arXiv:hep-th/0304236 v1 28 Apr 2003

PP-Wave Strings from Membrane and from String in the Spacetime with Two Time Directions

Davoud Kamani

Institute for Studies in Theoretical Physics and Mathematics (IPM) P.O.Box: 19395-5531, Tehran, Iran E-mail: kamani@theory.ipm.ac.ir

Abstract

In this paper we obtain strings that propagate in the quantized pp-wave backgrounds. We can obtain these strings from the solutions of membrane. The other way is the propagation of a massless string in a spacetime with two time dimensions. This string sweeps a worldvolume, which enables us to obtain other strings in the quantized pp-wave backgrounds in the spacetime with one time direction. The associated algebras and Hamiltonians of these massive strings will be studied.

PACS: 11.25.-w Keywords: Membranes; String theory; PP-waves.

1 Introduction

The plane wave metric supported by a Ramond-Ramond 5-form background [1], provides examples of exactly solvable string models [2, 3]. Note that, string theory in this background tests AdS/CF T correspondence [4]. This background by Penrose limit [5], also is related to the AdS_5 × S^5 background [6].

Combining membrane theory [7, 8] with string theory in the pp-wave background, we can find a structure for the membrane [9]. In fact, an enlarged framework for studying strings is the compactified membrane theory [10]. In this paper, from the solutions of the compacted membrane, we shall obtain massive strings which propagate in the pp-wave backgrounds. Some properties of these strings such as algebra and Hamiltonian will be studied.

Similar to the membrane theory, we shall also find strings in the pp-wave backgrounds from a massless string that propagates in the spacetime with two time directions. The worldvolume of this massless string has one space and two time directions [11, 12]. One of these two time coordinates (both of the spacetime and of the string worldvolume) is compacted on a circle. The resulted massive strings will be studied in detail.

This paper is organized as follows. In section 2, relations between the massive strings with the membrane are given. In section 3, from the solution of the membrane, we shall obtain the solutions of the massive closed strings. In section 4, the same will be done for the massive open strings. In section 5, by compactifying the extra time coordinates of the spacetime and of the string worldvolume, we shall obtain another solutions for the massive closed and open strings.

2 Membrane in terms of massive strings

By choosing appropriate gauges [8], the membrane action can be written as S = − T_2 2 ∫ d^2σdρ(η^{AB} ∂_AZ^I ∂_BZ^I ), (1)

where I ∈ {1, 2, ..., 8}. The metric of the membrane worldvolume is η_{AB} = diag(−1, 1, 1) and T_2 is its tension. Therefore, the equation of motion of the membrane is

(−∂^2_τ + ∂^2_σ + ∂^2_ρ )Z^I (τ, σ, ρ) = 0. (2)

It is possible to expand Z^I (τ, σ, ρ) as in the following Z^I (τ, σ, ρ) = ∞∑ n=−∞ X^I_n (τ, σ)q_n(ρ), (3) where q_n(ρ) = exp(^{inρ}_R ). The ranges of σ and ρ are 0 ≤ σ ≤ 2πα^′p^+ and 0 ≤ ρ ≤ 2πR. In fact, it is assumed that one of the spacetime and one of the membrane directions are identified and wrapped on a circle with radius R. The radius of compactification is R =^1_{4π2α′T2} . Since the membrane coordinate Z^I (τ, σ, ρ) is real, we should have X^{I†}_n (τ, σ) = X^I_{−n} (τ, σ). (4) The equation of motion of a string with mass number n is

(−∂^2_τ + ∂^2_σ − μ^2_n)X^I_n (τ, σ) = 0, (5)

where μ_n =^n_R is the mass of the string. This equation also can be obtained from the equations (2) and (3).

The Hamiltonian of this system of strings is H = 1 4πα^′ ∑ n∈Z ∫_{2πα}′_p+ 0 dσ ( ∂_τ X^I_n ∂_τ X^I_{−n} + ∂_σX^I_n∂_σX^I_{−n} + μ^2_nX^I_nX^I_{−n} ) . (6)

This Hamiltonian describes infinite number of massive strings that interact with each other. Strings with symmetric mass numbers (i.e., n and −n) couple to each other. There is no coupling between strings with the same mass signs. One interpretation is that, the membrane is a distribution of infinite number of massive strings with quantized masses.

