arXiv:hep-th/0302005 v2 6 Feb 2003

IPM/P-2003/006 hep-th/0302005

Semiclassical String Solutions on deformed NS5-brane Backgrounds and New Plane wave

Mohsen Alishahiha^{a 1} and Amir E. Mosaffa^{a,b 2}

a Institute for Studies in Theoretical Physics and Mathematics (IPM) P.O. Box 19395-5531, Tehran, Iran

b Department of Physics, Sharif University of Technology P.O. Box 11365-9161, Tehran, Iran

Abstract

We study different Penrose limits of supergravity solution of NS5-brane in the presence of RR field. Although in the case of NS5-brane we get a 4- dimensional plane wave, in the case with RR field we will get two different plane waves; a 4-dimensional and a 3-dimensional one. These plane wave solutions are the backgrounds that a particular string solution feels at one loop approximation. Using the one loop correction one can identify a particular subsector of LST/deformed LST which is dual to type II string theories on these plane waves.

1Alishah@theory.ipm.ac.ir 2Mosaffa@theory.ipm.ac.ir

1 Introduction

Little string theory (LST) is one of the most important examples of non-local theories. This theory arises on the worldvolume of NS5-branes in a decoupling limit where g_s → 0 with fixed α^′ [1, 2]. LST’s share many properties with usual string theory, such as T-duality and Hagedorn behavior of density of states, but are nevertheless non-gravitational theories. To study the theory one could use the holographic dual of LST, given in terms of string propagation in the linear dilaton background [3] along the AdS/CFT correspondence [4].

Recently there has been an improvement in understanding this correspondence beyond the supergravity limit. In fact it has been conjectured [5] that string theory on the maximally supersymmetric ten-dimensional plane wave has a description in terms of a certain subsector of the large N four-dimensional N = 4 SU(N) supersymmetric gauge theory at weak coupling. More precisely this subsector is parametrized by states with conformal weight Δ carrying J units of charge under the U(1) subgroup of the SU(4)_R R-symmetry of the gauge theory, such that both Δ and J are parametrically large in the large ‘t Hooft coupling while their difference, Δ − J is finite. Then it has been possible to work out the perturbative string spectrum from gauge theory side. The idea of [5] is based on the observation that the plane wave background with RR 4-form in type IIB string theory is maximally supersymmetric [6], solvable [7, 8] and can be understood as a certain limit (Penrose limit) of AdS_5 × S^5 geometry [9, 5].

On the other hand the authors of [10] identified certain classical solutions representing highly excited string states carrying large angular momentum in the AdS_5 part of the metric with gauge theory operators with high spin and conformal dimension which is identified with the classical energy of the solution in the global AdS coordinates.

In this context the BMN operators [5] can also be identified with classical solutions of string in AdS_5 with angular momentum in S^5 space. Small fluctuations around this classical solution in second order of fluctuation will lead to the corresponding type IIB maximally supersymmetric plane wave [10, 11]. Then the one loop approximation around this classical solution can be used to study the anomalous dimension of the BMN operators. Higher loop approximation can also be used to study the higher order corrections to the anomalous dimension of BMN operators. In fact from string theory point of view there would be corrections controlled by an expansion parameter given by^1_{R2} , where R^2 is the radius of the AdS space. From the gauge theory point of view this leads to the^1_J perturbative expansion to the anomalous dimensions of the BMN operators.

The idea of [10] has been generalized for other string/M theory backgrounds in several papers including [12, 25].

Physically the new scaling limit defined in [5] opens up new insight about the gauge theory/string theory correspondence. Therefore it would be natural to see whether this strategy can be used for other theories. In fact this is the aim of this paper to explore this idea for LST theory as well as its noncommutative/dipole deformations. We note, however, that the Penrose limit of NS5-brane and its deformation has partially been studied in the literature, for example see [28, 38, 39].

In this paper we will take the point of view of [10] to further study this theory. In section 2 we shall consider a classical string solution in the background generated by NS5-brane. Using the quantum correction around this classical solution we have been able to identify a subsector of LST theory which is dual to the string theory on a 4-dimensional plane wave. This subsector is parameterized by energy and angular momentum whose difference receives controllable quantum corrections. In section 3 classical string solution in NS5-brane in the presence of nonzero RR field with all indices along the NS5-brane is studied. In this case we find two different classes of classical solutions which lead to two different plane waves. We will then identify the corresponding subsectors of noncommutative LST theory which are dual to these plane waves. The one loop approximation around these classical solutions has also been studied. In section 4 the same analysis has been considered for dipole deformation of LST. The last section is devoted to conclusions.

2 Plane wave from NS5-brane

In this section we shall review the Penrose limit of the NS5-brane supergravity solution in type II string theories [26, 27, 28]. We will show that the corresponding plane wave is the background that a particular classical string solution feels in one loop approximation. This can be used to identify a subsector of LST which is dual to string theory on the obtained plane wave.

The supergravity solution on N NS5-branes is given by

ds^2 = −dt^2 + d⃗x^2 + f(dr^2 + r^2dΩ^2_3) ,

e^{2ϕ} = g^2_s f , dB = 2Nl^2_s ϵ_3 , f = 1 + Nl^2_s r^2

, (1)

where d⃗x parameterizes a 5-dimensional flat space and ϵ_3 is the volume of dΩ^2_3. In the decoupling limit where g_s → 0 and l_s = fixed^3 , setting r = g_su, the supergravity solution (1) reads

ds^2 = −dt^2 + d⃗x^2 + N u^2

(du^2 + u^2dΩ^2_3) ,

e^{2ϕ} = N u^2

, dB = 2Nϵ_3 , (2)

which provides the gravity dual description of LST.

