arXiv:hep-th/0401149 v2 23 Jan 2004

On the Role of Boundary Terms in the AdS/CFT Correspondence

Pablo Minces^{a∗}

aInstituto de Física Teórica, Universidade Estadual Paulista, Rua Pamplona 145, 01405-900, São Paulo, SP, Brasil

We consider a scalar field theory on AdS, and show that the usual AdS/CFT prescription is unable to map to the boundary a part of the information arising from the quantization in the bulk. We propose a solution to this problem by defining the energy of the theory in the bulk through the Noether current corresponding to time displacements, and, in addition, by introducing a proper generalized AdS/CFT prescription. We also show how this extended formulation could be used to consistently describe double-trace interactions in the boundary. The formalism is illustrated by focusing on the non-minimally coupled case using Dirichlet boundary conditions.

In recent years, and after the work by Maldacena [1] conjecturing the existence of a duality between a supergravity theory on Anti-de Sitter (AdS) space and a conformal field theory (CFT) living at its boundary, a large amount of work has been devoted to get a deeper understanding of the so-called AdS/CFT correspondence. In particular, it was given a prescription which explicitly maps one theory into the other [2][3]. It reads

Z_{AdS} [ϕ_0] = ∫ ϕ_0

Dϕ exp (−I[ϕ]) ≡ Z_{CF T} [ϕ_0] = ⟨ exp (∫ ∂Ω d^dxOϕ_0 )⟩ , (1)

where d + 1 is the dimension of the AdS space, and ϕ_o is the boundary value of the bulk field ϕ which couples to the boundary CFT operator O.

Throughout this paper, we will focus on the formulation of a massive, non-minimally coupled scalar field theory on AdS. We will show the existence of some unsolved difficulties and suggest possible solutions to them. We begin by considering the action

I_0 = − 1 2 ∫ d^{d+1}x √ g [g^{μν} ∂_μϕ ∂_νϕ + ( m^2 + ϱR ) ϕ^2] , (2)

where R is the Ricci scalar corresponding to

∗I would like to thank Prof. V. O. Rivelles for the collaborations and discussions on this topic. This work was supported by FAPESP grant 01/05770-1.

AdS_{d+1}, and it is a constant. Here ϱ is an arbitrary coupling coefficient.

In particular, we will be concerned with old and well-established results regarding the quantization of the above theory in global coordinates. It is known [4][5][6] that there exist two possible quantizations involving two different normalizable modes, namely, regular and irregular ones. They behave close to the boundary as

ϕ_R ∼ ϵ̂^{Δ+ (ϱ)} , ϕ_I ∼ ϵ̂^{Δ− (ϱ)} , (3)

where ϕ_R, ϕ_I correspond to regular and irregular modes respectively, ϵ̂ is a measure of the distance to the boundary which is considered to be small, and Δ_±(ϱ) = d 2 ± ν(ϱ) , (4)

ν(ϱ) = √ d^2 4 + m^2 + ϱR . (5)

One important result in [4][5] is that irregular modes are normalizable only for

0 ≤ ν(ϱ) < 1 . (6)

In addition, the energy for irregular modes is conserved, positive and finite only when the following constraint is satisfied ϱ = 1 2 Δ_−(ϱ) 1 + 2Δ_−(ϱ)

. (7)

Since there are two possible quantizations in the bulk, we expect to find two different boundary CFT’s, corresponding to the conformal dimensions Δ_+(ϱ) and Δ_−(ϱ). However, the prescription Eq.(1) reproduces only Δ_+(ϱ). Note, also, that Δ_+(ϱ) is bounded from below by^d_2 , which is more stringent than the unitarity bound d−2 2 . In order to also account for the missing conformal dimension Δ_−(ϱ), the proposal in [7] was that its generating functional could be obtained by performing a Legendre transform on the original one corresponding to the conformal dimension Δ_+(ϱ). Thus, starting from the generating functional in momentum space corresponding to Δ_+(ϱ) [2][8][9]

S[ϕ_0] =

Γ(1 − ν) Γ(ν) × ∫ d^dk (2π)^d ϕ_0 ( ⃗k ) ϕ_0 ( −⃗k ) ( k 2 )_{2ν} , (8) where k =| ⃗k |, and performing the Legendre transform [7] S̃[ϕ_0, ϕ̃_0] = S[ϕ_0] + α ∫ d^dk (2π)^d ϕ_0 ( ⃗k ) ϕ̃_0 ( −⃗k ) , (9)

where α is a coefficient, we arrive at

S̃[ϕ̃_0] = − α^2 4 Γ(ν) Γ(1 − ν) × ∫ d^dk (2π)^d ϕ̃_0 ( ⃗k ) ϕ̃_0 ( −⃗k ) ( k 2 )_{−2ν} . (10)

It was verified in [7] that the above generating functional gives rise to the missing conformal dimension Δ_−(ϱ).