The Hamiltonian (6) can be written as H = ∑ n∈Z H_n. The corresponding action also has the form S = ∑ n∈Z S_n. Each action S_n describes a massive string with the mass μ_n. In fact, after the gauge fixing [2], each S_n is related to a plane wave metric.

According to the equation (3) we have X^I_n(τ, σ) = 1 2πR ∫_{2πR} 0 dρ ( q_{−n}(ρ)Z^I (τ, σ, ρ) ) . (7)

Therefore, integration of the membrane coordinates by the weight q_{−n}(ρ) over the worldvolume coordinate ρ, produces massive string coordinates.

3 Massive closed strings

A solution of the equation of motion of the membrane, i.e., equation (2), can be written as Z^I (τ, σ, ρ) = z^I (τ, ρ) + i √ 2α^′ 2α^′p^+ ∑ (l,k)≠(0,0) [ 1 Ω_{lk} exp[−i(Ω_{lk}τ − μ_k ρ)] ( A^I_{lk}e^{il̄σ} + Ã^I_{lk}e^{−il̄σ} )] , (8) where the zero modes are given by the function z^I (τ, ρ) as in the following z^I (τ, ρ) = ∑ k∈Z [ q_k(ρ) ( x^I_k cos(μ_kτ ) + p^I_k p^+ sin(μ_kτ ) μ_k )] . (9)

Also Ω_{lk} and l̄ are

Ω_{lk} = sgn(l) √( l α^′p^+

)_2 + ( k R )_2 , l̄ = l α^′p^+

. (10)

The worldvolume frequencies {Ω_{lk}} imply that the indices “l” and “k”, in the oscillating part of the solution (8), simultaneously can not be zero. The Fourier coefficients have been chosen so that Z^I is real coordinate. Therefore, we should have x^{I†}_k = x^I_{−k} , p^{I†}_k = p^I_{−k} , A^{I†}_{lk} = A^I_{−l,−k} , Ã^{I†}_{lk} = Ã^I_{−l,−k} . (11) Furthermore, the algebra of the membrane modes are

[A^I_{lk} , A^J_l′_k′ ] = [Ã^I_{lk} , Ã^J_l′_k′ ] = α^′p^+Ω_{lk} δ^{IJ} δ_{l+l}′_{,0}δ_{k+k}′_{,0}. (12)

[x^I_k , p^J_k′ ] = iδ^{IJ} δ_{k+k}′_{,0}. (13)

Combining the solution (8) with the equation (7), we obtain the closed string coordinates with the mass number n,

X^I_n(τ, σ) = x^I_n cos(μ_nτ ) + p^I_n p^+ sin(μ_nτ ) μ_n + i √ 2α^′ 2α^′p^+ ∑ (l,n)≠(0,0) [ 1 Ω_{ln} e^{−iΩln τ} ( A^I_{ln}e^{il̄σ} + Ã^I_{ln}e^{−il̄σ} )] .(14)

This string coordinate satisfies the condition (4). Note that A^I_{−l,−n} for positive indices l and n is creation operator, while A^I_{ln} is annihilation operator. Also A^I_{−l,n} with respect to the index l is creation operator and with respect to the index n is annihilation operator. Similar interpretation also holds for A^I_{l,−n}.

The equation (6) gives the Hamiltonian of the closed strings as in the following H = 1 2p^+ ∑ n∈Z ( p^I_{−n}p^I_n + m^2_nx^I_{−n}x^I_n ) + 1 2α^′p^+ ∑ n∈Z ∑ (l,n)≠(0,0) ( A^I_{−l,−n}A^I_{ln} + Ã^I_{−l,−n}Ã^I_{ln} ) . (15)

Now define the new oscillators a^I_{ln} and ã^I_{ln} as a^I_{ln} = 1 √ α^′p^+|Ω_{ln}| A^I_{ln}, ã^I_{ln} = 1 √ α^′p^+|Ω_{ln}| Ã^I_{ln}. (16)

