arXiv:hep-th/0501162 v1 20 Jan 2005

NSR STRING IN AdS_3 BACKGROUND:

NONLOCAL CHARGES

Jnanadeva Maharana E-mail maharana@iopb.res.in

Institute of Physics Bhubaneswar - 751005 India

Abstract

We consider NSR superstring in AdS_3 ⊗ S^3 ⊗ R_4 background. The action is expressed in terms of the variables on the group manifolds SL(2, R) and SU(2) as 1+1 dimensional σ-models with Wess-Zumino terms, associated with AdS_3 and S^3 respectively. R_4 is flat Euclidean space. We show the existence of classical nonlocal conserved currents in the superspace formulation for the nonlinear σ-model with WZ term in the context of NSR string. We propose Ward identities utilizing existence of the nonlocal conserved currents.

The Maldacena conjecture establishing AdS/CTF correspondence has stimulated activities in diverse directions [1, 2, 3, 4]. There have been considerable amount of interests in the study of integrability properties of evolution of strings in AdS backgrounds. The pp-wave limit of AdS_5 geometry [6] facilitates the derivation of the string spectrum in that background and therefore, a string theoretic test of the AdS/CFT correspondence could be realized. Subsequently, the quantization of string theory in the semiclassical approach was undertaken which might be interpreted as going beyond the BMN limit. Here, the quantization of the σ-model is carried out in the vicinity of a classical solution [5, 8]; whereas BMN used BPS null geodesics. Thus intuitively, it is tempting to conjecture that strings in AdS background might be intimately related to integrable systems.

We recall that the AdS_5 ⊗ S^5 geometry emerges from the type IIB theory as follows: one considers D1 − D5 brane configurations in 10-dimensions which is suitably compactified to obtain a five dimensional BPS black hole solution. Then, the near horizon limit is taken and the resulting geometry is identified to be AdS_5 ⊗ S^5. The seminal results of Maldacena are based on realization of the afore mentioned geometry for the D1 − D5 system. Note that the superstring propagates in the AdS_5 ⊗ S^5 background metric in the presence of constant 5-form RR fluxes. The NSR formulation is inadequate to construct a suitable nonlinear sigma model for type IIB superstring in such backgrounds. It is argued that the Green-Schwarz formulation is more convenient to construct the desired σ-model action for the type IIB theory. However, the action is constructed in the light-cone gauge and there are several proposals for construction of the action [12, 13, 15]. Bena Roiban and Polchinski constructed nonlocal currents for type IIB theory when the σ-model is described on the coset^{P SU (2,2!4)}_{SO(1,4)⊗SO(5)}. Subsequently, a lot of attention has been focused in this direction. Recently, explicit construction of the nonlocal charges have been presented [14] by adopting the Roiban- Seigel form [15] of the action for a careful handling of the Wess-Zumino (WZ) term that arises for type IIB σ-model on AdS_5 ⊗ S_5 geometry. In another development, the integrability of type IIB superstring in AdS background has been investigated in the Hamiltonian formalism for the sigma model action in [16]. The transition matrices are defined and their Poisson bracket algebra derived. The existence of infinite set of nonlocal currents, in the bosonic sector, for strings in AdS_5 ⊗ S^5, which is described by a nonlinear σ-model, was constructed in [17]. Therefore, it provided an evidence that the theory is classically integrable.

Polyakov [18] has explored gauge/string correspondence from another perspective for noncritical string theories. The proposal is to envisage σ-models on AdS_p ⊗ S^q, p + q < 10. He has argued that such models are conformal and are integrable, although quantum integrability associated with the conserved charges is not yet proved [18]. These models correspond to conformal fixed points of gauge theories in diverse dimensions.

The existence of Yangian symmetries have been shown by Dolan, Nappi and Witten [9] for the N = 4 SYM in the limit of vanishing coupling constant. They argue that the Yangian symmetry observed on the SYM side might be intimately connected to similar symmetry on the string theory side due the presence of conserved nonlocal charges obtained in [10] from the string worldsheet perspective. Therefore, the study of integrability properties of strings in AdS background is expected to unravel another aspect of the AdS/CFT correspondence.

