arXiv:hep-th/0210230 v3 3 Mar 2003

IP/BBSR/2002-25 hep-th/0210230

D-Branes at angle in pp-wave Background

Rashmi R. Nayak

Institute of Physics Bhubaneswar 751 005 India

email: rashmi@iopb.res.in

Abstract

We show the existence of classical solutions of a system of D3-branes oriented at an arbitrary angle with respect to each other, in a six dimensional pp-wave background obtained from AdS_3 × S^3 × R^4, with NS − NS and R − R 3-form field strength. These D-brane bound states are shown to preserve 1/16 of the supersymmetries. We also present more D-brane bound state solutions by applying T-duality symmetries. Finally, the probe analysis is discussed along with a brief outline of the open string construction.

Recently, the study of string theory in PP-wave background has been a subject of intense discussion. It is known that “Penrose” limit plays an important role, in obtaining such solutions, as any Einstein gravity admits a plane wave background through these limits [1]. The supergravity realization of string theory in pp-wave background through these limits are studied as well [2–7].String theory in this background is easy to handle due to the presence of a natural light cone gauge and are exactly solvable in Green-Schwarz formalism [8–10]. The exact solvability of string theory in these backgrounds, provide a powerful tool to investigate the AdS/CFT correspondence in a better way [11–13]. The maximally supersymmetric type IIB pp-wave background was found in [4], on which string theory is exactly solvable and has been used to show the duality between string and gauge theories, by means of an one to one mapping of the stringy modes to the operaters in the gauge theory.

D-branes, known as non-perturbative and extended objects, also survive in this limit. The study of D-branes in pp-wave background, arising from a geometry of AdS_p × S^q type, has been a subject of wide interest [6]. Explicit supergravity solutions of these objects and their open string spectrum, have been discussed at length in the literature [14–24]. These objects play an important role in understanding the duality between string and gauge theories. BPS (supersymmetric) bound of these objects have also been useful in understanding the physics of black holes in string theory. It is now known that, there are also supersymmetric bound states where the component branes are at relative angles, with the angles being restricted to lie in an SU(N) subgroup of rotations [25]. Explicit classical solution, to the supergravity equations coresponding to the configurations of branes at angle, are already discussed in the literature [26–30]. These bound states are of wide applications, in understanding various dualities of superstring theories as well as the study of black holes in string theories.

In veiw of the importance of these bound states, in this paper we show the existence of the classical solution of a system of D-branes oriented at angle, belongs to SU(2) subgroup of rotations, in pp-wave background with constant NS − NS 3-form field strengths. In particular, we present two supergravity solutions, one coresponds to a single D3-brane and the other one is a system of D3-branes which are oriented by certain SU(2) angle, as described above, in NS − NS plane wave backgrounds. Some other D-brane bound states are also obtained by applying T -duality and S-duality symmetries in the above supergravity solution. It has been explicitly shown that, these bound states preserve 1/16 of the supersymmetries. These brane configurations are also analyzed from the point of view of probe branes. Finally, we have discussed the open string construction briefly.

We now begin by writing down the classical solution of a D3-brane rotated by certain SU(2) angle in the pp-wave background of AdS_3 × S^3 × R^4 [10, 22, 23] with constant NS − NS 3-form field strength:

ds^2 = √ 1 + X_1 { 1 1 + X_1 ( 2dx^+dx^− − μ^2 4∑ i=1 x^2_i (dx^+)^2

+ [1 + X_1 cos^2 α][(dx^5)^2 + (dx^7)^2] + [1 + X_1 sin^2 α][(dx^6)^2 + (dx^8)^2]

+ 2X_1 sin α cos α(dx^7dx^8 − dx^5dx^6) ) + 4∑ i=1 (dx^i)^2 }

H_{+12} = H_{+34} = 2μ,

F^{(5)}_{+−68i} = −

∂_iX_1 (1 + X_1)^2 cos^2 α, F^{(5)}_{+−67i} =

∂_iX_1 (1 + X_1)^2 cos α sin α,

F^{(5)}_{+−57i} =

∂_iX_1 (1 + X_1)^2 sin^2 α, F^{(5)}_{+−58i} = −

∂_iX_1 (1 + X_1)^2 cos α sin α,

e^{2ϕb} = 1. (1)

and X_1 is given by

X_1(⃗r) = 1 2 ( ℓ_1 |⃗r − ⃗r_1| )_2

. (2)

Where r is the radius vector in the transverse space, defined as r^2 =

∑_4

i=1(x^i)^2, r_1 is the location of D3-brane in transvers space and X_1 is the Harmonic function, which satisfies the Green function equation in the transverse space.