These oscillators have the algebras

[a^I_{ln} , a^J_l′_n′ ] = [ã^I_{ln} , ã^J_l′_n′ ] = sgn(l)δ^{IJ} δ_{l+l}′_{,0}δ_{n+n}′_{,0}. (17)

Therefore, the oscillating part of the Hamiltonian (15) takes the form

H_{osc} = ∞∑ n=1 [ |Ω_{0n}| ( a^I_{0,−n}a^I_{0n} + ã^I_{0,−n}ã^I_{0n} )] + ∑ n∈Z ∞∑ l=1 [ |Ω_{ln}| ( a^I_{−l,−n}a^I_{ln} + ã^I_{−l,−n}ã^I_{ln} )] + C + C̃.(18)

The constants C and C̃ come from the normal ordering of the Hamiltonian. After regularization, they are C = C̃ = − 1 3 ( 1 R + 1 α^′p^+ ) + 8 ∞∑ n=1 ∞∑ l=1 Ω_{ln}. (19)

In H_{osc}, the first summation is normal ordered. Also the second summation with respect to the index l is normal ordered.

4 Massive open strings

The procedure of closed string also can be applied for open string. That is, for the equation (2), we can consider the solution Z^I (τ, σ, ρ) = z^I (τ, ρ) + i √ 2α^′ 2α^′p^+ ∑ (l,k)≠(0,0) [ 1 Ω^′_{lk} A^I_{lk} exp[−i(Ω^′_{lk}τ − μ_kρ)] cos ( lσ 2α^′p^+ )] , (20)

where z^I (τ, ρ) has been given by the equation (9), and Ω^′_{lk} is

Ω^′_{lk} = sgn(l) √( l 2α^′p^+

)_2 + ( k R )_2

. (21)

Since the coordinate Z^I (τ, σ, ρ) is real the Fourier modes should satisfies the conditions x^{I†}_k = x^I_{−k}, p^{I†}_k = p^I_{−k} , A^{I†}_{lk} = A^I_{−l,−k} . (22)

The open string coordinates resulted from the membrane coordinates (20), satisfy the Neumann boundary condition. For satisfying the Dirichlet boundary condition, it is sufficient to drop z^I (τ, ρ) and change cos(^{lσ}_{2α′p+} ) to −i sin(^{lσ}_{2α′p+} ).

The equations (7) and (20) give the coordinates of the open string with the mass number n, X^i_n(τ, σ) = x^i_n cos(μ_nτ ) + p^i_n p^+ sin(μ_nτ ) μ_n + i √ 2α^′ 2α^′p^+ ∑ (l,n)≠(0,0) [ 1 Ω^′_{ln} A^i_{ln}e^{−iΩ′ln τ} cos ( lσ 2α^′p^+ )] , (23)

for the Neumann directions, and

X^a_n (τ, σ) = √ 2α^′ 2α^′p^+ ∑ (l,n)≠(0,0) [ 1 Ω^′_{ln} A^a_{ln}e^{−iΩ′lnτ} sin ( lσ 2α^′p^+ )] , (24)

for the Dirichlet directions. The coordinates (23) and (24) satisfy the condition (4). For the massless string i.e., n = 0, these are the usual open string coordinates.

The Hamiltonian of this system of open strings is sum of the Dirichlet and Neumann Hamiltonians. Therefore, we have H = 1 2p^+ ∑ n∈Z ( p^i_{−n}p^i_n + m^2_nx^i_{−n}x^i_n ) + 1 4α^′p^+ ∑ n∈Z ∑ (l,n)≠(0,0) (A^I_{−l,−n}A^I_{ln}). (25) The algebras of the open string modes are equation (13) and [A^I_{ln} , A^J_l′_n′ ] = 2α^′p^+Ω^′_{ln}δ^{IJ} δ_{l+l}′_{,0}δ_{n+n}′_{,0} , I, J ∈ {i, a}. (26) Define the oscillators {a^I_{ln}} as in the following a^I_{ln} = 1 √ 2α^′p^+|Ω^′_{ln}|

A^I_{ln}. (27)

