arXiv:hep-th/0303182 v2 25 Mar 2003

IP/BBSR/2003-09 hep-th/0303182

D-branes in pp-wave spacetime with nonconstant NS-NS flux

Kamal L. Panigrahi^∗ and Sanjay^†

Institute of Physics, Bhubaneswar 751 005, INDIA

ABSTRACT

We find classical solutions of D-branes in pp-wave spacetime with nonconstant NS − NS flux. We also present Dp − Dp^′ bound state solutions in this background. We further analyze the supersymmetric properties of these brane solutions by solving the type IIB killing spinor equations explicitly.

∗e-mail: kamal@iopb.res.in †email: sanjay@iopb.res.in

1 Introduction

Study of string theory in pp-wave background has been a subject of much interest for theoretical physicists recently. It is known that pp-wave spacetime yields exact classical backgrounds for string theory, since all curvature invariants and therefore all α^′ corrections, vanish [1,2]. Hence pp-wave spacetimes correspond to exact conformal field theory backgrounds. These backgrounds are shown to be exactly solvable in light cone gauge [3–5]. Many of these are obtained from AdS_p × S^q type geometries in Penrose limit and are also maximally supersymmetric [6, 7]. Strings in pp-wave background are also investigated to establish the duality, between the supergravity modes and the gauge theory operators in the large R-sector of the gauge theory [8].

PP-wave backgrounds with nonconstant flux are also studied recently [9–13]. The worldsheet theory is described by nonlinear sigma model. These theories are the nontrivial examples of interacting theories in light cone gauge. The sigma model with RR five form flux is supersymmetric and one can have linearly realized ‘supernumarary’ supersymmetries in these backgrounds [14]. The corresponding sigma model with 3-form NS-NS and RR flux is non-supersymmetric in general [10], unless there exists some target space isometry and corresponding Killing vector fields, which ensure the worldsheet supersymmetry [13]. Also the supernumarary supersymmetries are absent in this case due to structure of gamma matrices. The bosonic part is same in both cases and the two models share many properties, e.g. both are exact string theory backgrounds and integrability structure is same etc. The classical solutions of D-branes in pp-wave background with constant NS-NS and RR flux are already discussed in literature [15–22]. Dp-branes from the worldsheet point of view are constructed in [23]. Supersymmetric properties of D-branes in these backgrounds are analyzed both from supergravity and worldsheet point of view. Recently, supersymmetric properties of D-branes in these backgrounds are realized more rigorously [24].

In earlier work, we found some supersymmetric solutions of D-branes along with its open string spectrum in pp-wave background, arising from AdS_3 × S^3 geometry, with constant three form flux [20]. Keeping in view of the importance of D-branes in understanding the nonperturbative as well as duality aspects of string theory, it is useful to study them in more general backgrounds with flux being turned on. In this paper, we study the classical solutions of D-branes in pp-wave spacetimes with nonconstant three form NS − NS flux.

The plan of the paper is as follows. In next section, we present classical solutions of Dp as well as Dp − Dp^′ bound states. Section-3 is devoted to supersymmetric properties of the D-brane solutions constructed in section-2. We conclude in section- 4 with some remarks.

2 Supergravity solutions

In this section we present classical solutions of Dp as well as Dp − Dp^′ -branes with nonconstant NS − NS three form flux transverse to brane worldvolume. We start by writing down the supergravity solutions of D-string in pp-wave background with nonconstant NS-NS three form flux. The metric, dilaton and the field strengths are given by:

ds^2 = f^{− 12}_1 ( 2dx^+dx^− + K(x_i)(dx^+)^2 )

+ f^{12}_1 8∑ m=1 (dx^m)^2, (i = 1, ..., 4), H = ∂_1b_2(x_i) dx^+ ∧ dx^1 ∧ dx^2 + ∂_3b_4(x_i) dx^+ ∧ dx^3 ∧ dx^4,

e^{2ϕ} = f_1, F_{+−n} = ∂_nf^{−1}_1 , (2.1)

with b(x_i) and K(x_i) satisfying the equations □b(x_i) = 0 and □K(x_i) = −(∂_ib_j )^2 respectively and f_1 = 1+^{Q1}_{r6} is the harmonic function in the transverse space. We have checked that the above solution satisfies type IIB field equations. For constant three form flux this solution reduces to that of ref [20]. All other Dp-brane (p = 2, ..., 5) solutions can be found out by applying T -duality along x^5, ..., x^8 directions. For example: the classical solution for a system of D3-brane in such a background is given by:

ds^2 = f^{− 12}_3 ( 2dx^+dx^− + K(x_i)(dx^+)^2 + (dx^7)^2 + (dx^8)^2 )