To start with, the D3-brane is along x^+, x^−, x^6 and x^8. By applying a rotation between x^5 −x^6 and x^7 −x^8 planes following [28], with rotation angles (α_1, α_2) = (0, α), we get the configuration where the original D3-brane is tilted by an angle α. In the limit μ = 0, the above solution reduces to the flat space D3-brane solution rotated by SU(2) angle, which can be obtained by applying a T -duality transformation, along one of the transverse coordinate of the rotated D2-membrane solution as given in [29]. One can also check that in the limit α = 0, the above solution exactly matches with the D3- brane solution given in [23]. Type IIB field equations (see e.g. [31]) are being satisfied by the solution given in eqn.(1). For example, the constant 3-form field strengths along the pp-wave directions are in fact needed to cancel the μ-dependent part of R_{++} equation. One can also find out the rotated D3-brane solution in constant R − R three form pp-wave background by applying S-duality symmetry in the above solution. Under S-duality transformation the above solution will remain as it is with the constant NS − NS 3-form field strength being replaced to R − R 3-form field strength.

Now we present the low energy classical solution of a system of two D3 branes, when both are placed at a relative SU(2) angle with respect to each other. The supergravity solution of such a system in pp-wave background with constant NS − NS 3-form field strength is given by:

ds^2 = √ 1 + X { 1 1 + X ( 2dx^+dx^− − μ^2 4∑ i=1 x^2_i (dx^+)^2

+ (1 + X_2)[(dx^5)^2 + (dx^7)^2] + (dx^6)^2 + (dx^8)^2

+ X_1 [ (cos αdx^5 − sin αdx^6)^2 + (cos αdx^7 + sin αdx^8)^2 ] ) + 4∑ i=1 (dx^i)^2 } , H_{+12} = H_{+34} = 2μ,

F^{(5)}_{+−68i} = ∂_i

{X_2 + X_1 cos^2 α + X_1X_2 sin^2 α (1 + X) } , F^{(5)}_{+−58i} = −F^{(5)}_{+−67i} = ∂_i

{X_1 cos α sin α (1 + X) } , F^{(5)}_{+−57i} = −∂_i

{ (X_1 + X_1X_2) sin^2 α (1 + X) } , e^{2ϕb} = 1. (3)

and X is given by

X = X_1 + X_2 + X_1X_2 sin^2 α, (4)

where as defined earlier, X_{1,2} =^1_2 (_{ℓ1,2} |⃗r−⃗r_{1,2} | )_2

In this case, to start with the two D3-branes are parallel to each other and are lying along x^+, x^−, x^6, x^8 . By applying an SU(2) rotation, as described in previous case, the second brane rotated by an angle α, now lies in x^+, x^−, x^5 and x^7. At the same time the branes are delocalized along x^5 − x^7 and x^6 − x^8 planes respectively. One can check that the solution given in eqn.(3), solves type IIB field equations. In the limit μ = 0, the above solution goes back to that given in [28]. By setting X_2 = 0, the above solution reduces to the one given in eqn.(1). We would like to point out that at α = π/2, the solution given in eqn.(3) represents the supergravity solution of two D3-branes intersecting orthogonally along a string. We emphasise that the possibility of this configuration is already discussed in [23], after applying successive T-dualities along the D1 − D5 solution [23]. Therefore the solutions given in eqn.(1) and eqn.(3), gives a pp-wave generalization of the ones given in [28, 29].