Then the algebra of these oscillators becomes [a^I_{ln} , a^J_l′_n′ ] = sgn(l)δ^{IJ} δ_{l+l}′_{,0}δ_{n+n}′_{,0} , I, J ∈ {i, a}. (28) In terms of these oscillators and after normal ordering, the oscillating part of the Hamiltonian (25) takes the form

H_{osc} = ∞∑ n=1 ( |Ω^′_{0n}|a^I_{0,−n}a^I_{0n} ) + ∑ n∈Z ∞∑ l=1 ( |Ω^′_{ln}|a^I_{−l,−n}a^I_{ln} ) + C^′, (29)

where the normal ordering constant C^′ is

C^′ = − 1 3 ( 1 R + 1 2α^′p^+ ) + 8 ∞∑ n=1 ∞∑ l=1 Ω^′_{ln}. (30)

5 Strings in the pp-wave backgrounds from string in the spacetime with two time directions

Some efforts have been devoted to imagining a world with more than one time dimension. There are many possibilities for the numbers of space dimension, time dimension, and also for the space and time dimensions of the extended objects, that propagate in the spacetime [11, 12]. For example, it is possible to have a membrane that its worldvolume has two space and one time dimensions. This membrane propagates in a spacetime with ten space and one time dimensions. There is another interesting possibility, i.e., a string that its worldvolume contains one space and two times. This string lives in a spacetime with nine spaces and two times. So, both the (10, 1; 2, 1) and the (9, 2; 1, 2) cases yield SO(3, 2) × SO(8) as the bosonic group [11].

In addition to Z^0, let the direction Z^{10} also be a time coordinate of the spacetime. Therefore, the action of a massless string in this spacetime is S̄ = −T 2 ∫ dσd^2τ (η_{μν} η^{AB}∂_AZ^μ∂_BZ^ν − 1), (31)

where μ, ν ∈ {0, 1, ..., 10}. The parameters τ and τ^′ are time coordinates and σ is space coordinate of the string worldvolume. The metrics of the spacetime and the worldvolume are η_{μν} = diag(−1, 1, 1, ..., 1, −1) and η_{AB} = diag(−1, −1, 1). The constant T is tension of the string in this spacetime. It is not equal to^1_{2πα′} which is string tension in the usual spacetime (i.e., spacetime with one time direction). By the identification Z^{10} = τ^′ and choosing the light-cone gauge, the action (31) takes the form S̄ = −T 2 ∫ d^2τ

∫_{2πα}′_p+ 0 dσ(η^{AB}∂_AZ^I ∂_BZ^I ). (32)

The equation of motion of string, extracted from this action, is

(−∂^2_τ − ∂^2_τ ′ + ∂^2_σ )Z^I (τ, τ^′; σ) = 0. (33)

In addition, for the closed string there is the condition

Z^I (τ, τ^′; σ + 2πα^′p^+) = Z^I (τ, τ^′; σ). (34)

The open string also should satisfy the conditions

(∂_σZ^I )_{σ0} = 0, (35) for the Neumann directions, and (∂_τ Z^I )_{σ0} = 0, (∂_τ ′ Z^I )_{σ0} = 0, (36) for the Dirichlet directions. The constant σ_0 = 0, 2πα^′p^+ shows the ends of the open string.

Assume that the extra time direction Z^{10} to be compact on a circle with the radius R. Since the functions {q_n(τ^′) = exp (^{inτ ′}_R )} are periodic we can write Z^I (τ, τ^′; σ) = ∞∑ n=−∞ X^I_n(τ, σ)q_n(τ^′). (37) Again the reality of Z^I leads to the condition (4) for the coordinate X^I_n(τ, σ). According to the equation (37) we have X^I_n(τ, σ) = 1 2πR ∫_{2πR} 0 dτ^′ ( q_{−n}(τ^′)Z^I (τ, τ^′; σ) ) . (38) The equation (33) gives the equation of motion of the string coordinate X^I_n(τ, σ) as (−∂^2_τ + ∂^2_σ + μ^2_n)X^I_n(τ, σ) = 0. (39) Also the string tension T depends on the radius of compactification, i.e., T = 1 4π^2α^′R