To study the Penrose limit of the above supergravity solution we will first rescale t → √ Nt and consider a null geodesic along t and ψ directions^4 and at a fixed point

3Hereafter for simplicity, we set l_s = 1.

4Here we parameterize the 3-sphere in (2) as dΩ^2_3 = dη^2_1 + cos^2 η_1 dη^2 + sin^2 η_1 dη^2_3.

with respect to other coordinates. In fact we consider a particle moving along η_2 direction and sitting at u = u_0 and η_1 = 0. The geometry close to this trajectory can be obtained by the following rescaling t = 1 2 (x^+ + x^− N ), η_2 = 1 2 (x^+ − x^− N ), η_1 = z √ N , u = √ N e^{−ρ0+ρ/√N} . (3) In large N limit keeping x^+, x^− and z fixed the solution(2) reads ds^2 = −dx^+dx^− − 1 4 z^2(dx^+)^2 + d⃗z^2 + d⃗y^2 , B_{+z1} = z_2 . (4)

with a constant dilaton ϕ = ρ_0, and ⃗y = (ρ, ⃗x). This provides an exact string background to all orders in worldsheet perturbation theory [29, 30, 31].

Physically what we have considered is a physical system around the following classical string configuration t = kτ, ρ = ρ(σ), η_2 = ωτ . (5) and all other coordinates are set to zero. This classical solution represents a string stretched along the radial coordinate and rotating along η_2 direction with the angular velocity ω. From the LST point of view this corresponds to a subsector of theory parameterized by its energy^5, E and quantum number J such that in large N limit both of them grow as N while E − J is finite. Using the classical action of string one can find a relation between energy, E, and the angular momentum along the η_2 direction, J. Doing so in the point like string limit one finds

E^2 =

Nρ^2_0 4π^2

+ J^2 . (6)

The background this state feels is the plane wave (4). To see this let us consider small quantum fluctuations around this classical solution as following t = kτ + t̃ √ N , ρ = ρ_0 + ρ̃ √ N , η_2 = kτ + η̃_2 √ N , x_i = x̃_i , η_1 = z̃_1 √ N , η_2 = z̃_2 (7) Expanding the string action around this classical solution to the second order in fluctuations, one finds:

I_{(2)} = − 1 4π ∫ d^2ξ[−∂_at̃∂^at̃ + ∂_aη̃_2∂^aη̃_2 + ∂_a~⃗y∂^a~⃗y + ∂_az̃_i∂^az̃_i + k^2z̃^2 +4kz̃_2∂_σz̃_1] . (8)

This action should be compared with the string action in the plane-wave background (4). To do this let us define the lightcone coordinates x^± = η_2 ± t. In these coordinates the expansion must be done around the following classical solution

x^+ = p^+τ , x^− = ⃗y = z_i = 0 , ρ = ρ_0 , p^+ = 2k . (9)

5If we want to work with the original coordinate as in (2) the energy E needs to be scaled as √ N E.

One can see that in the quantum gauge, x̃^+ = 0, the action (8) reads

I_{(pw)} = − 1 4π ∫ d^2ξ[∂_ax^+∂^ax^− − 1 4 z^2_i ∂_ax^+∂^ax^+ + ∂_a⃗y∂^a⃗y + ∂_az_i∂^az_i +2B_{+z1} ∂_τ x^+∂_σz_1] , (10)

which is the string action on the plane wave background (4) in the lightcone gauge.

The energy, E and the angular momentum, J of the point like string up to the second order will read: E = 1 2π ∫ dσ(k + ∂_τt̃) , J = 1 2π ∫ dσ(k + ∂_τη̃_2 − kz̃^2 − z̃_2∂_σz̃_1) , (11)

therefore we get E − J = 1 4π ∫ dσ(−2∂_τx̃^− + 2kz̃^2 + 2z̃_2∂_σz̃_1) . (12)

By making use of the Virasoro constraint, 2k∂_τ x̃^− − ∂_τt̃∂_τt̃ − ∂_σt̃∂_σt̃ + ∂_τ ~⃗y∂_τ ~⃗y + ∂_σ ~⃗y∂_σ ~⃗y + ∂_τz̃_i∂_τz̃_i + ∂_σz̃_i∂_σz̃_i + ∂_τη̃_2∂_τη̃_2 + ∂_ση̃_2∂_ση̃_2) − k^2z̃^2 = 0, (13)

one can solve ∂_τ x̃^− in terms of the second order fluctuations, and thus we find E − J = 1 4πk ∫ dσ [ ∂_τx̃^+∂_τx̃^− + ∂_σx̃^+∂_σx̃^− + ∂_τ ~⃗y∂_τ ~⃗y + ∂_σ ~⃗y∂_σ ~⃗y + ∂_τz̃_i∂_τz̃_i + ∂_σz̃_i∂_σz̃_i + k^2z̃^2 + 4kz̃_2∂_σz̃_1] . (14)

The expression in the right hand side is the 2-dimensional transverse Hamiltonian of the worldsheet. By making use of this expression one can find the quantum correction to the classical relation between E and J. In fact one finds E − J = ∑ n ( N|n| J N^{(6)}_n + ω^+_n N^+_n + ω^−_n N^−_n )

ω^±_n = |1 ± Nn J |, (15)

where N^{(6)}_n , N^+_n and N^+_n are occupation numbers along the 6-dimensional flat space and directions z_1 and z_2 when they are written in normal modes.

