms. Next, we give a Hamiltonian formulation of the the bulk higher-curvature supergravity action so obtained. As expected, we find that the HJ equations are changed since the canonical conjugate momentum to the metric inherits in this case new terms coming from

2To understand better these limits, we refer the reader to section (2) where we show that for type IIB superstrings on AdS_5 × S^5, the string coupling is g_{st} ∼ g^2_{Y M} ∼ 1/N^2, and the radius is R^2 ∼ α0 √ g^2_{Y M} N .

the α^′ corrections. Even though, it is tedious to calculate the changes that are brought by the α^′ corrections to the HJ equations, their form and how they appear as higher-derivative nonrenormalizable effective interactions can be derived systematically in string theory using effective field theory language [23,27]. In section (4), we deal with the question of how to incorporate the 1/N corrections in the HJ equations. There is a striking similarity between our problem here and the one we face when we make the transition from the classical HJ equations to the quantum Schrödinger equation. In that context, using the W KB or semiclassical theory, the leading quantum corrections linear in h̄ are found to be proportional to the second order variation of the action S. In a similar manner, the 1/N corrections which would change the RG−flow equations are taken to be represented by second order variations of the supergravity bulk action. The interpretation of the HJ constraints of the bulk theory as giving us the RG−flow equations of the boundary theory taken at the radius where the HJ constraints are satisfied, rests also upon their strong resemblance with Polchinski’s exact RG equation [28]. Therefore, in section (4), we also use this connection to motivate the addition of the second order variations of the action as representing the 1/N corrections. After adding the α^′ and 1/N corrections, we look in section (5) for their implication on the relations between quantities in the boundary action previously derived in [15,17], in particular those involving the Newton constant, the scalar potential and the cosmological constant. Furthermore, it would be interesting to see whether the solution to the cosmological constant problem as proposed in [15,17] is affected in this case. Finally, in section (7), we discuss our results and offer suggestions for future directions. The Hamiltonian formulation of general relativity in the presence of higher-curvature terms is presented in the appendix.

2 AdS_D/CF T_{D−1} correspondence and holography

We start by reviewing quickly some basic elements of the AdS_D/CF T_{D−1} correspondence. Our main concern here will be to motivate the large N >> 1, and the large ’t Hooft coupling g^2_{Y M} N >> 1 limit, involved in the correspondence. Furthermore, to simplify our presentation, we focus only on the D = 5 case since many of the features found in this case continue to hold for general D. The most studied example in this category is the proposed duality between 4−dimensional Yang-Mills theory with N = 4 supersymmetries and type IIB superstring theory on AdS_5 × S^5 geometry. At the heart of this duality is the existence of the relation between the two different descriptions of a stack of N parallel extremal D3-branes. One in terms of the low-energy (4) −dimensional U (N), N = 4 supersymmetric gauge theory on its world-volume, and the other in terms of the classical supergravity background of the type II closed superstring theory. An essential step in the derivation of the AdS_5/CF T_4 correspondence is the understanding of the range of validity of each of the description above. For the classical supergravity description, we need the form of the background string metric, the dilaton and the RR−gauge field for the stack of N parallel extremal D3-branes. This is given by the following form

ds^2 = ( 1 + R^4/r^4

)_− 1_2

dx^2_{//} + ( 1 + R^4/r^4

) 1_2 (

dr^2 + r^2 dΩ^2_5 ) , (1)

e^ϕ = g_{st} , (2)

C_{0123} = ( 1 + R^4/r^4 )_{− 1} − 1 , (3) where dx^2_{//} denotes the flat 4−dimensional metric for the coordinates parallel to the D3-branes, and the radius R is R^2 = α^′ √ g_{st} N. For the low-energy supersymmetric Yang-Mills description on the D3-branes world-volume, we need the relation g^2_{Y M} = g_{st} between the couplings^3.

Another piece of knowledge which played an important role in the formulation of the standard AdS_5/CF T_4 correspondence is the realization that the low-energy limit of the gauge theory on the D3-branes world-volume, corresponding to α^′ → 0, may be taken directly in the supergravity description. On the supergravity side, the limit amounts simply to taking the near horizon geometry corresponding to the r → 0 limit. Thus, finally, in the limit α^′ → 0 and r → 0, with r/α^′ fixed, one finds that the metric in (1) reduces to the form

ds^2 = r^2 R^2 dx^2_{//} +

R^2 r^2 dr^2 + R^2 dΩ^2_5 , (4)

which describes the product-space geometry AdS_5 × S^5, where both factors have radius R^2 = α^′ √ g^2_{Y M} N. Furthermore, we know that the classical supergravity description can be trusted only if the length scale of the D3-brane solution, given by the metric (4), is much lager than the string scale √ α^′, which allows for the ‘stringy’ quantum gravity effects to be neglected. This condition translates into R^2 >> α^′, which yields the large ’t Hooft coupling limit for the gauge theory on the D3-branes world-volume, i.e., g^2_{Y M} N >> 1. In order to suppress the string loop corrections, we also need to take g_{st} → 0, and hence g^2_{Y M} → 0, which amounts to taking the large N limit, N >> 1. To summarize, the supergravity solution is expected to give exact information about the N = 4 supersymmetric Yang-Mills theory on the D3-branes world-volume, in the limit of large N >> 1 and large ‘t Hooft coupling g^2_{Y M} N >> 1. More on the two limits above after introducing another key feature of the AdS_5/CF T_4 correspondence below, that is, the idea of RG− flow and holography.

From the AdS_5 × S^5 geometry in (4), we can see that the coordinate r transverse to the D3- branes can be regarded as a renormalization group scale. Indeed, two excitations in the gauge theory on the D3-branes world-volume, which are related by a scale transformations x_{//} → e^τ x_{//} , (5) translate on the AdS−factor of the geometry into two excitations concentrated around different locations in the transverse r−direction, and which are related by the following transformation [12,29] r → e^{− τ} r . (6) The AdS_5/CF T_4 correspondence provides us thus with a holographic map between physics in the gauge theory on the world-volume, which can be thought of as living on the AdS_5−boundary, and physics in one higher dimension in AdS_5 bulk space. This holographic map is at the center of the

3For a general Dp-brane, the relation between the couplings is g^2_{Y M} = g_{st} (α0)^p�^3, and the dimensionless effective coupling, at energy scale E, is g^2eff (E) = g^2_{Y M} N E^p�^3. Perturbation theory applies in the U V for p < 3, and in the IR for p > 3, and the two cases may be related by S-duality [12]. The special case p = 3, presented in section (2), corresponds to N = 4 supersymmetric Yang-Mills theory in D = 4, which is known to be a finite, conformally invariant quantum field theory.

IR/UV relation according to which (IR) effects in the bulk theory are related to (UV ) ones on the boundary. This relation turned out to be very crucial in yielding the holographic bound of one degree of freedom per Planck area as required by the holographic principle [15].

In the original AdS_5/CF T_4 correspondence, the AdS_5 boundary is taken to be at r = + ∞, and as a result the range of the r−values extends all the way to infinity. Therefore, while the theory in the AdS_5 bulk space contains gravity, the dual CF T_4 theory on the boundary does not. This happens because the bulk gravitational modes that propagate all the way to infinity are not normalizable, and therefore do not fluctuate. In this paper, however, we are interested in the much more general situation where gravity does not decouple at the boundary. For this to happen, we follow the Randall-Sundrum proposal in [21], and choose the AdS_5 transverse r−coordinate to run over a finite range, r ≤ r_0, instead over an infinite range. An immediate consequence of this is that, there exists now a normalizable gravitational collective mode at the boundary, which in this case is living at finite the radius r = r_o. Furthermore, in view of the IR/UV relation, truncating the bulk theory to r−values larger (or smaller) than some finite r = r_o amounts to introducing a finite UV (or IR) cut-off in the theory at the boundary [15]. Therefore, allowing for the bulk transverse r−direction to be interpreted as an RG scale. Indeed, by casting the bulk Einstein equations into the form of Hamiltonian flow across timelike boundaries, the r−evolution of the bulk fields were shown in [15] to share many features with an RG− flow on the boundary.

Combining this holographic perspective of AdS_5/CF T_4 correspondence with the RG scale interpretation of the bulk transverse r−coordinate, one aims to derive the low-energy quantum effective action, Sb, on the boundary from the knowledge of the bulk supergravity theory. As explained above, we shall take the boundary to be at finite radius r_o so that gravity does not decouple from the boundary theory. To this end, we start by defining some classical action for the supergravity theory in the bulk, which we denote by S_T [ ϕ^I , g ] . Besides the bulk metric, G_{AB}, S_T [ ϕ^I , g ] depends also on some scalar fields ϕ^I that represent the various couplings of the boundary theory. In fact, it is the evolution of these scalar fields as a function of the bulk transverse r−coordinate that eventually lead to the RG−flow equations on the boundary theory^4. For later reference, we choose the bulk metric to be of the form

ds^2 = G_{AB} dx^A dx^B = ( N^2 + N_μ N^μ ) dr^2 + 2 N_μ dx^μ dr + g_{μν} (x, r) dx^μ dx^ν , (7)

where the upper case Latin letters, A and B, are taken to denote the bulk coordinates (r, x^μ), and the lower case Greek indices, μ and ν denote the boundary coordinates. We assume the boundary metric g_{μν} (x, r) to be of Euclidean signature, and we allow the scalars ϕ^I (x, r) to depend on all bulk coordinates (r, x^μ). N and N^μ are the lapse and shift functions, respectively. A convenient choice of coordinates are the Gaussian normal coordinates, where N^μ = 0 and N = −1. Using such coordinates, the metric in (7) takes on the simple form

ds^2 = dr^2 + g_{μν} (x, r) dx^μ dx^ν . (8)

(More details on our notation and convention are presented in the appendix section).

