Published by Institute of Physics Publishing for SISSA/ISAS Received: December 5, 2003 Accepted: January 23, 2004

Killing spectroscopy of closed timelike curves

Liat Maoz

Institute for Theoretical Physics, University of Amsterdam Valckenierstraat 65, 1018XE Amsterdam, The Netherlands E-mail: lmaoz@science.uva.nl

Joan Simón

Department of Physics and Astronomy, David Rittenhouse Laboratory The University of Pennsylvania 209 South 33rd Street, Philadelphia, PA 19104-6396, U.S.A., and Department of Particle Physics, The Weizmann Institute of Science Herzl Street 2, 76100 Rehovot, Israel E-mail: jsimon@bokchoy.hep.upenn.edu

Abstract: We analyse the existence of closed timelike curves in spacetimes which possess an isometry. In particular we check which discrete quotients of such spaces lead to closed timelike curves. As a by-product of our analysis, we prove that the notion of existence or non-existence of closed timelike curves is a T-duality invariant notion, whenever the direction along which we apply such transformations is everywhere spacelike. Our formalism is straightforwardly applied to supersymmetric theories. We provide some new examples in the context of D-branes and generalized pp-waves.

Keywords: String Duality, Space-Time Symmetries, Classical Theories of Gravity.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep012004051 /jhep012004051 .pdf

Contents

1. Introduction and summary 1

2. On closed timelike curves in symmetric backgrounds 4 2.1 Timelike isometry 6 2.1.1 Discrete quotients 7 2.2 Lightlike isometry 9 2.2.1 Discrete quotients 9 2.3 Spacelike isometry 11 2.3.1 Discrete quotients 11 2.4 On closed timelike curves and U-duality 13

3. Supersymmetric configurations and CTCs 16 3.1 Timelike isometries in susy configurations 16 3.2 Null isometries of the pp-wave type 18 3.2.1 Flat transverse space 19 3.2.2 Eguchi–Hanson transverse space 20 3.2.3 D-branes in pp-wave backgrounds with transverse flat space 21

A. Future directed timelike vectors 24

B. CTCs in a dimensionally reduced spacetime with spacelike isometry 25

C. Supersymmetry analysis 26

D. Supersymmetric backgrounds of pp-waves and D-branes 29 D.1 preliminaries: spin-connections and covariant derivatives 29 D.2 pp+Dp-brane solutions 30

1. Introduction and summary

It is by now well-known that there exist solutions of general relativity which are locally causal, but have closed timelike curves (CTCs) on a global scale [1]. This is the case both in the presence and absence of curvature singularities. Needless to say the existence of such curves is considered to be problematic and the traditional attitude has been to consider the subset of spacetimes containing them as non-physical.

Lately, spacetimes which violate the chronology condition received renewed attention by the string theory community after it was realized in [2] that Gödel-like universes [3] can be supersymmetrically embedded in string theory. It was later realized and emphasized

– 1 – that these solutions were T-dual to compactified plane wave backgrounds [4, 5]. In [4], the issue of the non-physical character of these spacetimes was re-examined. It was suggested that holography might provide new insights on this subject. A similar philosophy was advocated in [6]. On the other hand, in [7], there was an attempt to define field theory in a non-globally hyperbolic spacetime having CTCs based on standard orbifold ideas in string theory.

As string theorists, we do not have currently any fundamental principle to select or discard a priori any vacuum. Thus, it is our belief that one should understand the dynamics in these classical spacetimes violating the chronology condition before deciding their fate. Following this direction, it was shown in [8] that by probing one of these spacetimes with an adequate probe, a supertube [9], the metric on moduli space develops a singularity. A similar phenomenum was reported in the enhançon mechanism [10]. These suggested to replace the metric in the chronology violating region by one describing a domain wall of supertubes which is free of CTCs. Recently, it was reported in [11] that a similar phenomenum is happening for Gödel/AdS_3, where the probes are now long strings. The supertube domain wall seems to provide a more natural framework to discuss holography, and this was the direction followed in [12], where the connection between the physics in Gödel-type universes and the Landau problem pointed out in [13] played an important role.^1

In order to investigate how universal these mechanisms might be, or simply to increase our knowledge on the subject, it should be of interest to determine whether CTCs exist or are absent in arbitrary backgrounds. In this note, we will make some more precise statements regarding this topic. To do so, we shall deal with spacetimes which are timeorientable, and which possess some isometry with a definite sign norm, i.e. we shall deal with spacetimes having a Killing vector which is everywhere timelike, everywhere lightlike or everywhere spacelike. First, we shall look at such spacetimes where the Killing direction is non-compact and try to identify the conditions for CTCs to exist. We shall afterwards look at the possible discrete quotients of these spaces and try to characterize which of these have CTCs. Incidentally, we would like to stress that our organizing symmetry principle (a standard technique in general relativity) is also singled out by supersymmetry considerations. Indeed, assuming the existence of a single supersymmetry, it is known [16] that there should exist causal isometries in the metric. If there is more than one supersymmetry, one can also have spacelike isometries. These simple ideas have been developed to attempt a classification of all supersymmetric supergravity backgrounds in different dimensions [2, 16, 17].

A second important goal of this note is to analyse whether the existence or nonexistence of CTCs is a notion invariant under dualities. One may think that in certain scenarios, either strong coupling effects or specific stringy features such as the existence of T-duality, may help in resolving causal puzzles. T-duality might be particularly confusing due to the fact that “metric information” is being exchanged with “flux information”,

1There have been other works in the recent literature concerning the physics of Gödel-type universes in their different dual incarnations. See [14, 15] and references therein.

– 2 – and so it is a priori unclear how this would affect the existence of CTCs. We shall prove that none of these possibilities are realized in the supergravity regime description. The existence or non-existence of CTCs is a U-duality invariant notion, i.e. there are no Uduality transformations taking us from a spacetime which has CTCs into one not having them, under certain assumptions to be discussed in the body of the paper. Therefore, if there is any kind of instability in the dynamics of classical supergravity configurations having CTCs, it should also be manifest in their U-dual descriptions.

In spite of the fact that symmetric backgrounds are not the most general ones we could have considered, (even though some of our techniques do apply to more generic backgrounds), it should be clear that our analysis is relevant in many physically interesting set-ups. The existence of spacelike isometries, and in particular, compact and periodic ones is intrinsically tied to Kaluza–Klein reductions and compactifications in general. PP-wave backgrounds are examples of spacetimes having null Killing vectors. Actually pp-wave backgrounds have a covariantly null Killing vector, and in this sense are just special cases of the more general backgrounds with a null Killing vector considered in this note. It has been shown recently that for pp-waves, with flat transverse space, and a non-compact u-direction there are no CTCs, yet certain compactifications of these spaces do create CTCs [18, 19, 20] and are T-dual to Gödel type universes [4, 5]. Finally, all stationary configurations have a timelike Killing vector. Among these are both static configurations, and more interestingly for our purposes, rotating ones [21]. In some of these cases, there is a rotational parameter which above a certain threshold value gives ’over-rotating’ geometries which contain CTCs. For example, the BMPV rotating black hole which for large enough angular momentum J develops CTCs outside the horizon [22, 23]. In particular, it was pointed out in [15, 23] that the dual CFT corresponding to these over-rotating geometries would be non-unitary. Similar black hole solutions with Gödel universe asymptotics were recently discussed in [19, 24]. Another example is the supertubes which can be thought of as a Myers blow up of rotating D0s and F1s into a D2. For large values of the angular momentum, one obtains spacetimes with CTCs [25]. A similar phenomenum happens for the M-theory partners of the supertubes [26]. It is only when this system is built from a microscopic picture, dual to an oscillating string carrying travelling waves, that such CTCs never appear [27]. Dual pictures as the rotating D1-D5 system and other systems as the null scissors [28] also fall into the same category.

Let us now briefly summarize the main results of our paper. For spacetimes possessing a timelike isometry ∂_t, we have shown that for non-compact t, the spacetime can have CTCs and have written down the conditions for their existence. Gödel-like universes belong to this class. Discrete quotients of the latter by ∂_t or by ∂_t + β∂_ψ where ψ is a periodic spacelike isometry of the background always create CTCs. These results are shown in section 2.1. For spacetimes with a null isometry ∂_v, and a non-compact u coordinate, there cannot be CTCs. The same statement applies to discrete quotients generated by ∂_v + γ V , V standing for an isometry of the configuration. On the other hand, discrete quotients generated by ∂_u+β ∂_v +γ V can give rise to spacetimes having CTCs under certain circumstances that are spelled out in section 2.2. The compactified plane-waves which are T-dual to Gödel-like universes belong to this class. For spacetimes with a spacelike isometry

– 3 –

∂_z , we have shown that a discrete quotient along ∂_z creates CTCs iff the 9-dimensional space obtained from the Kaluza–Klein reduction along ∂_z also has CTCs. The spacelike case is analysed in section 2.3. As a by-product of this analysis, we prove in section 2.4 that the existence or non-existence of CTCs is a T-duality invariant notion whenever the direction along we consider this transformation is everywhere spacelike. We comment on the T-duality relations between the different spacetimes discussed before, generalising the known compactified pp-wave relation to Gödel-like universes to adequate discrete quotients of pp-waves propagating in curved spacetimes.

In section 3, we work out a few interesting examples of supersymmetric IIB backgrounds which have a timelike or null isometry and no CTCs. We show how certain discrete quotients by an everywhere spacelike Killing vector can create spacetimes which have CTCs. In particular we work out an example of a D3 brane background quotiented by a timelike isometry combined with a rotation transverse to the branes, and show CTCs are created by the quotient. We work out the case of the supersymmetric IIB pp-wave backgrounds described in [29] with flat transverse space and show how a quotient by the null isometry combined with ∂_u and a rotation creates CTCs. We also show their T-duals give Gödel type universes. Then we work out the case when the transverse space is an Eguchi-Hanson and perform a similar quotient. We obtain metrics with CTCs, and write down their T-duals which would be the Eguchi-Hanson version of the Gödel type universes (GEH universes). Finally we work out the case of supersymmetric backgrounds in type IIB that consist of pp-wave backgrounds considered in [29] superimposed in a supersymmetric way with D-branes. We show that quotienting as before we get interesting spacetimes with CTCs.

Some of the more technical aspects of our work are described as appendices appearing at the end of this note. In particular, in appendix A we prove that the future directness of a given timelike vector field is independent of the choice of the representative of the class of mutually future directed globally defined timelike vector fields. In appendix B, we prove that given a ten dimensional spacetime with a compact and periodic spacelike isometry having a future directed CTC, then its nine dimensional Kaluza–Klein reduced spacetime has, necessarily, a future directed CTC. In appendix C, we analyse which Killing vectors of the pp-wave backgrounds discussed in [29] preserve their supersymmetries when viewed as generators of a discrete quotient. Finally, in appendix D, we construct new supersymmetric type-IIB supergravity configurations consisting of the pp-waves in [29] superimposed with D-strings. Using U-duality and liftings to M-theory, other brane and pp-wave backgrounds of types IIA, IIB or M-theory can be trivially obtained.