The purpose of this article is to construct family of nonlocal conserved currents for type IIB superstring on AdS_3 ⊗ ⊗S^3 ⊗ C_4, where C_4 is the four dimensional flat space; a preliminary version of the work has been presented a while ago [19]. Thus we are studying a superstring in the NS-NS sector in 10-dimensions. The type IIB theory admits both NS-NS and RR 3-form antisymmetric field strengths for the S^3 ⊗ AdS_3 geometry. Of course, the field strength is required to be covariantly constant. We confine our attention to the NS-NS background. The antisymmetric two form NS-NS potential is set to zero on the C_4. Therefore, the goal is to construct an appropriate σ-model action for the string in the S^3 ⊗ AdS_3 configuration. It is worth while to record a few comments at this stage before writing the action explicitly. The general form of the worldsheet action for the NSR string as a σ-model action in backgrounds of target space metric and torsion is is constructed as follows S = ∫ d^2σdθdθ̄ ( 1 2 G_{M N} (Ẑ)D̄Ẑ^M DẐ^N + 1 2 B_{M N} (Ẑ)D̄Ẑ^M DẐ^N ) (1) where M, N = 0, 1, 2...9 are the spacetime indices of string coordinates. The worldsheet coordinates are denoted as τ and σ and θ̄, θ are Grassmann variables defining the superspace. The super covariant derivatives are defined as

D_a = ∂ ∂θ̄^a − i(γ^αθ)_a∂_α (2)

The superfield Ẑ^M has the bosonic field as its first component and is expressed as

Ẑ^M = Z^M + iθ̄ψ^M + i 2 θ̄θF^M (3)

The chiral fermions ψ^M are the super partners of bosonic coordinates and F^M is the auxiliary field. We expand the backgrounds which are functions of the super fields and note that ∫ dθθ = 1 and ∫ dθ̄θ̄ = 1. Thus only finite number of terms contribute to the Grassmann integrals in the expansion. We recall [20, 21] that besides the usual quadratic bosonic and fermionic kinetic energy terms, there are also generic quadratic and quartic fermionic couplings involving the Riemann curvature tensor: R_{M N RS}ψ̄^M ψ^Rψ̄^N ψ^S , a term involving the field strength of B_{M N} : H_{M N P} ψ̄^M γ^αγ_5ψ^N ∂_αẐ^P and another four fermion interaction term D_M H_{N P R}ψ̄^N ψ^Mψ̄^Rψ^P , where D_M is the covariant derivative defined with the Christofel connection of the target space metric.

Let us consider propagation of the NSR string on the geometry AdS_3 ⊗ S^3 ⊗ R_4, where R_4 is flat Euclidean space and the antisymmetric B-field has vanishing components along R_4. This background configuration is adopted so that the resulting action takes a simple form. We denote the coordinates on AdS_3 as X^μ, μ = 0, 1, 2; those on S^3 as Y^I , I = 1, 2, 3. The four coordinates of R_4 are Z^6, Z^7, Z^8 and Z^9; R_4. It is well known that the action for propagation of NSR superstring on AdS_3 background can be expressed as a supersymmetric Wess-Zumino-Witten model on SL(2, R) group manifold. Similarly, the S^3 part of the action is a WZW action on SU(2) group manifold. The bosonic part of AdS_3 coordinates are expressed an an element of SL(2, R)

g̃ = ( X_{−1} + X_1 X_0 − X_2 −X_0 − X_2 X_{−1} − X_1 ) (4) with the constraint X^2_{−1} +X^2_0 −X^2_1 −X^2_2 = 1. We introduce an extra coordinate, X_{−1}, to define the group element g̃, satisfying detg̃ = 1. The analogous SU(2) matrix is g = ( Y_1 + iY_4 Y_2 + iY_3 −(Y_2 − iY_3) Y_1 − iY_4 ) (5) satisfying the constraint is Y^2_4 + Y^2_1 + Y^2_2 + Y^2_3 = 1 and Y_4 is added to define SU(2) element g. The worldsheet supersymmetric can be expressed in terms of the set of coordinates X and Y which define the matrices g̃ and g and introduce the worldsheet fermions as alluded to earlier. Then, we could follow the prescriptions for construction of nonlocal currents as given by Curtright and Zachos [22]. The same techniques have been generalized to construct infinite set of nonlocal conserved currents for supersymmetric nonlinear σ-models defined Grassmann manifolds [23]. The Poisson bracket algebra of the corresponding nonlocal charges could be computed adopting the Direc constrained Hamiltonian formalism [24]. Moreover, as has been demonstrated [22, 23], when we deal separately with currents constructed as bilinear in bosonic fields and bilinear in the fermionic fields, these are not separately conserved, but their divergences appear as products of the currents. Nevertheless, the sum of the two currents is conserved on shell. As is well known, the curl of each of the currents and their linear combinations do not vanish. Consequently, the procedure due to Brézin, Itzykson, Zinn-Justin and Zuber [25] is found to be inadequate. A more elegant and economic procedure is to appeal directly to superspace formulation to construct the nonlocal currents [28]. Therefore, the goal is to write the supersymmetric action on a group manifold in the superspace. The procedure for construction of such actions is well known [29, 30, 31].

