arXiv:hep-th/0007021 4 Jul 2000

hep-th/0007021

Conformal symmetry of superstrings on AdS_3 × S^3 × T^4 and D1/D5 system Abbas Ali Physics Department Aligarh Muslim University Aligarh-202 002, India

Abstract

Conformal field theory of the D1/D5 system and superstrings on AdS_3 � S^3 � T^4 is studied with particular attention to the world-sheet fields corresponding to the T^4 part. A solution to the spacetime N = 4 superconformal symmetry doubling and other problems is proposed. It is argued that the relevant spacetime symmetry should be based on the middle N = 4 superconformal algebra. It is discussed as to why this superconformal structure has been missed so far.

e-mail: pht05aa@amu.up.nic.in

1 Introduction

It was known for some time that there exist two commuting copies of infinite dimensional conformal symmetry in any theory of three dimensional gravity with negative cosmological constant at the boundary of the spacetime[1]. Interest in this subject was renewed because of the AdS/CFT correspondence enunciated in [2] and made more precise later [3, 4]. This has lead to some remarkable advances, for example, in the study black holes[5]-[7] and of Wilson loops (see [8] for a review). Examination of this correspondence from the world sheet, Green-Schwarz formalism and D1/D5 system points of view has lead to even better understanding [9]-[15].

A recurring theme in these developments is the presence of higher superconformal symmetries. Particularly both small and large N = 4 symmetries are known to occur. This happens, for example, in case of superstrings moving on M = AdS_3 × S^3 × T^4 and N = AdS_3 × S^3 × S^3 × S^1 manifolds, respectively.

Though this study has clarified many issues but some important details have been missed. This manifests itself in the following curious problem. We know that a condition to get spacetime supersymmetry is the occurrence of N = 2 world-sheet supersymmetry. This requires the existence of a conserved U(1)_R current on the world-sheet under which the supercurrents G� have charges ±1. It turns out that one can not tread this standard route in case of the superstrings on M. This was pointed out in reference [9]. It was observed there that this route leads to some serious problems of interpretation of spacetime supersymmetry. It was found that this analysis gives two copies of Ramond sector supercharges. This leads, in turn, to two small N = 4 superconformal symmetries on the boundary of M. This is puzzling and unexpected. Normally only one such symmetry should exist.

One would like to understand this occurrence of two copies of the spacetime boundary symmetry. These two copies can not be regarded as left and right sectors of the spacetime theory due to several reasons. The worldsheet and spacetime chiralities are related and therefore a single chirality on the world-sheet can not lead to both chiralities on the spacetime boundary. Moreover the other chirality on the world-sheet will still give more spacetime symmetry. Other interpretations of the second copy of the small N = 4 superconformal symmetry are equally inconvenient.

There is another puzzling feature of the standard world-sheet free field analysis of the AdS/CFT correspondence in case of the manifold M. Two

U(1) currents are available on the spacetime boundary which can be used to generate the SU(2) Kac-Moody symmetry required to generate the small N = 4 superconformal symmetry. There is an inbuilt asymmetry in the choice of U(1) currents because only one of them is chosen by internal structure. There should be a natural explanation of this observation.

These problems are addressed in this note. It turns out that all of these problems are related to each other. A closer look at the structure of the background manifold and the field content of the theory leads to their resolution. It is convenient to begin with the free field analysis of the CFT of long string in the context of D1/D5 system or rather its S-dual NS1/NS5. Eventually one gets a single copy of the midlle rather than two copies of the small N = 4 superconformal algebra. We argue that the standard analysis using world-sheet free field approach to strings propagating on the manifold M should lead to the same conclusion. We also discuss as to how this aspect has remained undetected.

Rest of this papers is organised as follows. In Section 2 we study the CFT of the long string on the manifold M using the free field analysis in the context of D1/D5 system. Comments on the usual world-sheet free field analysis are contained in Section 3. We end this paper with a discussion in Section 4.