+ f^{12}_3 6∑ m=1 (dx^m)^2, (i = 1, ..., 4), H = ∂_1b_2(x_i) dx^+ ∧ dx^1 ∧ dx^2 + ∂_3b_4(x_i) dx^+ ∧ dx^3 ∧ dx^4,

e^{2ϕ} = 1, F_{+−78n} = ∂_nf^{−1}_3 , (2.2)

with b(x_i) and K(x_i) satisfying the equations □b(x_i) = 0 and □K(x_i) = −(∂_ib_j )^2 respectively and f_3 = 1 +^{Q3}_{r4} is the harmonic function satisfying the Green function equation in the transverse space.

Now we present classical solution of D1−D5 system as an example of p−p^′ bound state in these background. The supergravity solution for a such system is given by:

ds^2 = (f_1f_5)^{− 12} (2dx^+dx^− + K(x_i)(dx^+)^2) + ( f_1 f_5

) 1_2^8∑ m=5 (dx^m)^2

+ (f_1f_5)^{12} 4∑ i=1 (dx^i)^2,

e^{2ϕ} = f_1 f_5 , H = ∂_1b_2(x_i) dx^+ ∧ dx^1 ∧ dx^2 + ∂_3b_4(x_i) dx^+ ∧ dx^3 ∧ dx^4,

F_{+−i} = ∂_if_1^{−1}, F_{ijk} = ϵ_{ijkl}∂_lf_5, (2.3)

with b(y_j ) and K(x_i) satisfying the equations □b(x_i) = 0 and □K(x_i) = −(∂_ib_j )^2 respectively and f_1 = 1 +^{Q1}_{r2} and f_5 = 1 +^{Q5}_{r2} are the harmonic functions of D1 and D5-branes in common transverse space. One can check that the above ansatz do satisfy type IIB field equations.

3 Supersymmetry Analysis

In this section we present the supersymmetry of the solutions described earlier in section (2).

The supersymmetry variation of dilatino and gravitino fields of type IIB supergravity in ten dimension, in string frame, is given by [25, 26]: 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_∓, (3.1)

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_∓, (3.2)

where we have used (μ, ν, ρ) to describe the ten dimensional space-time indices, and hat’s represent the corresponding tangent space indices. Solving the above two equations for D-string solution as given in (2.1), we get several conditions on the spinors. First, the dilatino variation gives: f_{1,n̂} f_1

Γ^{n̂}ϵ_± ∓ f^{14}_1 (∂_îb_ĵ )Γ^{^+îĵ} ϵ_± − f_{1,n̂} f_1

Γ^{^+ ^−n̂}ϵ_∓ = 0, (3.3)

Gravitino variation gives the following conditions on the spinors: δψ^±_+ ≡ ( ∂_+ + 1 4 ∂_{n̂}(Kf^{− 14}_1 )Γ^{^+n̂} ∓ 1 4 (∂_îb_ĵ )(Γ^{îĵ} ) ) ϵ_±

− 1 8 Γ^{^+ ^−n̂} Kf_{1,n̂} f^{5/4}_1

Γ^{^+}ϵ_∓ = 0 (3.4)

δψ^±_− ≡ ∂_−ϵ_± = 0 (3.5) δψ^±_n ≡ ( ∂_n − 1 8 f_{1,n} f_1 ) ϵ_±, (n = 5, ..., 8) (3.6) δψ^±_i ≡ ( ∂_i ∓ δ_{iî} 4 f^{12}_1 (∂_îb_ĵ )Γ^{^+ĵ} − 1 8 f_{1,i} f_1 ) ϵ_±, (i = 1, ..., 4). (3.7) In writing the above equations we have used the brane supersymmetry condition:

Γ^{^+ ^−}ϵ_± = ϵ_∓. (3.8)

Taking derivative of the eqn. (3.7) with respect to ∂_{k̂} and subtracting the derivative of ∂_{k̂} equation with respect to ∂_î, we get