4Due to the stress energy-momentum tensor of the scalar fields ϕ^I, the background geometry in the bulk will deviate from that of a pure AdS_5 form.

Finally, one of the main ingredients in the AdS_5/CF T_4 correspondence is the identification of the classical supergravity action S_T [ ϕ^I, g ] evaluated on a classical solution, with specified boundary values g_{μν} (x, r_o) and ϕ^I (x, r_o), with the generating functional of gauge invariant correlators of gauge invariant observables O_I in the boundary theory living at r = r_o. that is, we have

⟨ O_{I1} (x_1) ... O_{In} (x_n) ⟩ = 1 √ g (x_1) δ δ ϕ^{I1} (x_1) ... 1 √ g (x_n) δ δ ϕ^{In} (x_n) S_T [ ϕ^I , g ] | | | r=ro . (9)

By requiring that the scalar fields ϕ^I and the metric g_{μν} stay regular inside the bulk, there is in principle one unique supergravity classical solution for a given boundary value for ϕ^I and g_{μν} . If we put the scalar fields ϕ^I to zero after doing the variation, we do obtain the gauge invariant correlators of the unperturbed N = 4 supersymmetric Yang-Mills boundary theory. If the fields ϕ^I are put to finite values, however, the resulting boundary theory will correspond to a finitely perturbed N = 4 supersymmetric Yang-Mills theory.

Although the discussion, in this section, was so far limited to the AdS_5/CF T_4 correspondence, one could easily generalize it to include the higher-dimensional AdS_D spaces. We would be then talking about an AdS_D/CF T_{D−1} correspondence. In similarity with the AdS_5/CF T_4 correspondence, the large N limit, N >> 1, and the large ‘t Hooft coupling limit, R^2/α^′ = √ g^2_{Y M} N >> 1 will also be involved in this case. In particular, the interpretation of the radial AdS_D coordinate with an RG scale will also allow in this case for an identification of the radial evolution of the bulk fields with a RG−flow. Thus, by working within the general framework of AdS_D/CF T_{D−1} correspondence, our purpose next will be to go beyond the large N, and large R^2/α^′ limit, and consider the leading corrections in 1/N and α^′/R^2 to the RG−flow equations derived from the bulk HJ constraint.

3 HJ equations and the higher-curvature terms

In this section, we consider the derivation of the HJ constraint of the D−dimensional bulk supergravity theory in the presence of the α^′ corrections coming from a quantum theory of gravity such as string theory. In string theory, the lowest-order α^′−corrections to the low-energy effective action involve the higher-curvature terms, which are controlled by the expansion parameter α^′/R^2, where R is the characteristic radius of the bulk space. Therefore, by virtue of the relation R^2/α^′ = √ g^2_{Y M} N, the addition of the higher-curvature terms will necessarily affect the large ’t Hooft coupling limit g^2_{Y M} N >> 1 involved in the AdS_D/CF T_{D−1} correspondence as well the the RG− flow equations derived from it. As in the approach of [15,17], the changes that are brought by the higher-curvature corrections are most conveniently analyzed using the HJ theory of the D−dimensional bulk supergravity theory. By casting the Einstein’s equations in the bulk into the form of a Hamiltonian evolution across timelike boundaries, one is led to the familiar HJ constraint of the canonical formalism of gravity. It has been shown in [15,17] that this constraint play a key role in the bulk/boundary correspondence, as they allow for a systematic derivation of the (D − 1) −dimensional quantum effective action of the boundary theory from the knowledge of the bulk theory. Furthermore, combining these results with the IR/UV relation, a holographic RG−flow picture of the dual boundary theory naturally emerges, as changes in the bulk coordinate r = r_o translates now into shifts in the energy scale μ = r/α^′ of the dual boundary theory.

For the purpose of deriving the changes to the HJ constraint due to the higher-curvature corrections, we choose for the D−dimensional bulk spacetime the following supergravity action^5

S_T = S_1 + S_2 + S_3 , (10)

where S_1, S_2 and S_3 are given by

S_1 = ∫ D √ G dr d^{D−1}x [_{ D}R + 2 Λ + a_o^{{D}}R^2 + b_o^{{D}}R_{μν}^{{D}}R^{μν} +c_o^{{D}}R_{μνρσ}^{{D}}R^{μνρσ} ] , (11)

S_2 = 2 ∫ D−1 √ g d^{D−1}x [ K + K (K, ∇ K; a, b, c) ] , (12) S_3 = ∫ D √ G dr d^{D−1}x [ V ( ϕ^I ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I ] . (13)

Besides the curvature action S_1, the D−dimensional bulk supergravity theory contains the matter action S_3 for the bulk scalar fields ϕ^I , which through the bulk/boundary correspondence represent the various coupling of the dual boundary theory. The sum over repeated index I of the bulk scalar fields is assumed throughout all the paper. The curvature scalar^{{D}}R, and the tensors {D}R_{μν} and^{{D}}R_{μνρσ} appearing in the action S_1 are calculated using the D−dimensional bulk metric G_{AB}, with the coefficients a_o, b_o and c_o parameterizing for the time being only the α^′/R^2 corrections^6. Using the Gaussian normal coordinates, G_{AB} takes the form

ds^2 = G_{AB} dx^A dx^B = dr^2 + g_{μν} (x, r) dx^μ dx^ν . (14)

Following section (1), our notation will be to take the upper case Latin letters such as A and B to denote the D−dimensional bulk coordinates (x^μ, r), where the lower case Greek indices such as μ and ν are taken to denote the coordinates (x^μ; μ = 0, 1, ..., D − 2) of the (D − 1) −dimensional boundary theory. As usual, K is taken to denote the extrinsic curvature of the boundary surface, whose form is given by K_{μν} =^1_2 L_r g_{μν} = g_μ^ρ ∇_ρ n_ν . Whereas K (K, ∇ K; a, b, c) is taken to represent the additional surface terms corresponding to the higher-curvature terms in S_1. The derivation of K (K, ∇ K; a, b, c) was carried out in [24,25], but its exact form will not be necessary for our work here. It suffices to recall that the normal-derivative terms from S_1 are canceled by the variation of the surface terms in S_2.

Using the choice of the metric in (14), the D−dimensional bulk equations of motion can be cast into a form of a Hamiltonian flow across the (D − 1) −dimensional timelike boundaries, with

5Since we choose to work within the Einstein frame, we can use the D−dimensional Planck unit such that κ_D = 1._6

Later, in section (4), the coefficients of the higher-curvature terms will include, besides a_o, b_o and c_o, the contributions a_1, b_1 and c_1 from the 1/N corrections.

the bulk transverse r−coordinate playing the role of time. Based on the bulk action S_T in (10), the Hamiltonian that generates this radial flow is explicitly derived in the appendix section, where we found − 1 √ g H_T = ( R + 2 Λ + a_o R^2 + b_o R_{μν} R^{μν} + c_o R_{μνρσ} R^{μνρσ} )

+ ( V (ϕ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I )

+ ( π_{μν} π^{μν} − π^2 D − 2 ) + 1 2 π_I π_I − 2 a_o R ( π_{μν} π^{μν} − π^2 D − 2 ) − 2 b_o R_{μν} ( π^μ_ρ π^{ρν} − π π^{μν} D − 2 )

+ 4 c_o R_{μνρσ} π^{μρ} π^{νσ} + 4 c_o (D − 2)^2

R π^2 − 8 c_o D − 2 R_{μν} π π^{μν} , (15) with π_{μν} and π_I are the canonical momentum variables conjugate to g^{μν} and π^I, respectively. It is a standard fact, well known in classical mechanics, that (given the bulk action S_T ) the value of the canonical momentum π_I conjugate to ϕ^I , at a given slice r = const, is equal to the functional derivative of the bulk action Sb induced on that slice, with respect to ϕ^I . Furthermore, since the conjugate momentum π_I is related to the radial flow of ϕ^I , we have 1 √ g δ Sb δ ϕ^I = π^I = L_r ϕ^I = − ϕ̇^I . (16)

Similarly, for the canonical momentum variable π^{μν} conjugate to the the metric g_{μν} , we have 1 √ g δ Sb δ g^{μν} = π_{μν} = (K_{μν} − K g_{μν} ) + 2 a_o R (K_{μν} − K g_{μν} ) − b_o (K R_{μν} + R^{ρσ} K_{ρσ} g_{μν} )

+ b_o (R_μ^ρ K_{ρν} + R_ν^ρ K_{ρμ}) − 4 c_o R_{μρνσ} K^{ρσ} + O ( K^3 ) , (17)

or by taking the trace

π = g^{μν} π_{μν} = π^μ_μ = − (D − 2) K − (2 a_o D − 4 a_o + b_o) R K − (b_o D − 3 b_o + 4 c_o) R_{μν} K^{μν} + O ( K^3 ) . (18)

(The details about the calculation of the conjugate momenta π_I and π^{μν} can be found in the appendix section.)