2 CFT of the long string

In reference [14], apart from other things, the D1/D5 system, constructed from branes in R^6 × T^4, was studied. If the numbers of D1 and D5 branes are Q_1 and Q_5 respectively then for large value of Q_1 the D1/D5 system is described by a conformal field theory on the boundary of AdS_3 × S^3. This is the conformal field theory of the large string. The free field realization of the corresponding S-dual theory, the NS1/NS5 system, was obtained in above reference. We start with a review of these results and then take a closer look at the symmetry generated by the free fields corresponding to the T^4 part of M. Expression for the generators of this conformal theory are given below. T = − 1 2 ∂S^μS^μ − j^aj^a Q_5 − 1 2 ∂ϕ∂ϕ + Q_5 − 1 √ 2Q_5

∂^2ϕ

G^μ = 1 √ 2 ∂ϕS^μ − 2 √ Q_5 η^a_{μν}j^aS^ν + 1 6 √ Q_5 ϵ_{μνρσ}S^νS^ρS^σ − Q_5 − 1 √ Q_5 ∂S^μ

J^a = j^a + 1 2 η^a_{μν} S^μS^ν. (1)

Here the indices μ, ν, · · · take four values from 0 to 3 and a, b, · · · take three values from 1 to 3. These operators satisfy the following OPEs of the small N = 4 superconformal algebra with c = 6(Q_5 − 1)

G^μ(z)G^ν (w) ∼ 2δ^{μν} (Q_5 − 1) (z − w)^3 − 4η^a_{μν} J^a (z − w)^2 + ( δ^{μν}T − 2η^a_{μν} ∂J^a ) z − w J^a(z)J^b(w) ∼ − δ^{ab}(Q_5 − 1)/2 (z − w)^2 + ϵ^{abc}J^c z − w T (z)J^a(w) ∼ J^a (z − w)^2 + ∂J^a z − w , J^a(z)G^μ(w) ∼ η^a_{μν} z − w G^ν T (z)T (w) ∼ 3(Q_5 − 1) (z − w)^4 + 2T (z − w)^2 + ∂T z − w T (z)G^μ(w) ∼ 3 2 G^μ (z − w)^2 + ∂G^μ (z − w) (2) where ’t Hooft η and η̄ symbols are defined as

η^a_{μν} = α^{+a}_{μν} = 1 2 (δ_{aμ}δ_{0ν} − δ_{aν}δ_{0μ} + ϵ_{aμν} ), η̄^a_{μν} = α�^a_{μν} = 1 2 (δ_{aν}δ_{0μ} − δ_{aμ}δ_{0ν} + ϵ_{aμν} ). (3)

OPEs (2) can be verified using the two point functions S^μ(z)S^ν(w) ∼ − δ^{μν} z − w , ∂ϕ(z)∂ϕ(w) ∼ − 1 (z − w)^2 j^a(z)j^b(w) ∼ − δ^{ab}(Q_5 − 2)/2 (z − w)^2 + ϵ^{abc}j^c z − w . (4)

Apart from this symmetry one may construct one more set of generators realizing another small N = 4 superconformal symmetry using the free fields corresponding to the T^4 part of the manifold. This realization will have a central charge c = 6. This takes the total of the central charge to 6Q_5.

A convenient path to proceed further is to write down the generators of the small N = 4 corresponding to T^4 part of the manifold. Since we require c = 6 therefore putting Q_5 = 2 in (1) will give us one possible realization.

Let us denote the corresponding “free” fields by the symbols φ, j̃^a and S̃^μ. Using these fields and Q_5 put equal to 2 one gets the following expressions for the generators.

T̃ = −1 2 ∂S̃^μS̃^μ − 1 2 j̃^aj̃^a − 1 2 ∂φ∂φ + 1 2 ∂^2φ

G̃^μ = 1√ 2 ∂φS̃^μ − √ 2η^a_{μν}j̃^aS̃^ν − 1 6 √ 2 ϵ_{μνρσ}S̃^νS̃^ρS̃^σ − 1 √ 2 ∂S̃^μ J̃^a = j̃^a + 1 2 η^a_{μν}S̃^μS̃^ν (5)

The two point functions for the new fields are S̃^μ(z)S̃^ν(w) ∼ − δ^{μν} z − w , ∂φ(z)∂φ(w) ∼ − 1 (z − w)^2 j̃^a(z)j̃^b(w) ∼ ϵ^{abc}j^c z − w . (6)

Though the operators (5) obey the small N = 4 superconformal algebra with central charge c̃ = 6 but there are some serious shortcomings in this symmetry. First of all the algebra so generated has an SU(2) Kac-Moody symmetry. This is expected for the internal structure of the N = 4 symmetry but not acceptable because T^4 does not have an SU(2) isometry. Even if we devise a way of avoiding this problem then the U(1)^4 affine symmetry expected for the present manifold T^4 is missing. Boson φ is anomalous and we do not have even a single independent U(1) affine symmetry apart from the one occurring as the Cartan subalgebra of SU(2). Another awkward feature is that the level of the SU(2) currents j̃^a is zero.