Therefore one might conclude that type IIA string theory on the plane wave background (4) is dual to a subsector of LST theory which is parameterized by energy, E and angular momentum, J such that both of them grow like N in large N limit while E − J is finite and given by (15).

3 Plane wave from noncommutative deformation of NS5-brane

In this section we shall consider the Penrose limit of noncommutative deformation of LST theory. This will be done by making use of the supergravity solution of NS5-brane in the presence of nonzero RR field. We will first consider the case where all indices of RR fields are along the NS5-brane worldvolume. In fact these are decoupled theories (ODp) on the worldvolume of type II NS5-branes in the presence of nonzero p-form RR filed [32, 33].^6 The excitations of these theories include light open Dp-branes. The gravity description of these theories have been studied in [36, 37]. We could also consider a case where one leg of the RR fields is in the transverse direction which corresponds to the dipole deformation of LST. This case will be studied in the next section.

The gravity description of ODp theory is given by [36]

ds^2 = (1 + a^2r^2)^{1/2} [ −dt^2 + p∑ i=1 dx^2_i +

∑_5 j=p+1 dx 2 j 1 + a^2r^2 + N r^2

(dr^2 + r^2dΩ^2_3) ] , A_{0···p} = 1 g̃ a^2r^2 , A_{(p+1)···5} = 1 g̃ a^2r^2 1 + a^2r^2 , e^{2ϕ} = g̃^2

(1 + a^2r^2)^{(p−1)/2}

a^2r^2

, dB = 2N ϵ_3, a^2 = l^2_{eff} N , (16)

where l_{eff} and g̃ are effective string tension and effective string coupling of the theory which are the parameters of the theory after taking the decoupling limit [32]. Here ϵ_3 is the volume of S^3 part of the metric.

3.1 4-dimensional plane wave

The Penrose limit of background (16) has been studied in [38, 39] (see also [40, 41, 42]). The obtained plane wave in this case corresponds to the background which a point like string moving in the 3-sphere feels. In fact to get the corresponding plane wave we first rescale t → √ N t and then consider the following classical string configuration t = kτ, ρ = ρ(σ), η_2 = ωτ , (17) where ρ = ln(ar). The Nambu-Gotto action for this classical string configuration reads I = − 1 2π √ N(k^2 − ω^2) ∫ dρ √ 1 + e^{2ρ} , (18)

which in the point like string limit leads to the similar result as (6). Actually the plane wave background seen by the small quantum fluctuations around this classical

6For p = 1, 2 see also [34, 35].

solution can be obtained from a null geodesic around ρ = ρ_0=constant [39]. In this case we perform the following coordinate transformations:

ρ = ρ_0 + (1 + e^{2ρ0} )^{−1/4 r√}_N , x_j = (1 + e^{2ρ0} )^{1/4}w_j , (j = p + 1, .., 5), η_1 = (1 + e^{2ρ0} )^{−1/4 z√}_N , x_i = (1 + e^{2ρ0} )^{−1/4}y_i (i = 1, .., p), t =^1_2 (1 + e^{2ρ0} )^{−1/4}(x^+ +^{x−}_N ), η_2 =^1_2 (1 + e^{2ρ0} )^{−1/4}(x^+ −^{x−}_N ) ,

(19)

and η_3 is kept fixed. One then obtains in the Penrose limit (N → ∞) a plane wave background as following ds^2 = −dx^+dx^− − z^2 4 dx^{+2} + d⃗z^2 + d⃗y^2 , (20)

where d⃗y^2 = dr^2 +d ⃗w^2 +d⃗y^2. Here we have also rescaled the longitudinal coordinates by x^± → x^±(1 + e^{2ρ0} )^{±1/4}. In this limit, one gets also a nonvanishing p + 1 form field and nonzero B field: dA_{+ry1 ···yp} = 1 g̃ e^{2ρ0} (1 + e^{2ρ0} )^{−(p+1)/4} ,

A_{(P +1)···5} = 1 g̃ e^{2ρ0} 1 + e^{2ρ0} , B_{+z1} = (1 + e^{2ρ0} )^{−1/2}z_2 , (21)

and the constant dilaton after the Penrose limit is given by:

e^{2ϕ} = g̃^2

(1 + e^{2ρ0} )^{(p−1)/2} e^{2ρ0} . (22)

To compare this plane wave solution with that obtained from NS5-brane supergravity background it is constructive to study the small quantum fluctuations around the above classical solution. Consider the following small fluctuations around the classical solution (17)

t = kτ + t̃, η_2 = kτ + η̃_2, ρ = ρ_0 + ρ̃, x_i = ỹ_i, x_j = ỹ_j , η_i = z̃_i , (23)

with i = 1, · · · , p and j = p + 1, · · · , 5. For simplicity we first rescale the coordinates as follows:

t̃ → (1 + e^{2ρ0} )^{−1/4} √ N t̃, x̃_i → (1 + e^{2ρ0} )^{−1/4}ỹ_i, x̃_j → (1 + e^{2ρ0} )^{1/4}ỹ_j , ρ̃ → (1 + e^{2ρ0} )^{−1/4} √ N ρ̃, z̃_1 → (1 + e^{2ρ0} )^{−1/4} √ N z̃_1, η̃_2 →

(1 + e^{2ρ0} )^{−1/4} √ N η̃_2 , (24)

and z̃_2 is also rescaled by (1 + e^{2ρ0} )^{−1/4}. We can now proceed as in the previous section to write the string action up to the second order in fluctuations. The result is: I_{(2)} = − 1 4π ∫ d^2ξ [ − ∂_at̃∂^at̃ + ∂_aη̃_2∂^aη̃_2 + ∂_a~⃗y_i∂^a~⃗y_i + ∂_az̃_i∂^az̃_i