However, there still remain some problems to be considered [10][11]. One of them is that the Legendre transform Eq.(9) does not reproduce any of the constraints Eqs.(6,7). And the another difficulty is that Eq.(9) does not work for ν = 0, due to the presence of a logarithmic term in the generating functional [10].

In order to find a way out of these problems, we follow [11] and propose to consider a modified formulation of the scalar field theory on AdS and in the AdS/CFT correspondence. We begin by focusing on the definition of the energy. Note that the usual definition using the stressenergy tensor, as in [4][5], is not sensitive to the addition of boundary terms to the action [11], unlike what happens to the AdS/CFT prescription Eq.(1).^2 So, it seems natural to consider, at least in the AdS/CFT context, a new definition of energy which, unlike the usual one, is sensitive to the addition of boundary terms. Then, the natural choice is to define the energy as the ‘conserved’ charge which is constructed out of the Noether current corresponding to time displacements in global coordinates. We shall refer to it as the ‘canonical energy’, which is to be contrasted with the usual ‘metrical’ one. Note that, unlike the metrical energy, the canonical energy is sensitive to the addition of boundary terms to the action, a property inherited from the Noether current.

In order to perform the calculations, we consider the following action I = − 1 2 ∫ d^{d+1}x √ g [g^{μν} ∂_μϕ ∂_ν ϕ + ( m^2 + ϱR ) ϕ^2] + ϱ ∫ d^dx √ h K ϕ^2 , (11)

where h_{μν} is the induced metric at the boundary, and K is the trace of the extrinsic curvature. Note that the above action differs from Eq.(2) only by a surface term which makes the action to be stationary under infinitesimal variations of the metric. Such term is, in fact, the natural extension of the usual Gibbons-Hawking term [17]. By performing an infinitesimal variation of the scalar field, it can also be verified that I is stationary under Dirichlet boundary conditions which fix the scalar field at the boundary. Throughout this paper we will consider, with illustrative purposes, only Dirichlet boundary conditions, but in fact more complicated cases, such as Neumann and

2The relevance of the addition of boundary terms to the action in the AdS/CFT context was previously emphasized in the cases of the spinor field [12] (were the boundary term proposed in [12] was later computed using the Variational Principle [13][14]), the antisymmetric tensor field [15] and the Self-Dual model [16]. Discussions using the Hamiltonian formalism can be found in [13]

diverse mixed boundary conditions, can also be analyzed [10][11][18].

It can be shown that, to perform a quantization which takes into account the canonical energy instead of the metrical one, gives rise to the following condition for the propagation of irregular modes in the bulk [11] ϱ = 1 2d Δ_−(ϱ) . (12)

It has two possible solutions

ϱ^± = d − 1 8d 1 ± √ 1 + ( 4m d − 1 )_2 . (13)

The constraint Eq.(12) is to be contrasted with the usual one Eq.(7). Note that, in the particular case m = 0, ϱ^− vanishes, whereas ϱ^+ reduces to the critical value^{d−1}_{4d} for which the stress-energy tensor becomes traceless. This means that, in particular, Weyl-invariant theories in the bulk allow for irregular modes to propagate.

Once we have considered modifications in the formulation in the bulk, the next step is to introduce a generalized AdS/CFT prescription which, in particular, is able to reproduce the constraint Eq.(6), together with the new one Eq.(12). We will consider a modified prescription of the form [10][11]

exp (−I_{AdS} [f_0]) ≡ ⟨ exp (∫ d^dx O(⃗x) f_0(⃗x) )⟩ , (14)

where the source f_0 which couples to the boundary conformal operator depends on the boundary conditions (in the particular Dirichlet case that we are considering in this paper, f_0 reduces to ϕ_0). In addition, we will introduce a generalized Legendre transform prescription in which the Legendre transform is performed on the whole on-shell action, rather than only on the leading non-local term, as in Eq.(9). We do so because the operations of expanding the on-shell action in powers of the distance to the boundary and then selecting the leading non-local term, and of performing the Legendre transformation, are not commuting operations. Thus, the modified Legendre transform prescription schematically reads

[11]

Ĩ_{AdS} [f_0, f̃_0] = I_{AdS} [f_0] − ∫ d^dk (2π)^d f_0 ( ⃗k ) f̃_0 ( −⃗k ) . (15)

We emphasize that the above prescription contains information, in particular about Eqs.(6,12), that is being missed in the usual prescription Eq.(9). Once the modified Legendre transform has been performed, we should also include in our analysis the ‘conjugated’ prescription of Eq.(14), which reads exp ( −Ĩ_{AdS} [f̃_0] )

≡ ⟨ exp (∫ d^dx Õ(⃗x) f̃_0(⃗x) )⟩ . (16)

Following standard calculations in Euclidean Poincaré coordinates, it can be shown that the generalized prescription Eqs.(14,15,16) gives rise, in a natural way, to the constraints Eqs.(6,12) (see [11] for details). In fact, in such situation the divergent local terms of the on-shell action cancel out, the addition of counterterms is not required, and the Legendre transform interpolates between different conformal dimensions, namely Δ_+(ϱ) and Δ_−(ϱ), as expected.