First one of these problems, that is, the existence of an extra SU(2) is an indication that the algebra generated by the generators (5) does not have an independent existence. The fields occurring in eqn.(5) must be assimilated in the over all symmetry algebra. We shall do so in a shortwhile.

Two things have to be done to to solve the second problem. First of all we must find a realization in which the boson φ is not anomalous so that it can give us a U(1) current. Secondly we should drop the classical currents j̃^a which are not serving very useful purpose here. In there place we must introduce three more free bosons φ^a to get three other U(1) currents. Thus we will have four free bosons φ^μ, such that φ = φ^0, and four free fermios S̃^μ which we must use to get a free field realization of the small algebra with central charge 6. Such a realization is easy to write is is already known. Expressions of the generators in this realization are given below.

Ť = −1 2 ∂S̃^μS̃^μ − 1 2 ∂φ^μ∂φ^μ Ǧ^μ = 1√ 2 ∂φS̃^μ − √ 2η^a_{μν} ∂φ^aS̃^ν J̌^a = 1 2 η^a_{μν}S̃^μS̃^ν . (7)

These generators realize a small N = 4 superconformal symmetry with central charge 6. In addition to that there are four U(1) currents given by U^μ ∼ ∂φ^μ, all non-anomalous. That is not all. A comparison with eqn.(16) of reference [16] reveals that eqs.(7) give a realization of the middle N = 4 superconformal algebra, a symmetry more stringent than small one[17]-[18]. This, of course, does not mean that we have a middle superconformal symmetry on T^4. This is because this realization too has an SU(2) Kac-Moody symmetry while there is no SU(2) isometry on T^4. (Of course this argument will apply only if the naive expectation that the all the Kac-Moody symmetries on the AdS boundary should come from an isometry. In this connection one should remember that AdS_3 part leads to the infinite Virasoro symmetry on the boundary of the spacetime.)

The complete spacetime superconformal symmetry on M will be a suitable combination of the generators (1) and (7). In this combination only the SU(2) affine symmetry of (1) and U(1)^4 of (7) should be present not the SU(2) of (7). In other words our problem is reduced to the following one. We have a set of field ϕ, φ^μ, S^μ, S̃^μ and SU(2) currents j^a. Using them we have to write a free field realization which must have at least small N = 4 superconformal symmetry, an SU(2) current algebra and four U(1) symmetries. Answer to this problem is already known. These conditions lead to a realization of the middle N = 4 superconformal algebra. This is given in eqn.(23) of ref.[16]. After some rescalings and suitable redefinitions this realization can be written as follows.

T̂ (z) = −1 2 (∂ϕ)^2 −

Q_5 − 1 √ 2Q_5 ∂^2ϕ − 1 Q_5 j^aj^a − 1 2 ∂φ^μ∂φ^μ − 1 2 S^μ∂S^μ − 1 2 S̃^μ∂S̃^μ, Û^μ(z) = ∂φ^μ(z), Q̂^μ(z) = 1√ 2 S̃^μ(z),

Ĵ^1(z) = j^1 − 1 2 S^0S^1 + 1 2 S^2S^3 − 1 2 S̃^0S̃^1 + 1 2 S̃^2S̃^3, cyclic for Ĵ^{2,3},