+ k^2z̃^2 + 4k (1 + e^{2ρ0} )^{1/2} z̃_2∂_σz̃_1] , (25)

where ⃗y = (ρ, x_i, x_j ). To compare this action with the string action on plane wave solution (20) we define the lightcone coordinates as x^± = η_2 ±t. In these coordinates the small fluctuations must occur around the following classical solution

x^+ = p^+τ , x^− = 0 , x_i = x_j = 0 , ρ = ρ_0 , z_i = 0 , p^+ = 2k . (26)

Then in the quantum gauge x̃^+ = 0 the action (25) reads

I_{(pw)} = − 1 4π ∫ d^2ξ [ ∂_ax^+∂^ax^− − 1 4 z^2∂_ax^+∂^ax^+ + ∂_ay_i∂^ay_i + ∂_az_i∂^az_i + 2B_{+z1} ∂_τ x^+∂_σz_1] , (27)

with B_{+z1} = (1 + e^{2ρ0} )^{−1/2}z_2. We recognize this action as the string action on the plane wave solution (20).

As in the previous section one can write the Virasoro constraint and solve it for ∂_τx̃^− in terms of the second order fluctuations. This can be used to find an expression for the energy and angular momentum up to second order in fluctuations. Using the obtained expressions for energy and angular momentum one finds E − J = 1 4πk ∫ dσ [ ∂_τx̃^+∂_τx̃^− + ∂_σx̃^+∂_σx̃^− + ∂_τỹ_i∂_τ ỹ_i + ∂_σỹ_i∂_σỹ_i

+ ∂_τz̃_i∂_τz̃_i + ∂_σz̃_i∂_σz̃_i + k^2z̃^2 + 4k (1 + e^{2ρ0} )^{1/2} z̃_2∂_σz̃_1] . (28)

Note that the right side in the above equation is the worldsheet Hamiltonian of the transverse fluctuations. Therefore we get^7 E − J = ∑ n [ √ 1 + e^{2ρ0} N|n| J N^{(6)}_n + ω^+_n N^+_n + ω^−_n N^−_n ] , ω^±_n = √ 1 + (1 + e^{2ρ0} )

N^2n^2 J^2 ± 2 Nn J , (29)

where N^{(6)}_n , N^+_n and N^−_n are occupation numbers along the 6-dimensional flat space and directions z_1 and z_2 when they are written in normal modes, respectively. Thus string theory on the plane wave background (20) is dual to a subsector of the noncommutative deformation of LST which is parameterized by energy E and a quantum number J such that in large N limit both of them grow as N while E − J is finite and given by (29).

7In writing this expression we have used the relation between string theory parameters and worldvolume parameters as P^+ = (1 + e^{2ρ0} )^{−1/2 2J}_N .

3.2 3-dimensional plane wave

In comparison with the NS5-brane background the deformed NS5-brane background (16) has an extra parameter corresponding to the RR fields. This parameter can also be thought of as the deformation parameter a. The presence of RR field will also break the Lorentz symmetry. Therefore it is natural to consider a boost along the direction in which the RR field is defined. This can be thought of as an other Penrose limit of the background. Physically, what we are considering is a fast moving particle along those directions where the RR field is defined. Then we can look at the theory close to the trajectory of this particle which leads to a new plane wave background. In fact what we really have to do is to consider a classical string configuration which is stretched along the radial coordinate and moves in a direction where the RR-field is defined. In the point like limit this would be the physical system we are looking for.

Let us first obtain the corresponding plane wave and then study the semiclassical string solution leading to this plane wave. To find the corresponding plane wave we consider the following rescaling t = 1 2 ( x^+ a + ax^− ) , x_5 = 1 2 ( x^+ a − ax^− ) . (30)

In the limit of a → 0 keeping g_0 = g̃/a fixed the supergravity solution (16) for p ≠ 5 reads ds^2 = −dx^+dx^− − r^2 4 (dx^+)^2 + N r^2 dr^2 + d⃗y^2 + NdΩ^2_3, dB = Nϵ_3, A_{+1···p} = 1 2g_0 r^2, A_{(p+1)···4+} = 1 2g_0 r^2, e^{2ϕ} = g^2_0 r^2

. (31)

The case of p = 1 has first been studied in [36] in the context of lightlike noncommutative geometry. In fact the dual theory we get from this Penrose limit is the lightlike noncommutative deformation of LST. We note also that the obtained plane wave provides a string theory background in which the string theory can be exactly solved. Actually this consists of level N SU(2) WZW, a three dimensional Liouville plane wave plus 4 free fields theory. The Liouville plane wave background in string theory has recently been considered in [43, 44] as a background in which the string theory can be exactly solved.

