arXiv:hep-th/0307088 v3 31 Jan 2004

Preprint typeset in JHEP style - HYPER VERSION

Generalised Penrose Limits and PP-Waves

Harvendra Singh^∗

Harish-Chandra Research Institute, Chhatnag Rd., Jhunsi, Allahabad-211 019, India^†

Abstract: In this paper we construct generalised Penrose limits for the solutions of massive type IIA supergravity. We consider the Freund-Rubin type solution and apply these massive Penrose limits and obtain supersymmetric pp-wave which is standard type IIA background. The results in this paper can be easily generalised for the cases of gauged supergravities.

∗singh@mri.ernet.in †Current address: Department of Physics, Indian Institute of Technology, Guwahati-781 039 (India) [Email: hsingh@iitg.ernet.in]

Contents

1. Introduction 1

2. A massive Penrose limit 2 2.1 The Freund-Rubin solution 3 2.2 16 + 0 supersymmetries 5 2.3 M-theory pp-waves; Matrix model 6

3. Penrose limits in gauged supergravities 7

4. Conclusions 9

A. Scaling in massive type IIA supergravity 9

1. Introduction

The maximally supersymmetric plane-fronted parallel (pp) wave configurations in string theory can generically be obtained by applying the Penrose limits [1, 2, 3, 4]^1 on the solutions of the type AdS_p × S^q. Although, unlike the flat spacetime these supersymmetric pp-waves are (asymptotically) non-flat geometries, nevertheless string theory in these backgrounds becomes exactly solvable theory in lightcone gauge[5, 6]. Also the pp-wave spacetime in bulk has useful consequences for dual conformal field theories on boundary [7]. Under BMN correspondence [8] the operators in the CFT with large U(1) R-charge, J, are dual to type IIB closed string excitations in a pp-wave background spacetime.^2 The supersymmetric pp-wave vacua have been obtained in lower dimensional supergravities as well [9, 10]. In general, there is an enhancement of the supersymmetries after taking Penrose limits on the anti-de Sitter vacua.

Unlike standard supergravities, the massive or gauged supergravities cannot admit pp-wave vacua due to the presence of cosmological constant (or a potential). Several massive and gauged supergravities admit AdS × S type solutions, yet the

1More precisely the Penrose limits of Blau et. al. [3, 4] where we zoom in onto the null geodesics involving a direction along the sphere. If the null geodesic is such that it does not involve the sphere then we obtain plane-waves after taking the Penrose limit.

2Several useful works have already been carried out in the references [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36].

– 1 –

Penrose limits for them are unexplored. The Penrose limits [2, 4] map anti-de Sitter solutions of a supergravity theory to the pp-wave solutions of the same supergravity, generically accompanied with the enhancement of supersymmetry. The problem with massive/gauged supergravities is that they admit AdS × S vacua but cannot have pp-wave solutions and hence there cannot be pp-wave limits which interpolate between them. Our aim in this work is to understand the map between anti-de Sitter solutions of massive/gauged supergravities and the pp-waves under some generalised Penrose limits.

We choose an explicit example of massive type IIA supergravity [37] in ten dimensions which fits well to exploit our proposal which is the following. First we make two observations about this theory;

i) The theory admits AdS × S solutions, although they are not supersymmetric. ii) The action of this supergravity theory has a scaling symmetry under which mass parameter m also gets scaled.

We exploit this scaling to generalise the Penrose limits [3, 4] such that when limits are applied on the AdS × S solutions of a gauged supergravity we get pp-wave solutions of the standard (ungauged) supergravity.

The paper is organised as follows. We discuss the Penrose limits for massive type IIA supergravity in section-2. We consider non-supersymmetric anti-de Sitter solution of massive type IIA supergravity and apply massive Penrose limits to obtain pp-wave background. In this way we obtain 1/2 supersymmetric pp-wave of type IIA supergravity. We also remark on the corresponding Matrix model. In section-3 we discuss some cases of gauged supergravities where such an exercise could be carried out. The last section section-4 is for the conclusions.