Ĝ^0(z) = 1√ 2 ∂ϕS^0 − Q_5 − 1 √ Q_5

∂S^0 + 1 √ 2 ∂φ^μS̃^μ + 1 √ Q_5

(j^aS^a + S^1S^2S^3),

Ĝ^1(z) = 1√ 2 ∂ϕS^1 − Q_5 − 1 √ Q_5

∂S^1 + 1 √ 2 ∂φS̃^1 + 1 √ Q_5

(−j^1S^0 + j^2S^3 − j^3S^2 − S^0S^2S^3) + 1 √ 2 (−∂φ^1S̃^0 + ∂φ^2S̃^3 − ∂φ^3S̃^2). (8)

with cyclic expressions for Ĝ^2(z) and Ĝ^3(z). These operators satisfy the OPEs of the middle N = 4 superconformal algebra. These OPEs include all the ones in eqn.(2) with T , G, J^a and Q_5 − 1 replaced by T̂ , Ĝ, Ĵ^a and Q_5 respectively. Additional OPEs are given below.

T̂ (z)Û^μ(w) = Û^μ (z − w)^2 + ∂Û^μ z − w , T̂ (z)Q̂^μ(w) = Q̂μ/2 (z − w)^2 + ∂Q̂^μ z − w , Û^a(z)Ĝ^μ(w) = η^{aμν} Q̂ν (z − w)^2

, Û^μ(z)Û^ν (w) = − δ^{μν} (z − w)^2 , Ĵ^a(z)Û^μ(w) = 0 = Û^μ(z)Q̂^ν, Û (z)Ĝ^μ(w) = Q̂^μ (z − w)^2 , Q̂^μ(z)Ĝ^ν (w) = η^{aμν} Û^a − δ^{μν}Û /2 z − w , Ĵ^a(z)Q̂^μ(w) = η^{aμν} Q̂^ν z − w , Q̂^μ(z)Q̂^ν(w) = − δ^{μν}/2 z − w . (9)

Here Û(z) = Û^0(z) and the central charge of the realization is ĉ = 6Q_5.

Thus with this analysis we conclude that for the manifold M the D1/D5 system should be described by a middle rather than the small N = 4 superconformal symmetry. Particularly we need not think of the symmetry to be consisting of two small N = 4 parts corresponding to AdS_3 × S^3 and T^4 factors.

3 Comments on the world-sheet analysis of superstrings on M

It is well known that superstring propagating on N lead to the large N = 4 superconformal symmetry. In the usual world-sheet analysis this was shown in [10]. Another well known fact is that Inönü-Wigner contraction of the large N = 4 superconformal symmetry leads to the middle one[17, 18]. In the corresponding limit on the group manifold we go from N to M. If we do a straightforward extrapolation of the results of the analysis in the last section we again reach the same conclusion. But the direct construction of the symmetry on the boundary of the spacetime in case of the superstrings on M have so far lead to the small N = 4 superconformal structure only. How did we miss the middle N = superconformal structure? Then there is the serious problem of interpreting the results of the standard world-sheet approach to spacetime supersymmetry described in the Appendix B of reference [9].

These two problems are complementary to each other. If we assume that the actual spacetime superconformal symmetry of the superstrings on M is the middle one then the second problem has a natural solution. In this section we take the first one and deal with the second one in the next section.

To answer the first problem raised above we start with the following observation. The usual world-sheet analysis of strings on AdS_3 manifolds gives us most easily the global part of the spacetime superconformal symmetry. Some of the (anti-) commutators of this algebra are

[L_m, L_n] = (m − n)L_{m+n}, [L_m, Φ_n] = [(d_Φ − 1)m − n]Φ_{m+n}, Φ_n ∈ {G^μ_n, A�^a_n , U_n, Q^μ_n}, d_Φ ∈ {3/2, 1, 1, 1/2}, {G^μ_r , G^ν_s } = δ^{μν}L_{r+s} + 2(r − s)[γα^{+a}_{μν} A^{+a}_{r+s} + (1 − γ)α�^a_{μν} A�^a_{r+s}], [ A�^a_0 , G^μ_r ] = α�^a_{μν} G^ν_r , [ A�^a_0 , A�^b_0 ] = ϵ^{abc}A�^c_0 , [ A�^a_0 , A^{+b}_0 ] = 0,

[U_0, G^μ_r ] = 0, [ U_0, A�^a_0 ] = 0, [U_0, U_0] = 0 (10)

and the rest of them are {Q^μ_r , G^ν_s } = α^{+a}_{μν} A^{+a}_{r+s} − α�^a_{μν} A�^a_{r+s} + (δ^{μν}/2)U_{r+s}, [ A�^a_0 , Q^μ_r ] = α�^a_{μν} Q^ν_r , [U_0, Q^μ_r ] = 0, {Q^μ_r , Q^ν_s } = − c 12γ(1 − γ) δ^{μν}δ_{r+s,0}, (11) where A�^a are the two SU(2) currents and γ is a parameter related to the levels of the to SU(2) algebras.