2. On closed timelike curves in symmetric backgrounds

We would like to study the kind of spacetimes that have closed timelike curves. Since their existence or non-existence is only a metric dependent question, we shall focus only on this piece of information coming from the classical supergravity configuration. When discussing whether such a feature is U-duality invariant, we shall include the fluxes. We shall use as our organizing principle the existence of global symmetries in the spacetimes

– 4 – under consideration. We will therefore focus on cases where the geometry possesses some Killing vector k, and in particular, on those in which k is everywhere timelike, everywhere null or everywhere spacelike.

Assuming the existence of such symmetries, one can write a local description for their metric geometries in one of the following forms:

(i) g(k , k) < 0, corresponding to a timelike Killing vector field

g = −(Δ)^2(dt + A_1)^2 + h_9 , (2.1)

where h_9 stands for a nine dimensional positive definite metric and A_1 for a one-form, both defined on a riemannian manifold N_9.

(ii) g(k , k) = 0, corresponding to a lightlike Killing vector field g = e^{2w(u,x)}[−2du dv + H(u, x)(du)^2 + 2A_i(u, x)dx^idu + h_8] , (2.2) where h_8 stands for an eight dimensional positive definite metric and A_1 = A_i(u, x)dx^i for a one-form, both defined on a riemannian manifold N_8, but also generically depending on the coordinate u.

(iii) g(k , k) > 0, corresponding to a spacelike Killing vector field

g = (Δ)^2 (dz + A_1)^2 + g̃_9 , (2.3)

where g̃_9 stands for a nine dimensional lorentzian metric and A_1 for a one-form, both defined on a lorentzian manifold M_9.

At this stage, we have only specified the local form of the metric. However, as we will be interested in global issues, in particular in closed timelike curves, it will be important for us to characterize some global causal features that we shall require from the set of spacetimes that we shall analyse. In particular, we shall focus on time-orientable spacetimes [30]. A spacetime is called time-orientable if it is possible to define continuously a division of non-spacelike vectors into two classes, labelled future and past directed.^2 Thus there is a globally defined timelike vector τ defining the future direction. A vector y is future directed iff y^μτ_μ < 0 and past directed iff y^μτ_μ > 0.^3 Obviously for a given time-orientable spacetime, there can be many different choices of such a vector τ. However we show in appendix A that if both τ and τ̃ are globally defined timelike vectors which are future directed one with respect to the other, then a timelike vector y^μ is future (past) directed with respect to τ iff it is future (past) directed with respect to τ̃. Therefore the specific choice of τ^μ within this class will not affect the classification of vectors into future and past directed.

2It is easy to realize that if a spacetime (M, g) is not time-orientable, it always has a double covering space which is time-orientable.

3Note that this is a weaker condition than the existence of a global time function. The existence of a time function is equivalent to stable causality. If such a function exists then its gradient is an example of such a vector τμ.

– 5 –

Given such a time-orientable spacetime, a closed time-like curve (CTC) is, as its name clearly indicates, a smooth mapping from the circle to spacetime: γ(λ) : S^1 → M, which in local coordinates is given by x^i(λ), such that for all λ ∈ S^1, the norm of the tangent vector to γ(λ) is timelike. There is another requirement on such a curve, which its name doesn’t clearly indicate. The curve must be everywhere future directed.^4 This is an important requirement, because one can always find an everywhere timelike curve from a point to itself going first to the future and then back to the past in any spacetime.

In this note, we will always consider time-orientable spacetimes which locally admit one of the metrics (2.1), (2.2), (2.3). We will then ask whether they have CTCs, trying to emphasize the differences that arise depending on whether causal curves propagate in non-compact dimensions or in compact and periodic ones. Allowing ourselves to consider metrics which locally look like (2.1), (2.2) or (2.3), but differ from them globally, we afterwards analyse the same question for abelian discrete quotients of the latter.

2.1 Timelike isometry

Let us start discussing the metrics (2.1) possessing a timelike isometry. Being timeorientable, we can always take the vector τ = ∂_t to define their future direction. We shall first discuss the possibility of having CTCs in these spaces when t ∈ R.^5 Let λ be the affine parameter of a smooth curve {t(λ), x^i(λ) i = 1, . . . , 9}. This curve will be future directed if the condition dt dλ + A_i(x(λ)) dx^i dλ > 0 (2.4)

is satisfied at any point λ. It will be timelike if its tangent vector satisfies at any point ‖ ‖ d dλ ‖ ‖^2 = − (Δ)^2 ( dt dλ + A_i(x(λ)) dx^i dλ )_2 + h_{ij} (x(λ)) dx^i dλ dx^j dλ < 0 . (2.5)

Since t was assumed to be non-compact, the condition on the closure of the curve gives rise to more severe constraints, involving the existence of at least one turning point of t, i.e. a point λ_∗ where^{dt}_{dλ} (λ_∗) = 0. Thus, a smooth CTC must have a turning point λ_∗ where A_i(x) dx^i dλ | | λ_∗ > 0 , [−Δ^2A_i(x) A_j (x) + h_{ij} (x)] dx^i dλ dx^j dλ | | λ_∗ < 0 . (2.6)

Note that if the curve is constant in the time direction t(λ) = t_0 then the condition (2.6) should be satisfied for all λ.

In general, there can be analogous requirements associated with the existence of turning points if the curve {t(λ) = t_0, x^i(λ)} propagates along some other non-compact directions. The existence of functions x(λ) and a λ_∗ such that (2.6) is satisfied, is obviously a necessary but not sufficient condition for the existence of CTCs.

4It can also be everywhere past directed. The latter is obtained from the future directed one by taking the mapping γ(−λ).

5The case where t is a compact coordinate can be thought of a discrete quotient of this space by ∂t and thus will be discussed in the next subsection.

– 6 –

One interesting particular case of the metrics (2.1) arises whenever the nine dimensional riemannian manifold N_9 has one compact and periodic direction (φ ∼ φ+2π). The integral curves of the vector field ∂_φ would give rise to CTCs whenever

A_φ(y^j_0, φ) > 0 , h_{φφ}(y^j_0, φ) − Δ^2 A^2_φ(y^j_0, φ) < 0 ∀ y^j_0, φ , (2.7)

where we split {x^i(λ)} = {y^j (λ) = y^j_0, φ(λ)}. Similar conditions can be derived when considering more than one compact and periodic dimension.

Gödel-like spaces provide examples of spacetimes having CTCs which fit into this class. In particular, three dimensional Gödel (n = 1 in the notation set-up in [5]), corresponds to Δ = 1, h_{φφ} = r^2 and A_φ = c r^2. The curves r(λ) = r_0 > 1/c, x^i(λ) = x^i_0 i = 1, . . . 7 and t(λ) = t_0, are examples of CTCs. The same conclusions apply to higher dimensional Gödel universes [5].

2.1.1 Discrete quotients Assume the existence of a time-orientable spacetime of the form (2.1) having no CTCs. We can consider discrete quotients of these spacetimes, keeping their metrics locally as (2.1). We shall now analyse which of these abelian quotients generate CTCs.

As we can only quotient along Killing directions of the metric, let us consider the case where the metric has in addition to ∂_t another isometry V . This means that the different tensors building the metric (2.1) are left invariant under its action, i.e. L_V Δ = L_V A_1 = L_V h_9 = 0. When embedding these metrics in string theory, there will generically be other matter fields turned on. Therefore, in those cases, it would be assumed that the vector field V leaves the latter also invariant. Under these conditions, it is always possible to work in a coordinate system in which the Killing vector field is given by V = ∂_y. It is in this adapted coordinate system that the full metric (2.1) can be written as

g = −Δ^2 (dt + A_1)^2 + ‖Ṽ ‖^2 ( dy + B̃_1 )_2 + h̃_8 . (2.8)

B̃_1 is a one-form in an eight dimensional riemannian manifold, whereas the one-form A_1 is decomposed as A_1 = Ã_1 + A_y dy, so that the norm of the Killing vector is given by ‖V ‖^2 = ‖Ṽ ‖^2 − Δ^2 A^2_y, which defines ‖Ṽ ‖^2 in (2.8).

The natural discrete quotients of the metric (2.8) that we can study can be summarized by giving the explicit form for the generator of the discrete identification. We write it as: ξ = α∂_t + β V , α , β ∈ R , (2.9) where V = ∂_y in (2.8).

It is clear that the spacetime that we get by identifying points along the discrete action generated by (2.9) has closed timelike curves whenever β = 0, the reason being that ‖ξ‖ < 0 everywhere, by assumption. Therefore, the integral curves of the Killing vector ∂_t are both closed and timelike, providing some particular example. These comments are trivially extended for arbitrary values of {α , β} whenever the norm ‖ξ‖ is negative at some point of our manifold. The more interesting cases are those involving an everywhere spacelike Killing vector (‖ξ‖ > 0). These are the ones discussed below.

– 7 –

Notice that for α = 0, and after taking the quotient, y becomes a compact and periodic dimension. This situation is a particular case of the one outlined in the general discussion above equation (2.7). Integral curves of the Killing vector ∂_y are not CTCs since we are assuming ‖ξ‖ > 0. However there might be other curves which could be CTCs. In particular, there may exist further periodic dimensions, and by studying curves propagating in these subspaces, one may discover such curves. For instance, if there is a second periodic dimension (φ), there will always be CTCs if the determinant of the 2 × 2 metric in the {y, φ} subspace is negative.

We are finally left with the general case ξ = ∂_t + βV (where we set α = 1 without loss of generality). The norm ‖ξ‖^2 = β^2‖V ‖^2 − Δ^2(1 + 2βA_y) is assumed to be positive everywhere. We shall prove that whenever V is a compact and periodic isometry, i.e. y ∼ y + 2π is a spatial angle (‖V ‖^2 > 0), the corresponding discrete quotient will always have CTCs.^6 Before we give a formal proof, we note that the reason why these CTCs exist is very simple. After the identification, both ∂_y and ∂_t + β∂_y are becoming circles. These define a two torus. It is always possible to close a timelike curve in this two torus by “waiting long enough”, that is, by going around the two non-trivial circles as many times as necessary, independently of whether β is rational or irrational. This distinction based on the rationality of β would certainly play a role if the curve would be lightlike.

Let us prove the above statements. First, consider a linear transformation in the {t , y} plane to new coordinates {T , Y } such that ξ = ∂_T . Thus, after the discrete quotient, T becomes a periodic variable, whereas Y is still a 2π periodic angle. As already stressed above, let us focus on curves {T (λ) , Y (λ) , x^{1..8}(λ) = x^{1..8}_0 } propagating on the two torus. The norm of the tangent vector to such a curve is given by ‖ ‖ ‖ d dλ ‖ ‖ ‖ 2 = ‖ξ‖^2 ( dT dλ + β‖V ‖^2 − Δ^2 A_y ‖ξ‖^2 dY dλ )_2 − Δ^2 ‖Ṽ ‖^2 ‖ξ‖^2 ( dY dλ )_2 . (2.10)

where ‖ξ‖^2 is positive by assumption. We are interested in knowing whether it is possible to construct a closed curve being timelike at the same time.