2. A massive Penrose limit

The Penrose limits [4, 1, 2] of anti-de Sitter spacetimes AdS_p × S^q along any null geodesic with a generic orbit (i.e. with a non-zero component along sphere) leads to a pp-wave geometry. The procedure is well described in [4] where maximally supersymmetric pp-wave solutions are obtained. Our interest here is to study Penrose limits for the solutions of massive type IIA supergravity for which there exist antide Sitter solutions but has no supersymmetry [37]. This theory has an explicit cosmological constant which is proportional to the square of the mass parameter m. In this supergravity we could define a scaling limit on the supergravity fields as, g_{μν} → ξ^{−2}g_{μν} ϕ → ϕ A_{(p)} → ξ^{−p}A_{(p)} (2.1)

accompanied with the scaling m → ξ m (2.2)

– 2 – under which the action scales homogeneously, see Appendix. The scale parameter ξ has to be strictly positive. This scaling symmetry could be used to tune the mass parameter m in the theory. The generalised or massive Penrose limits could then be described as

ḡ_{μν} = lim_{Ω→0} Ω^{−2}g_{μν} (Ω) ϕ̄ = lim_{Ω→0} ϕ(Ω)

Ā_{(p)} = lim_{Ω→0} Ω^{−p}A_{(p)}(Ω)

m̄ = lim_{Ω→0} Ω m (2.3)

where parameter Ω is strictly positive. It can be easily noted that such a pp-wave limit takes mass parameter to zero value and hence will give us pp-wave solutions of ordinary type IIA string theory starting from AdS × S solutions of massive type IIA supergravity. Note that the limits (2.3) are well defined when the massive IIA supergravity action is written in such a form that massless limit could be taken. Thus if there is a solution with the local data (AdS, g, ϕ, A_p; m) by implementing the limits (2.3) we get to new data (W, ḡ, ϕ̄, Ā_p; m̄ = 0) which is a pp-wave solution of the ordinary type IIA string theory. In the next secion we will explicitly cover this aspect by taking an example of massive type IIA supergravity solution. These massive Penrose limits can be generalised in a straightforward manner for the case of gauged supergravities as well. It should however be noted that the limits (2.3) are the same as in the case of Blau et al [3, 4] except in the last equation which scales the mass parameter of the massive or gauged supergravity.

2.1 The Freund-Rubin solution The massive type IIA supergravity, action (A.1), has no maximally supersymmetric flat vacua. Due to the cosmological constant this theory cannot have pp-wave solutions either. However, it admits half-supersymmetric D8-brane solutions [38] and D8 bound states with B-field [39, 40]. The field equations do also have nonsupersymmetric Freund-Rubin type solution AdS_4 × S^6 [37] describing the compactification to four dimensions. This solution is given by

g := l^2_1[ − dt^2 + sin^2t ( dr^2 1 + r^2

+ r^2dΩ^2 ) ] + l^2[dψ^2 + sin^2ψdΩ^2_5]

F_{(4)} = √ 5 mVol(AdS_4(l_1)), ϕ = 0 (2.4)

where m is the mass parameter,

l_1 = √ 2/m, l_2 = √ 5/m (2.5)

are the radii of the AdS_4 and S^6 respectively, and dΩ^2_n is the unit n-sphere metric. The volume Vol(AdS_4(l_1)) = l^4_1sin^3t r^2 √ 1 + r^2 dtdrω_2

– 3 – with ω_2 being the volume element of a unit 2-sphere. The rest of the background fields are vanishing in the above. Now we would like to change coordinates in the (ψ, t) plane to U = ψ + ρt, V = ψ − ρt, (2.6) in terms of which the background becomes,

l^{−2}_2 g := dUdV + ρ^2sin^2 ( U − V 2ρ ) ( dr^2 1 + r^2

+ r^2dΩ^2 ) + sin^2 ( U + V 2 ) dΩ^2_5

l^{−3}_2 F_{(4)} = 2 ρ l_1 V ol(AdS_4(U, V )), ϕ = 0 (2.7)

where ρ = l_1/l_2 = √ 2/5 is the ratio of the radii of curvatures. We now rescale the coordinates as U = u, V = v (l_2)^2