The standard analysis on the world-sheet takes us to the (anti-) commutators (10)[10]. At the same time this part misses the (anti-) commutators crucial for the middle N = 4 structure when one goes from the manifold N to M. Particularly dimension half fermionic generators are completely missing from eqn.(10). Thus contraction of (10) will easily lead to the small N = 4 algebra but will not know about the remaining structure relevant for the middle algebra. The small algebra is a subalgebra of the middle one and looking at it will not lead to the larger algebra. Thus to get the complete and real symmetry of the theory one has to explore beyond the small algebra. One way to remedy the situation is to start with the full N = 4 superconformal algebra rather than the partial set (10) of the (anti-) commutators. Then the middle N = 4 superconformal algebra is obtained by an Inönü-Wigner contraction [17, 18]. At present this strategy can be implemented for the Wakimoto type of realization[19].

4 Discussion

A natural conclusion of the observations made in the earlier Sections is that the spacetime symmetry for the superstrings moving on the manifold M and the conformal field theory of the related D1/D5 should be based on the middle N = 4 superconformal algebra. This is relevant in its own right because the T^4 part of the manifold should play its role in deciding the symmtery structure. In addition to that it should lead to a solution of the problems encountered in the standard world-sheet analysis of superstrings on M.

Doubling of the spacetime superconformal symmetry disappears if the generators of one of the copies of the symmetry are rehashed to enlarge the other copy to the level of middle algebra. Number counting is certainly in favour of this proposal. The small algebra has eight generators while the middle one has sixteen of them. Out of the eight spin fields in the Green- Schwarz analysis four should lead to the four supercharges and four to the other four fermionic dimension half generators. (Same thing should happen even in the case of the superstrings moving on N regarding the expressions for the dimension half generators.) The problem of asymmetry in selection of the U(1) current, mentioned in the Introduction, also has a natural explanation.

The U(1) not required for the extension to SU(2) level is one of the four U(1) currents required for the middle algebra. Question of chirality mixing does not arise at all.

An open problem in this regard is the explicit construction of the generators relevant for the middle structure in the same way as it has been done for the other generators in the old fashioned world-sheet analysis. Problem for the D1/D5 system was easy because things really came down to the level of simple free field theories if we use the approach pioneered in reference [14]. For the superstrings on M or N the problem is compounded by the difficulty in the construction of the dimension half generators using the spin fields. It will be more illuminating if one can find a technique to promote the spin fields to the level of free fields on the AdS_3 boundary parallel to the approach in case of D1/D5 system. It certainly will be more transparent than the standard procedure of bosonosing the spin fields and then constructing fermionic operators out of the bosons thus obtained.

Next step in this work will be to analyze the spectrum of the superstrings moving on M in the light of the symmetry described above. Even before that one should study the representations of the middle N = 4 superconformal symmetry itself. We hope to return to these issues in future.

Acknowledgements. I am thankful to Profs. S.K. Singh and Hashim Rizvi for encouragement, Dr. Sudhakar Panda for reading the manuscript and Prof. H.S. Mani for hospitality at the Mehta Research Institute, Allahabad where part of this work was completed.

References

[1] J.D. Brown and M. Henneaux, Central Charges in the Canonical Realization of Asymptotic Symmetries: An Example From Three- Dimensional Gravity , Commun. Math. Phys. 104 (1986) 207.

[2] J. Maldacena, The large N limit of superconformal field theories and supergravity, Adv.Theor.Math.Phys. 2 (1998) 231, hep-th/9711200.

[3] S. Gubser, I. Klebanov and A. Polyakov, Gauge theory correlators from non-critical string theory, Phys.Lett. B428 (1998) 105, hepth/9802109.