The classical string solution representing a string moving along x_5 direction and stretched in the radial coordinate is t = kτ, r = r(σ), x_5 = pτ . (32) For point like strings and in the limit where a → 0 one find a relation between energy E and momentum P which is similar to (6). We can also study the small quantum fluctuations around this classical solution. Basically the procedure is very similar to what we have considered in the previous cases. The only point in this case is that the WZW part of the action remains unchanged in the procedure of the expansion. In fact the bosonic part of the action takes the following form

I_{total} = I(t, r, x_i, x_j ) + I_{WZW} (33)

up to an “a” dependent coefficients in WZW part which is one in a → 0 limit. The first term is also given by I = − 1 4π ∫ d^2ξ [ (1 + a^2r^2)^{1/2}(−∂_αt∂^αt + ∂_αx_i∂^αx_i + ∂_αx_j ∂^αx_j 1 + a^2r^2 + N r^2 ∂_αr∂^αr) ] , (34)

which up to second order in the fluctuations around the above classical solution, t = kτ + t̃, x_5 = kτ + x̃_5, r = r̃, reads

I_{(2)} = ∫ d^2ξ [ − ∂_αt̃∂^αt̃ + ∂_αx̃_5∂^αx̃_5 + N r̃^2

∂_αr̃∂^αr̃ + ∂_αỹ_i∂^αỹ_i + m^2r̃^2 ] , (35)

where y_i, i = 1, · · · , 4 represents the four transverse directions to the plane wave. Note also that to get the above action we have taken into account the limit of a → 0 while kept m := ka fixed. It is easy to see that this action plus the WZW part is the bosonic part action of string in the plane wave background (31). One could proceed to compute E and J and thereby to find the quantum correction to E − J. This would of course get corrections from different parts of the action; contributions from 4 free fields theory, 3-dimensional Liouville plane wave and SU(2) WZW. It would be interesting to find each contribution explicitly.

4 Plane wave from dipole deformation of NS5- brane

The dipole deformation of LST can be described by the supergravity solution of type IIB NS5-branes in the presence of an RR 2-form potential with one leg along the brane and the other along the transverse directions^8. We can also make a series of T-duality transformations to produce a new supergravity solution. This supergravity solution describes type II NS5-branes in the presence of RR (6 − p)- form, for p = 0 . . . 4, with one leg along the transverse directions and (5 − p) legs along the NS5-branes worldvolume. The corresponding supergravity solution in the decoupling limit is given by [45]

ds^2 = (1 + r^2L^2)^{1/2} [ dt^2 − p∑ i=1 dx^2_i − ∑_5 j=p+1 dx 2 j 1 + r^2L^2 − N r^2 ( dr^2 + r^2dΩ_3 − r^4L^2 1 + r^2L^2

(a_1dθ_1 + a_2dθ_2 + a_3dθ_3)^2 )] , 8For definition of dipole field theory and its relevance to string theory see, for example, [46]-[49].

e^{2ϕ} = N r^2

(1 + r^2L^2)^{(p−2)/2} , 9∑ a=6 A_{(p+1)···5θa} dθ_a = r^2L 1 + r^2L^2

(a_1dθ_1 + a_2dθ_2 + a_3dθ_3) , (36)

where θ_i’s are angular coordinates parameterizing the sphere S^3 transverse to the NS5-branes^9, and

a_1 = cos θ_2, a_2 = − sin θ_1 cos θ_1 sin θ_2, a_3 = sin^2 θ_1 sin^2 θ_2 . (37)

Here L is the effective dipole moment. There is also a two form B field representing the charge of the NS5-branes which is given by dB = 2Nϵ_3. Note that the above solution is maximally supersymmetric which means that the solution preserves 8 supercharges.

4.1 4-dimensional plane wave

Let us first study the system close to the trajectory of a point like string moving in a direction of 3-sphere transverse to the NS5-brane. The background this state feels would be a plane wave solution. To find this plane wave we first rescale t → √ Nt and define a new radial coordinate ρ as Lr = e^ρ. In these coordinates the supergravity solution (36) reads

ds^2 = (1 + e^{2ρ})^{1/2} [ − Ndt^2 + p∑ i=1 dx^2_i +

∑_5 j=p+1 dx 2 j 1 + e^{2ρ}

+ Ndρ^2 + NdΩ_3 − Ne^{2ρ} 1 + e^{2ρ}

(a_1dθ_1 + a_2dθ_2 + a_3dθ_3)^2 ] , e^{2ϕ} = g^2_s

(1 + e^{2ρ})^{(p−2)/2} e^{2ρ} , 3∑ a=1 A_{(p+1)···5θa} dθ_a = e^{2ρ} L(1 + e^{2ρ})

(a_1dθ_1 + a_2dθ_2 + a_3dθ_3) . (38)

Now we will consider a null geodesic in (t, θ_3) directions around ρ = ρ_0=constant. In this case we perform the following coordinate transformations

ρ = ρ_0 + (1 + e^{2ρ0} )^{−1/4 r√}_N , x_j = (1 + e^{2ρ0} )^{1/4}w_j , (j = p + 1, .., 5), θ_α = (1 + e^{2ρ0} )^{−1/4 zα√}_N , x_i = (1 + e^{2ρ0} )^{−1/4}y_i (i = 1, .., p), t =^1_2 (1 + e^{2ρ0} )^{−1/4}(x^+ +^{x−}_N ), θ_3 =^1_2 (1 + e^{2ρ0} )^{−1/4}(x^+ −^{x−}_N ) ,

(39)

9Note that here we used a parameterization such that in terms of θ_i’s the metric of 3-sphere is given by dΩ^2_3 = dθ^2_1 + cos^2 θ_1 dθ^2 + cos^2 θ_1 cos^2 θ_2 dθ^2_3.

with α = 1, 2. In the limit of N → ∞ we find the following plane wave from the supergravity solution (38) ds^2 = −dx^+dx^− − 1 4 ( (1 + e^{2ρ0} )z^2_1 + z^2 ) (dx^+)^2 + d⃗z^2 + d⃗y^2 ,

e^{2ϕ} = g^2_s

(1 + e^{2ρ0} )^{(p−2)/2} e^{2ρ0} , B_{+z1} = z_2 , (40)

where d⃗y^2 = dr^2 + dy^2_i + dw^2_j . This 4-dimensional plane wave is very similar to that in LST case. Of course unlike the LST case, in this case z_1 and z_2 have different masses which is the effect of dipole deformation.