Hamiltonian flow across the boundary is a constrained system, since it is still endowed with redundancies. The choice of the foliation is arbitrary, and even after fixing one, the system is still endowed with redundancies. To remove completely these redundancies, two set of constraint equations on the initial data at the boundary are necessary. The first constraint translates simply into a statement regarding Poincaré invariance on the boundary slices. It ensures that the boundary effective action is invariant under (D − 1) −dimensional coordinate transformations. The second constraint, which is most important for our purposes, is the Hamilton constraint. It requires to set H_T = 0, which ensures invariance of the constant−r slices under the local shifts. Using (15) for the Hamiltonian H_T , we obtain ( π^2 D − 2 − π_{μν} π^{μν} ) − 1 2 π_I π_I + 2 a_o R ( π_{μν} π^{μν} − π^2 D − 2 ) + 2 b_o R_{μν} ( π^μ_ρ π^{ρν} − π π^{μν} D − 2 )

− 4 c_o R_{μνρσ} π^{μρ} π^{νσ} − 4 c_o (D − 2)^2

R π^2 + 8 c_o D − 2 R_{μν} π π^{μν} = ( R + 2 Λ + a_o R^2 + b_o R_{μν} R^{μν} + c_o R_{μνρσ} R^{μνρσ} ) + ( V (ϕ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I ) . (19)

To obtain the HJ constraint at r = r_o, we simply have to replace the canonical momenta in (19) by the functional derivatives of the bulk action Sb induced on r = r_o, with respect to the conjugate variables. In terms of the action Sb, the HJ constraint reads

2 a_o R √ g δ Sb δ g_{μν} δ Sb δ g^{μν} − 1 D − 2 ( g_{μν} δ Sb δ g_{μν} )_2 + 2 b_o R_{μν} √ g [ δ Sb δ g_μ^ρ δ Sb δ g_{ρν} − g_{ρσ} D − 2 δ Sb δ g_{ρσ} δ Sb δ g_{μν} ]

− 4 c_o R_{μνρσ} √ g δ Sb δ g_{μρ} δ Sb δ g_{νσ} − 4 c_o (D − 2)^2 R √ g ( g_{μν} δ Sb δ g_{μν} )_2 + 8 c_o D − 2 R_{μν} √ g g_{ρσ} δ Sb δ g_{ρσ} δ Sb δ g_{μν} + 1 √ g 1 D − 2 ( g_{μν} δ Sb δ g_{μν} )_2 − δ Sb δ g_{μν} δ Sb δ g^{μν} − 1 2 δ Sb δ ϕ^I δ Sb δ ϕ^I = √ g [ V (ϕ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I + R + 2 Λ + a_o R^2 + b_o R_{μν} R^{μν} + c_o R_{μνρσ} R^{μνρσ} ] . (20)

As advertised earlier, the α^′ corrections from the bulk, in the form of higher-curvature terms, modifies the HJ constraint. This HJ constraint will play a central role in the remainder. Indeed, the bulk/boundary correspondence proposes to replace the bulk action Sb in (20), induced on the timelike foliations, with that of an effective (D − 1)−dimensional boundary theory. It is easy to see then that the HJ constraint in (20) allows us to determine the coefficients of all the local terms in that boundary action, which will in effect include contributions from the higher-curvature corrections. In relation with the higher-curvature corrections, we should also notice that they do induce in the boundary Lagrangian, quartic powers of the extrinsic curvature K, schematically denotes as K^4, besides the quadratic terms K^2. As a consequence, the Hamiltonian H_T in (15) must also include terms that are quartic in the conjugate momentum π^{μν} , such as as π^4. The reason, we chose not to include the π^4 terms in H_T , and focus only on the corrections coming from the quadratic terms in K, is that, it is in principle possible to generate the quartic terms such as K^4, in a Wilsonian manner^7, as effective interactions. This is done by integrating out some very heavy auxiliary field χ, with mass much higher than the cut-off scale in the boundary theory, and which enters the boundary Lagrangian in the form M^2_χ χ^2 + ξ χ K^2.

7This way of viewing the higher-curvature corrections was suggested to us by Herman Verlinde.

Finally, using the definition of the extrinsic curvature given by equation (67) of the appendix, the radial flow of g_{μν} follows straightforwardly from the expression of the canonical momentum π^{μν} in equation (17), and it is found to be K_{μν} = 1 2 L_r g_{μν} = − 1 2 ġ_{μν} = ( π_{μν} − π D − 2 g_{μν} ) + ( 2 a_o + 4 c_o D − 2 ) R π D − 2 g_{μν} + (b_o − 4 c_o) R_{ρσ} π^{ρσ} D − 2 g_{μν} − 2 a_o R π_{μν} + (b_o − 4 c_o) R_{μν} π D − 2 − b_o (R_μ^ρ π_{ρν} + R_ν^ρ π_{ρμ}) + 4 c_o R_{μρνσ} π^{ρσ} , (21)

K = K^μ_μ = − π D − 2 + ( 2 a_o + b_o + 4 c_o D − 2 ) R π D − 2 + (3 b_o − D b_o − 4 c_o) R_{μν} π^{μν} D − 2 . (22)

Therefore, given the functional form of the boundary action Sb at slice r = r_o, and using the first-order equations (16) and (21), one can unambiguously compute the radial evolution of the couplings ϕ^I and the metric g_{μν} in terms of their values on that slice.

4 1/N corrections as a WKB approximation

We have seen in the section (1) that the AdS_D/CF T_{D−1} correspondence involves both the large ’t Hooft coupling g^2_{Y M} N >> 1, and the large N >> 1 limit. Because of the relation R^2/α^′ = √ g^2_{Y M} N , relaxing the limit g^2_{Y M} N >> 1 on the ’t Hooft coupling reduces simply to the problem of incorporating the α^′/R^2 corrections, as we have seen in section (2). This was carried out systematically, by considering the effects of the bulk higher-curvature terms on the boundary theory. When we turn to the large N >> 1 limit, the derivation of the 1/N corrections to the HJ constraint does not unfortunately enjoy the same degree of simplicity. What we seem to be missing here is a systematic method, analogous to the α^′/R^2 corrections case, where the 1/N corrections could be, for example, derived from first principles such as the open/closed string duality relation proposed in [30]. In the absence of such systematic methods, our derivation of the 1/N corrections relies simply on our experience and intuition based on similar problems in other physical examples. One such (well known) example is the problem we face when we make the transition from the classical HJ equation to the quantum Schrödinger equation. To see this, we recall from quantum mechanics that the wave amplitude to be associated with the mechanical motion of a particle of mass m have the form

ψ = ψ_o e^{īh S} , (23)

where ψ satisfies the Shrödinger wave equation

h̄^2 2 m ∇^2 ψ − V ψ = h̄ i ∂ ψ ∂ t . (24)

In terms of the action S the Shrödinger equation can be written as [ 1 2 m (∇ S)^2 + V ] + ∂ S ∂ t = i h̄ 2 m ∇^2 S . (25)

The last equation may be called the quantum-mechanical HJ equation; it reduces to the classical HJ equation in the limit as h̄, and therefore the Compton wavelength of the particle, goes to zero. Indeed, one is to note that ∇^2 S arises in association with (∇ S)^2 in the evaluation of ∇^2 ψ in the quantum-mechanical wave equation. Therefore, (25) would be the classical HJ equation if h̄ ∇^2 S << (∇ S)^2, or, equivalently, if λ/2π << p/ (∇ · p).

It is clear from the discussion above that the key element in the transition from the classical to the quantum HJ equation is the relation between the wave-function ψ and the action given by (23), and the Shrödinger wave equation (24) describing the propagation of ψ. It is exactly the analog of these relations that we would need in the AdS_D/CF T_{D−1} correspondence, to be able to derive the 1/N corrections to the HJ constraint in a systematic way, and which we do not have^8. Despite this difficulty, one can still use the above analogy, in particular the quantum-mechanical HJ equation in (25), to discuss the 1/N corrections. The analogy becomes even more clear if we think of 1/N as √ h̄. With this in mind, it is natural to write down the following equation for the HJ constraint 2 a R √ g δ Sb δ g_{μν} δ Sb δ g^{μν} − 1 D − 2 ( g_{μν} δ Sb δ g_{μν} )_2 + 2 b R_{μν} √ g [ δ Sb δ g_μ^ρ δ Sb δ g_{ρν} − g_{ρσ} D − 2 δ Sb δ g_{ρσ} δ Sb δ g_{μν} ]

− 4 c R_{μνρσ} √ g δ Sb δ g_{μρ} δ Sb δ g_{νσ} − 4 c (D − 2)^2 R √ g ( g_{μν} δ Sb δ g_{μν} )_2 + 8 c D − 2 R_{μν} √ g g_{ρσ} δ Sb δ g_{ρσ} δ Sb δ g_{μν} + 1 √ g [ e_1 δ^2 Sb δ g_{μν} δ g^{μν} + e_2 g_{ρσ} δ δ g_{ρσ} g^{μν} δ Sb δ g^{μν} + e_3 δ^2 Sb δ ϕ^I δ ϕ^I ]

+ 1 √ g 1 D − 2 ( g_{μν} δ Sb δ g_{μν} )_2 − δ Sb δ g_{μν} δ Sb δ g^{μν} − 1 2 δ Sb δ ϕ^I δ Sb δ ϕ^I = √ g [ V (ϕ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I + R + 2 Λ + a R^2 + b R_{μν} R^{μν} + c R_{μνρσ} R^{μνρσ} ] , (26)

where e_1, e_2 and e_3 are the coefficients parameterizing the 1/N corrections to the HJ constraint in the same way that a_o, b_o and c_o parameterize the α^′ corrections in (20). In fact, in writing down the HJ constraint (26), we have replaced a_o, b_o and c_o by the new coefficients a, b and c allowing the latter to include extra 1/N contributions besides the α^′ corrections. Therefore, we can write

a = a_o + a_1 , b = b_o + b_1 , c = c_o + c_1 , (27)

where a_1, b_1 and c_1 are taken to parameterize the 1/N corrections.