Let us denote α ≡ β‖V ‖^2 − Δ^2 A_y/‖ξ‖^2, which is a constant, independent of Y, T, λ. Then we pick two integers m, n such that (m n + α R )_2 < Δ^2‖Ṽ ‖^2 ‖ξ‖^4R^2 , (2.11)

where R is the radius in the T direction (T (λ = 2π) = T (λ = 0) + 2πR). It is easy to verify that the curve {T (λ) = Rλ , Y (λ) =^n_m λ} is by construction a closed curve and everywhere timelike. As for its time direction, we note that it is fixed throughout the curve. It is always future (past) directed if R + A_y(^n_m + βR) is a positive (negative) number.^7

6If we would have taken V to be a compact timelike isometry, then obviously we create CTCs. The case where V is a null angular variable obviously creates closed null curves. In the section where we discuss null isometries we consider the creation of CTCs from such orbifolds, where ∂u there plays the role of ∂t here, and ∂v there plays the role of a null V here.

7Of course we can always flip the orientation by changing {T (λ), Y (λ)} to {T (−λ), Y (−λ)}. Also note that we can always choose n, m satisfying (2.11) such that the expression R + Ay(^n_m + βR) is nonzero.

– 8 –

Notice that this construction is very specific to an angle like V . Had V not been of this type, the requirement on the closure of the curve would have put severe constraints on the above construction.

2.2 Lightlike isometry

Let us look now at spaces of the form (2.2). Time-orientability implies that there is a globally well-defined timelike vector field τ defining the future direction. Let us take this vector to be τ =^{e−w√}_2 [∂_u + (1 + H/2)∂_v ] which has norm ‖τ‖^2 = −1. This means that a vector y^μ would be future directed iff

y^v + y^u ( 1 − H 2 ) − A_iy^i > 0 . (2.12)

On the other hand, a vector y^μ is timelike iff −2y^u [ y^v − y^uH 2 − A_iy^i ] + h_{ij}y^iy^j < 0 . (2.13)

Therefore, we see that timelike vectors with y^u > 0 (y^u < 0) are always future (past) directed, and that future directed timelike curves must have y^u = du/dλ > 0 everywhere.

In the following discussion we take u to be non-compact. The case in which it is compact can be viewed as a discrete quotient of this space by ∂_u, and therefore will be discussed in the next subsection.

Unlike the previous case of timelike isometry, in the lightlike case it is very easy to argue the non-existence of closed timelike curves in spacetimes of the form (2.2).^8 Indeed, any future directed timelike curve must have du/dλ > 0 everywhere , and any closed curve must have a turning point in u, where^{du}_{dλ} (λ_∗) = 0. Obviously the two conditions cannot be satisfied simultaneously (furthermore, at such a turning point, the norm of the tangent vector to the curve cannot be negative, as h_8 is positive definite. Thus the curve cannot be timelike at that point).

Therefore closed timelike curves in these wave scenarios could only be possible if u is a compact direction. This can be realized either by considering spacetimes which are already invariant under finite shifts in u, i.e. w(u, x), H(u, x), A_i(u, x) and h_{ij} (u, x) are periodic in u and then one can discretely quotient the space and make u into an angle, or by considering spacetimes where u is a Killing direction, i.e. all the above mentioned functions are independent of u, and one can then consider a discrete quotient of the spacetime along ∂_u. We analyse this second possibility next.

2.2.1 Discrete quotients

As in the discussion of discrete quotients for spacetimes having a timelike isometry, it is convenient to classify the different discrete quotients that one is going to study by writing

8For the special class of metrics with w(u, x) constant, Ai = 0 and h9 = δ, this statement was also shown in [18, 20].

– 9 – the family of Killing vector fields generating them. In the following, we shall focus on quotients generated by ξ = α ∂_u + β ∂_v + γ V , (2.14)

where V stands for an arbitrary Killing vector field of the metric (2.2), that is, it satisfies the conditions L_V w = L_V A_i = L_V H = L_V h_8 = 0. It is useful to compute the norm of this Killing vector field ξ:

‖ξ‖^2 = e^{2w}[−2αβ + Hα^2 + 2αγA_iV^i + γ^2h_{ij} V^iV^j] . (2.15)

It is clear from our previous result, that any discrete quotient generated by ξ with α = 0 has no closed timelike curves.

Let us set then α = 1. Whenever β = γ = 0, we are effectively dealing with a compact and periodic u coordinate. The integral curves of the Killing vector field ∂_u, which are closed by assumption, will be timelike whenever the fixed point x^i_0 in the eight dimensional where they lay is such that H(x^i_0) < 0. A similar result applies to other choices of {β, γ} such that the norm ‖ξ‖^2 < 0 at some point of the manifold. In particular if γ = 0 and ξ = ∂_u +β∂_v then ‖ξ‖^2 = e^{2w(x0)}[H(x_0)−2β] and if there is a point x^i_0 where H(x_0)−2β < 0 then CTCs will be created by the quotient.

So we turn to consider the case where ‖ξ‖^2 > 0 everywhere (and γ ≠ 0). As before we limit ourselves to discussing the case where V is a compact and periodic isometry. It is convenient for our purposes to work in an adapted coordinate system for the eight dimensional metric where V = ∂_ψ, ψ standing for a 2π periodic angle. At the same time, we shall apply a linear transformation in the {u , v , ψ} plane, u^′ = u , v^′ = v − β u , ψ^′ = ψ − γ u so that the Killing vector field in the new coordinates is ξ = ∂_u′ , and the metric is given by g = e^{2ω(x)} [ − 2du^′ dv^′ + (H(x) − 2β) (du^′)^2 + 2du^′ ( A_i dx^i + A_ψ ( dϕ + γ du^′ )) + + ‖V ‖^2 ( dϕ + γ du^′ + B_i(x) dx^i )_2 + l_{ij} dx^i dx^j ] . (2.16)

Let us now construct the following curve: we take v^′(λ) = v^′_0 , x^i(λ) = x^i_0 fixed. Then choose two integers m, n such that | |γR − m n | |^2 < −R^2 H − 2β ‖V ‖^2 , A_ψ ( γR − m n ) ≤ 0 . This is possible iff H − 2β < 0 at x^i_0. Then we take: u^′(λ) = 2πnRλ and ϕ(λ) = −2πmλ (where u^′ is periodic with period 2πR). Clearly the curve is closed, and to verify it is timelike, we evaluate: ‖ ‖ ‖ d dλ ‖ ‖ ‖^2 = e^{2w}(2πnR)^2 ‖V ‖^2 R^2 [ R^2 H − 2β ‖V ‖^2 + ( γR − m n )_2 + 2 A_ψR ‖V ‖^2 ( γR − m n )] < 0 .

– 10 –

We conclude that if there is a point x^i_0 where H(x_0) − 2β < 0, then the quotient by ξ = ∂_u + β∂_v + γ∂_ψ for all γ creates CTCs.^9

The above existence proof uncovers all plane wave metrics propagating in R^8 , which after taking a discrete quotient by ξ = ∂_u + β∂_v + γ V whose norms equal one, ‖ξ‖^2 = 1, give rise to spacetimes having CTCs and being T-dual to Gödel-like universes [4, 5, 20]. It generalises to arbitrary pp-wave metrics propagating in generic curved eight dimensional euclidean manifolds, having at least one compact and periodic dimension.

2.3 Spacelike isometry

Let us finally consider metrics of the form (2.3). Given a curve {z(λ), x^i(λ)}, the norm of its tangent vector at a point λ is given by ‖ ‖ ‖ d dλ ‖ ‖ ‖ 2 = (Δ)^2 ( dz dλ + A_i(x(λ)) dx^i dλ )_2 + g̃_{ij} dx^i dλ dx^j dλ . (2.17)

This curve is a CTC iff the above norm is negative everywhere, the curve is closed and it is future directed.

Let us now consider the 9-dimensional spacetime with metric g̃_9. As the 10-dimensional spacetime is time-orientable, this 9-dimensional one must also be, and if τ = τ^z∂_z + τ^i∂_i was a future directed vector in the 10-dimensions, it is easy to see that τ^i∂_i is a timelike vector in the 9-dimensional spacetime, defining its future direction.

We now show that the curve {x^i(λ)} is a CTC in the 9-dimensional spacetime with metric g̃_9. It is straightforward to see that as a projection of the 10-dimensional closed curve, it must also be closed, and from (2.17) it is clear that it must also be timelike. It only remains to show that it is future directed with respect to τ^i∂_i. This fact is proven in appendix B.

Thus, we find that a necessary condition for the existence of CTCs in these scenarios, is the existence of CTCs in the nine dimensional metric g̃_9.

The discussion based on non-propagating curves in z effectively reduces to discussions presented in previous sections, depending on the amount and kind of isometry present at sections of constant z. We shall therefore skip this point and concentrate on the more interesting compact z isometry.

2.3.1 Discrete quotients Let us proceed as we did for the previous discrete quotient discussions. In this case, we shall study discrete quotient manifolds obtained by identifying points under the discrete action generated by ξ = α ∂_z + β V . (2.18)

If we set β = 0, we end up with the standard Kaluza–Klein ansatz metric, where now z is compact and periodic. We shall next prove that in this case, the previous necessary

9Actually it can be proved that for A1 = 0 and −H ≥ 0 and superquadratic, also noncompact V Killing vectors would always create CTCs. This has been shown for w = 0 in [18] and can be trivially extended to the case where w ≠ 0.

– 11 – condition for existence of closed timelike curves is also sufficient. Indeed, if we assume the existence of a closed timelike curve in g̃_9, we can always construct a closed timelike curve in ten dimensions. Denote such a nine dimensional closed curve by {x^i(λ)}, λ ∈ [0, 2π], and introduce a real number κ ∈ R satisfying:^{10} | |g̃mn dx^m dλ dx^n dλ g^{−1}_{zz} | | ≥ κ^2 ∀ λ . The crucial steps of the proof consist of showing that we can always construct a ten dimensional closed timelike curve by requiring dz dλ = −A_m(x(λ)) dx^m dλ + ϵ , (2.19)

and demanding ϵ^2 < κ^2. First we want to show that the curve resulting from integration of the differential equation (2.19) can be made closed. Indeed, we want to know whether there is a real number ϵ , and two integers k, n ∈ Z for which z(2πk) = z(0) + 2πR n where 2π is the period in the affine parameter of the nine dimensional closed curve x^m(λ), and R is the radius in the z direction. The answer is clear, choose ϵ = 1 2πk ∫_{2πk} 0 A_m(x(λ)) dx^m dλ dλ + R n k ≡ a + b n k , where a , b ∈ R.^{11} The second step consists of showing that the closed curve is timelike. This is equivalent to showing that one can always choose two integers {n, k} such that | |a_′ + b_′ n k | | < 1 , a_′ , b_′ ∈ R which is a condition that is derived from the choice of ϵ and the condition ϵ^2 < κ^2. That one can indeed find these integers can be seen just by choosing

n = Int ( a^′ b^′ k ) ± 1 , k = Int(b^′) ± 1 .