, Y^a = y^a l_2

(2.8)

and take the Penrose limits (2.3), l_2 → ∞ i.e. large radius limit, along the null geodesic parametrised by U.^3 This consists in dropping the dependence on the coordinates other than u. In this way we get the pp-wave solution written in Rosen coordinates and depending only on u, ḡ := dudv + ρ sin^2( u 2ρ ) 3∑ a=1 (dy^a)^2 + sin^2( u 2 ) 8∑ a=4 (dy^a)^2

F̄_{(4)} = ρ sin^3( u 2ρ ) dudy^1dy^2dy^3, ϕ̄ = 0 (2.9)

with m̄ = 0 which implies that it is a solution of type IIA instead of the massive theory. We can switch to the new set of (Brinkman) coordinates (dx^+, dx^−, x^a) as in [3] x^− = u/2, x^+ = v − 1 4 ∑ a sin(2λ_au) 2λ_a y^ay^a, x^a = y^a sin(λ_au) 2λ_a , (2.10)

we get to the familiar form of the pp-wave metric (a Cahen-Wallach spacetime)

g := 2dx^+dx^− + W (x)(dx^−)^2 + 8∑ a=1 (dx^a)^2

F_{(4)} = 5dx^−dx^1dx^2dx^3 (2.11)

3Since the curvature of spacetime is coupled to the mass parameter m, see (2.5), taking large radius limit involves simultaneously taking m → 0 limit. Note that m is the mass parameter in the action. This is the essence of the massive Penrose limits defined in (2.3). Since taking these limits involves zooming in onto a null geodesic with component along sphere, the generalised limits at the basic level are the Penrose limits in [3, 4].

– 4 – with W (x) = −^5_2 [(x^1)^2 + · · · + (x^3)^2] − [(x^4)^2 + · · · + (x^8)^2].

It can be calculated that the only nonvanishing componant of the Ricci tensor for the pp-wave metric (2.11) is R_{−−} = 25 2 . As it is now obvious that the background (2.11) satisfies the field equations of ordinary type IIA supergravity and not of the Romans’ theory. This is because under the Penrose limits (2.3), which effectively takes m → 0, the massive modes have decoupled from the theory.

2.2 16 + 0 supersymmetries We now aim to find the amount of supersymmetries preserved by the pp-wave solution in (2.11). Let us write down the tangent space metric as

ds^2 = 2e^+e^− + e^a e^a + e^α e^α,

where tangent space indices are taken same as the space-time indices. The basis elements are given by

e^+ = dx^+ + (W/2)dx^−, e^− = dx^−, e^a = dx^a. (2.12)

Only non-vanishing spin connections are

ω^{+a} = 1 2 ∂_aW dx^−. Then the Killing spinors are obtained by solving the vanishing type IIA supersymmetry variations [41, 37]

δλ = 0 = − 1 2 √ 2 ∂_μϕΓ^μϵ − 1 2(96) √ 2 e^{14 ϕ}F_{μνλσ}Γ^{μνλσ} ϵ, (2.13) δΨ_μ = 0 = ∇_μϵ + 1 256 e^{14 ϕ}F_{ρνλσ}(Γ^{ρνλσ}_μ − 20 3 δ^ρ_μΓ^{νλσ} ) ϵ. (2.14)

For the pp-wave background (2.11) the Killing equataion (2.13) implies

γ_+ϵ = 0 (2.15)

while the Killing equations (2.14) reduce to the following set of equations

∂_+ϵ = 0, [∂_− + 1 4 ∂_aW γ_+γ^a + 15 32 Θ(γ_+γ_− − 8 3 )]ϵ = 0

[∂_a + 25 32 γ_aΘγ_+]ϵ = 0, for a = 1, 2, 3 [∂_a − 15 32 γ_aΘγ_+]ϵ = 0, for a = 4, ..., 8 (2.16)