We now proceed to remind the reader how the bosonic part of two dimensional WZW model is defined on a group manifold. Let us consider the SU(2) group (the form of the action below is also valid for SU(N) group). The case of SL(2, R) could be treated in parallel and we shall point out how the construction of the action for SL(2, R) will differ from SU(2).

S_B = 1 4λ^2 ∫ d^2σTr ( ∂_αg^{−1}(σ, τ )∂^αg(σ, τ ) ) + k 16π ∫ B Tr ( g^{−1}dg ∧ g^{−1}dg ∧ g^{−1}dg ) (6)

Here λ and k are dimensionless coupling constants; for compact group like SU(2), the coefficient appearing in front of WZ term, k is quantized for the consistency of the quantum theory. g(σ, τ ) takes values in SU(2). Note that g should be extended smoothly to a 3-dimensional manifold, B and its boundary is our world sheet (actually one should define complex coordinates in the standard manner and write the action in those variables) which enables us to write the WZ term this way. The action is invariant under global SU(2)_L ⊗ SU(2)_R transformations: g → W_LgW_R where W_{L,R} ∈ SU(2)_{L,R}. We remark in passing that the WZ term, expressed in this form (6) makes the action manifestly invariant under the above global symmetry. We note the following few features of the noncompact group SL(2, R) the counter part SU(2) which is relevant as well: (i) a matrix g̃ ∈ SL(2, R) satisfies g̃^T ηg̃ = η, contrast this constraint with g ∈ SU(2) satisfying gg^† = 1. Here η is the SL(2, R) metric, with the property that η^2 = −1 and it can be chosen to be η = ( 0 1 −1 0 ) (7) Therefore, this property of g̃ should be taken into account in future considerations. (ii) Due to its noncompact nature, for SL(2, R) the coefficient appearing in front of WZ term is not quantized. So long as we are dealing only with the classical theory k need not be quantized for the for SU(2) also.

Let us focus on the SU(2) from now on. The WZW action in the [29, 30] superspace is S = 1 4λ^2 ∫ dσdτ dθdθ̄D̄G^†DG + k 16π ∫ dσdτ dθdθ̄ ∫_1 0 dtG^† dG dt D̄G^†γ_5DG (8)

G is the SU(2) matrix superfield, satisfying G^†G = 1. In order to define the WZ term as an integral over a three dimensional space one defines an extension of the superfield to 3 dimensions so that t = 0 corresponds to the superfield on the two dimensional space. Here γ_5 = σ_3 is the two dimensional γ_5 matrix. In the WZW theory λ^2 =^{4π}_k ; corresponds to the point where the theory becomes conformally invariant. When this condition is not fulfilled there are quartic fermionic couplings in this action too after we eliminate the auxiliary fields. Notice that for propagation of the string we must enforce conformal invariance and therefore the above relation between couplings must hold. Consequently, the quartic couplings involving fermions are absent. It is more convenient to express the currents and their conservation laws in terms light cone variables. Another advantage is that in this frame, we write the currents in terms of chiral fermions which considerably simplify all computations. Furthermore, the equations of motion take simple form of current conservations. Let us define the SU(2) currents and discuss their conservation laws which will be the basis for the construction the infinite set of nonlocal conserved currents. The matrix superfield is defined (in light cone variables) as G(σ, τ, θ) = g(σ, τ ) ( 1 + iθ^+ψ_+(σ, τ ) + iθ^−ψ_−(σ, τ ) + iθ^+θ^−F (σ, τ ) ) (9)