The previous discussion was focusing on the closure and timelike character of the curve, but as we stressed in the introduction of section 2, a further important requirement comes from being a future directed curve. Thus, the last step of the proof consists in showing that the ten dimensional curve that we constructed is indeed everywhere future directed. Assume the nine dimensional curve x^m(λ) is future directed with respect to τ̃, so that this curve is indeed a good CTC in nine dimensions. We can always build a ten dimensional globally defined timelike vector field τ out of τ̃. Indeed, we can just take τ = −(A_j τ^j)∂_z +τ̃. Since we proved in appendix A that future directness is independent of the choice of the

10Such a number must exist as x^m(λ) are all smooth functions from a compact domain to a compact domain.

11Note that a is independent of k as the curve x^m(λ) is periodic. In fact a =^1_{2π} ∫_{2π} 0 Am(x(λ))^{dxm}_{dλ} dλ.

– 12 – representative in the class of mutually future directed timelike vectors, we only have to prove that our ten dimensional curve is future directed with respect to this particular choice of τ. This last statement is trivial, if it is also satisfied in nine dimensions, as we assumed.

This completes the proof that the ten dimensional metric (2.3) quotiented by ∂_z has closed timelike curves if and only if the nine dimensional one g̃_9 does. This statement will have important consequences for the behaviour of closed timelike curves under everywhere spacelike T-duality transformations, but we shall postpone this discussion until section 2.4.

Let us now consider the general scenario, in which β ≠ 0, and for convenience set α = 1. If V is timelike or null, then this is one of the cases we already considered in sections 2.1 or 2.2. We concentrate, as before, on the case where V is a spacelike compact rotational isometry.

By assumption, the description of such an spacetime can always be given in terms of the following metric description:

g = (Δ)^2 ( dz + A_i dx^i + A_ψ dψ )_2

+ ‖Ṽ ‖^2 ( dψ + B_i dx^i )_2 + g̃_8 ,

where V = ∂_ψ, and ‖V ‖^2 = ‖Ṽ ‖^2 + Δ^2 A^2_ψ. By a linear transformation, Z = z, ϕ = ψ − βz, the Killing vector becomes ξ = ∂_Z and the final metric can be written in the form

g = ‖ξ‖^2 (dZ + a_ϕdϕ + a_1)^2 + Q (dϕ + P_1)^2 + h_8 , (2.20)

where a_1, p_1, h_8 are defined on the 8-dimensional manifold transverse to Z, ϕ and the number Q is given in terms of the geometric data defined above by

Q = Δ^2 ‖Ṽ ‖^2 ‖ξ‖^2 = Δ^2 ( ‖V ‖^2 − Δ^2 A^2_ψ ) ‖ξ‖^2 . By our previous discussions, we know that whenever ‖ξ‖^2 < 0 we will have CTCs, which corresponds to the condition ‖V ‖^2 < − Δ^2 β^2

(1 + 2β A_ψ) .

If ‖ξ‖^2 > 0, but Q < 0, there are also CTCs. Both conditions translate into

Δ^2 A^2_ψ > ‖V ‖^2 > −

Δ^2 β^2

(1 + 2β A_ψ) .

Finally, if both ‖ξ‖^2, Q > 0, by trivial extension of our arguments, there will exist CTCs iff the 8-dimensional metric h_8 has CTCs.

2.4 On closed timelike curves and U-duality

In the previous section, we have discussed under which circumstances closed timelike curves exist in certain families of metrics. It is natural to ask whether there exists some relation between different metrics having closed timelike curves, and even more intriguing, whether

– 13 – metrics having them are related to metrics free of these causality violating curves under certain duality transformations. In particular, it is natural to ask whether the notion of existence of closed timelike curves is a U-duality invariant notion. Before entering into a more detailed discussion, we would like to emphasize the regime of validity in which we will be working. The whole notion of a closed timelike curve is based on geometrical (and metric) grounds, and as such, any discussion of its existence will entirely rely on a classical description of a given spacetime metric. Furthermore, when dealing with T-duality in string theory, it is important to distinguish how this conjectured duality manifests in the different regimes of the theory. Since we are forced to work in the classical gravitational limit, T-duality is manifested through the Buscher rules [31] mapping on-shell configurations belonging to “different supergravity theories”. These transformation laws are only valid to one loop in α^′. Furthermore, they do not take possible physical effects associated with the winding sector of the theory into account. Therefore, all we have to say below is concerned with the purely classical general relativistic approach to T-duality. But even in this limit, there are non-trivial statements to be made due to the interplay between the metric and the NS-NS two form.

Let us assume that we have a classical solution to some type-II supergravity theory which is reliably described in this regime.^{12} Concerning S-duality, it is manifest, at least at the level of type IIB supergravity, that the existence of closed timelike curves is an S-duality invariant notion. The reason is that the metric of the original configuration and its S-dual description are conformally related. Thus, the causal structure of both metrics is the same, and in particular, the existence or non-existence of closed timelike curves is preserved under this particular kind of transformations. Notice that this is a general statement which does not depend on the kind of spacetime we are studying.

On the other hand, a priori, it would seem that such a property is not shared by Tduality. By looking at the transformations mapping the supergravity multiplets between type-IIA and IIB supergravity, one observes that the metric and NS-NS two form are related to each other, so that it is far from obvious that such a property would be preserved. Even though it may be counterintuitive, there is an argument giving some clues that this might be correct. Any on-shell spacetime supergravity configuration to which we want to apply a (spacelike) T-duality transformation^{13} has to be invariant under a spacelike z translation.^{14} In particular, this means that the original metric configuration can always be written in a Kaluza–Klein ansatz form:

g = g̃_{mn} dx^m dx^n + g_{zz} (dz + A_mdx^m)^2 . (2.21)

Therefore, the metric (2.21) is of the form (2.3), and we can use all the results that we obtained in subsection 2.3.1 for a periodic spacelike isometry ∂_z.

Physically, it is clear that in the limit in which the Kaluza–Klein observer description is reliable (nine dimensional metric g̃), the notion of existence of closed timelike curves

12The dilaton does not blow up, and the curvature R is small in string units, R · α^′ ≪ 1. 13The possibility of studying T-duality along a timelike direction can also be considered, and one can work out some generalization of the T-duality rules. We will not discuss this possibility in this note.

14From now on, the z direction will stand for the direction along which we study T-duality.

– 14 – will be T-duality invariant, since for that observer, only the nine dimensional metric that he/she measures is relevant, and that metric (g̃) is T-duality invariant. We want to show that, actually, the notion of existence or non-existence of closed timelike curves is a ten dimensional T-duality invariant notion.

In order to prove this statement, let us first write the T-dual metric of a given metric (2.21) g^′ = g̃_{mn} dx^m dx^n + 1 g_{zz} (dz − B_{mz}dx^m)^2 , (2.22)

where B_{mz} stands for the i_{∂z} B_2 components of the original NS-NS two form. Notice that (2.22) is again of the form (2.3).

We already know that both 10-dimensional metrics would have CTCs iff the 9-dimensional reduced one g̃ does, a statement that relies on appendix B. Since for both T-dual metrics, this Kaluza–Klein reduced metric is the same, we conclude that the existence of CTCs is a T-duality invariant notion.^{15}

Knowing this fact about T-duality and CTCs, it is natural to ask whether there is any relation between different scenarios discussed in section 2 having CTCs. As it is already known in the literature, there is a close relationship between certain compactified pp-waves and Gödel-like universes. We are in a position to generalize this connection to a wider set of configurations.

Consider a discrete quotient of a type-II configuration having a lightlike isometry, so it is described by (2.2), with a vanishing NS-NS two-form, and some non-trivial dilaton profile,^{16} which has CTCs. Thus, the generator of the identifications is given by

ξ = ∂_u + β ∂_v + γ V ,

where V stands for a compact and periodic isometry. We can introduce an adapted coordinate system ⃗x = e^{γ u V} ⃗y v = v^′ + β u , (2.23)

in which ξ = ∂_u. The metric (2.2) written in coordinates (2.23) is given by

g = e^{2ω} [−2du dv^′ + g_{ij} dy^i dy^j + 2(A_{(1)} + γ V_{(1)}) du] + ‖ξ‖^2 du^2 , (2.24)

15In [19], it was claimed that in certain cases the T-dual closed timelike curves could be ”resolved” in the sense that they could change their nature from being purely topological to purely geometrical. The attitude in that paper is that all closed timelike curves introduced by discrete identifications are not intrinsic to Einstein field equations, since the latter are local equations, and locally our quotients are not distinguishable from the original spacetime that we started from. Thus, one might be tempted to conclude that from a purely supergravity point of view the latter distinction is important. In the present paper, we prefer to take a more stringy perspective, and even though, our analysis only applies to the supergravity regime, we do believe the physics of our original spacetime and the one after discrete identifications are manifestly different. Thus, we do want to claim there are still closed timelike curves in the T-dual description.

16We can certainly include arbitrary RR form potentials, but they will not modify our argument, so we shall not include them in the discussion to keep it free of useless technicalities.

– 15 – where A_{(1)} + γ V_{(1)} = A_i(⃗y) dy^i + γ g_{ij} (⃗y)V^j(⃗y) dy^i. Applying the T-duality rules appearing in [31] along the spacelike direction ∂_u, one obtains the type-II T-dual configuration g = −e^{4ω}‖ξ‖^{−2} ( dv − (A_{(1)} + γ V_{(1)})

)_2 + e^{2ω} g_{ij} dy^i dy^j + ‖ξ‖^{−2} du^2 B_{(2)} = e^{2ω} ‖ξ‖^{−2} du ∧ ( A_{(1)} + γ V_{(1)} − dv ) e^{2ϕ′} = e^{2ϕ} ‖ξ‖^{−2} . (2.25)

Therefore, we can state that the T-dual configuration of discrete quotients of pp-wave backgrounds (2.2) with vanishing NS-NS two-form and Killing vector (2.14), giving rise to CTCs after the discrete identification, is a metric of the type (2.1). This conclusion uncovers many particular examples that have already been reported in the literature and points out that the crucial property behind these relations are the symmetries of the spacetimes involved in the discussion.

3. Supersymmetric configurations and CTCs

The extension of the formalism developed in the previous section to supersymmetric configurations is straightforward. The only relevant question that remains open is if supersymmetry is preserved under discrete quotients of the initial spacetime configuration, and if so, how many such supersymmetries are preserved.

The answer to this question can be non-trivial in general. To begin with, the quotient manifold M/Γ may not even allow a spin structure, so that standard fermions do not exist on it.^{17} Since it is not the purpose of this paper to investigate this issue, we shall assume that M/Γ has spin structure. In that case, given a background with Killing spinors ε, the local criterium for the existence of supersymmetry in M/Γ is given by L_ξε = ξ^M ∇_M ε − 1 4 ∇_{[M} ξ_{N]}Γ^{MN} ε = 0 , (3.1)

which selects the subset of the original Killing spinors left invariant under the action of the generator ξ of the discrete identification. We shall use this approach in the following subsections.