– 5 – where Θ = γ_1γ_2γ_3 and all small γ matrices are undressed. Now there is only one type of solutions of the above equations. These correspond to taking γ_+ψ = 0 and are called ‘standard’ Killing spinors.^4 This condition can be satisfied only when 16 spinors out of the set of total 32 are vanishing. For these spinors except for ∂_−ϵ+· · · = 0 all other equation are trivially satisfied when we take ϵ to be independent of x^+, x^a. These sixteen standard killing spinors are

ϵ = e^{54 Θx−} ψ , γ_+ψ = 0 , (2.17)

which depend only on x^−. Other set of Killing spinors in the pp-waves are usually those for which γ_+ψ ≠ 0 and are known as ‘super-numerary’ Killing spinors. But these spinors do not exist for this pp-wave solution of type IIA.

2.3 M-theory pp-waves; Matrix model

The half-supersymmtric type IIA pp-wave in (2.11) can be easily lifted to 11-dimensional pp-wave solution on a circle which is

g := 2dx^+dx^− + W (x)(dx^−)^2 + 9∑ a=1 (dx^a)^2

G_{(4)} = 5dx^−dx^1dx^2dx^3 , (2.18)

with W (x) = −^5_2 [(x^1)^2 + · · · + (x^3)^2] − [(x^4)^2 + · · · + (x^8)^2]. This pp-wave in (2.18) has an overall translational isometry direction x^9 along with SO(3) × SO(5) rotational isometries. The number of Killing spinors remains sixteen. Compare this with maximally supersymmetric 11-dimensional pp-wave solution [4]

g := 2dx^+dx^− + H(x)(dx^−)^2 + 9∑ a=1 (dx^a)^2

G_{(4)} = 5dx^−dx^1dx^2dx^3, (2.19)

where the function H = −^{25}_9 [(x^1)^2 + · · · + (x^3)^2] −^{25}_{36} [(x^4)^2 + · · · + (x^9)^2]. This pp-wave has larger rotational isometry group SO(3) × SO(6). The sixteen Killing spinors depend upon all the transverse coordinates. While the Killing spinors in 1/2-supersymmetric pp-wave in (2.18) do not depend on overall isometry direction x^9. Thus it appears that getting rid of an overall coordinate, x^9, say, in the ppwave (2.19) kills half of the supersymmetries. M-theory pp-wave solutions have been previously studied also [22, 19, 26].

The BMN matrix model [8] on a fully supersymmetric pp-wave background admits fuzzy sphere and 5-branes as supersymmetric solutions. Having obtained the 1/2 supersymmetric 11-dimensional pp-wave background it would be instructive to

4We are in the frame where (γ_+)^2 = (γ_−)^2 = 0 and [γ_+, γ_−]_+ = 2 and the projector is γ_−γ_+.

– 6 – discuss the BMN model in this background. For that let us assume x^+ ∼ x^+ + 2πR, being periodic over a circle of radius and R ≡ R_{BF SS} . Then the dynamics of the theory in the momentum sector p^− = p_+ = N/R is given by U(N) matrix model action S = S_{BF SS} + S^′, S_{BF SS} ∼ ∫ dt T r [1 2 (D_tx^i)^2 + 1 4 [x^i, x^j]^2 + fermionic terms ]

S^′ ∼ − ∫ dt 1 2 T r[ 5 2 (x^2_1 + · · · + x^2_3) + (x^2_4 + · · · + x^2_8)] + i 3 ϵ_{rls}T r(x^rx^lx^s) +fermionic terms ] (2.20)

where i, j = 1, 2, · · · , 9; r, l = 1, 2, 3 and we have set R = 1, l_p = 1 and time t is identified with x^−. Comparing it to the BMN matrix model, the quadratic mass term for the bosonic field x^9 is absent here. The isometry group has also been reduced from SO(6) × SO(3) to SO(5) × SO(3). We conclude that a fuzzy 2-sphere solution still exists but with 1/2 supersymmetry. Its relationship with ”giant gravitons” will presumably be interpretted as delocalised M2-branes wrapping the S^2. The matrix models of the type (2.20) with nonconstant fluxes have been considered in [42].