Thus, we have considered two calculations which, at first sight, may seem very different of each other. One of them performs the quantization of the scalar field in global coordinates using the canonical energy instead of the usual metrical one, and the another one is concerned with calculations using the modified AdS/CFT and Legendre transform prescriptions. The fact that both formulations give rise, in a natural way, to precisely the same constraints Eqs.(6,12), could be considered as a strong evidence in support of our formalism. Further details on this subject can be found in [11].

Another purpose of this paper is to show how this modified AdS/CFT prescription could be used to consistently describe double-trace perturbations at the boundary. It has recently been suggested [19][20] that deforming the boundary CFT by double-trace operators gives rise to a new perturbation expansion for string theory which is based on a non-local worldsheet. This raises the question of how to perform explicit calculations in the AdS/CFT context including double-trace perturbations. The proposal in [21][22] is that multitrace operators can be incorporated by generalizing the usual Dirichlet prescription which is considered in the case of single-trace operators. In analyzing the case of a conformal operator of conformal dimension Δ = d/2, it has been shown in [21] that a generalized boundary condition gives rise to the correct renormalization formula for the coupling of the double-trace interaction. Further developments have also been introduced in [23][24][25][26][27][28][29][34]. The conjecture in [21][22] that double-trace interactions change the boundary conditions of fields strongly suggests that the formalism developed in [10][11] could be a natural frame to incorporate double-trace perturbations in the AdS/CFT correspondence. Such topic has been discussed in [18]. With illustrative purposes, we will here keep considering the situation of a Dirichlet boundary condition in the non-minimally coupled case. We will relate the coupling coefficient of the double-trace perturbation to the addition of specific boundary terms to the action. In this particular case, the natural extension of the Gibbons-Hawking term, as seen in Eq.(11), will be generated.

We introduce a perturbation at the boundary by a double-trace operator of the form

W [O] = β 2 O^2 , (17)

where β is the coupling coefficient. Following the ideas in [21][23], the perturbed generating functional can be written as [18]

I [f_ϵ] = − 1 2 ∫ d^dx d^dy √ h f_ϵ(⃗x) f_ϵ(⃗y) × ∫ d^dk (2π)^d e^{−i⃗k·(⃗x−⃗y)} F (kϵ) 1 + β(kϵ)F (kϵ) , (18)

where ϵ is a measure of the distance to the boundary which is considered to be small, and F (kϵ) = d 2 + ν − kϵ K_{ν+1}(kϵ) K_ν(kϵ) . (19)

Here K_ν is the modified Bessel function. Following [18], we are including all local and non-local terms in the action, and introducing a dependence of β on ϵ. This is needed for consistence. For β = 0, Eq.(18) reduces to the usual result. In addition to Eq.(18), we should also include its Legendre transform in all calculations.

Now setting β(kϵ) = 2ϱd F (kϵ) 1 F (kϵ) − 2ϱd , (20)

and introducing this into Eq.(18), we reproduce precisely the same functional as the one computed in [11] when considering a Dirichlet boundary condition in the non-minimally coupled case. Then, the above double-trace perturbation generates the natural extension of the usual Gibbons- Hawking term, as seen in Eq.(11). In particular, notice from the above equation that β diverges precisely when the constraint Eq.(12) is satisfied and irregular modes propagate in the bulk. This is the same situation for which the divergent local terms in the action cancel out, and the Legendre transform interpolates between different conformal dimensions. In particular, this result is consistent with the statement in [21] that, as the coupling grows, the system approaches the condition that is suitable for quantization to get a field of dimension Δ_−. For further details, and the analysis of other possible boundary conditions, see [18].

Thus, we have shown that the formulation in [11] consistently incorporates double-trace operators into the AdS/CFT correspondence, and we have also related the coupling coefficient of the double-trace perturbation to the constraints Eqs.(6,12) which arise when performing the modified quantization in the bulk, and to the addition of specific boundary terms to the action.

REFERENCES

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

2. E. Witten, “Anti De Sitter Space and Holography”, Adv. Theor. Math. Phys. 2 (1998) 253, hep-th/9802150.

3. 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.

4. P. Breitenlohner and D. Z. Freedman, “Stability in Gauged Extended Supergravity”, Ann. Phys. 144 (1982) 249.

5. P. Breitenlohner and D. Z. Freedman, “Positive Energy in Anti-de Sitter Backgrounds and Gauged Extended Supergravity”, Phys. Lett. B115 197.