3.1 Timelike isometries in susy configurations

As an example of closed timelike curves in a supersymmetric realization of the metric family (2.1), we shall consider a discrete quotient of the well-known supergravity configuration describing a bunch of parallel D3-branes in Minkowski spacetime. We would like to stress that the particular example discussed below is just the type-IIB adaptation of the scenarios discussed in [32, 33] in an M-theory context and which were referred in these references to as “exotic reductions”.

17This does not exclude the possibility of having “charged” fermions in some spin^c structure, for example.

– 16 –

The idea is very simple. Consider the classical type-IIB configuration describing D3- branes located at the origin, whose metric^{18} is given by

g = f^{−1/2}(r) ds^2(E^{1,3} ) + f^{1/2}(r) ds^2(E^6 ) , f(r) = 1 + |Q| r^4 , and study its quotient under a discrete identification generated by the Killing vector field

ξ = τ_‖ + ρ_⊥ = μ ∂_t + θ_1 R_{45} + θ_2 R_{67} + θ_3 R_{89} , (3.2)

where R_{ij} stands for a rotation in the ij-plane.

The first question one needs to clarify is whether the norm of the above Killing vector can be made spacelike everywhere, by a convenient choice of the set of parameters {μ, θ_i}. Notice that the norm of the transverse rotation at infinity satisfies some bounds

r^2M^2 ≥ ‖ρ_⊥‖^2_∞ ≥ r^2m^2 ,

where m can be made nonzero if θ_i ≠ 0 ∀ i. Therefore, the norm of the Killing vector satisfies ‖ξ‖^2 = −μ^2 f^{−1/2} + f^{1/2}‖ρ_⊥‖^2_∞ ≥ −μ^2 f^{−1/2} + f^{1/2}r^2m^2 ,

since f(r) is an everywhere positive function. The right hand side defines a function of the radial coordinate F (r). This function is minimized at the critical radius

r^2_0m^2 = |Q| μ^2 r^4_0 + |Q|

, (3.3)

as can be checked by evaluating the second derivative F^{′′}(r_0). Requiring the value of the function at the critical radius to be positive, to ensure the spacelike character of the Killing vector ξ everywhere, gives the extra condition r^4_0 ≤ |Q|, which can be translated in terms of the μ parameter appearing in the determination of the critical radius (3.3)

μ^2 ≤ 2m^2|Q|^{1/2} . (3.4)

To sum up, it is possible to construct a discrete quotient of the standard D3-brane configuration involving timelike translations and transverse rotations leaving no directions perpendicular to the brane invariant (θ_i ≠ 0 ∀ i), such that the norm of the full Killing vector is spacelike everywhere. This is achieved by fine tuning the otherwise free parameter μ, which is constrained to satisfy the upper bound (3.4).

Since ρ_⊥ corresponds to a compact and periodic isometry, the above example fits into our general discussion of discrete quotients having a timelike isometry. As such, we conclude it has CTC’s. The same conclusion applies to all “exotic reductions” considered in [32, 33]. It is important to stress that the above conclusion is independent of whether the quotient preserves supersymmetry or not, that is, it is independent of the choice of the rotation parameters {θ_i} as far as all of them are non-vanishing. For a discussion on the supersymmetry preserved by these quotients, see [32].

18The full type-IIB configuration involves a constant dilaton and a non-trivial RR five-form field strength, but we shall not be concerned with their explicit form in the following discussion.

– 17 –

3.2 Null isometries of the pp-wave type We shall now discuss some examples of metrics having null isometries in a supersymmetric context. We shall focus on the type-IIB supergravity configurations studied in [29], even though there were more general backgrounds both in type-IIB and IIA discussed in [34]. Let us quickly review the solutions presented in [29].

The general (2,2) supersymmetric pp-wave background can be parameterized in the form:

g = −2dx^+dx^− − 32(|dW |^2 + |V |^2)(dx^+)^2 + 2g_{μν̄} dz^μdz̄^{ν̄} , F_5 = dx^+ ∧ φ_4 , φ_{μν} = ∇_μ∇_ν W , φ_{μ̄ν̄} = ∇_{μ̄}∇_{ν̄} W , φ_{μ̄ν} = ∇_{μ̄}∇_ν U , (3.5)

where W is a holomorphic function, and V^μ a holomorphic Killing vector coming from a real Killing potential U such that ∇_μV^μ = 0 and ∂_ν [V^μ∇_μW ] = 0. φ_2 parameterizes the four-form φ_4 in F_5 as explained in [29]:

φ_4 = 1 4! [ φ_{μν} g^{νν̄} ϵ_{ρσλν} dz^μ ∧ dz̄^{ρ̄} ∧ dz̄^{σ̄} ∧ dz̄^{λ̄} + 1 2 φ_{μν̄} g_{ρρ̄}dz^μ ∧ dz̄^{ν̄} ∧ dz^ρ ∧ dz̄^{ρ̄} + c.c. ] . The Killing spinors are parameterized by two complex parameters.

On the other hand, the general (1,1) supersymmetric pp-wave background can be parameterized in the form:

g = −2dx^+dx^− − 32(|dU|^2)(dx^+)^2 + 2g_{μν̄} dz^μdz̄^{ν̄} F_5 = dx^+ ∧ φ_4 , φ_{μν} = ∇_μ∇_ν U , φ_{μ̄ν̄} = ∇_{μ̄}∇_{ν̄} U , φ_{μ̄ν} = ∇_{μ̄}∇_ν U , (3.6)

where U is a real harmonic function. The Killing spinors are parameterized by one complex parameter, and φ_4 is given in terms of φ_2 as explained above.

These solutions are free of closed timelike curves, but we would like to study whether discrete quotients of them can generate such curves while preserving supersymmetry. By our general arguments in section 2.2, many of these discrete quotients will indeed have CTCs, so we are left to determine which of these quotients preserve some amount of supersymmetry. This is analysed in detail in appendix C. The main conclusion out of this analysis is that any Killing vector of the form

ξ = a∂_+ + b∂_− + Ṽ , a, b ∈ R (3.7)

where Ṽ is an holomorphic Killing vector of the transverse eight dimensional metric such that it commutes with V , i.e. [V , Ṽ ] = 0, and preserves ∇ W , i.e. L_Ṽ ∇_μW = 0, preserves all the (2,2) supersymmetries of the original background. For completeness, we provide its norm ‖ξ‖^2 = −32a^2 ( |dW |^2 + |V |^2 ) + 2|Ṽ |^2 − 2ab . (3.8)

According to our previous discussion in section 2, we can immediately conclude that for a = 0 we get no CTCs in the discrete quotient spacetime. On the other hand, for a ≠ 0,

– 18 – any discrete quotient generated by ξ with Ṽ being a compact and periodic isometry can give rise to CTCs. We shall study a couple of examples where this feature will be shown explicitly.

3.2.1 Flat transverse space The simplest example we could consider is a pp-wave propagating in a flat eight dimensional transverse space

g = −2dx^+dx^− − 32(|dW |^2 + |V |^2)(dx^+)^2 + 2δ_{μν̄} dz^μdz̄^{ν̄} , φ_{μν} = ∂_μ∂_ν W , φ_{μ̄ν̄} = ∂_{μ̄}∂_{ν̄}W̄ , φ_{μ̄ν} = ∂_{μ̄}∂_ν U . (3.9)

Out of the symmetries of this spacetime, we shall only consider those preserving its complex structure, thus

V = i(P^μ + R^μ_ν z^ν )∂_μ + c.c. , U = P_μz^μ + R_{μν} z^μz^ν + c.c. ,

and W is any holomorphic function.

According to our general analysis in the previous section, the generator of the discrete quotient ξ = a∂_+ + b∂_− + Ṽ , Ṽ = i(P̃^μ + R̃^μ_ν z^ν )∂_μ + c.c. , will preserve all the original supersymmetries if Ṽ is an holomorphic Killing vector field satisfying [V, Ṽ ] = 0 and L_Ṽ ∇ W = 0. These conditions imply that

[R, R̃] = 0 , P^μR̃^ν_μ = P̃^μR^ν_μ , (P̃^μ + R̃^μ_ν z^ν )∂_μW = const .

We introduce new coordinates

(x^−)^′ = x^− − ( b a ) x^+ ,

y = e^{−Ṽ x+} · z , (3.10)

in which ξ = ∂_x+ , by construction. The metric is given by

g = −2dx^+dx^{−′} + ‖ξ‖^2(dx^+)^2 + 2[Ṽ_μdy^μ + Ṽ_{μ̄}dȳ^{μ̄}]dx^+ + 2 δ_{μν̄} dy^μdȳ^{ν̄} , (3.11)

where ‖ξ‖^2 = −32a^2 ( |dW |^2 + |V |^2 ) + 2|Ṽ |^2 − 2ab . The identification x^+ ∼ x^+ + 2πR generates CTCs, and since we know these are preserved under a T-duality transformation, it is just more convenient for us to look for them in the T-dual picture. Taking the particular case W = 0, Ṽ = 4aV = iR^μ_ν y^ν ∂_μ + c.c. and 2ab = −1, one finds that ‖ξ‖^2 = 1, i.e. ξ is everywhere spacelike. After T-dualizing the metric along ξ, we get the family of Gödel-like solutions related to compactified plane waves, mentioned in [4, 5, 20]. Their metrics are given by

g̃ = −[dx^{−′} − (iR^μ_ν y^ν dȳ^{μ̄} + c.c)]^2 + (dx^+)^2 + 2 δ_{μν̄} dy^μdȳ^{ν̄} ,

which are known to have CTCs.

– 19 –

3.2.2 Eguchi–Hanson transverse space

Another very interesting metric to look at, which possesses some supersymmetry is a ppwave whose 8-dimensional transverse space z^M , z^M , M = 1, . . . , 4 is the direct product of an Eguchi–Hanson space on z^μ, z^μ, μ = 1, 2 and a C^2 space z^i, z^i, i = 3, 4.

The Eguchi–Hanson metric is given, in the above complex coordinates, in terms of the Kähler potential:

K = √ ρ^4 + a^4 − a^2 ln ( a^2 ρ^2 + √ 1 + a^4 ρ^4 ) = r^2 + a^2 2 ln ( r^2 − a^2 r^2 + a^2 ) ,

where ρ^2 ≡ (z^1)^2 + (z^2)^2 and r^4 ≡ ρ^4 + a^4. Its components are explicitly given by

g_{μν̄} = √ 1 + a^4 ρ^4 δ_{μν̄} − a^4z_μz_ν ρ^6 √ 1 +^{a4}_{ρ4} = √ 1 + a^4 ρ^4 ( δ_{μν̄} − a^4z_μz_ν ρ^2(ρ^4 + a^4) ) . (3.12)

Thus, the full transverse space where the pp-wave propagates is given by

h_8 = 2 [ g_{μν̄} z^μz^ν + δ_i¯_j dz^idz^j ] = g_{EH} + g_C 2 .