3. Penrose limits in gauged supergravities

We learned in the previous section that pp-wave backgrounds can be obtained by applying the generalised plane-wave limits on the AdS vacua of massive IIA supergravity. However, that particular anti-de Sitter solution happened to be nonsupersymmetric one and the pp-wave had 16 supersymmetry. In this sense there has been an enhancement of supersymmetries, from zero for anti-de Sitter space to sixteen for the pp-wave, under massive Penrose limits. We mantion here the well known fact that pp-waves always have 16 or more supersymetries. The fact that some kind of plane-wave limits exists for massive type-IIA vacua gives us motivation that these limits should also be explored for the gauged supergravities (supergravities with cosmological constant). Several of the gauged supergravity theories admit Freund-Rubin type electro-vac and magneto-vac solutions. Again note that the gauged supergravities do have cosmological constant and therefore cannot have pp-wave solutions in them.^5 The idea is the same as before, the application of generalised Penrose limits on the gauged supergravity AdS-solutions should give us pp-waves of their ungauged counter parts in an easy and simple manner. Some of these pp-wave vacua could turn out to be the new solutions.

It should however be made sure that there exist scaling symmetries of the kind we considered in equation (2.1). Practically almost all gauged supergravities are found

5However, there might exist gauged supergravities with potentials (superpotentials) which admit flat vacua in which case they will also have pp-wave solutions in them.

– 7 – to have an appropriate scaling symmetry under which mass parameter (cosmological constant) gets scaled. To emphasize let us note that the gauged supergravities, this including the gauged supergravities obtained via flux-compactifications, have special couplings of the gauge fields introduced through covariant derivative Dϕ ∼ ∂ϕ + gA and/or field strength F = dA + g[A, A]. Such couplings have well defined scaling A → ξ^{−1}A, g → ξg under which Dϕ → Dϕ and F → ξ^{−1}F similar to the scalings in (2.1). For these gauged theories generalised Penrose limits like in eq. (2.3) could be defined.^6

The following examples are worth noting in this direction.

• The 6D F (4) gauged supergravity [44] which admits AdS_2 ×S^4, AdS_2 ×S^2 ×S^2 and AdS_3 × S^3 will have massive Penrose limits defined. There exists scaling under which gauge coupling g as well as mass parameter will scale to zero value. These vacua under the generalised Penrose limits will produce pp-wave solutions.

• Similarly, the 5D N = 4 SU(2)×U(1) gauged supergravity [43] admits AdS_3 × S^2 and AdS_2 × S^3 type electrovac or magnetovac vacua. Some of the magnetovacs are supersymmetric with N ≥ 1. There exists scaling of the action under which gauge coupling g as well as mass parameter scales to zero value. The massive Penrose limits of these vacua would give pp-waves of the ungauged 5D supergravity with varying supersymmetries with N ≥ 2. These pp-waves then can be oxidised to ten dimensions.

• Other interesting cases would include the case of 4D N = 4 gauged SU(2)_A × SU(2)_B supergravity [45] which admits non-supersymmetric AdS_2×S^2 ‘Freund- Rubin’ electrovac/magnetovac solutions. One can write down Penrose limit which will take the gauge couplings g_A, g_B to zero. These Penrose limits (accompanied with the scalings of the gauge couplings) will give us the ppwave vacua of the ungauged SU(2) × SU(2) theory.^{7 8} The above examples are only some randomly chosen cases. The gauged supergravities in D = 7, 8 and 9 dimensions also consist interesting examles of anti-de Sitter vacua which will lead to pp-waves.

6If in a gauged supergravity the gauge parameter, g, could not be scaled, then it would not be possible to apply the limits we have discussed in this paper. The problem is that even after taking the limits, the cosmological constant term in the action (or equations of motion) will servive, and there exist no pp-wave solution for the equations of motion in presence of cosmological constant. Though, at the moment, I do not know of an example of such a gauged supergravity to offer.