We now apply T -duality transformation along the world volume directions of the configuration given in eqn. (3) to generate more interesting D-brane bound states in pp-wave background. For example, applying T -duality along x^8, one gets:

ds^2 = √ 1 + X { 1 1 + X ( 2dx^+dx^− − μ^2 4∑ i=1 x^2_i (dx^+)^2

+ (1 + X_2)(dx^5)^2 + (dx^6)^2 + X_1(cos αdx^5 − sin αdx^6)^2 )

+ (dx^7)^2 + (dx^8)^2 1 + X_1 sin^2 α + 4∑ i=1 (dx^i)^2 }

H_{+12} = H_{+34} = 2μ,

F^{(4)}_{+−6i} = ∂_i

{ X_2 + X_1 cos^2 α + X_1X_2 sin^2 α (1 + X) } , F^{(4)}_{+−5i} = ∂_i

{ X_1 cos α sin α

(1 + X) } , B_{78} = −

X_1 cos α sin α 1 + X_1 sin^2 α , e^{2ϕa} = √ 1 + X 1 + X_1 sin^2 α

. (5)

One notices that setting X_1 = 0, one gets a D2-brane lying along the coordinates, x^+, x^− and x^6 and at the same time ‘delocalized’ along x^5, x^7 and x^8. Setting X_2 = 0, the solution given in eqn. (5), reduces to the D2 − D4 bound state in pp-wave background. By applying S-duality in the solution given in eqn.(3), one can get classical solution of a system of D3-branes at an angle in R − R pp-wave background. Again by applying T -duality transformation along the directions x^6 and x^8, one gets:

ds^2 = √ 1 + X { 1 1 + X ( 2dx^+dx^− − μ^2 4∑ i=1 x^2_i (dx^+)^2 )

+ (dx^5) + (dx^6) + (dx^7)^2 + (dx^8)^2 1 + X_1 sin^2 α + 4∑ i=1 (dx^i)^2 }

F_{+1268} = F_{+3468} = 2μ,

F^{(3)}_{+−i} = −∂_i

{ X_2 + X_1 cos^2 α + X_1X_2 sin^2 α (1 + X) } , F^{(5)}_{+−78i} = ∂_i

{ X_1 cos α sin α (1 + X) } , B_{56} = −B_{78} =

X_1 cos α sin α 1 + X_1 sin^2 α , e^{2ϕa} = 1 + X (1 + X_1 sin^2 α)^2

. (6)

Now one can see that by setting X_1 = 0 the above solution reduces to that of a D-string lying along x^+, x^− and delocalised along x^5, .., x^8 directions. Setting X_2 = 0 the above supergravity solution coresponds to a D(5, 3, 3, 1) bound state in pp-wave background with constant R − R 5-form field strengths. One can see that at μ = 0 limit this solution reduces to one given in [28], which can be obtained by applying T -duality trasformation along one of the transverse directions. Similarly, by applying S-duality and T -duality transformation in eqn.(3), one can generate more bound states of various D-branes in NS − NS and R − R plane-wave backgrounds. We however, skip the details here. We again emphasize that the bound state solutions presented here also gives the pp-wave generalization of the ones given in flat space [28, 32, 33].

It has already been discussed in the literature [25] that a system of D-branes oriented at certain angle, lying inside the SU(N) subgroup of rotations, with respect to each other, preserve certain amount of unbroken supersymmetries. We now confirm this fact, in pp-wave background through the examples discussed in this paper by analyzing the type IIB supersymmetry variations explicitly. The supersymmetry variation of dilatino and gravitino fields of type IIB supergravity in ten dimension, in string frame, is given by [34, 35]: δλ_± = 1 2 (Γ^μ∂_μϕ ∓ 1 12 Γ^{μνρ}H_{μνρ} )ϵ_± + 1 2 e^ϕ(±Γ^M F^{(1)}_M + 1 12 Γ^{μνρ}F^{(3)}_{μνρ})ϵ_∓, (7)