In this paper, we take the point of view that equation (27) represent the correct HJ constraint taking into account the leading order corrections in α^′ and 1/N. Using (27), we shall determine in the next section the various bulk/boundary relations that follow from it.

8In [15], it was suggested that the HJ constraint can be considered as the classical limit of the quantum Wheeler- De Witt equation, which when written as e^{īh S} , contains an additional term proportional to a second order variation of the action S.

5 The local boundary action terms revisited

One of the remarkable features of the AdS_D/CF T_{D−1} correspondence is that the bulk/boundary correspondence is captured by the HJ constraint in equation (26). The latter has, in particular, the advantage of containing both the α^′ and 1/N corrections (in the leading order). Extending, therefore, previous work on the RG−flow beyond the low-energy, strong coupling, large N limit. It is also important to realize that the HJ constraint in (26) proposes that we replace the bulk action Sb, induced on the timelike slice due the foliation of the bulk spacetime, with that of an unknown effective (D − 1)−dimensional boundary theory, whose action we denote by action Seff. With this in view, the HJ constraint plays now the role of a functional differential equation allowing for the determination of the functional form of the local terms in the boundary action Seff, as we shall see below.

It is well know that the RG−flow of quantum field theory in a curved background induces, in the effective action, an Einstein gravity term plus a cosmological constant. Indeed, a computation of the ⟨ T_{μν} ⟩ for the quantum field and its subsequent regularization is found to renormalize both the Einstein tensor and the cosmological constant. Therefore, at the cut-off scale μ, a general form for the effective action, Seff, is given by

Seff (g, ϕ) = Sl (g, ϕ) + Snl (g, ϕ) , (28)

where Sl represent the local part of the effective action whose form is Sl (g, ϕ) = ∫ D−1 √ g d^{D−1}x [ κ (ϕ) ( R − 1 2 ∇^μ ϕ^I ∇_μ ϕ^I ) + U (ϕ) −A (ϕ) R^2 − B (ϕ) R^{μν} R_{μν} − C (ϕ) R^{μνρσ} R_{μνρσ} ] , (29)

where R, R^2, R^{μν} R_{μν} and R^{μνρσ} R_{μνρσ} denote the (D − 1)−dimensional curvature terms constructed form the boundary metric g_{μν} in (14). The boundary values of the scalar fields ϕ^I are to be equated with the dimensionless coupling constants of the boundary theory, and U (ϕ), κ (ϕ), A (ϕ), B (ϕ) and C (ϕ) are local functions of these couplings. Snl contains, on the other hand, all higher derivative and non-local terms subject to the symmetries inherited from the bulk^9. In terms of the non-local action Snl, the boundary theory operators ⟨O_I⟩ and energy-momentum tensor ⟨T_{μν} ⟩, are given by 1 √ g δSnl δϕ^I ≡ ⟨O_I⟩ , (30) 1 √ g δSnl δg^{μν} ≡ ⟨T_{μν}⟩ . (31)

9The usual quartic, quadratic and logarithmic divergences for quantum fields coupled to curved spacetime are contained in the local action Sl through U , κ and (A, B, C), respectively. The non-local action Snl may also contain extra logarithmic divergences.

Our goal now is to determine the local boundary terms in Seff. For this, we need to insert the effective action Seff into the HJ constraint (26), equating contributions from the left hand side with terms on the right hand side that have the same functional form. By treating the metric g_{μν} and the scalars ϕ^I as arbitrary classical fields, this procedure generates a set of bulk/boundary relations for the unknown functions in the local action Sl, which are

2 Λ + V = [1 4 D − 1 D − 2 U^2 − 1 2 (∂_I U)^2 ]

+ [ − e_1 4 ( D^2 − 1 ) U − e_2 4 (D − 1)^2 U + e_3 ∂^I ∂_I U ] , (32)

1 = [1 2 D − 3 D − 2 κ U − ∂^I κ ∂_I U ] + [ − a 2 D − 1 D − 2 U^2 − b 2 1 D − 2 U^2 − c 1 (D − 1)^2

U^2 ]

+ [ − e_1 4 ( D^2 − 5 ) κ − e_2 4 (D − 3)^2 κ + e_3 ∂^I ∂_I U ] , (33)

a = [1 4 D − 1 D − 2 κ^2 − 1 2 D − 5 D − 2 U A − 1 2 ∂^I κ ∂_I κ + ∂^I U ∂_I A ]

+ [ − a D − 3 D − 2 κ U − 2 c (D − 1) (D − 3) (D − 2)^2 κ U ]

+ [ e_1 ( D^2 − 9 4 A + B ) + e_2 4 (D − 5)^2 A − e_3 ∂^I ∂_I A ] , (34)

b = [ −κ^2 − 1 2 D − 5 D − 2 U B + ∂^I U ∂_I B ] + [ − b D − 3 D − 2 κ U − 4 c κ U ]

+ [ e_1 ( D^2 − 5 4 B + 2 A + 4 C ) + e_2 4 (D − 5)^2 B − e_3 ∂^I ∂_I B ] , (35)

c = [ − 1 2 D − 9 D − 2 U C + ∂^I U ∂_I C ] + [e_1 4 ( D^2 − 17 ) C + e_2 4 (D − 9)^2 C ] , (36)

β^I ∂_I κ = [ − (D − 1) κ +

2 (D − 2) U ]

+ [ e_1 2 (D^2 − 1) (D − 2) U κ + e_2 2 (D − 2) (D − 1)^2 U κ − 2 e_3

(D − 2) U ∂^I ∂_I κ ] , (37) where the beta-functions β^I ’s are defined by

β^I (ϕ) = − 2 D − 2 U ∂_I U . (38)

In addition, we have to this order in the expansion, terms involving the functional derivatives of the non-local action Snl. The bulk/boundary relations for them are ⟨T^μ_μ⟩ ≡ ⟨T ⟩ = β^I 2 ⟨O_I ⟩ , (39)

V = [ ⟨T ⟩^2 D − 2 − ⟨T^{μν} ⟩ ⟨T_{μν}⟩ − 1 2 ⟨ O^I ⟩ ⟨O_I ⟩ ]

+ [ e_1 ⟨T^{μν} T_{μν}⟩ + e_2 ⟨ T^2 ⟩ + e_3 ⟨ O^I O_I ⟩] . (40)

In the next section, we shall use these new bulk/boundary relations to study the cosmological constant problem. In particular, we are interested to see whether the solution proposed in [15], for the vanishing of Λ, continues to hold in the presence of the α^′ and the 1/N corrections.

6 What is new on the cosmological constant problem?

The problem of the cosmological constant is why the vacuum energy density is zero or extremely small by particle physics standards. It is a hard problem because it involves not only the highenergy but the low-energy physics as well. It is not sufficient, for example, to find a cosmological constant that is zero at high energies (near the Planck scale), one must also explain the absence of the vacuum contributions as the scales run to low energies. This low-energy aspect of the cosmological constant is, in fact, the most puzzling, and seems to require some fundamental new ideas in the basic principles of low-energy effective field theories, RG−flow and gravity. But the low-energy physics in the standard framework of 4−dimensional effective field theory does not seem to offer a solution to the problem^{10}. On the other hand, it is very hard to change the low-energy theory in a sensible way, given all of the well known theoretical and experimental success. Faced with this riddle, one way out would be to imagine a scenario in which the observed 4−dimensional universe, where the problem is severely posed, is related to a world of a higher dimension. If the higher-dimensional world does not obey the usual assumptions of 4−dimensional low-energy effective field theories, which lead to the cosmological constant problem, one may then find a solution to this problem within in this scenario.