. (40) According to the equation (37), the action (32) becomes S̄ = − 1 4πα^′ ∑ n∈Z ∫ dτ ∫_{2πα}′_p+ 0 dσ ( η^{ab}∂_aX^I_n∂_bX^I_{−n} − μ^2_nX^I_nX^I_{−n} ) . (41) In fact, the equation of motion extracted from this action, is the equation (39). This action leads to the following Hamiltonian

H̄ = 1 4πα^′ ∑ n∈Z ∫_{2πα}′_p+ 0 dσ ( ∂_τ X^I_n∂_τ X^I_{−n} + ∂_σX^I_n ∂_σX^I_{−n} − μ^2_nX^I_nX^I_{−n} ) . (42) The action (41) and the associated Hamiltonian (42) can be written as S̄ = ∑ n∈Z S̄_n and H̄ = ∑_{n∈Z} H̄_n. Each light-cone action S̄_n corresponds to the plane wave metric ds̄^2_n = 2dX^+ dX^− + μ^2_n 8∑ I=1 X^I_n X^I_{−n}(dX^+)^2 + 8∑ I=1 dX^I_n dX^I_{−n} . (43) For achieving to this metric, the role of the coordinates X^0 and X^9 should be changed. In other words, in the usual plane wave metric, we should apply the exchanges X^0 → ±iX^9 and X^9 → ±iX^0. Therefore, the light-cone coordinates X^± =^{1√}_2 (X^0 ± X^9) transform as X^+ → ±iX^+ and X^− → ∓iX^−.

Closed strings in pp-waves For a closed string the solution of the equation of motion (33) is

Z^I (τ, τ^′; σ) = z^I (τ, τ^′) + i √ 2α^′ 2α^′p^+ ∑ k∈Z ∑ |l|≥l_k +1 [ 1 ω_{lk} exp[−i(ω_{lk}τ − μ_kτ^′)] ( A^I_{lk}e^{il̄σ} + Ã^I_{lk}e^{−il̄σ} )] ,(44)

where the zero modes are given by the function

z^I (τ, τ^′) = ∑ k∈Z [ q_k(τ^′) ( x^I_k cosh(μ_kτ ) + p^I_k p^+ sinh(μ_k τ ) μ_k )] . (45)

Also ω_{lk} , l̄ and l_k are

ω_{lk} = sgn(l) √( l α^′p^+

)_2 − ( k R )_2 , l̄ = l α^′p^+

, l_k = [ α^′p^+ R |k| ] . (46)

In fact, the number l_k is integer part of^{α′p+}_R |k|. Reality of the coordinate (44) implies that the Fourier coefficients should obey the conditions (11).

The coordinate of the closed string with the mass number n, in the usual spacetime is

X^I_n(τ, σ) = x^I_n cosh(μ_nτ ) + p^I_n p^+ sinh(μ_nτ ) μ_n + i √ 2α^′ 2α^′p^+ ∑ |l|≥l_n+1 [ 1 ω_{ln} e^{−iωlnτ} ( A^I_{ln}e^{il̄σ} + Ã^I_{ln}e^{−il̄σ} )] .(47)

This coordinate satisfies the equation of motion (39) and the condition (4). The algebra of the modes of this coordinate, has been given by the equations (12) and (13).

The equations (42) and (47) give the Hamiltonian of the closed strings as H = 1 2p^+ ∑ n∈Z ( p^I_{−n}p^I_n − m^2_nx^I_{−n}x^I_n ) + 1 2α^′p^+ ∑ n∈Z ∑ |l|≥l_n+1 ( A^I_{−l,−n}A^I_{ln} + Ã^I_{−l,−n}Ã^I_{ln} ) . (48)

Using the definition (16), with ω_{ln} instead of Ω_{ln}, the oscillating part of this Hamiltonian becomes

H_{osc} = ∑ n∈Z ∞∑ l=l_n+1 [ |ω_{ln}| ( a^I_{−l,−n}a^I_{ln} + ã^I_{−l,−n}ã^I_{ln} )] + A + Ã. (49)

The normal ordering constants A and Ã come from the algebra (17) and they are A = Ã = − 1 3α^′p^+ + 8 ∞∑ n=1 ∞∑ l=l_n+1