7We note that Freedman-Schwarz model [45] can be embedded into type-I string model compactified on S^3 × S^3 [46]. Under the pp-wave limit this internal manifold should become a flat compact six-manifold.

8In this connection let us note that the Penrose limits of the Chamseddine-Volkov monopole background [46] have been studied in [47] where the authors discuss the need of scaling of the cosmological constant. This is quite in line with the proposal in the present paper.

– 8 –

4. Conclusions

In summary, we started with a completely non-supersymmetric AdS_4 ×S^6 solution of massive type-IIA supergravity. After taking appropriate massive Penrose limits we have got half-supersymmetric pp-wave solution of the ordinary type IIA supergravity theory.

It is known that taking the Penrose limits [4] in no-scale supergravities leads to the pp-wave vacua. The pp-wave solutions always have sixteen or more supersymmetries. In this work we have seen that the massive Penrose limits in massive/gauged supergravities gets coupled with taking space-time (bulk) cosmological constant to zero value. In this regard the massive Penrose limits are the generalisation of the pp-wave limits of standard (no-scale) supergravity. This could also be understood as follows. The Penrose limit of anti-de Sitter space amounts to taking large radius limit, which effectively means scaling the curvature of spacetime to zero. Note that such a limit will then simultaneously lead to the flatness of the potential (including the potential on the moduli space as well). Effectively speaking by taking generalised pp-wave limit we go from a massive case to the massless one, a gauged to ungauged one and from flux to the non-flux one. This process leads to the recovery of the certain amount (minimum sixteen) of supersymmetries into the pp-wave solutions.^9 It would be useful to extend this work for a large class of gauged supergravities at our disposal. This may provide us with some totally new pp-wave solutions unaccounted so far though a large class of plane-wave solutions have already been found. It would also be interesting to study generalised Penrose limits of gauged supergravities obtained via flux-compactifications. We intend to report more on this in subsequent investigations [49]. Acknowledgements

I gratefully acknowledge the hospitality of Institute of physics, Bhubaneswar as well as Tata Institute of Fundamental Research, Mumbai where part of this work has been carried out. I would like to thank the referee for his careful comments on the draft.

A. Scaling in massive type IIA supergravity

The Romans’ supergravity theory [37] is a generalization of the type IIA supergravity to include a mass term for the NS-NS B-field without disturbing the supersymmetry content of the theory. The bosonic action for Romans’ theory in the string frame can be written as (after appropriate rescalings) S = ∫ [ e^{−2ϕ} { R^∗1 + 4dϕ^∗dϕ − 1 2 H_{(3)}^∗H_{(3)} } − 1 2 F_{(2)}^∗F_{(2)} − 1 2 F_{(4)}^∗F_{(4)} − m^2 2 ∗1 9I thank Ashoke Sen for an illuminating discussion on this point.

– 9 –

+ 1 2 dC_{(3)}dC_{(3)}B_{(2)} + 1 2 dC_{(3)}dA_{(1)}B^2_{(2)} + 1 3! dA_{(1)}dA_{(1)}B^3_{(2)} + 1 3! mdC_{(3)}B^3_{(2)} + 1 8 mdA_{(1)}B^4_{(2)} + 1 40 m^2B^5_{(2)} ] , (A.1)

where m is the mass parameter.^{10} The field strengths in the action (A.1) are given by H_{(3)} = dB_{(2)} , F_{(2)} = dA_{(1)} + mB_{(2)} , F_{(4)} = dC_{(3)} + B_{(2)}dA_{(1)} + m 2 B^2_{(2)} .

(A.2)

Note that potentials A and C appear only through their derivatives in the action (A.1) and thus obey the standard p-form gauge invariance A_{(p)} → A_{(p)} + dλ_{(p−1)}. The two-form B on the other hand also appears without derivatives but nevertheless the ‘Stueckelberg’ gauge transformation

δA = −mλ_{(1)} , δB = dλ_{(1)} , δC = −λ_{(1)}dA (A.3)

leaves the action invariant. This action is presented in a form where one can directly implement a massless limit m → 0. The action does scale homogeneously as

S → ξ^{−8}S (A.4)

under the scaling g_{μν} → ξ^{−2}g_{μν} , ϕ → ϕ A_{(1)} → ξ^{−1}A_{(1)}, B_{(2)} → ξ^{−2}B_{(2)}, C_{(3)} → ξ^{−3}C_{(3)} (A.5)

accompanied with the scaling of the mass parameter m → ξ m . (A.6) The scale parameter ξ has to be strictly positive. This scaling property of the action could be used to tune the mass parameter m in the theory through Penrose limits.