[4] E. Witten, Anti de Sitter space and holography, Adv. Theor. Math.

Phys. 2 (1999) 253, hep-th/9802150.

[5] M. Bañados, C. Teitelboim and J. Zanelli, The black hole in three dimensional space time, Phys. Rev. Lett. 69 (1992) 1849, hep-th/920409.

[6] A. Ali and A. Kumar, O(d̃, d̃) transformations and 3D black hole, Mod. Phys. Lett. A8 (1993) 2045, hep-th/9303032; G.T. Horowitz and D.L. Welch, Exact three dimensional black holes in string theory, Phys. Rev. Lett. 77 (1993) 328, hep-th/9302126; N. Kaloper, Miens of the three dimensional black hole, Phys. Rev. D48 (1993) 2598, hepth/9303007.

[7] A. Strominger, Black Hole Entropy from Near-Horizon Microstates, JHEP 02 (1998) 009, hep-th/9712251.

[8] J. Sonnenschein, What does the string/gauge correspondence teach us about Wilson loops?, hep-th/0003032.

[9] A. Giveon, D. Kutasov, and N. Seiberg, Comments on string theory on AdS_3, Adv. Theor. Math. Phys. 2 (1999) 733, hep-th/9806194; D. Kutasov and N. Seiberg, More comments on string theory on AdS_3, JHEP 04 (1999) 008, hep-th/9903219.

[10] S. Elitzur, O. Feinerman, A. Giveon, and D. Tsabar, String theory on AdS_3 × S^3 × S^3 × S^1, Phys. Lett. B449 (1999) 180, hep-th/9811245.

[11] I. Pesando, On quantization of GS type IIB superstring action on AdS_3 × S^3 with NS-NS flux, Mod.Phys. Lett. A14 (1999) 2561, hepth/9903086; The GS type IIB superstring action on AdS_3 × S^3 × T^4, JHEP 02 (1999) 007.

[12] O. Andreev, On affine superalgebras, AdS_3/CFT correspondence and world-sheets for world-sheets, Nucl.Phys. B552 (1999) 169, hepth/9901118;Unitary representations of some infinite dimesional Lie algebras motivated by string theory on AdS_3, Nucl.Phys. B561 (1999) 413, hep-th/9905002; Probing AdS/CFT correspondence via worldsheet methods and 2d gravity scaling arguments, Phys.Rev. D61 (2000) 126001.

[13] J. de Boer, A. Pasquinucci and K. Skenderis, AdS/CFT dualities involving 2d N=4 superconformal symmetry, hep-th/9904073; H.J. Boonstra, B. Peeters, K. Skenderis, Branes and anti-de Sitter spacetimes, hepth/9801076; Brane intersections, anti-de Sitter spacetimes and dual superconformal theories, hep-th/9803231;

[14] N. Seiberg and E. Witten, The D1/D5 system and singular CFT, JHEP 04 (1999) 017 hep-th/9903224.

[15] J. David, G. Mandal and S. Wadia, D1/D5 moduli in SCFT and gauge theory, and Hawking radiation, Nucl.Phys. B564 (2000) 103, hepth/9907075; J. David, G. Mandal, S. Vaidya and S. Wadia, Point mass geometries, spectral flow and AdS_3/CF T correspondence, Nucl.Phys. B564 (2000) 128, hep-th/9907075; A. Dhar, G. Mandal, S. Wadia and K. Yogendran, D1/D5 system with B-field, non-commutative geometry and the CFT of the Higgs branch, Nucl.Phys.B575 (2000) 177.

[16] A. Ali, Classification of two dimensional N = 4 superconformal symmetries, hep-th/9906096.

[17] A. Ali and A. Kumar, A new N = 4 superconformal algebra, Mod.Phys.Lett. A8 (1993) 1527.

[18] Z. Hasiewicz, K. Thielemans and W. Troost, Superconformal algebras and Clifford algebras, J.Math.Phys. 31 (1990) 744.

[19] K. Ito, Extended superconformal algebras on AdS_3, Phys.Lett. B449 (1999) 48, hep-th/9811002; Green-Schwarz superstrings on AdS_3 and the boundary superconformal algebra, Mod.Phys.Lett. A14 (1999) 2379, hep-th/9910047.