δΨ^±_μ = [ ∂_μ + 1 4 (w_{μâb̂} ∓ 1 2 H_{μâb̂})Γ^{âb̂} ] ϵ_± + 1 8 e^ϕ [ ∓ Γ^μF^{(1)}_μ − 1 3! Γ^{μνρ} F^{(3)}_{μνρ} ∓ 1 2.5! Γ^{μνραβ} F^{(5)}_{μνραβ} ] Γ_μϵ_∓, (8)

where we have used (μ, ν, ρ) to describe the ten dimensinal space-time indices, and hat’s represent the corresponding tangent space indices. Solving the above two equations for the solution describing the system of two D3-branes as given in eqn. (3), we get several conditions on the spinors. First the dilatino variation gives:

Γ^{^+}(Γ^{^1^2} + Γ^{^3^4})ϵ_± = 0. (9)

Gravitino variations gives the following conditions on the spinors:

δψ^±_+ ≡ ∂_+ϵ_± − ∂_iX 8(1 + X)^{3/2}

Γ^{^− ^+}ϵ_± ∓ μ 2 √ 1 + X

(Γ^{^1^2} + Γ^{^3^4})ϵ_±

∓ 1 8 Γ^{^+ ^−^6^8î} [ (1 + X_1 sin^2 α)^2 ∂_iX_2 + cos^2 α ∂_iX_1

(1 + X)^{3/2}(1 + X_1 sin^2 α) ] Γ^{^−}ϵ_∓ ∓ 1 8 Γ^{^+ ^−^5^7î} [ 1 (1 + X)^{5/2}

(1 + X_1 sin^2 α)

× (X_1^2 cos^2 α sin^2 α ∂_iX_2 + (1 + X_2)^2 sin^2 α ∂_iX_1) − (X_1^2 cos^2 α sin^2 α)( (1 + X_1 sin^2 α)^2 ∂_iX_2 + cos^2 α ∂_iX_1) (1 + X)^{5/2}(1 + X_1 sin^2 α) + 1 (1 + X)^{5/2} ( 2X_1^2 cos^2 α sin^2 α ∂_iX_2 + 2X_1^3 cos^2 α sin^4 α ∂_iX_1

− 2X_1(1 + X_2) cos^2 α sin^2 α ∂_iX_1 )] Γ^{^−}ϵ_∓

∓ 1 8 { Γ^{^+ ^−^5^8î} − Γ^{^+ ^−^6^7î} (1 + X)^2(1 + X_1 sin^2 α) }[ (−X_1 cos α sin α ∂_iX_2

+ (1 + X_2) sin α cos α ∂_iX_1 − X_1^2 sin^3 α cos α ∂_iX_1)(1 + X_1 sin^2 α)

+ X_1 cos α sin α(1 + X_1 sin^2 α)^2 ∂_iX_2

+ X_2 cos^3 α sin α ∂_iX_1 ] Γ^{^−}ϵ_∓ = 0, (10)

δψ^±_− ≡ ∂_−ϵ_± = 0. (11)

In writing down the above variations we have made use of a necessary condition:

Γ^{^+}ϵ_± = 0, (12)

Now, gravitino variation (10) is solved by imposing:

(Γ^{^5^8} − Γ^{^6^7})ϵ_∓ = 0, (Γ^{^5^7} + Γ^{^6^8})ϵ_∓ = 0, (13)

Γ^{^+ ^−^6^8}ϵ_∓ = ϵ_±, Γ^{^+ ^−^5^7}ϵ_∓ = ϵ_±, (14) in addition to the condition:

(1 − Γ^{^1^2^3^4})ϵ_± = 0. (15)

To explain it further, below, we state the cancellations clearly. Imposing the condition (13), the last term of the gravitino variation (10) vanishes and the fourth and fifth terms add up to give the coefficent of the second term. Imposition of the brane conditions (14) along with (15), solves gravitino variation (10) fully. The expressions for the other two gravitino variations: δψ^±_a (a = 5, ..., 8) and δψ^±_i (i = 1, ..., 4), are of similar type and they are also solved by following the same arguments described above. Therefore, the configuration of two D3-branes with a relative SU(2) angle between the two, as given in eqn.(3), preserves 1/16 supersymmetry. However the supersymetry obtained here is consistent with the D3-brane supersymmetry given in [23], when two of them are parallel to each other. The above supersymmetry can also be found out by doing an analysis following [25, 36, 37], by choosing the ‘rotation matrix’ appropriately. For convenience, the expressions for the non vanishing Christoffels and some of the spin connections are presented in Appendix A.