References

[1] R. Penrose, Any spacetime has a plane wave as a limit, in Differential Geometry and relativity, pp.271-75, Reidel, Dordrecht, 1976.

[2] R. Güven, Plane wave limits and T-duality, Phys. Lett. B 482 (2000) 255,

hep-th/0005061.

10Our conventions are same as in [48] where every product of forms is understood to be a wedge product. We denote a p-form with a lower index like (p) which later on is dropped.

– 10 –

[3] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos,A new maximally supersymmetric background of IIB superstring theory, JHEP 0201 (2002) 047,

hep-th/0110242.

[4] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, Penrose limits and maximal supersymmetry, hep-th/0201081;

J. Figueroa-O’Farrill and G. Papadopoulos, “Maximally Supersymmetric Solutions of Ten- and Eleven-dimensional Supergravities”, hep-th/0211089.

[5] R.R. Matsaev, Type IIB Green-Schwarz superstring in plane wave Ramond-Ramond background, Nucl. Phys. B 625 (2002) 70, hep-th/0112044.

[6] R.R. Matsaev and A.A. Tseytlin, Exactly solvable model of superstring in plave wave Ramond-Ramond backgrond, hep-th/0202109.

[7] For a review see; O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri and Y. Oz, Phys. Rep. 323 (2000) 183, hep-th/9905111.

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

[9] P. Meessen, “A Small Note on PP-Wave Vacua in 6 and 5 Dimensions”, Phys. Rev.

D65 (2002) 087501, hep-th/0111031.

[10] E. Lozano-Tellechea, P. Meessen and T. Ortin, “On d=4,5,6 Vacua with 8 Supercharges”, Class. Quant. Grav. 19 (2002) 5921.

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

[12] J. Gomis and H. Ooguri, Penrose limit of N = 1 gauge theories , hep-th/0202157.

[13] L.A. Zayas and J. Sonnenschein, On Penrose limit and gauge theories,

hep-th/0202186

[14] M. Billo’ and I. Pesando, Boundary states for GS superstrings in an Hpp wave background, hep-th/0203028.

[15] N. Kim, A. Pankiewicz, S.-J. Rey and S. Theisen, Superstring on pp-wave orbifold from large-N quiver gauge theory, hep-th/0203080.

[16] T. Takayanagi and S. Terashima, Strings on orbifolded pp-waves, hep-th/0203093.

[17] S.R. Das, C. Gomez, S.-J. Rey, Penrose limit, spontaneous symmetry breaking and holography in pp-wave background, hep-th/0203164.

[18] C.S. Chu and P.M. Ho, Noncommutative D-brane and open string in pp-wave background with B-field, hep-th/0203186.

– 11 –

[19] M. Cvetic, H. Lü and C.N. Pope, M-theory PP-Waves, Penrose Limits and Supernumerary Supersymmetries, hep-th/0203229.

[20] D. Berenstein, E. Gava, J. Maldacena, K.S. Narain and H. Nastase, Open strings on plane waves and their Yang Mills duals, hep-th/0203249.

[21] A. Dabholkar and S. Parvizi, Dp Branes in PP-wave Background, hep-th/0203231. [22] J. Gauntlett and C.M. Hull, pp-waves in 11-dimensions with extra supersymmetry,

hep-th/0203255.

[23] P. Lee and J. Park, Open strings in pp-wave background from defect conformal field theory, hep-th/0203257.

[24] M. Hatsuda, K. Kamimura and M. Sakaguchi,Super-PP-wave Algebra from Super-AdS × S Algebras in Eleven-dimensions, hep-th/0204002.