In the following we will reexamine the cosmological constant problem using a scenario in which the observed 4−dimensional universe is embedded into a higher-dimensional background of dimension D = 5. Our approach is directly motivated by the new insights from string theory through the AdS_5/CF T_4 correspondence, as well as by recent ideas that have appeared in the study of

10For a complete review on these issues see the paper by Weinberg in [22].

warped string compactification scenarios along the lines of Randall and Sundrum^{11} in [21,15,22,16], reviving earlier work by Rubakov and Shaposhnikov [22]. The starting point of our discussion is the holographic formulation of the RG equations in which the RG scale is treated as a physical extra dimension. We also assume the warp geometry for the 5−dimensional bulk spacetime^{12}, which generalizes the AdS_5/CF T_4 duality to 4−dimensional boundary theories with dynamical gravity, as our world. Following [15], and applying the results of section (5) to a 5−dimensional bulk spacetime of warp geometry and Λ = 0, one finds that the HJ evolution equations in the bulk can also be reformulated as an RG−flow equations^{13} for the 4−dimensional boundary effective action, even after the inclusion of the α^′ and 1/N corrections. Our calculations, therefore, extends previous results found within the context of classical 5−dimensional supergravity [15], and thus within the large N and large ‘t Hooft coupling limit, to the regime where these limits are relaxed. In particular, new interesting bulk/boundary relations were found, suggesting an intimate connection between the RG−flow symmetry of the boundary effective action and the bulk Einstein’s equations.

Let us now address the consequences of the RG−flow symmetry of the boundary effective action, in the presence of the leading order corrections in α^′ and 1/N, on the 4−dimensional cosmological constant. Using the same line of reasoning as in [15], our RG−flow equations imply also that once we have a solution for the gravitational part of the boundary effective action at one scale, there is a solution along the whole RG−trajectory. As a result, assuming that the boundary cosmological constant is canceled at high energies (due to extended supersymmetry, for example), it will naturally remain zero under the RG−flow. So it appears as if the boundary cosmological constant continues to decouple from the RG−induced vacuum energy of the matter fluctuations, even after relaxing the large N and the large ’t Hooft coupling limit. As we will show now, this decoupling arises due to a cancellation between the contraction rate of the warp factor and any variation in the matter induced vacuum energy, in close similarity with with the mechanism proposed in [15]. Using a 5−dimensional background of warp geometry with vanishing Λ as our bulk spacetime, the field equations that follow from the effective action (28) are then the 4−dimensional Einstein equation and the scalar field equations κ ( R_{μν} − 1 2 g_{μν} R ) − 1 2 g_{μν} U (ϕ) = ( A^{(1)}H_{μν} + B^{(2)}H_{μν} + C H_{μν} ) + T^ϕ_{μν} (κ, A, B, C, ϕ, g_{μν}) − ⟨T_{μν}⟩ , (41)

∇_μ ( κ ∇^μ ϕ^I ) + ∂_I κ ( R − 1 2 ∇^λ ϕ^I ∇_λ ϕ^I ) = ( ∂_I A R^2 + ∂_I B R^{μν} R_{μν} + ∂_I C R^{μνρσ} R_{μνρσ} ) − ∂_I U − ⟨O_I⟩ , (42) 11Despite recent attempts in [15], it does not exist yet a complete and consistent embedding of the Randall- Sundrum scenario within string or M-theory.

12Such backgrounds could be obtained, for example, via F-theory compactification on Calabi-Yau fourfolds [31]. 13To find the RG−flow equations of the boundary effective theory, one solves for the evolution equations in (21) and (16) using the warp geometry ansatz for the bulk, after replacing by the constraints from the HJ constraint in (26).

where^{(1)}H_{μν} ,^{(2)}H_{μν} and H_{μν} are the contributions to the field equations from the higher curvature terms, and are given by

(1)H_{μν} = 2 ∇_μ ∇_ν R − 2 g_{μν} 2 R − 1 2 g_{μν} R^2 + 2 R R_{μν} , (43)

(2)H_{μν} = 2 ∇_α ∇_ν R^α_μ − 2 R_{μν} − 1 2 g_{μν} 2 R + 2 R_μ^α R_{αν} − 1 2 g_{μν} R^{αβ} R_{αβ} , (44) H_{μν} = 2 ∇_μ ∇_ν R − 4 2 R_{μν} + 2 R_{μαβγ} R_ν^{αβγ} − 1 2 g_{μν} R^{αβγδ} R_{αβγδ} − 4 R_{μα} R^α_ν + 4 R^{αβ} R_{αμβν} . (45)

T^ϕ_{μν} represents the stress energy-momentum tensor of the scalar fields ϕ^I . Besides ϕ^I , T^ϕ_{μν} depends also on the functions κ, A, B, C, their covariant derivatives and the various curvature terms of the metric g_{μν} . ⟨T_{μν}⟩ and ⟨O_I⟩ were defined earlier in (30) and (31), and they represent the boundary expectation values to which the metric g_{μν} and the scalar fields ϕ^I couple, respectively.

At this point, one could make use of the RG−flow equations of the boundary effective theory to deduce the RG−trajectories of all the quantities appearing in the field equations (41) and (42), and show the decoupling mechanism that is claimed to arise for the cosmological constant. Since this approach has already been used in the previous literature such as in [15], what we propose here is a much simpler and direct method making use of the bulk/boundary relations derived in section (5). To address the consequences of the bulk/boundary relations on the boundary cosmological constant, let us take the trace of the 4−dimensional Einstein’s equations in (41), yielding κ R = ⟨T ⟩ − 2 U + 2 (3 A + B + C) 2R = κ Λ^{(4)} , (46)

where we have assumed the boundary theory to be at an energy scale much less than the cutoff scale μ, so that the scalar fields are practically independent of the 4−dimensional boundary coordinates, i.e., ∇_μ ϕ^I (x) = 0. Clearly, the terms on the right-hand side of (46) represents the effective cosmological constant on the boundary. We would have Λ^{(4)} = 0 if the first two terms on the right-hand side of (46) cancel each other, and the third term is zero. First how do we make the third term vanish? Since the HJ constraint, and the hence the bulk/boundary relations derived from it, are nothing more than constraints on the variations of both Sl, and Snl in Seff, one may consider these constraints for any boundary field configuration, including a preferred one, such that 3 A + B + C = 0. Using this condition, the trace of the Einstein equation in (46) becomes

κ R = ⟨T ⟩ − 2 U = κ Λ^{(4)} . (47)

The condition 3 A + B + C = 0 is easily seen to be satisfied if the higher-curvature contributions entered the local effective Sl in (29) as a Gauss-Bonnet term (R^2 − 4 R^{μν} R_{μν} + R^{μνρσ} R_{μνρσ} ). This Gauss-Bonnet term was considered in [16] and [18] in the study of naked singularities within the context of brane world scenarios . This is not the point of view we take here. We consider, instead, the situation where the condition 3 A + B + C = 0 is satisfied for arbitrary coefficients A, B and C. But since the Gauss-Bonnet term is a topological invariant on the 4−dimensional boundary, only two of them are independent , so me may choose C = 0. The coefficients A and B satisfy then the condition 3 A + B = 0. Using the bulk/boundary relations (34), (35) and (36), the conditions C = 0 and 3 A + B = 0 translate in thus into conditions on the bulk parameters (a, b, c), where c = 0 and a and b being related to each other.

Now, let us turn to the remaining two terms on the right-hand side of (47). At first sight it is not obvious why should ⟨T ⟩ and 2 U cancel each other. However, by invoking again the fact that the HJ constraint is simply a condition on the variations of Sl and Snl which hold for an arbitrary field configuration, one may consider it for a flat boundary spacetime with constant scalars. In this case, using the bulk/boundary relations in (32) and (40), after setting D = 5 and Λ = 0, we find that ⟨T ⟩ and 2 U are given by the following expressions

(2 U)^2 = 12 V + 6 (∂_I U)^2 + 24 (3 e_1 + 2 e_2) U − 12 e_3 ∂^I ∂_I U , (48) ⟨T ⟩^2 = 12 V + 6 ⟨O_I ⟩^2 − 3 (e_1 + 4 e_2) ⟨ T^2 ⟩ − 12 e_3 ⟨ O^2_I ⟩ . (49)

So far, only the trace of the Einstein equation in (41) and the identities (48) and (49) (from the HJ constraint) did enter our analysis of the boundary cosmological constant. To progress further we make of the equation of motion fro ϕ^I , which for ∇_μ ϕ^I = 0 and flat boundary spacetime reads

∂_I U + ⟨O_I ⟩ = 0 . (50)

Now, inserting (50) into both (2 U)^2 and ⟨T ⟩^2, and evaluating their difference afterwards, we find

(2 U)^2 − ⟨T ⟩^2 = 12 e_3 [⟨ O^2_I ⟩ − ∂^I ∂_IU ] + 3 e_1 [ 24 U + ⟨ T^2 ⟩] + 12 e_2 [ 4 U + ⟨ T^2 ⟩] . (51)

The above relation cannot be simplified further since we have already made used of all the equations that are available to us (which are the equations of motion and the HJ constraint). The consequences of this relation on the cosmological constant problem within the holographic RG−flow approach are the topic of the next section.

7 Discussion

It appears from (51) that 2 U and ⟨T ⟩ would not cancel each other in the presence of the leading 1/N−corrections, parametrized by the e_1, e_2 and e_3 coefficients. From equation (47), we see that this mismatch between 2 U and ⟨T ⟩ implies a non-zero effective cosmological constant Λ^{(4)} on the boundary, which is in clear distinction from the results of [15]. In [15], since the authors were only considering the large N limit, for them e_1 = e_2 = e_3 = 0, and thus they obtained the cancellation between 2 U and ⟨T ⟩, necessary for the vanishing of the boundary cosmological constant. In geometric terms, this result was interpreted as meaning that there exist a natural mechanism in which the vacuum energy that is generated on the 4−dimensional brane world, as we flow towards the IR, is canceled by the ever decreasing warp factor of the 5−dimensional geometry. From the holographic RG−flow perspective (based on the HJ formalism), this result shows that, in the strong ’t Hooft coupling and large N regime, the potential energy U is canceled by the trace of the stress energy tensor at all scales, once this achieved at one particular scale^{14}, yielding thus the

14Both interpretations hold only in the case of a 5−dimensional background of warp geometry.