Correspondingly, the supercovariant derivatives are

D_± = ∂ ∂θ^± − iθ^±∂_± with ∂_± = ∂_τ ± ∂_σ (10)

the light cone variables are defined as σ^± =^1_2 (τ ± σ)

The chiral fermions ψ_± are matrices take value in the Lie algebra and F is the auxiliary field. The condition G^†G = 1 on the superfield translates into constraints on the component fields g, ψ_± and F . The action can be obtained in terms of component fields [29, 30] after eliminating F. Note the following properties of g(σ, τ ) and ψ_±(σ, τ ) under the global SU(2)_L ⊗ SU(2)_R transformations

g → W_LgW^{−1}_R and ψ_± → W_Rψ_±W^{−1}_R , (11)

where W_L ∈ SU(2)_L and W_R ∈ SU(2)_R. Let us introduce the supercurrent

J_± = −iG^{−1}D_±G (12)

This current is associated with SU(2)_R and there is another supercurrent associated with SU(2)_L. The existence of such currents follow from invariance of the action under global symmetries as mentioned earlier. Furthermore, from the structure of the current (12), we conclude that they also satisfy a curvaturelessness condition in the superspace: D_−J_+ + D_−J_+ + i[J_+, J_−]_+ = 0; here [, ]_+ stands for anticommutator of the currents. If we are not at the superconformal value of the couplings i.e.^{λ2k}_{4π} ≠ ±1, then the conservation law does not have holomorphic property i.e. the conservation equations are (1 − δ)D_+J_− − (1 + δ)D_−J_+ = 0 and δ = ±1 is the critical coupling constant values to ensure conformal invariance. It is obvious that at this critical value, the equation of motion involves only one current since the other term vanishes identically, exhibiting the holomorphicity property. There is another current which is anti-holomorphic. When we choose δ = 1, the equation of motion becomes

D_−J_+ = 0 (13)

This is supersymmetric version of a holomorhicity condition. In fact the existence of holomorphic currents in such superconformal models, defined on group manifolds, is the raison de etré for the presence of underlying Kac-Moody algebras [30]. We may conclude that J_+ depends only on σ^+ and θ^+. We may expand it in superfields (the first component being the fermion)

J_+ = ψ_+ + θ_+J_+ (14)

The conservation law as a matrix equation is: ∂_−J_+ = 0 for the bosonic current, where J_+ = −g^{−1}∂_+g − iψ^2_+. Recall that g are ψ_+ are SU(2) matrices (9) and bilinear in fermion is to be understood as multiplication of matrix elements. We proceed to construct nonlocal currents for the case under study having obtained the supercurrents. Let us briefly recapitulate the two basic ingredients for deriving the infinite family of nonlocal currents in non-supersymmetric chiral models [25] without WZ term. We can construct A = g^{−1}∂_αg (15)

from (6) when last term is absent. Then, according to the prescription of [25], one construct a covariant derivative D^{ij}_α = δ^{ij} ∂_α + A^{ij}_α . It is easy to check that the covariant derivative satisfies curvaturelessness condition since A_α is a pure gauge. It follows that [∂^α, D_α] = 0. The zeroth current is identified as A_α; and then [25] lay down the procedure to construct the family of currents by utilizing the two properties mentioned above. The first nonlocal conserved charge for the σ-model is

Q_σ = ∫_{+∞} −∞ dxA_0(x, t) ∫_x −∞ A_0(y, t) + 2 ∫_∞ −∞ A_1(x, t) (16)

Here A_0 and A_1 correspond to the zeroth and first (space) component of the current. The construction of nonlocal currents for bosonic σ-model with WZ terms were presented in ref [26, 29].

In case of superchiral model, defined on a group manifold, with the WZ term, the procedure [28, 32] is a generalization of [26, 29]. A covariant derivative is introduced in the superspace

∇_± = (1 ± δ)(D_± + i[J_±, ]) (17)

according to the prescription of [28, 32]. The bracket [J_±, ] in the above equation is to be understood as follows: if the supercovariant derivative acts on any object which is in SU(2) and is bosonic, we take the commutator. Whereas for a fermionic object we take the anticommutator. It is easy to show, using the definition of D_± that the anticommutator of ∇_+ and ∇_− vanish; i.e. {∇_+, ∇_−} = 0, even if we are away from the point δ ≠ ±1. The techniques of [25, 26, 29] for the supersymmetric WZW model is [28, 32] construct the n^{th} current J^{(n)} from a scalar superfield F^{(n)} through the definition J^{(n)}_± = ±D_±F^{(n)} (18)