The latter has the following traceless holomorphic Killing vectors: V^M = iC^M_N z^N where C^M_N is a constant hermitian traceless 4x4 matrix which is block diagonal.^{19} Although it is possible to work with a general such matrix (having seven complex parameters), we choose to simplify things and work with the diagonal matrix C = μ · diag(1, 1, −1, −1), μ a real parameter. For this choice, the norm of the Killing vector is ‖V ‖^2 = μ^2(|z^3|^2 + |z^4|^2 +^{ρ4}_{r2} ). All in all, we shall be considering the following particular (2,2) supersymmetric pp-wave solution:^{20}

g = −2dx^+dx^− − 32|V |^2(dx^+)^2 + g_{EH} + g_C 2 , ‖V ‖^2 = μ^2 ( |z^3|^2 + |z^4|^2 + ρ^4 r^2 ) , φ_1¯_{12}¯_2 = φ_3¯_{34}¯_4 = μ , φ_{μν̄i}¯_j = μ 2 δ_i¯_j [∂_μg_{ν̄λ}]z^λ . (3.13)

We know there are no CTCs in the above pp-wave configuration, so we shall focus on discrete quotients of it generated by the Killing vector field

ξ = ∂_+ + a∂_− + (iD^M_N z^N ∂_M + c.c) ,

where D^M_N stands for a 4x4 constant block diagonal hermitian and traceless matrix. Instead of studying the most general scenario, we specialize to the simpler case where D = ν · diag(1, 1, −1, −1), ν real.

19Note that V^M cannot have a constant piece in the 1,2 directions, as it must respect the Z2 symmetry z^μ → −z^μ of the Eguchi–Hanson space.

20We could have also added any holomorphic function W (z^M ) to g++ and the corresponding 5-form fluxes, such that V^M ∂M W = const

– 20 –

It is convenient to introduce a new set of coordinates in which ξ = ∂_+. The latter is given by

x^{−′} = x^− − a x^+ , ω^{1,2} = e^{−iνx+} z^{1,2} , ω^{3,4} = e^{iνx+} z^{3,4} . (3.14)

The metric, when written in terms of this adapted coordinate system, becomes

g = −2dx^+dx^{′−}+‖ξ‖^2(dx^+)^2 +g_{EH}+g_C 2 −iν [ (ω^μg^{EH}_{μν̄} dω^ν −c.c)+(ω^3dω^3+ω^4dω^4 −c.c) ] dx^+ . (3.15) Notice that F_5 = dx^+ ∧ φ_4 keeps its form, just by replacing all the dependence in z^N in φ_4 by ω^N . Let us introduce polar coordinates to describe both C^2 complex planes. In particular, consider

w^1 = ρ cos ( θ 2 ) e^{i2 (ψ+ϕ)} ; w^2 = ρ sin ( θ 2 ) e^{i2 (ψ−ϕ)} , w^3 = ρ̃ cos ( θ̃ 2 ) e^{i2 (ψ̃+ϕ̃)} ; w^4 = ρ̃ sin ( θ̃ 2 ) e^{i2 (ψ̃−ϕ̃)} , (3.16)

where, as before, r^4 = ρ^4 + a^4. In this way, we can rewrite the metric (3.15) using the standard su(2) left invariant one-forms {σ_i, σ̃_i} as follows

g = −2dx^+dx^{′−} + ‖ξ‖^2 (dx^+)^2 + g_{EH} + g_C 2 + 2ν ( ρ̃^2σ̃_z + ρ^4 r^2 σ_z ) dx^+ , (3.17)

where g_{EH} =^{ρ2}_{r2} (dρ^2 + ρ^2σ^2_z ) + r^2(σ^2_x + σ^2_y) , g_C 2 = dρ̃^2 + ρ̃^2(σ̃^2_z + σ̃^2_x + σ̃^2_y ) and the norm of the Killing vector is given by ‖ξ‖^2 = −{2a + (32μ^2 − ν^2)(ρ̃^2 + ρ^4/r^2)}.

The identification, x^+ ∼ x^+ + 2πR will create CTCs, as ξ involves a compact rotation isometry. This is more manifest in the T-dual description. Indeed, consider the T-dual configuration along the ∂_x+ direction, for the particular choice 32μ^2 = ν^2 and a = −1/2. This has a non-trivial NS-NS two-form potential, B_2 = (−dx^{′−} + ν(ρ̃^2σ̃_z +^{ρ4}_{r2} σ_z)) ∧ dx^+ and a metric g = − [ dx^{′−} − ν ( ρ̃^2σ̃_z + ρ^4 r^2 σ_z )]_2 + (dx^+)^2 + g_{EH} + g_C 2 . (3.18)

We are ignoring here the details concerning a non-trivial RR four-form field strength.

By inspection of (3.18), we see immediately that we have CTCs. Indeed, g_{ψψ} =

ρ^4 4r^2 (1 − ν^2ρ^4 r^2 ) and gψ̃ψ̃ = ρ̃^2

4 (1 − ν^2 ρ̃^2), both becoming negative as ρ, ρ̃ increase. Notice that the metric (3.18) can be regarded as a Gödel-type universe over an Eguchi–Hanson space, and by construction it is supersymmetric.

3.2.3 D-branes in pp-wave backgrounds with transverse flat space As a final example of a supersymmetric background having a null isometry we will consider that of a joint (2,2) supersymmetric pp-wave and a D-brane in type-IIB theory. Such a background is not of the pp-wave type, as it has a non-trivial warp factor describing the

– 21 – backreaction of the D-brane. Yet, it is easy to handle as its supersymmetries are known. When there is no D-brane, we know these pp-waves have at least (2,2) supersymmetry. In the case on which we shall concentrate, the addition of the D-brane projects out half of these, leaving us with a (2,0) or (0,2) supersymmetric background. We actually prove that the pp-wave superimposed with a D1-brane in the x^+, x^− directions preserves (2,0) supersymmetry. Using U-dualities one can obtain other supergravity backgrounds in type- IIB, type-IIA and M-theory, where the pp-wave is superimposed with a brane in a way that preserves (2,0) supersymmetry.

Supergravity solutions for D-branes in plane wave backgrounds with flat transverse space have been previously obtained in [35], and for D-branes in pp-wave backgrounds with flat transverse space such solutions were obtained in [36, 37]. Note that our solutions in appendix D differ from those obtained in [36] as they claim to get D1+pp solutions which are not supersymmetric, while we find (2,0) and (1,0) supersymmetric solutions for the D1+pp system. Our results also differ from those of [37] as they try to find supersymmetric solutions for a general flux, while we pick a flux related to the metric, so that the entire background preserves some supersymmetry.

Even though our results are more general, let us work with the (2,0) supersymmetric pp wave+D1 background in flat transverse space. The complete background is given by g = f^{−1/2} [ −2dx^−dx^+ − 32(|dW (z)|^2 + |V (z)|^2)(dx^+)^2 ] + f^{1/2}dz^αdz̄^ᾱ , φ_{αβ} = ∂_α∂_βW , φ_ᾱ¯_β = ∂_ᾱ∂¯_βW̄ , φ_{ᾱβ} = ∂_ᾱ∂_β U , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , e^ϕ = g_s f^{1/2} , (3.19)

where f(z^α, z^ᾱ) is a real harmonic function, W (z) a holomorphic function and V^μ a holomorphic Killing vector, such that ∂_αV^α = ∂_α[V^β ∂_βW ] = 0, V_μ = i∂_μU.

In the absence of the D-strings, we showed in appendix C that any Killing vector of the form ξ = a∂_+ + b∂_− + Ṽ ,

preserves all the (2,2) supersymmetries if Ṽ is a holomorphic Killing vector satisfying ∇_μṼ^μ = 0 and L_Ṽ V^μ = L_Ṽ ∇_μW = 0 .

In the presence of the D-strings, it is easy to see that the previous ξ will preserve all the supersymmetries of the joint ppwave+D1 set-up if it satisfies the further requirement

L_Ṽ f = Ṽ^μ∇_μf + Ṽ^{μ̄}∇_{μ̄}f = 0 ,

which again ensures it is an isometry of the background (3.19).

Under these circumstances, both V and Ṽ generate rotations in the transverse space,

V = i R^μ_ν z^ν ∂_μ + c.c. , Ṽ = i R̃^μ_ν z^ν ∂_μ + c.c. .

– 22 –

Therefore, if Ṽ satisfies the conditions

[R, R̃] = 0 , R̃^μ_ν z^ν ∂_μW = const ,

it will be an isometry of (3.19) and will preserve all its supersymmetries.

Instead of dealing with the most general possibility, we shall focus on a particular example in which we set W = 0, √ 32 V^μ = Ṽ^μ = iβ (z^1∂_1−z^2∂_2 +z^3∂_3 −z^4∂_4), a = −2b = 1 and we take all the D-strings to be localized at the origin, so that the real harmonic function is f = 1 + Q/r^6. Therefore, we are dealing with the background g = f^{−1/2} [ −2dx^−dx^+ − β^2r^2(dx^+)^2 ] + f^{1/2}dz^αdz̄^ᾱ ,

φ_{μν} = φ_{μ̄ν̄} = 0 ; φ_{μ̄ν} = ∂_{μ̄}∂_ν ( β √ 32 ( |z^1|^2 − |z^2|^2 + |z^3|^2 − |z^4|^2 )) , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} ,

e^ϕ = g_s f^{1/2} , f = 1 + Q r^6

, (3.20)

and the generator of the discrete quotient that we shall analyse is given by ξ = ∂_+ −^1_2 ∂_− + β(iz^1∂_1 − iz^2∂_2 + iz^3∂_3 − iz^4∂_4 + c.c.).

By changing coordinates to an adapted coordinate system defined by

x^{−′} = x^− + 1 2 x^+ , y^1 = e^{−iβx+} z^1 , y^2 = e^{+iβx+} z^2 , y^3 = e^{−iβx+} z^3 , y^4 = e^{iβx+} z^4 ,

in which ξ = ∂_+, the metric in (3.20) is

g = f^{−1/2} ( 1 + β^2Q^2 r^4 ) dx^+ − ( 1 + β^2Q^2 r^4 )_{−1} dx^{−′} − βf ∑ j r^2_j dθ_j 2 −

− f^{−1/2} 1 + β^2Q/r^4 dx^{−′} − βf ∑ j r^2_j dθ_j 2 + f^{1/2} ∑ j [ dr^2_j + r^2_j dθ^2_j ] , (3.21)

where we introduced polar coordinates in each of the R^2 planes, i.e. y^j = r_je^{iθj} j = 1, 2, 3, 4.

In this form, it is obvious that orbifolding by ξ would generate a spacetime with CTCs. For instance, the T-dual metric along x^+ has future directed CTCs given by the orbits of the vector field −∂_θ1 for β r_1 > 1 + β^2Q^{2 r2−r21 z}_{r6} .