The corresponding classical string solution is t = kτ ρ = ρ(σ) , θ_3 = ωτ , (41) which in the point like limit leads to the above plane wave at second order in fluctuations. To see this we consider the small fluctuations around this classical solution. In the one loop approximation one gets

I_2 = − 1 4π ∫ d^2ξ [ ∂_ax̃^+∂^ax̃^− + ∂_a~⃗y∂^a~⃗y + ∂_aθ̃_i∂^aθ̃_i + k^2 ( (1 + e^{2ρ0} )θ̃^2_1 + θ̃^2 ) 2kθ̃_2∂_σθ̃_1 ] , (42)

which is equivalent to the bosonic part of the string action on the plane wave background (40). As in the previous cases one can also write the expressions for energy and angular momentum in terms of the transverse modes. Using the Virasoro constraint in the one loop approximation one finds: E − J = 1 2πk ∫ dσ [ ∂_τx̃^+∂_τx̃^− + ∂_σx̃^+∂_σx̃^− + ∂_τ ~⃗y∂_τ ~⃗y + ∂_σ ~⃗y∂_σ ~⃗y + ∂_τθ̃_i∂_τθ̃_i

+∂_σθ̃_i∂_σθ̃_i + k^2[(1 + e^{2ρ0} )θ̃^2_1 + θ̃^2] + 4kθ̃_2∂_σθ̃_1 ] . (43)

We note that the right hand side is the Hamiltonian of the transverse fluctuations. Therefore we find E − J = ∑ n [√ 1 + e^{2ρ0} N|n| J N^{(6)}_n + ω^+_n N^+_n + ω^−_n N^−_n ] , (44)

where N^{(6)}_n is the occupation number of the 6 transverse directions and N^±_n is occupation number along z_1 and z_2 when they are written in normal mode representation. The ω^± is given by

ω^±_n = 1 + e^{2ρ0} 2 + (1 + e^{2ρ0} )

N^2n^2 J^2 ± √ (1 + e^{2ρ0} )

4N^2n^2 J^2 + e^{4ρ0} 4 1/2 . (45)

Thus one may conclude that string theory on the plane wave background (40) is dual to a subsector of dipole deformation of LST parameterized by energy, E and angular momentum, J which at large N limit both of them grow as N while E − J is finite and given by (44).

4.2 3-dimensional plane wave

Let us now study a point like string moving in x_5 direction and look at the physics close to the trajectory of this point like string. To study the system near this trajectory we perform the following rescaling t = 1 2 ( x^+ L + Lx^− ) , x_5 = 1 2 ( x^+ L − Lx^− ) . (46)

In the limit of of L → 0 the supergravity solution (36) reads ds^2 = −dx^+dx^− − r^2 4 (dx^+)^2 + N dr^2 r^2

+ NdΩ^2_3 + 4∑ i=1 dx^2_i , e^{2ϕ} = N r^2 , ∑ a A_{(p+1)···4θa+}dθ_a = − r^2 2 (a_1dθ_1 + a_2dθ_2 + a_3dθ_3) , (47)

and the B field remains unchanged.

This plane wave solution has been studied in [50] in the context of lightlike dipole deformation of LST theory (see also [51]). Note that the metric, dilaton and B field in the plane wave solution (47) are the same as in the plane wave solution coming from lightlike noncommutative deformation of LST theory (31) and the only difference is in the RR fields. This means that as far as the bosonic part of the string theory on these backgrounds is concerned both of them give the same result. But of course the fermionic parts will be different. It is also worth noting that there is a nonzero RR field with one leg along the the direction where the WZW part of the theory is defined, i.e. the 3-sphere. This could also deform the SU(2) WZW model as well. Therefore the three different parts of the theory contributing to the correction of E − J are as following: 4 free fields theory, 3-dimensional Liouville plane wave and deformed SU(2) WZW. Since the RR field has only one leg along the 3-sphere one might suspect that the corresponding deformation is dipole deformation. It would be interesting to study this model in more detail.

5 Conclusion

In this paper we have studied different Penrose limits of type II NS5-brane solution in the presence of different RR fields. We have seen that although for NS5-brane we get only one plane wave, for the case with RR field two different plane waves can be obtained. Interestingly enough all of these plane waves lead to exactly solvable string theory backgrounds.

We have also considered the semiclassical string configuration on the backgrounds generated by NS5-brane as well as NS5-brane in the presence of different nonzero RR fields. These string solutions give at one loop approximation the obtained plane wave from the corresponding geometry. This has been used to identified a subsector of LST/deformed LST which is dual to the string theory in the corresponding plane wave background.