RG−stability of the cosmological constant. Given the usual difficulties in reconciling the RG−flow intuition and the observational evidence for a small cosmological constant, this is certainly a useful progress towards the final solution. It is important to notice that the RG−stability of the cosmological constant, Λ^{(4)}, established in the strong ’t Hooft coupling and large N regime of the boundary theory, is not restricted to any preferred value for Λ^{(4)}. This leaves, of course, the question of whether it is possible to pick up naturally initial conditions in the UV for which Λ^{(4)} = 0.

In our actual calculation, we have not address at all this question, rather what we were interested in is to extend the RG−stability of the cosmological constant to the regimes where the strong ’t Hooft coupling and the large N limits are relaxed. What we found, in this case, is that the fate of the RG−stability mechanism, of [15], is not sensitive to the α^′−corrections, which were introduced to account for the relaxation of the strong ’t Hoof coupling limit. However, one sees from equation (51) that the 1/N−corrections do seem on the other hand to ruin the RG−stability of the cosmological constant if no other equations are supplemented at this order to (51). As we have seen in section (4), the derivation of 1/N−corrections are less systematic and much harder to implement in the HJ formulation than the α^′−corrections. Using the analogy with the transition from the HJ equation to the Schrödinger equation, and treating 1/N as √ h̄, the 1/N−corrections are expressed as the second order variation of the boundary action. Although, this a a good starting point to probe the effects of the 1/N−corrections, it is clear that one needs further information and better knowledge, especially on the side of the boundary matter sector^{15} to remove the arbitrariness left in the coefficients e_1, e_2 and e_3 parameterizing the 1/N−corrections. It is very plausible that when more systematic methods become available^{16} further relations could found between the potential U and the boundary operators such as ⟨O^2_I ⟩ and ⟨T^2⟩, leading to the cancellation among the terms on the right-hand side of (51). So instead of using equation (51) to declare the failure of the RG−stability of the cosmological constant, outside the regime of strong ’t Hooft coupling and large N limits, we take the point of view that it calls for a better understanding of the 1/N−corrections beyond the simple addition of the second order variation of the boundary effective action to the HJ constraint.

Going now back to equation (51), it is very plausible just from the CFT point of view, to have a theory where ⟨ O^2_I ⟩ ∝ ∂^I ∂_I U , (52) ⟨ T^2 ⟩ ∝ ⟨T ⟩ ∼ U . (53) Furthermore, in equation (26) since both of the coefficients e_1 and e_2 multiply the second order variation of the boundary effective action, with the respect to the metric g_{μν} , we expect that they are not independent, and hence e_1 ∝ e_2. Combining this relation with the relations from (52) and (53), we see that there is much room for the right-hand side of (51) to vanish, allowing us to recover the RG−stability of the cosmological constant in the presence of the leading 1/N−corrections.

15After all it is the matter fields on the boundary that form representations of the boundary gauge group, which makes them sensitive to the choice of N .

16According to suggestions made in [15], systematic methods for deriving the 1/N −corrections could be found using the non-local loop equations in [33] or string field theory.

Hopefully, we will come back in future work to prove the additional relations (52) and (53) needed to preserve the cancellation between the potential energy U and the and the trace of the stressenergy tensor ⟨T ⟩ in (51).

Finally, it would be interesting to use the new bulk/boundary relations derived in section (5) to study the Randall-Sundrum scenario. We treat this question in [34].

8 Appendix

The purpose of this section is to give a Hamiltonian formulation of the higher-curvature theory considered in section (3), which is represented by the D−dimensional bulk action

S_T = S_1 + S_2 + S_3 , (54)

where S_1, S_2 and S_3 are given by

S_1 = ∫ D √ G dr d^{D−1}x [_{ D}R + 2 Λ + a_o^{{D}}R^2 + b_o^{{D}}R_{μν}^{{D}}R^{μν} +c_o^{{D}}R_{μνρσ}^{{D}}R^{μνρσ} ] , (55)

S_2 = 2 ∫ D−1 √ g d^{D−1}x [ K + K (K, ∇ K; a_o, b_o, c_o) ] , (56)

S_3 = ∫ D √ G dr d^{D−1}x [ V (ϕ) − 1 2 ∇_μ ϕ ∇^μ ϕ ] . (57)

All the terms appearing in S_1, S_2 and S_3 were introduced and defined in section (3).

To obtain a Hamiltonian formulation of the bulk action S_T , it will be useful to resort to the well-known technique in general relativity, which consists of slicing the D−dimensional bulk spacetime M, with metric G_{AB}, into an arbitrary foliation defined by the isosurfaces {Σ} [32]. For the purpose of studying of the holographic RG−flow of theories induced on timelike boundaries sitting at different locations in the radial direction of the bulk spacetime M, we choose to foliate M along timelike isosurfaces. Because of this, there will be some sign flips between our formulas and the ones that we would have obtained had we chosen a foliation along spacelike slices. So, given that (M, G_{AB}) is the D−dimensional bulk spacetime^{17}, we can foliate it by a family of (D − 1) −dimensional timelike hyper surfaces, {Σ_r}, parametrized by the scalar function r =constant. Thus, we can write the bulk metric G_{AB} as

ds^2 = G_{AB} dx^A dx^B = G_{rr} dr^2 + 2 G_{rμ} dr dx^μ + G_{μν} dx^μ dx^ν . (58)

Here and throughout all the paper our notational conventions will be to take the upper case Latin letters such as A and B to denote the D−dimensional indices (0, 1, ..., D − 2, r) over M, and the lower case Greek indices such as μ and ν to denote the (D − 1) −dimensional indices (0, 1, ..., D − 2) spanning the Σ_r hypersurface.

17In general, even though M could be geometrically different from the pure AdS_D form (due to the possible bulk-matter stress-energy momentum tensor back-reaction), it still has the same topology. Allowing, therefore, the derivation of the gauge invariant correlators on the CF T_D�_1 boundary from AdS_D bulk action [11].

Let r^μ be a vector field on M satisfying r^μ ∇_μ r = +1, and let n^μ be the spacelike inward pointing vector fields normal to the timelike hypersurface with normalization G_{μν} n^μ n^ν = +1. By introducing the lapse function, N, and shift vector, N^μ, r^μ admits a decomposition in terms of its normal and tangential components with respect to Σ_r, as follows

r^μ = N^μ − N n^μ , (59)

where N and N^μ are given by

N = −r^μ n_μ = − (n^μ ∇_μr)^{−1} , (60) N_μ = g_{μν} r^ν . (61)

In terms of these definitions the metric in (58) can be rewritten as

ds^2 = ( N^2 + N_μ N^μ ) dr^2 + 2 N_μ dx^μ dr + g_{μν} (x, r) dx^μ dx^ν , (62)

where the boundary metric on Σ_r is related to the bulk metric by the formula g_{μν} = G_{μν} − n_μ n_ν . Using the Gaussian normal coordinates, corresponding to the gauge choice N^μ = 0 and N = −1, the metric in (62) takes on the simple form

ds^2 = dr^2 + g_{μν} (x, r) dx^μ dx^ν . (63)

Another concept entering the description of the bulk spacetime M in terms of its foliations {Σ_r}, is the notion of extrinsic curvature K_{μν} , which is defined by

K_{μν} = g_μ^ρ ∇_ρ n_ν , = 1 2 L_r g_{μν} . (64)

The meaning given to K_{μν} is that it accounts for the “bending” of Σ_r in M. Finally, to obtain a Hamiltonian functional for general relativity, we need to express the gravitaional action in (54) in terms of the quantities (g_{μν} , K_{μν} ; N^μ = 0, N = −1), and their time and space derivatives. Splitting S_T along the timelike foliations, we find the following Lagrangian:

L_T = √ g [ R + 2 Λ + a_o R^2 + b_o R_{μν} R^{μν} + c_o R_{μνρσ} R^{μνρσ} + ( K^2 − K_{μν} K^{μν} ) + 2 a_o R ( K^2 − K_{μν} K^{μν} ) + 2 b_o R_{μν} (K K^{μν} − K^{μρ} K_ρ^ν) + 4 c_o R_{μνρσ} K^{μρ} K^{νσ} + O ( K^4 )] + √ g [ V (ϕ) − 1 2 ∇_μϕ^I ∇^μϕ^I − 1 2 ( ϕ̇I )_2]

, (65)

where R_{μνρσ}, R_{μν} , and R denote the (D − 1) −dimensional Riemann tensor, Ricci tensor and Ricci scalar respectively. The sum over the scalar field index I is understood in the text and hereafter. Using this Lagrangian, the canonical momenta conjugate to ϕ^I and g_{μν} are

π_I = 1 √ g ∂ L_T ∂ ϕ̇^I = − ϕ̇^I , π_{μν} = 1 √ g ∂ L_T ∂ ġ^{μν} = (K_{μν} − K g_{μν} ) + 2 a_o R (K_{μν} − K g_{μν} ) − b_o (K R_{μν} + R_{ρσ} K^{ρσ} g_{μν} )