Thus by construction J^{(n)} is conserved: D_−J^{(n)}_+ − D_+J^{(n)}_− = 0; where one utilizes the relation: {D_±, ∇_∓} = 0 and definition of J^{(n+1)} in terms of F^{(n)}_± with the action of |nabla_±. In analogy with [25] it is convenient to define

J^0_± = (1 ± δ)J_± (19)

The first nonlocal current J^{(1)}_+ is given by

J^{(1)}_+ = (1 ± δ)(D_±F^{(0)} − 1 2 [J_±, F^{(0)}]) (20)

Let us recall some of the subtleties in construction of the nonlocal currents for strings in the AdS background. In the context of two dimensional nonlinear σ-models, the nonlocal currents are derived by the iteration procedure [25, 32] and one has to integrate over the spatial coordinate x which extends from −∞ to +∞. Furthermore, as we construct higher and higher level of currents there are ordering in the integrals of the spatial coordinates (θ-functions appear in spatial integrations). When we deal with string theory, the σ-variable is periodic. Thus the ordering problem in defining the integrals is to be kept in mind as has been emphasized by Dolan, Nappi and Witten [9]. Let us explicitly construct the first nonlocal current. For the case at hand, we are interested in supersymmetric WZW model for the value of coupling where conformal invariance is guaranteed i.e. we choose the point δ = 1. Let us define the current J^a = −TrT^aJ_+, from the bosonic component (that includes fermion bilinear too) of J_+. Here T^a are (antihermitian) generators of SU(2) and ϵ^{abc} being the structure constants. The zeroth component of the first nonlocal current is

J^{(1)a}_0 = J^{(0)a}_1 (σ) + J^{(0)a}_0 (σ) − iϵ^{abc}ψ^b_+ψ^c_+ − 1 2 ϵ^{abc} ∫_σ dσ^′J^{(0)b}_0 (σ)J^{(0)c}_0 (σ^′) (21)

and the corresponding (first) nonlocal charge is the σ integration of the above expression. Thus, in the last term, one has to integrate over the σ^′ variable. Notice that the first nonlocal charge is integral over σ which is periodic. Therefore, the last term will have integrations over σ and σ^′. It is obvious that, since σ is periodic, strictly speaking, we do not have the notion of σ^′ < σ in the integrals of the last term in defining the charge. The issues related to the definition of charges and periodic boundary conditions have been addressed by Dolan and Nappi [33]. Of course, this situation arises in all discussions concerning the definition of nonlocal (currents) charges in the context of closed strings in AdS_3 × S^3 or AdS_5 ⊗ S^5 backgrounds. Therefore, there exist an infinite family of nonlocal conserved currents for NS-NS string propagating on S^3, although there are technical issues associated with the periodicity of σ as remarked earlier.

Now let us turn our attention to the AdS_3 space. The group manifold is SL(2, R) and it is a noncompact group. Therefore, the coefficient of WZ term is not quantised as mentioned before. The construction of the action achieved in a similar manner and one has to take into account following aspects while proceeding. (i) Since the bosonic matrix field g̃ ∈ SL(2, R) satisfies g̃^T ηg̃ = η, the corresponding superfield, G̃ is required to fulfil the constraint G̃^T ηG̃ = 1. Then, we can obtain the corresponding supercurrents which will satisfy conservation law. The requirement of superconformal invariance will enforce corresponding equations of motion (current conservation) to be superholomorphic as was the case with SU(2). Subsequently, we can construct the family of nonlocal currents for the AdS_3 background as we have done for the SU(2) geometry.

The existence an infinite family of conserved currents can lead to Ward identities. We shall outline, very briefly, the prescriptions to derive these Ward identities. Let us consider the classical situation in the sense that we ignore the presence of any anomalies which might vitiate the identities in the full quantum computations. The starting point is to consider the expectation of product of a set of vertex operators, V (Y ), where Y (τ, σ) are the string coordinates defining the S^3.