For all cases there is a Penrose limit leading to a 4-dimensional plane wave. In this case the subsector of LST, noncommutative LST and dipole LST is parameterized by energy and angular momentum. In all cases both energy and angular momentum grow as N in large N limit while their differences remain finite. In fact we have written a closed form expression for E − J in all cases. Actually, we have found that the subsector of LST theory is a set of operators carrying angular momentum J of U(1) subgroup of the global symmetry SO(4) with energy E such that E − J = ∑ n [√ 1 + e^{2ρ0} N|n| J N^{(6)}_n + ω^+_n N^+_n + ω^−_n N^−_n ] , ω^±_n = √ 1 + (1 + e^{2ρ0} )

N^2n^2 J^2 ± 2 Nn J . (48)

To compare the subsector of deformed LST with the subsector of LST we observe that the factor 1 + e^{2ρ0} in (29) and (44) plays the role of the deformation. For small deformation where e^{ρ0} ≪ 1, the corresponding subsectors have the following deviation from the LST

(E − J)_{NC LST} = (E − J)_{LST} + e^{2ρ0} 2 ∑ n [ N|n| J N^{(6)}_n +

N^2n^2 J^2 ( N^+_n ω^+_n + N^−_n ω^−_n )] , (E − J)_{DI LST} = (E − J)_{LST} + e^{2ρ0} 2 ∑ n [ (E − J)_{LST} +

N^2n^2 J^2 ( N^+_n + N^−_n ) ] ,(49)

up to second order in fluctuations and first order in the noncommutative/dipole deformations.

The next step, of course, would be to write the explicit form of the corresponding operators. These operators must be made out of the field content of LST theory. For example consider type IIA NS5-brane. In this case the bosonic part of the theory contains an anti-symmetric self-dual two form B_{αβ}, α = 0, · · · , 5, 2 complex scalars and one real scalar (dilaton). Suppose Z_1 is a complex scalar carrying one unit of U(1) charge. Therefore one would expect that the vacuum to be constructed from Tr(Z^J_1 ). Of course, since the theory is not conformal one can not identify the energy with dimension of the operator. Nevertheless, following [5] one could guess that the other stringy states can be constructed by inserting either the other scalar or B_{αβ}. It would be quite interesting and also important to study these operators in detail. Among all other things this could increase our knowledge about LST theory. We hope to address this question in future.

Acknowledgements We would like to thank S. Parvizi for useful discussions. We would also like to thank Carlos Nunez and Mohammad M. Sheikh-Jabbari for useful comments.

References

[1] M. Berkooz, M. Rozali and N. Seiberg, “On transverse fivebranes in M(atrix) theory on T^5,” Phys. Lett. B 408, 105 (1997) [arXiv:hep-th/9704089].

[2] N. Seiberg, “New theories in six dimensions and matrix description of M-theory on T^5 and T^5/Z_2,” Phys. Lett. B 408, 98 (1997) [arXiv:hep-th/9705221].

[3] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, “Linear dilatons, NS5- branes and holography,” JHEP 9810, 004 (1998) [arXiv:hep-th/9808149].

[4] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

[5] D. Berenstein, J. M. Maldacena and H. Nastase, “Strings in flat space and pp waves from N = 4 super Yang Mills,” JHEP 0204, 013 (2002) [arXiv:hepth/0202021].

[6] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, “A new maximally supersymmetric background of IIB superstring theory,” JHEP 0201, 047 (2002) [arXiv:hep-th/0110242].

[7] R. R. Metsaev, “Type IIB Green-Schwarz superstring in plane wave Ramond- Ramond background,” Nucl. Phys. B 625, 70 (2002) [arXiv:hep-th/0112044].

[8] R. R. Metsaev and A. A. Tseytlin, “Exactly solvable model of superstring in plane wave Ramond-Ramond background,” Phys. Rev. D 65, 126004 (2002) [arXiv:hep-th/0202109].

[9] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, “Penrose limits and maximal supersymmetry,” Class. Quant. Grav. 19, L87 (2002) [arXiv:hepth/0201081].

[10] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “A semi-classical limit of the gauge/string correspondence,” Nucl. Phys. B 636, 99 (2002) [arXiv:hepth/0204051].

[11] S. Frolov and A. A. Tseytlin, “Semiclassical quantization of rotating superstring in AdS_5 × S^5,” JHEP 0206, 007 (2002) [arXiv:hep-th/0204226].

[12] J. G. Russo, “Anomalous dimensions in gauge theories from rotating strings in AdS_5 × S^5,” JHEP 0206, 038 (2002) [arXiv:hep-th/0205244].

[13] E. Sezgin and P. Sundell, “Massless higher spins and holography,” Nucl. Phys.

B 644, 303 (2002) [arXiv:hep-th/0205131].

[14] A. Armoni, J. L. Barbon and A. C. Petkou, “Orbiting strings in AdS black holes and N = 4 SYM at finite temperature,” JHEP 0206, 058 (2002) [arXiv:hepth/0205280].

[15] G. Mandal, N. V. Suryanarayana and S. R. Wadia, “Aspects of semiclassical strings in AdS_5,” Phys. Lett. B 543, 81 (2002) [arXiv:hep-th/0206103].

[16] M. Alishahiha and M. Ghasemkhani, “Orbiting membranes in M-theory on AdS_7 × S^4 background,” JHEP 0208, 046 (2002) [arXiv:hep-th/0206237].

[17] A. A. Tseytlin, “Semiclassical quantization of superstrings: AdS_5 × S^5 and beyond,” arXiv:hep-th/0209116.

[18] A. Armoni, J. L. Barbon and A. C. Petkou, “Rotating strings in confining AdS/CFT backgrounds,” JHEP 0210, 069 (2002) [arXiv:hep-th/0209224].

[19] M. Axenides, E. Floratos and A. Kehagias, “Scaling violations in Yang-Mills theories and strings in AdS_5,” arXiv:hep-th/0210091.

[20] J. A. Minahan, “Circular semiclassical string solutions on AdS_5 × S^5,” Nucl.

Phys. B 648, 203 (2003) [arXiv:hep-th/0209047].

[21] M. Alishahiha and A. E. Mosaffa, “Circular semiclassical string solutions on confining AdS/CFT backgrounds,” JHEP 0210, 060 (2002) [arXiv:hepth/0210122].