+ b_o (R_μ^ρ K_{ρν} + R_ν^ρ K_{ρμ}) − 4 c_o R_{μρνσ} K^{ρσ} + O ( K^3 ) , π = g^{μν} π_{μν} = π^μ_μ = − (D − 2) K − (2 a_o D − 4 a_o + b_o) R K − (b_o D − 3 b_o + 4 c_o) R_{μν} K^{μν} + O ( K^3 ) , (66)

where ϕ̇I = L_r ϕI = dϕ^I dr , K_{μν} = 1 2 L_r g_{μν} = − 1 2 ġ_{μν} = − 1 2 dg_{μν} dr . (67)

Replacing ϕ̇^I and ġ_{μν} in L_T by their canonical momenta, and performing the Legendre transformation, we find the following expression for the total Hamiltonian − 1 √ g H_T = ( R + 2 Λ + a_o R^2 + b_o R_{μν} R^{μν} + c_o R_{μνρσ} R^{μνρσ} )

+ ( V (ϕ) − 1 2 ∇_μ ϕ^I ∇^μ ϕ^I )

+ ( π_{μν} π^{μν} − π^2 D − 2 ) + 1 2 π_I π_I − 2 a_o R ( π_{μν} π^{μν} − π^2 D − 2 ) − 2 b_o R_{μν} ( π^μ_ρ π^{ρν} − π π^{μν} D − 2 )

+ 4 c_o R_{μνρσ} π^{μρ} π^{νσ} + 4 c_o (D − 2)^2

R π^2 − 8 c_o D − 2 R_{μν} π π^{μν} . (68) Acknowledgments

The author is grateful to Prof. W. G. Unruh for financial support, for encouragement and for making the theory center a wonderful place where to work and make progress every day. I would like to thank him also for his valuable comments at various stages in the development of this project. It is also a pleasure to acknowledge useful conversations with H. Verlinde and B. Ovrut during the String Cosmology Workshop in July 2000. I would like also to thank the people of ICTP, in Trieste, for their hospitality and financial support at the early stage of this project, in particular K. S. Narain and S. Randjbar-Daemi. Finally, I would like to thank all the participants of the gravity weekly seminar and PIMS string journal club at UBC, in particular E. T. Akhmedov, R. Scipioni, G. W. Semenoff, S. Surya and K. Zarembo.

References

[1] L. Susskind, The world as a hologram, J. Math. Phys. 36 (1995) 6377; hep-th/9409088.

D. Bigatti and L. Susskind, TASI lectures on the holographic principle, hep-th/0002044.

[2] C. R. Stephens, G. ’t Hooft and B. F. Whiting, Black hole evaporation without information loss, Class. Quant. Grav. 11 (1994) 621; gr-qc/931006. G. ’t Hooft, Dimensional reduction in quantum gravity, gr-qc/9310026.

[3] W. Fischler and L.Susskind, Holography and cosmology, hep-th/9805114.

[4] R. Bousso, The holography principles for general backgrounds, Class. Quant. Grav. 17 (2000) 997; hep-th/9911002.

R. Bousso, Holography in general space-times, JHEP 9906 (1999) 028; hep-th/9906022. R. Bousso, A covariant entropy conjecture, JHEP 9907 (1999) 004; hep-th/9905177.

[5] E. E. Flanagan, D. Marolf and R. Wald, Proof of classical versions of the Bousso entropy bound and the generalized second law, hep-th/9908070.

[6] S. Corley and T. Jacobson, Focusing and the holographic hypothesis, Phys. Rev. D53 (1996) 6720; gr-qc/9602043.

[7] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724; hep-th/9510017.

J. Polchinski, S. Chaudhuri and C. V. Johnson, Notes on D-branes, hep-th/9602052. J. Polchinski, TASI lectures on D-branes, hep-th/9611050. C. Bachas, Lectures on D-branes, hep-th/9806199.

C. Bachas, D-brane dynamics, Phys. Lett. B370 (1996) 37; hep-th/9511043.

[8] E. Witten, Bound states of string theory p−branes, Nucl. Phys. B460 (1996) 525; hepth/9510135.

[9] A. Strominger and C. Vafa, Microscopic origin of the Bekenstein-Hawking entropy, Phys.

Lett. B379 (1996) 99; hep-th/9601029. J. Maldacena, Black holes in string theory, 9607235.

N. Hambli, More on four-dimensional extremal black holes, Phys. Rev. D54 (1996) 5129; hep-th/9605236.

[10] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, M-theory as a Matrix model: a conjecture, Phys. Rev. D55 (1997) 5112; hep-th/9610043.

T. Banks, Matrix theory, Nucl. Phys. Proc. Suppl. 67 (1998) 180; hep-th/9710231. T. Banks, the state of Matrix theory, Nucl. Phys. Proc.Suppl. 62 (1998) 341; hepth/9706168.

D. Bigatti and L. Susskind, Review of Matrix theory, 9712072.

N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, A large−N reduced model as superstring, Nucl. Phys. B498 (1997) 467; hep-th/9612115.

N. Hambli, Type IIB Matrix theory at two loops, Phys. Rev. D59 (1999) 126003; hepth/9812008.

[11] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253; hepth/9802150.

[12] J. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor.

Math. Phys. 2 (1998) 231; hep-th/9711200.

O. Aharony, S. S. Gubser, J. Maldacena, H. Ooguri and Y. Oz, Large N field theories, string theory and gravity, Phys. Rept. 323 (2000) 183; hep-th/9905111. I. R. Klebanov, From threebranes to large N gauge theories, hep-th/9901018. M. R. Douglas and S. Randjbar-Daemi, Two lectures on the AdS/CF T correspondence, hepth/9902022.

[13] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B428 (1998) 105; hep-th/9802109.

[14] L. Susskind and E. Witten, The holographic bound in Anti-de Sitter space, hep-th/9805114.

[15] J. de Boer, E. Verlinde and H. Verlinde, On the holographic renormalization group, hepth/9912012.

E. Verlinde and H. Verlinde, RG flow, gravity, and the cosmological constant, JHEP 0005 (2000) 034; hep-th/9912018.

E. Verlinde, On RG−flow and the cosmological constant, Class. Quant. Grav. 17 1277; hepth/9912058.

H. Verlinde, Supersymmetry at large distance scales, hep-th/0004003. H. Verlinde, Holography and compactification, hep-th/9906182.

[16] C. Schmidhuber, AdS_5 and the 4D cosmological constant, hep-th/9912156.

C. P. Burgess, R. C. Myers and F. Quevedo, A naturally small cosmological constant on the brane?, hep-th/9911164.

S. P. de Alwis, Brane world scenarios and the cosmological constant, hep-th/0002174. E. Witten, The cosmological constant from the viewpoint of string theory, hep-ph/0002297. Z. Kakushadze, Bulk supersymmetry and brane cosmological constant, hep-th/0006215. N. Deruelle and T. Dolezel, Brane versus shell cosmologies in Einstein-Gauss-Bonnet theories, gr-qc/0004021.

A. Krause, A small cosmological constant, grand unification and warped geometry, hepth/0006226.

S. Nojiri and S. D. Odintsov, Brane-world cosmologies in higher derivative gravity or warped compactification in the next-to-leading order of the AdS/CF T correspondence, hepth/0006232.

S. Nojiri and S. Odintsov, Conformal anomaly for dilaton coupled theories from AdS/CF T correspondence, Phys. Lett. B444 (1998) 92; hep-th/9810008.

S. Nojiri, S. D. Odintsov and S. Ogushi, Finite action in d = 5 supergravity and dilatonic conformal anomaly for dual quantum field theory, Phys. Rev. D62 (2000) 124002; hepth/0001122.

S. Nojiri, O. Obregon, S. Odintsov and S. Ogushi, Dilatonic brane-world black holes, gravity localization and Newton constant, Phys. Rev. D62 (2000) 064017; hep-th/0003148. S. Nojiri, S. D. Odintsov and S. Ogushi, Scheme-dependence of holographic conformal anomaly in d = 5 gauged supergravity with non-trivial buk potential, Phys. Lett. B494 (2000) 318; hepth/0009015.

F. L. Lin and Y. S. Wu, The c-functions of noncommutative Yang-Mills theory from Holography, JHEP 0005 (2000) 043; hep-th/0005054.

M. Fukuma, S. Matsuura and T. Sakai, A note on the Weyl anomaly in the holographic renormalization group, hep-th/0007062.

S. Nojiri, S. D. Odintsov and S. Ogushi, Holographic renormalization group and conformal anomaly for AdS_9/CF T_8 correspondence, hep-th/0011182.

P. Binetruy, J. M. Cline and C. Grojean, Dynamical instability of brane solutions with a self-tuning cosmological constant, hep-th/0007029.

[17] V. Sahakian, Comments on D-branes and the renormalization group, JHEP 0005 (2000) 011;

hep-th/0002126.

[18] I. Low and A. Zee, Naked singularities and Gauss-Bonnet term in brane world scenarios, hep-th/0004124.

[19] E. T. Akhmedov, A remark on the AdS/CF T correspondence and the renormalization group flow, Phys. Lett. B442 (1998) 152; hep-th/9806217.