We now consider the situation from worldvolume point of view, where we will use a close relation between κ-symmetry and supersymmetry to determine the fraction of supersymmetry preserved by the above described configuration. We will use the κsymmetry formulation of Dp-brane [38–42] to show this. To do this computation, we will treat the branes, involved in the intersection, as probes, propagating in D = 10 space-time of the type AdS_3 × S^3 × R^4 with a six dimentional pp-wave. As described in [41], we have a system of two D3-branes intersecting at arbitrary angle with a vanishing 2-form BI field. For simplicity, each brane is identified with a subspace of a ten dimentional spacetime.

Given a D-brane probe the surviving supersymmetries satisfy the condition:

(1 − Γ)ξ = 0, (16)

where Γ is a projector that depends on the details of the brane configuration. For vanishing BI field, Γ will take a form as defined in [41]:

Γ = Γ^′_{(0)}, (17) where Γ^′_{(0)} and Γ_{(0)} are as follows:

Γ^′_{(0)} = (σ_3)^{p−32} iσ_2 ⊗ Γ_{(0)}, (for type IIB) (18) with

Γ_{(0)} = 1 (p + 1)! √ −detG ϵ^{i1......ip+1}∂_{i1} X^{M1} .......∂_{ip+1}X^{Mp+1} Γ^′_{M1} ....._{Mp+1}. (19) Γ^′_M are the ten dimentional Γ-matrices in a coordinate basis defined by Γ^′_M = E^A_M Γ_A, (20) with Γ_A bieng the flat space matrices. The induced world volume matric G_{ij} is:

G_{ij} = ∂_iX^M ∂_j X^N g_{M N} . (21) For our case, the first D3-brane is lying along (x^+, x^−, x^6, x^8) and stuck at the origin. Imposing the light cone gauge and physical gauge conditions: X^+(τ, ξ) = p^+τ , X^−(τ, ξ) = ξ^1, and X^k (τ, ξ) = ξ^k , as explained in [42], and denoting the world volume coordinates of the D-brane by (τ, ξ^k ), k = 1, 6, 8, we have:

Γ_{(0)} = Γ_{^+ ^−^6^8}. (22) Using above projection, eqn. (16) simplifies to:

Γ_{^+ ^−^6^8} ϵ = ϵ. (23) The κ-symmetry projection of two intersecting Dp-branes at an arbitrary angle can be obtained by applying certain lorentz transformation (Λ) as given in [41]:

Γ̃_a = Γ_bΛ^b_a = S^{−1}Γ_aS, (24) where Γ̃_a is the projection that depends on the detailed configuration of the second brane and S is an element in spin(1, 9) that depends on Λ. In our case, Γ̃_{(0)} is the projection for the rotated D3-brane, which can be expressed in terms of Γ_{(0)}, the unrotated D3-brane projection:

Γ̃_{(0)} = Γ_{^+ ^−}(cos α Γ_{^6} + sin α Γ_{^5})(cos α Γ_{^8} + sin α Γ_{^7}),

= Γ_{^+ ^−^6^8} e^{α(Γ^6^5+Γ^8^7)}. (25)

Using eqn.(16) and (23) in eqn. (25) one gets the constraint :

[e^{α (Γ^6^5+Γ^8^7)} − 1] ϵ = 0 = sin αΓ_{^6^5} e^{α Γ^6^5} (1 − Γ_{^5^6^7^8}) ϵ. (26)

For any arbitary angle (α) eqn.(26) can be satisfied only when

Γ_{^5^6^7^8} ϵ = ϵ = Γ_{^+ ^−^5^7}Γ_{^+ ^−^6^8} ϵ. (27)

Using eqn.(23) the above condition simplies to:

Γ_{^+ ^−^5^7} ϵ = ϵ. (28)

But eqn.(28) is the supersymmetry condition associated with the rotated D3-brane along the (x^+, x^−, x^5, x^7) directions. The supersymmetry conditions obtained in eqns. (23) and (28), commute with each other [41], which implies pull back of the 1/4 supersymmetry to the worlvolume of the D3-branes. One can check that the probe analysis presented here is also consistent with that of the flat space case [25].