[22] S. A. Hartnoll and C. Nunez, “Rotating membranes on G_2 manifolds, logarithmic anomalous dimensions and N = 1 duality,” arXiv:hep-th/0210218.

[23] R. C. Rashkov and K. S. Viswanathan, “Rotating strings with B-field,” arXiv:hep-th/0211197.

[24] A. Loewy and Y. Oz, “Large spin strings in AdS_3,” arXiv:hep-th/0212147.

[25] J. M. Pons and P. Talavera, “Semi-classical string solutions for N = 1 SYM,” arXiv:hep-th/0301178.

[26] J. Gomis and H. Ooguri, “Penrose limit of N = 1 gauge theories,” Nucl. Phys.

B 635, 106 (2002) [arXiv:hep-th/0202157].

[27] E. Kiritsis and B. Pioline, “Strings in homogeneous gravitational waves and null holography,” JHEP 0208, 048 (2002) [arXiv:hep-th/0204004].

[28] V. E. Hubeny, M. Rangamani and E. Verlinde, “Penrose limits and non-local theories,” JHEP 0210 (2002) 020 [arXiv:hep-th/0205258].

[29] D. Amati and C. Klimcik, “Nonperturbative Computation Of The Weyl Anomaly For A Class Of Nontrivial Backgrounds,” Phys. Lett. B 219, 443 (1989).

[30] G. T. Horowitz and A. R. Steif, “Space-Time Singularities In String Theory,” Phys. Rev. Lett. 64, 260 (1990).

[31] C. R. Nappi and E. Witten, “A WZW model based on a nonsemisimple group,” Phys. Rev. Lett. 71, 3751 (1993) [arXiv:hep-th/9310112].

[32] R. Gopakumar, S. Minwalla, N. Seiberg and A. Strominger, “ OM Theory in Diverse Dimensions,” JHEP 0008 (2000) 008 [arXiv:hep-th/0006062].

[33] T. Harmark, “Open Branes in Space-Time Non-Commutative Little String Theory,” Nucl. Phys. B593 (2001) 76 [arXiv:hep-th/0007147].

[34] M. Alishahiha, Y. Oz and M. M. Sheikh-Jabbari, “Supergravity and large N noncommutative field theories,” JHEP 9911, 007 (1999) [arXiv:hepth/9909215].

[35] M. Alishahiha, “On Type II NS5-branes in the presence of an RR field,” Phys.

Lett. B486(2000) 194 [arXiv:hep-th/0002198].

[36] M. Alishahiha, Y. Oz and J. G. Russo, “Supergravity and Light-Like Noncommutativity,” JHEP 0009 (2000) 002 [arXiv:hep-th/0007215].

[37] I. Mitra and S. Roy,“(NS5,Dp) and (NS5,D(p+2),Dp) bound states of type IIB and type IIA string theories ” JHEP 0102 (2001) 026 [arXiv:hep-th/0011236].

[38] Y. Oz and T. Sakai, “Penrose limit and six-dimensional gauge theories,” Phys.

Lett. B 544, 321 (2002) [arXiv:hep-th/0207223].

[39] M. Alishahiha and A. Kumar, “PP-waves from nonlocal theories,” JHEP 0209, 031 (2002) [arXiv:hep-th/0207257].

[40] S. Bhattacharya and S. Roy, “Penrose limit and NCYM theories in diverse dimensions,” arXiv:hep-th/0209054.

[41] S. Bhattacharya and S. Roy, “More on Penrose limits and non-local theories,” arXiv:hep-th/0210072.

[42] H. Fuji, K. Ito and Y. Sekino, “Penrose limit and string theories on various brane backgrounds,” JHEP 0211, 005 (2002) [arXiv:hep-th/0209004].

[43] J. Maldacena and L. Maoz, “Strings on PP-waves and massive two dimensional field theories,” arXiv:hep-th/0207284.

[44] J. G. Russo and A. A. Tseytlin, “A class of exact PP-wave string models with interacting light-cone gauge actions,” JHEP 0209, 035 (2002) [arXiv:hepth/0208114].

[45] M. Alishahiha and H. Yavartanoo, “Supergravity description of the large N noncommutative dipole field theories,” JHEP 0204, 031 (2002) [arXiv:hepth/0202131].

[46] A. Bergman and O. J. Ganor, “Dipoles, twists and noncommutative gauge theory,” JHEP 0010, 018 (2000) [arXiv:hep-th/0008030].

[47] S. Chakravarty, K. Dasgupta, O. J. Ganor and G. Rajesh, “Pinned branes and new non Lorentz invariant theories,” Nucl. Phys. B 587, 228 (2000) [arXiv:hepth/0002175].

[48] K. Dasgupta, O. J. Ganor and G. Rajesh, “Vector deformations of N = 4 super-Yang-Mills theory, pinned branes, and arched strings,” JHEP 0104, 034 (2001) [arXiv:hep-th/0010072].

[49] A. Bergman, K. Dasgupta, O. J. Ganor, J. L. Karczmarek and G. Rajesh, “Nonlocal field theories and their gravity duals,” Phys. Rev. D 65, 066005 (2002) [arXiv:hep-th/0103090].

[50] M. Alishahiha and O. J. Ganor, “Twisted backgrounds, PP-waves and nonlocal field theories,” arXiv:hep-th/0301080.

[51] O. J. Ganor and U. Varadarajan, “Nonlocal effects on D-branes in plane-wave backgrounds,” JHEP 0211, 051 (2002) [arXiv:hep-th/0210035].