E. T. Akhmedov, Introduction to the AdS/CF T correspondence, hep-th/9911095. E. Alvarez and C. Gómez, Geometric holography, the renormalization group and the c−theorem, Nucl. Phys. B541 (1999) 441; hep-th/9807226.

D. Z. Freedman, S. S. Gubser, K. Pilch and N. P. Warner, Renormalization group flows from holography–supersymmetry and a c−theorem, hep-th/9904017.

L. Girardello, M. Petrini, M. Porrati and A. Zaffaroni, The supergravity dual of N = 1 super Yang-Mills theory, Nucl. Phys. B569 (2000) 451; hep-th/9909047.

L. Girardello, M. Petrini, M. Porrati and A. Zaffaroni, Novel local CF T and exact results on perturbations of N = 4 super Yang-Mills from AdS dynamics, JHEP 9812 (1998) 022; hep-th/9810126.

B. Balasubramanian and P. Krauss, Spacetime and the holographic renormalization group, Phys. Rev. Lett. 83 (1999) 3605; hep-th/9903190.

K. Skenderis and P. K. Townsend, Gravitational stability and renormalization–group flow, Phys. Lett. B468 (1999) 46; hep-th/9909070.

O. De Wolfe, D. Z. Freedman, S. S. Gubser and A. Karch, Modeling the fifth dimension with scalars and gravity, hep-th/9909134.

C. Schmidhuber, AdS−flow and Weyl gravity, hep-th/9912155.

M. Cvetic and J. Wang, Vacuum domain walls in D−dimensions: Local and global space-time structures, Phys. Rev. D61 (2000) 124020; hep-th/9912187.

E. Alvarez and C. Gomez, A comment on the holographic renormalization group and the soft dilaton theorem, Phys. Lett. B476 (2000) 411; hep-th/0001016. M. Taylor-Robinson, Holography for degenerate boundaries, hep-th/0001177. C. Gomez, B. Janssen and P. Silva, Dilatonic Randall-Sundrum theory and renormalization group, JHEP 0004 (2000) 024; hep-th/0002042.

K. Behrndt and M. Cvetic, Infra-red fixed points at the boundary, hep-th/0002057. D. Anselmi, L. Girardello, M. Porrati and A. Zaffaroni, A note on the holographic beta and C function, Phys. Lett. B481 346; hep-th/0002066.

S. S. Gubser, Curvature singularities: the good, the bad and the naked, hep-th/0002160. M. Petrini and A. Zaffaroni, The holographic RG flow to conformal and non-conformal theory, hep-th/0002172.

O. De Wolfe and D. Z. Freedman, Notes on fluctuations and correlation functions in holographic renormalization group flows, hep-th/0002226.

C. Csaki, J. Erlich, T. J. Hollowood and J. Terning, Holographic RG and cosmology in theories with quasi-localised gravity, hep-th/0003076.

G. Arutyunov, S. Frolov and S. Theisen, A note on gravity-scalar fluctuations in holographic RG flow geometries, hep-th/0003116.

V. Balasubramanian, E. Gimon and D. Minic, Consistency conditions for holographic duality, JHEP 0005 (2000) 014; hep-th/0003147.

V. L. Campos, G. Ferretti, H. Larsson, D. Martelli and B. E. W. Nilsson, A study of holographic renormalization group flows in d = 6 and d = 3, hep-th/0003151. G. Lifschytz and V. Periwal, Schwinger-Dyson = Wheeler-De Witt: gauge theory observables as bulk operators, JHEP 0004 (2000) 026; hep-th/0003179.

K. Oh and R. Tatar, Renormalization group flows on D3 branes at an orbifolded conifold, JHEP 0005 (2000) 030; hep-th/0003183.

S. Corley, A note on holographic Ward identities, hep-th/0004030.

F. L. Lin and Y. S. Wu, The C−functions of noncommutative Yang-Mills theory from holography, JHEP 0005 (2000) 043; hep-th/0005054.

K. Behrndt, A non-singular infra-red flow from D = 5 gauged supergravity, hep-th/0005185. C. J. Zhu, A self-tuning exact solution and the non-existence of horizons in 5d gravity-scalar system, hep-th/0005230.

J. Ho, Holographic stress tensor for Kerr−AdS black holes and local failure on IR/UV connection, hep-th/0005250.

A. Mironov and A. Morozov, On renormalization group in abstract QFT, hep-th/0005280. A. Dhar and S. R. Wadia, Noncritical strings, RG flows and holography, hep-th/0006043. K. Pilch and N. P. Warner, N = 1 supersymmetric renormalization group flows from IIB supergravity, hep-th/0006066.

D. A. Lowe, Renormalization group flows from gravity in Anti-de Sitter space versus black no-hair theorems, JHEP 0004 (2000) 011; hep-th/0003042.

S. Forste, Z. Lalak, S. Lavignac and H. P. Nilles, The cosmological constant problem from a brane-world perspective, hp-th/0006139. R. Akhoury, A variational principle for radial flows in holographic theories, hep-th/0007041.

M. Fukuma, S. Matsuura and T. Sakai, A note on the Weyl anomaly in the holographic renormalization group, hep-th/0007062. O. Corradini and Z. Kakushadze, Localized Gravity and

Higher Curvature Terms, hep-th/0009022.

H. Collins and B. Holdom, The cosmological constant and warped extra dimensions), hepth/0009127.

K. A. Meissner and M. Olechowski, Domain walls without cosmological constant in higher order gravity, 0009122.

S. Kachru, Lectures on warped compactifications and stringy brane constructions, hepth/0009247.

[20] M. J. Duff, Twenty years of the Weyl anomaly, Class. Quant. Grav. 11 (1994) 1387; hepth/9308075.

B. S. De Witt, Qunatum field theory in curved spacetime, Phys. Rep. 19C (1975) 297. N. D. Birrell and P. C. Davies, Quantum fields in curved space, Cambridge University Press (1982).

S. A. Fulling, Aspects of quantum field theory in curved space-time, Cambridge University Press (1989).

M. Henningson and K. Skenderis, The holographic Weyl anomaly, JHEP 9807 023; hepth/9806087.

[21] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370; hep-th/9905221.

[22] V. A. Rubakov and M. E. Shaposhnikov, Extra space-time dimensions: Towards a solution of the cosmological constant, Phys. Lett. 125B (1985) 372.

V. A. Rubakov and M. E. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett. 125B (1983) 139.

S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1. R. Gregory, V. A. Rubakov and S. M. Sibiryakov, Opening up extra dimensions at ultra-large scales, Phys. Rev. Lett 84 (2000) 5928; hep-th/0002072.

H. Martel. P. R. Shapiro and S. Weinberg, Likely values of the cosmological constant, astroph/9701099.

S. Weinberg, Theories of the cosmological constant, astro-ph/9610044. S. Weinberg, The cosmological constant problems, astro-ph/0005265. S. Weinberg, A priori probability distribution of the cosmological constant, Phys. Rev. D61 103505 (2000); atsro-ph/0002387.

J. F. Donoghue, Random values of the cosmological constant, hep-th/0006088.

[23] J. Polchinski, Renormalization and effective Lagrangians, Nucl. Phys. B231 (1984) 269.

J. Polchinski, Effective field theory and the Fermi surface, hep-th/9210046.

[24] R. C. Myers, Higher-derivative gravity, surface terms, and string theory, Phys. Rev. D36 (1987) 392.

[25] C. G. Callan, R. C. Myers and M. J. Perry Black holes in string theory, Nucl. Phys. B311 (1989) 673.

[26] J. Polchinski, String theory, v1 & 2 Cambridge monographs on mathematical physics (1998).

M. B. Green, J. K. Schwarz and E. Witten, Superstring theory, v1 & 2 Cambridge University Press (1987).

[27] S. Weinberg, Phenomenological Lagrangians, Physica A96 (1979) 327.

J. F. Donoghue, General relativity as an effective field theory: The leading quantum corrections, Phys. Rev. D50 (1994) 3874; gr-qc/9405057.

J. F. Donoghue, Introduction to the effective field theory description of gravity, grqc/9512024.

C. P. Burgess, An Ode to effective Lagrangians, hep-ph/9812470.

[28] M. Li, A note on relation between holographic RG equation and Polchinski’s RG equation, hep-th/0001193.

[29] M. Bianchi, M. B. Green, S. Kovacs and G. Rossi, Instantons in supersymmetric Yang-Mills and D-Instantons in IIB superstring theory, JHEP 9808 (1998) 013; hep-th/9807033.

[30] J. Khoury and H. Verlinde, On open/closed string duality, hep-th/0001056.

[31] C. S. Chan, P. L. Paul and H. Verlinde, A note on warped string compactification, Nucl. Phys.

B581 (2000) 156; hep-th/0003236.

[32] R. Wald, General Relativity, The University of Chicago Press (1984).

[33] A. M. Polyakov, in Proc. Strings ’97, Amsterdam, F. A. Bais et al . eds.

A. M. Polyakov ad V. S. Rychkov, Loop dynamics and AdS/CF T correspondence, hepth0005173.

A. M. Polyakov and V. S. Rychkov, Gauge fields - strings duality and the loop equation, Nucl. Phys. B581 (2000) 116; hep-th/0002106.

[34] N. Hambli, in preparation.