Now we briefly outline the open string construction of the D3-brane system, presented from the supergravity point of view and from probe analysis, following [25]. Boundary conditions are:

D3_1 : ∂_σ x^{+,−,6,8} = 0, ∂_τ x^{i,5,7} = 0, i = 1....4. (29)

D3_2 : ∂_σ (cos α x^{6,8}∓ sin α x^{5,7}) = 0, ∂_τ (± sin α x^{6,8} + cos α x^{5,7}) = 0, (30) with x^+, x^− and x^i satisfying the usual Neumann and Dirichlet boundary conditions respectively. In eqns. (29) and (30), D3_1 and D3_2 denotes the unrotated and the rotated branes. Referring to the e.o.m. given in [22], with the above boundary conditions, it is straightforward to write down the mode expansion and hence the canonical commutation relation. We, however skip the details here.

We, therefore, have analyzed the existence and stability of a system of D-branes oriented by SU(2) rotations in NS − NS and R − R pp-wave background, arising from AdS_3 × S^3 × R^4, transverse to the branes. We have also shown the presence of more D-brane bound states by applying T -duality symmetry. They preserve 1/16 of the supersymmetries. These configurations are also studied as the probe branes in the given background. They are shown to preserve 1/4 supersymmetry of the world volume. It will be interesting to generalize these to arbitrary SU(N) rotations. As there is an appropriate representation of world volume gauge fields by means of the angle between the rotated branes, it may be interesting to study them further in ppwave background. By using these configurations one may like to study the physics of black holes as well.

Acknowledgement

I thank Alok Kumar for suggesting the problem. I would also like to thank Alok Kumar and Kamal L. Panigrahi for many helpful discussions and the anonymous referee for constructive suggestions.

Appendix A

Here we write down all the non vanishing Christoffels, derived from eqn. (3):

Γ^i_{++} =

(μx_i)^2∂_iX 4(1 + X)^2 − μ^2x_i (1 + X)

, Γ^i_{+−} = ∂_iX 4(1 + X)^2 , Γ^−_i = Γ^+_i = − ∂_iX 4(1 + X)

, Γ^−_{+i} = −(μ^2x_i),

Γ^j_i = ∂_iX 4(1 + X) ,

Γ^5_i =

1 + X_1 sin^2 α 2 √ 1 + X ∂_i { 1 + X_2 + X_1 cos^2 α √ 1 + X }

− X_1 cos α sin α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X } = Γ^7_i,

Γ^6_i =

1 + X_2 + X_1 cos^2 α 2 √ 1 + X ∂_i { 1 + X_1 sin^2 α √ 1 + X }

− X_1 cos α sin α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X } = Γ^8_i,

Γ^5_{6i} = −

1 + X_1 sin^2 α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X }

+ X_1 cos α sin α 2 √ 1 + X ∂_i { 1 + X_1 sin^2 α √ 1 + X } = −Γ^7_{8i},

Γ^6_{5i} = −

1 + X_2 + X_1 cos^2 α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X }

+ X_1 cos α sin α 2 √ 1 + X ∂_i { 1 + X_2 + X_1 cos^2 α √ 1 + X } = −Γ^8_{7i}. (A1)

Now we present some of the non vanishing spin connections. As the expressions are

complicated and long, we mention only some of them:

ω^{î ^−}_+ =

(μx_i)^2∂_iX

2(1 + X)^{3/2} − μ^2x_i

(1 + X)^{1/2} , ω^{^+î}_+ = ω^{^−î}_− = −∂_iX 4(1 + X)^{3/2} , ω^{^5î}_5 =

( 1 + X_1 sin^2 α 2 √ 1 + X ∂_i { 1 + X_2 + X_1 cos^2 α √ 1 + X }

− X_1 cos α sin α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X })( 1 √ 1 + X_1 sin^2 α ) , ω^{^6î}_6 = [( 1 + X_2 + X_1 cos^2 α 2 √ 1 + X ∂_i { 1 + X_1 sin^2 α √ 1 + X }