< V (Y_1)V (Y_2)...V (Y_n) > (22)

Here < .... > is defined with the generating functional Z = ∫ [DY ]e^{iS[Y ]} and Y_1(τ_1, σ_1), Y_2(τ_1, σ_1), .... are string coordinates on S^3 and S[Y ] is the corresponding string action.. These vertex operators satisfy the requirements of conformal invariance. We can compute a correlation function with one of the nonlocal currents, say J^{(1)}_α

< J^{(1)}_α (Y (τ, σ)V (Y_1)V (Y_2)....V (Y_n) > (23)

We can compute the above expression which involves the current. When we use the current conservation,

∂_α < J^{(1)}_α (τ, σ)V (Y_1)V (Y_2)...V (Y_n) >= 0 (24)

Note that ∂_α acts on the current which depends on (σ, τ ) through its dependence on the string coordinates. This is the Ward identity. As an illustrative example, consider the WI involving graviton vertex operators; again for the S^3 case focusing on the bosonic part alone. The vertex operator is defined to be

V_{ij} (Y_n) = δ δg_{ij} (Y_n(τ_n, σ_n)) S[Y ] (25)

If we eliminate extra coordinate Y_4 (see (5)), then the target space metric (forS^3) is given by

g_{ij} = δ_{ij} + Y_iY_j (1 − ∑ Y_iY_i)^12

(26)

The WI can be obtained following the prescription of Maharana and Veneziano [35], since for the bosonic case the nonlocal current J^{(1)}_α involves the spatial component of the zeroth current and product of the time components of the zeroth current as can be read off from (21) by setting the fermion fields to zero. Note that the in establishing quantum WI several points are to be taken into account. First of all the nonlocal current, being defines as products of lower currents, have to be defined with an appropriate prescription. Second, the issue related to the periodicity of σ is to be addressed. Finally, if the current conservation law is afflicted with anomalies [34] that should be reflected in the WI. It is worth while to mention that the infinite sequence of nonlocal currents are conserved on shell i.e. the conservation laws are valid when the field equations are satisfied.

It will be interesting to examine, if existence of these charges have any consequences in understanding the AdS_3/CF T_2 correspondence [1, 36, 37]. This is a pertinent issue since there is interesting connection between integrability of type IIB theory on AdS_5 ⊗ S^5 and the spin chain approach to study anomalous dimension of some operators in N = 4 SYM theories. Moreover, the WI we propose might be useful to further explore the consequences of AdS_3/CF T_2.

In summary, we have considered NSR string in the 10-dimensional spacetime, in the background geometry, AdS_3 ⊗ S^3 ⊗ R_4. There are covariantly constant 3-form fluxes along AdS_3 and S^3 direction and it is set to zero along the flat Euclidean space R_4. It is argued that the worldsheet action for AdS_3 ⊗ S^3 geometry along with the fluxes can be described as super symmetric WZW model on the group manifolds SL(2, R) ⊗ SU(2). We present the construction of an infinite sequence of nonlocal conserved currents and point out the difficulties due to the periodicity of σ which is inherent in the previous constructions. We argue that these conservation laws lead to Ward identities for the correlation functions of vertex operators. We outline the derivation of such WI for the classical case. It is conjectured that these WI’s might be utilized as useful tools in the study of AdS_3/ CF T_2 correspondence.

We note that a family of nonlocal conserved currents are shown to exist for a ten dimensional superstring with NS-NS fermions in the background geometry of AdS_3 ⊗ S^3 ⊗ R_4. The field strength of antisymmetric tensor is constant on AdS_3 as well as on S^3, whereas it is set to zero on R_4. The currents, we presented here are classical ones, modulo the problem associated with the periodicity of σ. It is worth examining the question whether the conservation laws are free from anomalies in the quantum theory [34].

It is well known that string theories possess rich symmetry structures. These symmetries have played central role in our understandings of various facets of string theories.

Acknowledgments: It is a pleasure to thank John Schwarz for very valuable discussions on strings in AdS_3 backgrounds and their integrability properties. I have benefited from discussions with Rajesh Gopakumar.

References

1. J. M. Maldacena, Adv. Theor. Math. Phys. 2(1998) 231; arXiv:hep-th/9711200. 2. S. S. Gubser, I. R. Klbanov and A. M. Polyakov, Phys. Lett. B428 (1998) 105;

arXiv:hep-th/9802109.

3. E. Witten Adv. Theor. Math. Phys. 2 (1998) 253; arXiv:hep-th/9802150. 4. O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, Phys. Rep.