Acknowledgments

JS would like to thank O. Aharony, N. Drukker, B. Fiol, B. Kol, J.M. Figueroa-O’Farrill and M. Rozali, whereas LM would like to thank E. Gimon, V. Hubeny, J. Maldacena, M. Rangamani, S. Ross and A. Strominger, for useful discussions. JS would like to thank the Institute for Advanced Studies in Princeton, the Perimeter Institute and the Aspen Center for Physics and LM would like to thank the Institute for Advanced Studies in Princeton, Princeton University, The Weizmann Institute of Science and the organizers of Strings 2003

– 23 – in Kyoto, for hospitality during the different stages involved in this project. JS was supported by a Marie Curie Fellowship of the European Community programme “Improving the Human Research Potential and the Socio-Economic Knowledge Base” under the contract number HPMF-CT-2000-00480, during the initial stages of this project, by the Phil Zacharia fellowship from January to August in 2003 and since then by the United States Department of Energy under the grant number DE-FG02-95ER40893. JS travelling budget was also supported in part by a grant from the United States–Israel Binational Science Foundation (BSF), the European RTN network HPRN-CT-2000-00122 and by Minerva, during the initial stages of this project. JS would also like to thank the IRF Centers of Excellence program. LM would like to thank Stichting FOM for support.

A. Future directed timelike vectors

In this appendix we will show that if a timelike vector y is future directed with respect to a globally defined vector field τ, it will also be future directed with respect to any other future directed timelike vector τ̃ . In other words, the future directness of a given timelike vector field y is independent of the choice of the representative of the class of mutually future directed globally defined timelike vector fields {τ}.

Mathematically, what we want to show is that if the following conditions are satisfied

‖y‖^2 < 0 , ‖τ‖^2 < 0 , g(y , τ) < 0 (A.1) ‖τ̃‖^2 < 0 , g(τ̃ , τ) < 0 , (A.2)

this implies that g(y, τ̃) < 0 . (A.3)

We will first prove this statement in Minkowski spacetime, and afterwards that it also applies to any spacetime with the same signature. In Minkowski spacetime, from the condition that both y and τ are timelike, we derive the condition

(y_0)^2 (τ_0)^2 > |⃗y|^2 |⃗τ|^2 > (⃗y · ⃗τ)^2 ,

where we split y = (y_0, ⃗y), τ = (τ_0, ⃗τ) and ⃗x · ⃗z stands for the euclidean scalar product of two vectors ⃗x and ⃗z.

Due to the fact that y is future directed, the condition y_0 τ_0 > ⃗y · ⃗τ is satisfied. This allows us to infer that y_0 τ_0 > 0 .

An analogous conclusion is obtained for the product τ_0 τ̃_0 > 0.

If τ̃_0 > |⃗τ̃|, we conclude that both τ_0 and y_0 are positive, and consequently, y_0 > |⃗y|. If τ̃_0 < −|⃗τ̃|, we conclude that both τ_0 and y_0 are negative, and consequently, y_0 < −|⃗y|. In either case, y_0 τ̃_0 > |⃗y| |⃗τ̃| > ⃗y · ⃗τ̃ . Thus, indeed y is future directed with respect to the globally defined timelike vector field τ̃.

– 24 –

To deal with the curved spacetime, we just notice that we can always introduce a local orthonormal frame in which our spacetime is Minkowski, and where our previous proof applies. Since we assumed that our spacetimes are time-orientable, this means that the distinction between future and past directed vectors can be done at any point, and therefore the local analysis of our metric is enough for our purposes.

B. CTCs in a dimensionally reduced spacetime with spacelike isometry

The purpose of this appendix is to show that given a ten dimensional spacetime with a compact and periodic spacelike isometry ∂_z having a future directed closed timelike curve, this necessarily implies the existence of a future directed closed timelike curve in the nine dimensionally reduced metric g̃.

Thus, we have a ten dimensional metric of the form (2.3) and a globally defined timelike vector field τ, with respect to which a closed timelike curve {z(λ), x^i(λ)} is future directed. And we want to show that there exists a closed timelike curve x̃^i(λ) which is future directed with respect to a globally defined nine dimensional timelike vector field τ̃.

We shall prove that the simple choice τ̃ = τ^i∂_i and x̃^i(λ) = x^i(λ) already fulfills all the above requirements, where we decomposed τ = τ^z∂_z + τ^i∂_i. All these requirements are trivial except for the future directed character of x̃^i(λ). Let us assume that given these choices the nine dimensional curve is past directed at some point λ_0. We shall show that we get a contradiction.

Let us introduce the parameters α ≡ Δ(ż + A · ẋ) and β ≡ Δ(τ^z + A · τ), where dot stands for d/dλ and where all expressions are evaluated at λ_0. In terms of these, our ten dimensional assumptions can be written as 0 < α^2 < −‖ẋ‖^2 , 0 < β^2 < −‖τ‖^2 , αβ < −g̃_9(τ, ẋ) < 0 , where ‖y‖^2 = g̃_9(y, y) ∀ y. These inequalities imply that

g̃_9(ẋ, τ)^2 < α^2β^2 < (−‖ẋ‖^2)(−‖τ‖^2) .

However, the last inequality can never be true for two timelike vectors and a metric of lorentzian signature, i.e. for any two timelike vectors with components a^i , b^i the following is always true:

g_{ij} g_{kl}a^ib^k(a^lb^j − a^j b^l) ≥ 0 . (B.1)

One way to show this is to work in a local orthonormal frame. This amounts to computing the left hand side of the above expression by replacing g_{ij} → η_{ij} and expressing both vectors in the corresponding orthonormal frame basis. The result,

g_{ij} g_{kl}a^ib^k(a^lb^j −a^j b^l) = (a · b)^2 − ‖a‖^2 ‖b‖^2 (B.2) = (|⃗a|^2|⃗b|^2) cos^2 θ_{ab} − 2a_0b_0|⃗a||⃗b| cos θ_{ab} + (a^2_0|⃗b|^2 + b^2_0|⃗a|^2 − |⃗a|^2|⃗b|^2) ,

is a parabola, when viewed as a function of the cosine of the local angle between both vectors, cos θ_{ab}. As a parabola, it reaches its minimum at cos θ_{ab} =^{a0b0}_{|⃗a||⃗b|} . Since | cos θ_{ab}| ≤ 1,

– 25 – the minimum is obtained whenever cos θ_{ab} = ±1. For these extremal values the entire expression becomes a perfect square

(a · b)^2 − ‖a‖^2 ‖b‖^2 = (a_0|⃗b| ± b_0|⃗a|)^2 ≥ 0 . (B.3)

Thus, we conclude that (B.1) is always non-negative, and therefore the 9-dimensional curve is everywhere future directed.

C. Supersymmetry analysis

In this appendix we will look at the (2,2) supersymmetric pp-wave backgrounds described in [29] and analyse which Killing vectors preserve all or some of their supersymmetries when considered as generators of discrete quotients.

The (2,2) supersymmetric pp-wave backgrounds can be parameterized in the following way:

ds^2 = −2dx^+dx^− − 32(|dW |^2 + |V |^2)(dx^+)^2 + 2g_{μν̄} dz^μdz̄^{ν̄} F_5 = dx^+ ∧ φ_4 φ_{μν} = ∇_μ∇_νW , φ_{μ̄ν̄} = ∇_{μ̄}∇_{ν̄}W̄ , φ_{μ̄ν} = ∇_{μ̄}∇_ν U (C.1)

where W is a holomorphic function of the transverse coordinates and V^μ a holomorphic Killing vector derived from a real Killing potential U, such that ∇_μV^μ = 0 and ∂_ν [V^μ∇_μW ] = 0, and the four-form φ_4 is given in terms of φ_2 by

φ_4 = 1 4! [ φ_{μν} g^{νν̄} ϵ_{ρσλν} dz^μ ∧ dz̄^{ρ̄} ∧ dz̄^{σ̄} ∧ dz̄^{λ̄} + 1 2 φ_{μν̄} g_{ρρ̄}dz^μ ∧ dz̄^{ν̄} ∧ dz^ρ ∧ dz̄^{ρ̄} + c.c. ] . (C.2) By computing the anticommutator of two supersymmetry generators we can find some bosonic isometries of the background, confirming the Killing character of the holomorphic vector field V^μ. The spacetime Killing spinors are of the form (using the notations of [29]): ε = [ α + 1 4 ζ 1 4! ε_{μνρσ}b^{†μ̄}b^{†ν̄} b^{†ρ̄}b^{†σ̄} ] |0⟩ + Γ_−[β_{μ̄}b^{†μ̄} + δ_μ~b^μ]|0⟩ , (C.3)

where for N = 2 solutions we have

β_{μ̄} = 2i [ iαV_{μ̄} + ζ∇_μW ] ; δ_μ = 2i[−iζV_μ + α∇_μW ] . (C.4)

The Gamma matrices are all real, Γ^0 is skew-hermitian (Γ^0)^† = −Γ^0 and Γ^1, . . . , Γ^8 are all hermitian. The charge conjugation matrix is C = Γ^0 which obeys Γ_±C = CΓ_∓ and anticommutes with all other Γ^1, . . . , Γ^9. Denoting ⟨0| ≡ |0⟩^†, the hermitian conjugate of (C.3) is ε̄ = ε^†C = ⟨0| [ α^∗ + ζ^∗ 1 4 1 4! ε_{μνρσ} b^μb^ν b^ρb^σ ] C − ⟨0| [ β^∗_μb^μ + δ^∗_{μ̄} 1 4 ε_{λνρσ} 1 4! b^λb^ν b^ρb^σb^{μ̄} ] Γ_+C .

(C.5)

– 26 –

We therefore find that

V = ε̄_1Γ^ρε_2∂_ρ + ε̄_1Γ^ρε_2∂_ρ + ε̄_1Γ^+ε_2∂_+ + ε̄_1Γ^−ε_2∂_− = ⟨0|CΓ_−|0⟩ { 2[(α^∗_1β^μ_2 + ζ_2δ^{∗μ}_1 )∂_μ + (α_2β^{∗μ̄}_1 + δ^{μ̄}_2 ζ^∗_1 )∂_{μ̄}] − (α^∗_1α_2 + ζ^∗_1 ζ_2)∂_+ −

− [H(α^∗_1α_2 + ζ^∗_1 ζ_2) + 4(β^∗_1 β_2 + δ^∗_1 δ_2)]∂_− } . (C.6)

By plugging in the expressions for β_μ, δ_μ from (C.4), all the dependence on ∇W in the transverse piece cancels and one is left with

V = −4(α^∗_1α_2 + ζ^∗_1 ζ_2)(V^μ∂_μ + V^{μ̄}∂_μ)⟨0|CΓ_−|0⟩ +[−(α^∗_1α_2 + ζ^∗_1 ζ_2)∂_u + 32i(ζ^∗_1 α_2V^μ∇_μW − α^∗_1ζ_2V^{μ̄}∇_μW )∂_v]⟨0|CΓ_−|0⟩ . (C.7)

To derive the above expression, we used ∂_u = ∂_+ + (H/2)∂_− and ∂_v = ∂_−. Note that the last term proportional to ∂_v is just a constant.