6. L. Mezincescu and P. K. Townsend, “Stability at a Local Maximum in Higher Dimensional Anti-de Sitter Space and Applications to Supergravity”, Ann. Phys. 160 (1985) 406.

7. I. R. Klebanov and E. Witten, “AdS/CFT Correspondence and Symmetry Breaking”, Nucl. Phys. B556 (1999) 89, hep-th/9905104.

8. D. Z. Freedman, S. D. Mathur, A. Matusis and L. Rastelli, “Correlation functions in the CF T_d/AdS_{d+1} correspondence”, Nucl. Phys. B546 (1999) 96, hep-th/9804058.

9. 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.

10. P. Minces and V. O. Rivelles, “Scalar Field Theory in the AdS/CFT Correspondence Revisited”, Nucl. Phys. B572 (2000) 651, hep-th/9907079.

11. P. Minces and V. O. Rivelles, “Energy and the AdS/CFT Correspondence”, JHEP 0112 (2001) 010, hep-th/0110189.

12. M. Henningson and K. Sfetsos, “Spinors and the AdS/CFT correspondence”, Phys. Lett. B431 (1998) 63, hep-th/9803251.

13. G. E. Arutyunov and S. A. Frolov, “On the origin of supergravity boundary terms in the AdS/CFT correspondence”, Nucl. Phys. B544 (1999) 576, hep-th/9806216.

14. M. Henneaux, “Boundary terms in the AdS/CFT correspondence for spinor fields”, hep-th/9902137.

15. G. E. Arutyunov and S. A. Frolov, “Antisymmetric tensor field on AdS_5”, Phys. Lett. B441 (1998) 173, hep-th/9807046.

16. P. Minces and V. O. Rivelles, “Chern- Simons Theories in the AdS/CFT Correspondence”, Phys. Lett. B455 (1999) 147, hep-th/9902123.

17. G. W. Gibbons and S. W. Hawking, “Action Integrals and Partition Functions in Quantum Gravity”, Phys. Rev. D15 (1977) 2752.

18. P. Minces, “Multi-Trace Operators and the Generalized AdS/CFT Prescription”, Phys. Rev. D68 (2003) 024027, hep-th/0201172.

19. O. Aharony, M. Berkooz and E. Silverstein, “Multiple-Trace Operators and Non-Local String Theories”, JHEP 0108 (2001) 006, hep-th/0105309.

20. O. Aharony, M. Berkooz and E. Silverstein, “Non-local string theories on AdS_3 × S^3 and stable non-supersymmetric backgrounds”, Phys. Rev. D65 (2002) 106007, hep-th/0112178.

21. E. Witten, “Multi-Trace Operators, Boundary Conditions, And AdS/CFT Correspondence”, hep-th/0112258.

22. M. Berkooz, A. Sever and A. Shomer, “”Double-trace” Deformations, Boundary Conditions and Spacetime Singularities”, JHEP 0205 (2002) 034, hep-th/0112264.

23. W. Mück, “An improved correspondence formula for AdS/CFT with multi-trace operators”, Phys. Lett. B531 (2002) 301, hep-th/0201100.

24. A. C. Petkou, “Boundary multi-trace deformations and OPEs in AdS/CFT correspondence”, JHEP 0206 (2002) 009, hep-th/0201258.

25. A. Sever and A. Shomer, “A Note on Multitrace Deformations and AdS/CFT”, JHEP 0207 (2002) 027, hep-th/0203168.

26. J. L. F. Barbon, “Multitrace AdS/CFT and Master Field Dynamics”, Phys. Lett. B543 (2002) 283, hep-th/0206207.

27. M. Berkooz, “Double Trace Deformations, Infinite Extra Dimensions and Supersymmetry Breaking”, hep-th/0209257.

28. S. S. Gubser and I. Mitra, “Double-trace operators and one-loop vacuum energy in AdS/CFT”, Phys. Rev. D67 (2003) 064018, hep-th/0210093.

29. S. S. Gubser and I. R. Klebanov, “A universal result on central charges in the presence of double-trace deformations”, Nucl. Phys.

B656 (2003) 23, hep-th/0212138.

30. E. Witten, “SL(2,Z) Action On Three- Dimensional Conformal Field Theories With Abelian Symmetry”, hep-th/0307041.

31. J. Troost, “A note on causality in the bulk and stability on the boundary”, hep-th/0308044.

32. D. Nolland, “AdS/CFT boundary conditions, multi-trace perturbations, and the ctheorem”, hep-th/0310169.

33. J. L. F. Barbon and C. Hoyos, “AdS/CFT, Multitrace Deformations and New Instabilities of Nonlocal String Theories”, hep-th/0311274.

34. Since the time this talk was given, additional references appeared [30][31][32][33].