ω_{ln}. (50)

Open strings in pp-waves

The equation of motion (33) gives the following solutions for the open strings

Z^i(τ, τ^′; σ) = z^i(τ, τ^′) + i √ 2α^′ 2α^′p^+ ∑ k∈Z ∑ |l|≥l_k+1 [ 1 ω^′_{lk} A^i_{lk} exp[−i(ω^′_{lk}τ − μ_k τ^′)] cos ( lσ 2α^′p^+ )] , (51)

for the Neumann boundary condition, where z^i(τ, τ^′) has been given by the equation (45) and ω^′_{lk} and l_k are

ω^′_{lk} = sgn(l) √( l 2α^′p^+

)_2 − ( k R )_2

, l_k =

[ 2α^′p^+ R |k| ] . (52)

For the Dirichlet boundary condition we have

Z^a(τ, τ^′; σ) = √ 2α^′ 2α^′p^+ ∑ k∈Z ∑ |l|≥l_k +1 [ 1 ω^′_{lk} A^a_{lk} exp[−i(ω^′_{lk}τ − μ_kτ^′)] sin ( lσ 2α^′p^+ )] . (53)

The reality of the coordinates Z^i and Z^a leads to the conditions (22) for the open string modes.

The open string coordinates in the usual spacetime are

X^i_n(τ, σ) = x^i_n cosh(μ_nτ ) + p^i_n p^+ sinh(μ_nτ ) μ_n + i √ 2α^′ 2α^′p^+ ∑ |l|≥l_n+1 [ 1 ω^′_{ln} A^i_{ln}e^{−iω′ln τ} cos ( lσ 2α^′p^+ )] , (54)

for the Neumann directions, and

X^a_n (τ, σ) = √ 2α^′ 2α^′p^+ ∑ |l|≥l_n+1 [ 1 ω^′_{ln} A^a_{ln}e^{−iω′lnτ} sin ( lσ 2α^′p^+ )] , (55)

for the Dirichlet directions. These solutions also satisfy the condition (4).

The Hamiltonian of this system of open strings is

H^′ = 1 2p^+ ∑ n∈Z ( p^i_{−n}p^i_n − m^2_nx^i_{−n}x^i_n ) + 1 4α^′p^+ ∑ n∈Z ∑ |l|≥l_n+1 (A^I_{−l,−n}A^I_{ln}). (56) Apply the definition (27), with ω^′_{ln} instead of Ω^′_{ln}, we obtain the oscillating part of H^′ as

H^′_{osc} = ∑ n∈Z ∞∑ l=l_n +1 ( |ω^′_{ln}|a^I_{−l,−n}a^I_{ln} ) + A^′. (57)

The algebra (28) gives the normal ordering constant A^′,

A^′ = − 1 6α^′p^+ + 8 ∞∑ n=1 ∞∑ l=l_n+1

ω^′_{ln}. (58)

Note that the equation (13) gives the algebra of x^I_n and p^I_n for both closed strings and the Neumann part of open strings.

6 Conclusions

In terms of the membrane solutions, we obtained the solutions of the massive closed and open strings, the algebras of the modes and the associated Hamiltonians. In fact, the algebra of the strings modes in the quantized pp-wave backgrounds is the same as the algebra of the membrane modes. The normal ordering constants of the Hamiltonians depend on both the string length 2πα^′p^+ and the radius of compactification of the membrane.

We also obtained strings in the quantized pp-wave backgrounds from a massless string that propagates in the spacetime with two time directions. One of these time coordinates is compacted on circle. The resulted massive strings are open or closed. The open string coordinates satisfy the Neumann or Dirichlet boundary conditions, as the usual case. Reality of the massless string coordinates projects out some of the oscillators from the solutions of the resulted massive strings and therefore, from the associated Hamiltonians.

References

[1] M. Blau, J. Figueroa-O’ Farrill, C. Hull and G. Papadopoulos, JHEP 0201(2002)047, hep-th/0110242.

[2] R.R. Metsaev, Nucl. Phys. B625(2002)70, hep-th/0112044; R.R. Metsaev and A.A.

Tseytlin, Phys. Rev. D65(2002)126004, hep-th/0202109.