− X_1 cos α sin α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X }) (1 + X_1 sin^2 α)

+ ( 1 + X_1 sin^2 α 2 √ 1 + X ∂_i { X_1 cos α sin α √ 1 + X }

− X_1 cos α sin α 2 √ 1 + X ∂_i { 1 + X_1 sin^2 α √ 1 + X }) X_1 cos α sin α ]

× 1 √ 1 + X √ 1 + X_1 sin^2 α , ω^{^5^6}_i = − 1 2 ∂_i { X_1 cos α sin α √ 1 + X }

+ X_1 cos α sin α 2(1 + X_1 sin^2 α) ∂_i { 1 + X_1 sin^2 α √ 1 + X } , etc... (A2) References

[1] R. Penrose, “Any space-time has a plane wave as a limit”,in Differential geometry and relativity, pp.271-275, Reidel, Dordrecht, (1976).

[2] G. T. Horowitz and A. A. Tseytlin, “A New Class of Exact Solutions in String Theory”, Phys. Rev D 51 (1995) 2896, hep-th/9409021.

[3] R. Gueven, “Plane Wave Limits and T-Duality”, Phys.Lett. B482 (2000) 255, hep-th/0005061.

[4] M.Blau, J.Figuero-O’Farrill, C. Hull and G. Papadopoulos,“ A new maximally supersymmetric background of IIB superstring theory,” JHEP 0201, 047 (2000), hep-th/0110242

[5] M.Blau, J.Figuero-O’Farrill and G. Papadopoulos, “Penrose limits and maximal supersymmetry,” Class. Quant. Grav. 19, L87 (2000), hep-th/0201081.

[6] M.Blau, J.Figuero-O’Farrill and G. Papadopoulos,“Penrose limits supergravity and brane dynamics,” hep-th/0202111.

[7] M. Billo’ and I. Pesando, “Boundary States for GS superstrings in an Hpp wave background”, Phys.Lett.B536 (2002) 121, hep-th/0203028.

[8] R.R.Metsaev, “Type IIB Green-Schwarz superstring in plane wave Ramond- Ramond background”,Nucl. Phys. B625, (2002) 70, hep-th/0112044.

[9] R.R. Metsaev, A.A. Tseytlin, “Exactly solvable model of superstring in Ramond- Ramond plane wave background”, Phys.Rev. D65 (2002) 126004, hep-th/0202109.

[10] J.G. Russo, A.A. Tseytlin, “On solvable models of type IIB superstring in NS-NS and R-R plane wave backgrounds,” JHEP 0204 (2002) 021, hep-th/0202179.

[11] D. Berenstein, J. Maldacena, and H. Nastase,“Strings in flat space and pp waves from N = 4 super Yang Mills”, hep-th/0202021.

[12] N. Itzhaki, I. R. Klebanov and S. Mukhi, “PP wave limit and enhanced supersymmetry in gauge theories,” JHEP 0203, 048 (2002), hep-th/0202153.

[13] L. A. Pando Zayas and J. Sonnenschein, “On Penrose limits and gauge theories,” hep-th/0202186.

[14] A. Dabholkar and S. Parvizi,“Dp branes in pp-wave background”, hep-th/0203231. [15] P. Lee and J. W. Park, “Open strings in PP-wave background from defect conformal field theory”, hep-th/0203257.

[16] A. Kumar, R. R. Nayak and Sanjay, “D-brane solutions in pp-wave background”, Phys. Lett.B541 (2002) 183, hep-th/0204025.

[17] K. Skenderis and M. Taylor, “Branes in AdS and pp-wave spacetimes,” hepth/0204054.

[18] H. Singh, “M5-branes with 3/8 Supersymmetry in PP-wave background,”hepth/0205020.

[19] P. Bain, P. Meessen and M. Zamaklar, “Supergravity solutions for D-branes in Hpp wave backgrounds,” hep-th/0205106.