[25] A. Kumar, R.R. Nayak and Sanjay, D-Brane Solutions in pp-wave Background,

hep-th/0204025.

[26] H. Singh, M5-branes with 3/8 supersymmetry in pp-wave background, Phys. Lett. B 543 (2002) 147-153; hep-th/0205020.

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

[28] A. Biswas, A. Kumar and K. Panigrahi,”p-p’ Branes in PP-wave background”, Phys.

Rev. D.66 (2002) 126002, hep-th/0208042.

[29] S. S. Pal, “Solution to worldvolume action of D3 brane in pp-wave background”, Mod Phys. Lett. A17 (2002) 1735.

[30] R. R. Nayak, “D-Branes at angles in pp-wave Background”, Phys. Rev. D67 (2003) 086006.

[31] K.L. Panigrahi and Sanjay, ”D-branes in pp-wave spacetime with nonconstant fluxes”, Phys. Lett. B561 (2003) 284, hep-th/0303182.

[32] N. Ohta, K.L. Panigrahi and Sanjay, ”Intersecting branes in pp-wave spacetime”,

hep-th/0306186.

[33] B. Chandrasekhar and A. Kumar, “D-branes in pp-wave light cone string field theory,” arXiv:hep-th/0303223.

[34] S. Stanciu and J. Figueroa-O’Farrill, “Penrose limits of Lie branes and a Nappi-Witten braneworld,” arXiv:hep-th/0303212.

[35] B. Stefanski Jr, ”Open String Plane-Wave Light-Cone Superstring Field Theory,

hep-th/0304114.

– 12 –

[36] N. Ohta and M. Sakaguchi, “Uniqueness of M-theory PP-Wave Background with Extra Supersymmetry”, hep-th/0205215.

[37] L.J. Romans, Phys. Lett. B 169 (1986) 374.

[38] J. Polchinski and E. Witten, Nucl. Phys. B 460 (1996) 525, hep-th/9510169. [39] H. Singh, “Duality symmetric massive type II theories in D = 8 and D = 6”, JHEP 0204 (2002) 017, hep-th/0109147.

[40] H. Singh, “Note on (D6,D8) bound state, massive duality and non-commutativity”, Nucl. Phys. B 661 (2003) 394, hep-th/0212103.

[41] F. Giani and M. Pernici, Phys. Rev. D30 (1984) 325;

I.C.G. Campbell and P.C. West, Nucl. Phys. B243 (1984) 112. [42] G. Bonelli, JHEP 0301 (2003) 065, hep-th/0301089.

[43] L.J. Romans, ”Gauged N = 4 Supergravities in five Dimensions and their Magnetovac Backgrounds”, Nucl. Phys. B267 (1986) 433.

[44] L.J. Romans, ”The F (4) gauged supergravity in six dimensions”, Nucl. Phys. B269 (1986) 691.

[45] D.Z. Freedman, J.H. Schwarz, Nucl. Phys. B137 (1978) 333;

D.Z. Freedmann and G. Gibbons, Nucl. Phys. B233 (1984) 24; H. Singh, Phys. Lett. B429 (1998) 304, hep-th/9801038; Phys. Lett. B444 (1998) 327, hep-th/9808181;

P.M. Cowdall and P. Townsend, Phys. Lett. B 429 (1998) 281, hep-th/9801165. [46] A.H. Chamseddine and M.S. Volkov, Phys. Rev. D57 (1998) 6242, hep-th/9711181;

Also see, I. Antoniadis, C. Bachas and A. Sagnotti, Phys. Lett. B235 (1990) 255. [47] D.H. Correa, E.F. Moreno, S. Reuillon and F.A. Schaposnik, ”PP waves from BPS supergravity monopoles”. Phys. Lett. B552 (2003) 280, hep-th/0211093.

[48] M. Haack, J. Louis and H. Singh, ”Massive type IIA on K3”, JHEP 0104 (2001) 040,

hep-th/9811021.

[49] H. Singh, to appear.

– 13 –