[3] C.R. Nappi and E. Witten, Phys. Rev. Lett. 71(1993)3751, hep-th/9310112; E. Kiritsis and C. Kounnas, Phys. Lett. B320(1994)264, hep-th/9310202; C. Klimcik and A.A. Tseytlin, Phys. Lett. B323(1994)305, hep-th/9311012; K. Sfetsos and A.A. Tseytlin, Nucl. Phys. B427(1994)245, hep-th/9404063; J.G. Russo and A.A. Tseytlin, Nucl. Phys. B448(1995)293, hep-th/9411099, JHEP 0204(2002)021, hep-th/0202179; G.T. Horowitz and A.R. Steif, Phys. Rev. D42(1990)1950; G.T. Horowitz and A.A. Tseytlin, Phys. Rev. D51(1995)2896, hep-th/9409021; R. Brooks, Mod. Phys. Lett. A6(1991)841; H.J. de Vega and N. Sanchez, Phys. Rev. D45(1992)2783; H.J. de Vega, M. Ramon Medrano and N. Sanchez, Class. Quant. Grav. 10(1993)2007; G. Papadopoulos, J.G. Russo and A.A. Tseytlin, hep-th/0211289; J.G. Russo and A.A. Tseytlin, JHEP 0209(2002)035, hep-th/0208114.

[4] D. Berenstein, J. Maldacena and H. Nastase, JHEP 0204(2002)013, hep-th/0202021.

[5] R. Penrose, “Any space-time has a plane wave as a limit”, in Differential geometry and relativity, pp.271-275, Reidel, Dordrecht, (1976); R. Guven, Phys. Lett. B482(2000)255, hep-th/0005061.

[6] M. Blau, J. Figueroa-O’ Farrill, C. Hull and G. Papadopoulos, Class. Quant. Grav.

19(2002)L87, hep-th/0201081; M. Blau, J. Figueroa-O^,Farrill and G. Papadopoulos, Class. Quant. Grav. 19(2002)4753, hep-th/0202111; M. Hatsuda, K. Kamimura and M. Sakaguchi, Nucl. Phys. B632(2002)114, hep-th/0202190; R.R. Metsaev and A.A. Tseytlin, Phys. Rev. D63(2001)046002, hep-th/0007036; R.R. Metsaev, C.B. Thorn and A.A. Tseytlin, Nucl. Phys. B596(2001)151, hep-th/0009171; H.J. Kim, L.J. Romans and P. van Nieuwenhuizen, Phys. Rev. D32(1985)389.

[7] E. Bergshoeff, E. Sezgin, and P.K. Townsend, Phys. Lett. B189 (1987)75, Ann.

Phys. 185(1988)330; M.J. Duff, hep-th/9611203; B. de Wit, J. Hoppe and H. Nicolai, Nucl. Phys. B305(1988)545; B. de Wit, hep-th/9902149; W. Taylor, Rev. Mod. Phys. 73(2001)419, hep-th/0101126; A. Dasgupta, H. Nicolai and J. Plefka, Grav. Cosmol. 8 (2002)1, hep-th/0201182.

[8] M.J. Duff, T. Inami, C.N. Pope, E. Sezgin and K.S. Stelle, Nucl. Phys. B297(1988)515.

[9] D. Kamani, “Strings in the Quantized PP-wave Backgrounds from Membrane”, hepth/0301003.

[10] M.J. Duff, P.S. Howe, T. Inami and K.S. Stelle, Phys. Lett. B191 (1987)70.

[11] M.P. Blencowe and M.J. Duff, Nucl. Phys. B310(1988)387.

[12] A.D. Sakharov, Zh. Eksp. Teor. Fiz. 87(1984)375; I. Ya. Araf’eva, I.V. Volovich and B.G.

Dragovic, Teor. Mat. Fiz. 70(1987)422; T. Kugo and P.K. Townsend, Nucl. Phys. B266 (1983)440; P. van Nieuwenhuizen, in Relativity, groups and topology II. ed., Dewitt and Stora (North-Holland, Amsterdam, 1983); R. Coquereaux, Phys. Lett. B115(1982)389.