[20] M. Alishahiha and A. Kumar, “D-Brane Solutions from New Isometries of pp- Waves”, Phys.Lett. B542 (2002) 130, hep-th/0205134,

[21] S. S. Pal, “Solution to worldvolume action of D3 brane in pp-wave background”, hep-th/0205303.

[22] Y. Michishita, “D-branes in NSNS and RR pp-wave backgrounds and S-duality”, hep-th/0206131.

[23] A. Biswas, A. Kumar and K. L. Panigrahi, “p-p’ Branes in PP-wave Background”, hep-th/0208042. (to appear in Phys. Rev. D)

[24] M. Cvetic, H. Lu, C.N. Pope and K.S. Stelle “Linearly-realised Worldsheet Supersymmetry in pp-wave Background”, hep-th/0209193.

[25] M. Berkooz, M. R. Douglas and R. G. Leigh, “Branes Intersecting at Angles”, Nucl. Phys. B480 (1996) 265, hep-th/9606139.

[26] J.P. Gauntlett, G.W. Gibbons, G. Papadopoulos and P.K. Townsend, “Hyper- Kahler manifolds and multiply-intersecting branes”, Nucl. Phys. B500 (1997) 133, hep-th/9702202.

[27] K. Behrndt and M.Cvetic, “BPS-Saturated Bound States of Tilted P-Branes in Type II String Theory”, Phys. Rev. D56 (1997) 1188, hep-th/9702205.

[28] J.C. Breckenridge, G. Michaud and R.C. Myers, “New angles on D-branes”, Phys.

Rev.D56 (1997) 5172, hep-th/9703041.

[29] N.Hambli, “Comments on Dirichlet Branes at Angles”, Phys. Rev. D56 (1997) 2369, hep-th9703179.

[30] V. Balasubramanian, F. Larsen and R.G. Leigh, “ Branes at Angles and Black Holes”, Phys. Rev.D57 (1998) 3509, hep-th/9704143.

[31] M. J. Duff, Ramzi R. Khuri, J. X. Lu, “String Solitons”, Phys. Rept. 259 (1995) 213, hep-th/9412184.

[32] J. C. Breckenridge, G. Michaud and R. C. Myers,“ More D-brane bound states”, Phys. Rev. D55 (1997) 6438, hep-th/9611174.

[33] M.S. Costa and G. Papadopoulos, “Superstring dualities and p-brane bound states”, Nucl.Phys.B510 (1998) 217, hep-th/9612204.

[34] J. H. Schwarz, “Covariant Field Equations of Chiral N=2 D = 10 Supergravity”, Nucl. Phys.B226 (1983) 269.

[35] S.F. Hassan, “ T-Duality, Space-time Spinors and R-R Fields in Curved Backgrounds,” Nucl.Phys. B568 (2000) 145, hep-th/9907152.

[36] P.K.Townsend,“ M-branes at angles”, Nucl. Phys. Proc. Suppl. 67 (1998) 88, hepth/9708074.

[37] N. Ohta and P.K.Townsend,“Supersymmetry of M-Branes at Angles”, Phys.Lett.

B418 (1998) 77, hep-th/9710129.

[38] M. Aganagic, C. Popescu and J. H. Schwarz, ”D-brane actions with local kappa symmetry”, Phys. Lett.B393 (1997) 311, hep-th/9610249.

[39] M. Cederwall, A. Von Gussich, B. E. Nilson, P. Sundell and A. Westerberg, “The Dirichlet super-p-branes in ten-dimensional type IIA and IIB supergravity,” Nucl. Phys. B490 (1997) 179, hep-th/9611159.

[40] E. Bergshoeff and P. K. Townsend, “ Super D-brane,” Nucl Phys. B490 (1997) 145, hep-th/9611173.

[41] E. Bergshoeff, R. Kallosh, T. Ortin and G. Papadopoulos, “Kappa-Symmetry, Supersymmetry and Intersecting Branes ,” Nucl Phys. B502 (1997) 149, hepth/9705040.

[42] Chong-Sun Chu and Pei-Ming Ho, “Noncommutative D-brane and Open String in pp-wave Background with B-field,” Nucl Phys. B636 (2002) 141, hep-th/0203186.