(∂_{k̂}∂_îb_ĵ )Γ^{^+ĵ} ϵ_± = 0, (3.9)

which can be satisfied for nonconstant ∂_îb_ĵ only if Γ^{^+}ϵ_± = 0. Using Γ^{^+}ϵ_± = 0. and brane supersymmetry condition (3.8), the dilatino variation (3.3) is satisfied. Using Γ^{^+}ϵ_± = 0, the supersymmetry conditions (3.6) and (3.7) are solved by spinors: ϵ_± = exp(−^1_8 lnf_1)ϵ^0_±, with ϵ^0_± being a function of x^+ only. Since ϵ^0_± is independent of x^i and (∂_ib_j ) is a function of x^i only, the gravitino variation gives the following conditions to have nontrivial solutions:

(∂_îb_ĵ )(Γ^{îĵ} )ϵ^0_± = 0 (3.10) and ∂_+ϵ^0_± = 0. (3.11)

The condition Γ^{^+}ϵ_± = 0 breaks sixteen supersymmetries. The number of remaining supersymmetries depend on the existence of constant ϵ^0_± solutions of the equation (3.10). For the particular case when H_{+12} = H_{+34}, the equation (3.10) gives the condition:

(1 − Γ^{^1^2^3^4})ϵ^0_± = 0. (3.12) Therefore in this case, the D-string solution (2.1), preserves 1/8 supersymmetry. Similarly, one can show that the D3-brane solution (2.2) also preserves 1/8 supersymmetry.

Next, we will analyze the supersymmetry properties of (D1 − D5) system that is described in eqn. (2.3) of the previous section.

The dilatino variation gives the following conditions on the spinors: f_{1,î} f_1 ( Γ^îϵ_± − Γ^{^+ ^−î}ϵ_∓ ) ∓ (f_1f_5)^{14} (∂_îb_ĵ )Γ^{^+îĵ} ϵ_± − f_{5,î} f_5 ( Γ^îϵ_± + 1 3! ϵ_{îĵk̂l̂}Γ^{ĵk̂l̂}ϵ_∓ ) = 0 (3.13)

On the other hand, the gravitino variation gives:

δψ^±_+ ≡ ∂_+ϵ_± + 1 4 ∂_{n̂}(K(f_1f_5)^{− 14} )Γ^{^+n̂} ∓ 1 4 (∂_îb_ĵ )Γ^{îĵ} ϵ_± − 1 8 (f_1f_5)^{− 14} ( Γ^{^+ ^−n̂} Kf_{1,n̂} f_1 + Γ^{m̂1 ...m̂3} ϵ_{m̂1 ,...,m̂3,n̂} Kf_{5,n̂} f_5 ) Γ^{^+}ϵ_∓ = 0 (3.14)

δψ^±_− ≡ ∂_−ϵ_± = 0, δψ^±_m ≡ ∂_mϵ_± = 0, (3.15) δψ^±_i ≡ ∂_iϵ_± − δ_{iî} 4 (f_1f_5)^{12} (∂_îb_ĵ )Γ^{^+ĵ} + 1 8 [ f_{1,i} f_1 + f_{5,i} f_5 ] ϵ_± = 0. (3.16)

In writing down the above gravitino variations we have once again made use of the brane conditions:

Γ^îϵ_± − Γ^{^+ ^−î}ϵ_∓ = 0, (3.17) and Γ^îϵ_± + 1 3! ϵ_{îĵk̂l̂}Γ^{ĵk̂l̂}ϵ_∓ = 0. (3.18)

Taking derivative of the eqn. (3.16) with respect to ∂_{k̂} and subtracting the derivative of ∂_{k̂} equation with respect to ∂_î, we get

(∂_{k̂}∂_îb_ĵ )Γ^{^+ĵ} ϵ_± = 0, (3.19)

which can be satisfied for nonconstant ∂_îb_ĵ only if Γ^{^+}ϵ_± = 0.

Using Γ^{^+}ϵ_± = 0 and brane supersymmetry conditions (3.17) and(3.18) , the dilatino condition (3.13) is satisfied. Using Γ^{^+}ϵ_± = 0, the supersymmetry condition (3.16) is solved by spinors: ϵ_± = exp(−^1_8 ln(f_1f_5))ϵ^0_±, with ϵ^0_± being a function of x^+ only. Since ϵ^0_± is independent of x^i and (∂_ib_j ) is a function of x^i only, the gravitino variation gives the following conditions to have nontrivial solutions:

(∂_îb_ĵ )(Γ^{îĵ} )ϵ^0_± = 0 (3.20) and ∂_+ϵ^0_± = 0. (3.21)

Once again, the number of supersymmetries depend on the existence of solutions of equation (3.20). For the particular case when H_{+12} = H_{+34}, the D1 − D5 bound state solution (2.3) also preserves 1/8 supersymmetry.