323 (2000) 183; arXiv:hep-th/9905111. J. M. Maldacena, TASI 2003 Lectures on AdS/CFT, arXiv:hep-th/0309246.

5. S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Nucl. Phys. B 636 (2002) 99; arXiv:hep-th/0204051.

6. D. Berenstein, J. Maldacena and H. Nastase, JHEP 0303 (2003) 013. 7. J. A. Minahan and K. Zarembo, JHEP 0303 (2003) 013; arXiv:hep-th/0212208. 8. S. Frolov and A. A. Tseytlin, JHEP 0206 (2002) 007; arXiv:hep-th/0204226. 9. L. Dolan, C. Nappi and E. Witten, JHEP 310 (2003) 017; arXiv:hep-th/0308089. 10. I. Bena, J. Polchinski and R. Roiban, Phys. Rev. D69 (2004) 046002; arXiv:0305116. 11. M. Hatsuda and K. Yoshida, arXiv: hep-th/0407044.

12. R. R. Metsaev and A. A. Tseytlin, Nucl. Phys. B533 (1998) 109; arXiv:hepth/9805028.

13. R. Kallosh and A. A. Tseytlin, JHEP 9810 (1998) 016; arXiv:hep-th/9808088. 14. M. Hatsuda and K. Yoshida, arXiv: hep-th/0407044. 15. R. Roiban and W. Siegel, JHEP 0011 (2000); arXiv:hep-th/0010104. 16. A. Das, J. Maharana, A. Melikyan and M. Sato, The Algebra of Transition Matrices for the AdS_5 ⊗ S^5, arXiv: hep-th/04112000.

17. G. Mandal, N. Suryanarayana and S. R. Wadia, Phys. Lett. B543(2002) 109, arXiv:hep-th/0206103.

18. A. M. Polyakov, Mod. Phys. Lett. A19 (2004) 1649; arXiv:hep-th/0405106. 19. J. Maharana, Proceedings of the International Conference on High Energy Physics; ICHEP 04, Beijing, World Scientific, Singapore.

20. E. Bergshoeff, S. Randjbar-Daemi, A. Salam, H. Sarmadi and E. Sezgin, Nucl.

Phys. B269 (1986) 77.

21. A. Das. J. Maharana and S. Roy, Phys. Rev. D40 (1989) 4037. 22. T. Curtright and C. Zachos, Phys. Rev. D21 23. J. Maharana, Lett. Math. Phys. bf 8 (1984) 289; Ann. Inst. H. Poincaré 45 (1986) 231.

24. A. Das, J. Barcelos-Neto and J. Maharana, Zeitscript für Physik, C 30 (1986)401. 25. E. Brézin, C. Itzykson, J. Zinn-Justin and J.-B. Zuber, Phys. Lett. B82 (1979) 442.

26. H. de Vega, Phys. Lett. 87B (1979) 233. 27. M. C. B. Adalla, Phys. Lett. 152B (1985) 215. 28. L. -L. Chau and H. C. Yen, Phys. Lett. B177 (1986) 368. 29. E. Abdalla and M. C. B. Abdalla, Phys. Lett. B152 (1984) 50. E. Abdalla, M.C. B. Abdalla and K. Rothe, Nonperturbative Methods in Two Dimensional Quantum Field Theory, World Scientific, Singapore 1991.

30. P. di Vecchia, V. G. Knizhnik, J. L. Peterson and P. Rossi, Nucl. Phys. B253 (1985) 701.

31. E. Braaten, T. Curtright and C. Zachos, Nucl. Phys. B260 (1985) 630. 32. J. M. Evans, M. Hassan, N. J. MacKay and A. J. Mountain, Nucl. Phys. B580 (2000) 605.

33. L. Dolan and C. Nappi, hep-th/0411020. 34. M. Lüscher, Nucl. Phys. B135 (1978) 1.

35. J. Maharana and G. Veneziano, Phys. Lett. B169 (1986) 177; J. Maharana and G. Veneziano, Nucl. Phys. B283 (1987) 126.

36. A. Giveon, Kutasov and N. Seiberg, Adv. theor. Math. Phys. 2 (1998) 733. 37. I. Bars, C. Deliduman and D. Minic, ”String Theory on AdS_3 Revisited”, hepth/9907087.