4 Conclusion

In this paper we have constructed the supergravity solutions of Dp as well as Dp−Dp^′ branes in pp-wave background with nonconstant NS −NS flux. The supersymmetric properties of these solutions are also verified by analyzing the type IIB killing spinor equations explicitly. All the solutions presented here are shown to preserve 1/8 supersymmetry and the supernumarary supersymmetry is absent for the background presented in this paper. D-brane solutions with nonconstant RR flux can be found out by applying S-duality transformation on the solutions presented here, which will be generalization of those given in [20]. The D-brane solutions presented here have the interpretation of D-branes in nonsupersymmetric sigma model of [10]. It is also desirable to analyze them from the worldvolume point of view following the procedure of [11].

Acknowledgment: We thank A. Kumar, R. R. Nayak and A. Biswas for useful discussions. We would also like to thank S. F. Hassan and N. Kim for comments on the earlier version of the paper.

References

[1] D. Amati, C. Klimcik, Phys. Lett. B219 (1989) 443.

[2] G. T. Horowitz, A. R. Steif, Phys. Rev. Lett.64 (1990) 260.

[3] R.R.Metsaev, Phys.Lett. B468 (1999) 65, hep-th/9908114.

[4] R.R.Metsaev, Nucl. Phys. B625, (2002) 70, hep-th/0112044.

[5] R.R. Metsaev, A.A. Tseytlin, Phys.Rev. D65 (2002) 126004, hep-th/0202109.

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

[7] M.Blau, J.Figuero-O’Farrill, C. Hull and G. Papadopoulos, JHEP 0201, 047 (2000), hep-th/0110242, M.Blau, J.Figuero-O’Farrill and G. Papadopoulos, Class. Quant. Grav. 19, L87(2000), hep-th/0201081, M.Blau, J.Figuero-O’Farrill and G. Papadopoulos, hep-th/0202111.

[8] D. Berenstein, J. Maldacena, H. Nastase, JHEP 0204 (2002) 013, hepth/0202021.

[9] J. Maldacena and L. Maoz, JHEP 0212 (2002) 046, hep-th/0207284. [10] J. G. Russo and A. A. Tseytlin, JHEP 0209 (2002) 035, hep-th/0208114. [11] Y. Hikida and S. Yamaguchi, JHEP 0301 (2003) 072, hep-th/0210262. [12] G. Bonelli, JHEP 0301 (2003) 065, hep-th/0301089. [13] N. Kim, Phys. Rev. D67 (2003) 046005, hep-th/0212017. [14] M. Cvetic, H. Lu, C.N. Pope, Nucl. Phys. B644 (2002) 65, hep-th/0203229.

M. Cvetic, H. Lu, C.N. Pope, K.S. Stelle, hep-th/0209193.

[15] A. Kumar, R. R. Nayak, Sanjay, Phys. Lett. B541 (2002) 183, hep-th/0204025. [16] K. Skenderis and M. Taylor, JHEP 0206 (2002) 025, hep-th/0204054. [17] P. Bain, P. Meessen and M. Zamaklar, hep-th/0205106.

[18] M. Alishahiha and A. Kumar, Phys. Lett. B542 (2002) 130, hep-th/0205134. [19] Y. Michishita, JHEP 0210 (2002) 048, hep-th/0206131.

[20] A. Biswas. A. Kumar and K. L. Panigrahi, Phys. Rev. D66 (2002) 126002, hepth/0208042.

[21] R. R. Nayak, hep-th/0210230. [22] L. F. Alday, M. Cirafici, hep-th/0301253.

[23] A. Dabholkar, S. Parvizi, Nucl. Phys.B641 (2002) 223, hep-th/0203231. [24] K. Skenderis, M. Taylor, hep-th/0211011, 0212184. [25] J. H. Schwarz, Nucl. Phys.B226 (1983) 269. [26] S.F. Hassan, Nucl.Phys. B568 (2000) 145, hep-th/9907152.