Thus, the anticommutator of any two supersymmetries is proportional to the Killing vectors of the space: V, ∂_u, ∂_v (the generators associated with the later two are usually denoted as p_+ , p_−). We would like to stress that it is still possible that there might be other bosonic symmetries which commute with the supercharges, but that do not appear in the anticommutator of two of them.

In the following, we shall analyse which subset of Killing vectors (ξ) leave all or some of the Killing spinors (C.3) invariant. By the philosophy explained at the beginning of section 3, the discrete quotients generated by identifying points under a discrete step transformation generated by ξ will preserve the same amount of supersymmetry as the number of preserved Killing spinors (at least locally). One is therefore instructed to solve the equation L_ξε = 0 [38], where

L_ξε = ξ^M ∇_M ε + 1 4 ∇_M ξ_N Γ^{MN} ε = 1 4 ξ^+∂/HΓ_−ε + ξ^μ∇_με + ξ^{μ̄}∇_{μ̄}ε + (C.8) + 1 4 [(∂_+ξ_α − ∂_αξ_+)Γ^{+α} + (∂_−ξ_α − ∂_αξ_−)Γ^{−α} + (∂_+ξ_− − ∂_−ξ_+)Γ^{+−} + ∂_αξ_βΓ^{αβ}]ε .

In the above equation, M, N = +, −, μ, μ̄ and α, β stand for both holomorphic and antiholomorphic indices. Although we could proceed with a general analysis, we shall focus on vectors fields ξ which are independent of x^±: ∂_±ξ^M = 0 and which have constant ξ^± components: ∂_αξ^± = 0. Under these assumptions, equations (C.8) simplify: the first term in the second line cancels the first term in the third line of (C.8), the second and third terms of the third line vanish, so that one is left with the equation

L_ξε = ξ^α∇_αε + 1 4 ∂_αξ_βΓ^{αβ}ε = 0 .

Using the exact expression for the Killing spinor ε given in (C.3)-(C.4) one can derive the following set of identities:

∇_λε = 2iΓ_− [ iα∇_λV_{μ̄}b^{†μ̄} + α∇_λ∇_μW~b^μ ] |0⟩ , ∇¯_λε = 2iΓ_− [ ζ∇¯_λ∇_μW b^{†μ̄} − iζ∇¯_λV_μ~b^μ ] |0⟩ , (C.9)

– 27 – and Γ^{λλ̄}ε = g^{λλ̄} [ α − 1 4 ζ 1 4! ε_{μνρσ} b^{†μ̄}b^{†ν̄} b^{†ρ̄}b^{†σ̄} ] |0⟩ + +2iΓ_− [ ( ζ∇_μW + iαV_{μ̄} ) ( g^{λλ̄}b^{†μ̄} − 2g^{μ̄λ}b^{†λ̄} ) + + (α∇_μW − iζV_μ) ( −g^{λλ̄}~b^μ + 2g^{μλ̄}~b^λ ) ] |0⟩ , Γ^{λ̄ω̄}ε = αb^{†λ̄}b^{†ω̄}|0⟩ + 2iΓ_−(ζ∇_μW + iαV_{μ̄}) ( −2ε^{λωμν} ) g_{ν̄ν}~b^ν |0⟩ , , Γ^{λω}ε = − 1 2 ζε^{λωρσ}g_{ρρ̄}g_{σσ̄} b^{†ρ̄}b^{†σ̄}|0⟩ + 2iΓ_−(α∇_μW − iζV_μ)(−2ε^{μλωσ} )g_{σσ̄} b^{†σ̄}|0⟩ . (C.10) We shall look for solutions of L_ξε = 0 by plugging in the above identities. First, consider the terms not proportional to Γ_−. From the coefficients of |0⟩ and (b^†)^4|0⟩, we learn that g^{λλ̄}∇_{[λ}ξ¯_{λ]} = 0 has to be satisfied, whereas from the vanishing of the (b^†)^2|0⟩ coefficient, one gets ζ∇_μξ_ν + α^1_{2!} ∇_{ρ̄}ξ_{σ̄}ε^{ρ̄σ̄}_{μν} = 0.

Second, let us analyse the Γ_− proportional pieces. The coefficient of the b^†|0⟩ terms is given by

0 = iα ξ^λ∇_λV_{μ̄} + ζξ^{λ̄}∇_λ∇_μW + + 1 4 { 2∇_{[λ}ξ¯_{λ]} ( ζ∇_μW + iαV_{μ̄} ) g^{λλ̄} − 4∇_{[λ}ξ_{μ̄]} ( ζ∇_σW + iαV_{σ̄} ) g^{σ̄λ} − − 2∇_{[λ}ξ_{ω]}(α∇_σW − iζV_σ)ε^{σλωμ}g_{μμ̄} } . (C.11)

Note that in the second line above, the first and second terms get a 2 factor, as we did not write down the ∇_[¯_λξ_{λ]} term. The first term on the second line vanishes as we concluded from the previous discussion. The last term vanishes when |ζ| ≠ |α|, so that ξ is holomorphic (we discuss the |α| = |ζ| case below). Therefore, using holomorphicity of V^μ, one gets the final constraint iα ( ξ^λ∇_λV_{μ̄}−∇_{[λ}ξ_{μ̄]}(V_{σ̄})g^{σ̄λ} ) +ζ ( ξ^{λ̄}∇_λ∇_μW −∇_{[λ}ξ_{μ̄]}g^{σ̄λ}∇_σW ) =iαL_ξV_{μ̄} + ζL_ξ∇_μW =0 . Similarly, the vanishing of the ~b^μ terms gives, whenever |α| ≠ |ζ|, the constraint α [ ξ^λ∇_λ∇_μW + g^{λλ̄}∇_{[μ}ξ¯_{λ]} ∇_λW ] − iζ [ ξ^{λ̄}∇¯_λV_μ + ∇_{[μ}ξ¯_{λ]}V^{λ̄} ] = αL_ξ∇_μW − iζL_ξV_μ = 0 . The above analysis allows us to conclude that if |ζ| ≠ |α|, the vector fields satisfying equation (3.1) must satisfy

∇_μξ_ν = 0 , ∇_μξ^μ = 0 , L_ξV^μ = L_ξ∇_μW = 0 . (C.12)

Equivalently, the vector field ξ satisfies the same conditions as V^μ.^{21} Notice that any transverse Killing vector field satisfying (C.12), also satisfies L_ξg_{MN} = 0 and L_ξF_5 = 0. Therefore, any vector field ξ satisfying (C.12) is a Killing vector field, and as such, it can be used to construct a discrete quotient out of our original spacetime.

21Note that this is more general than what we deduced previously from the algebra. ξ has to be a holomorphic Killing vector, a symmetry of both dW, V but does not necessarily equal V .

– 28 –

Finally, if |α| = |ζ|, one can consider the more general solution with (1,1) supersymmetry. This is described by the configuration

ds^2 = −2dx^+dx^− − 32(|dU|^2)(dx^+)^2 + 2g_{μν̄} dz^μdz̄^{ν̄} F_5 = dx^+ ∧ φ_4 φ_{μν} = ∇_μ∇_ν U , φ_{μ̄ν̄} = ∇_{μ̄}∇_{ν̄} U , φ_{μ̄ν} = ∇_{μ̄}∇_ν U , (C.13)

whereas their Killing spinors are given by ε = [ 1 − 1 4 1 4! (ε_{μνρσ} b^{†μ̄}b^{†ν̄} b^{†ρ̄}b^{†σ̄}) ] |0⟩ − 2iΓ_− [ ∇_{ν̄} Ub^{†ν̄} − ∇_ν Ub̃^ν ] |0⟩ . (C.14)

In the above expressions, U is a real harmonic function, and φ_4 is given in terms of φ_2 as in (C.2). The same analysis as before, carried for this (1,1) configuration gives rise to the following set of conditions on the vector field ξ

∇_μξ^μ = 0 , ∇_{μ̄}ξ_{ν̄} + 1 2 ∇_λξ_ωε^{λω}_{μ̄ν̄} = 0 , L_ξ∇_μU = 0 . (C.15)

As before, these conditions along with the requirement that ξ is a transverse Killing vector, guarantee that ξ is a Killing vector field of the supergravity configuration (C.13).

We therefore establish that a vector field ξ satisfying conditions (C.12) (conditions (C.15)), is necessarily an isometry of the bosonic background and preserves its (2,2) ((1,1)) supersymmetries.

D. Supersymmetric backgrounds of pp-waves and D-branes

D.1 preliminaries: spin-connections and covariant derivatives

We shall look for supergravity configurations whose metric ansatz is described by

ds^2 = f^{−1/2}(y)[−2dx^+dx^− +S(x, y)(dx^+)^2 +g_{μν} (x)dx^μdx^ν ]+f^{1/2}(y)g_{αβ} (y)dy^αdy^β . (D.1)

g_{μν} (x) stands for an arbitrary euclidean (p-1)-dimensional metric parameterized by {x^μ}, whereas g_{αβ} (y) describes a (9-p)-dimensional metric in coordinates {y^α}. The scalar function f(y) was chosen to be independent of the {x} coordinates, since those are going to be spacelike directions along the worldvolume of the D-brane, besides the lightlike coordinates {x^±}. We choose the vierbeins (ds^2 = −2θ^uθ^v + θ^iθ^i + θ^aθ^a) to be

θ^u = f^{−1/4}dx^+ , θ^v = f^{−1/4} [ dx^− − 1 2 Sdx^+ ]

θ^i = f^{−1/4}e^i , θ^a = f^{1/4}e^a (D.2)

where {e^i} stand for the vierbeins of the (p-1)-dimensional metric g_{μν} (x), and {e^a} are the corresponding ones for the metric g_{αβ} (y).

– 29 –

Given these vierbeins, the spin-connection is determined to be

Ω^u_a = Ω^a_v = − 1 4 f^{−5/4}∂_af θ^u Ω^v_i = Ω^i_u = − 1 2 f^{1/4}∂_iS θ^u Ω^v_a = Ω^a_u = 1 4 f^{−5/4}∂_af θ^v − 1 2 f^{−1/4}∂_aS θ^u Ω^i_a = −Ω^a_i = − 1 4 f^{−5/4}∂_af θ^i Ω^a_b = ω^a_b + 1 4 f^{−5/4}∂_bf θ^a Ω^i_j = ω^i_j (D.3)

where ∂_i = e^μ_i ∂_μ , ∂_a = e^α_a ∂_α, and ω is the spin-connection of the transverse metric g_{αβ} . Out of the spin-connection, we can compute the action of the covariant derivative on the gravitino field ψ. This action is given below

∇_+ψ = ∂_+ψ + 1 4 [ − 1 4 f^{−3/2}∂^afΓ_{ua} − 1 2 ∂^iSΓ_{vi} + ( S 8f^{3/2} ∂^af − 1 2f^{1/2} ∂^aS ) Γ_{va} ] ψ = ∂_+ψ + 1 4 [ 1 4f^{3/2} ∂/fΓ_u − S 8f^{3/2} ∂/fΓ_v + 1 2 ( Γ^i∂_iS + 1 f^{1/2}

Γ^a∂_aS ) Γ_v ] ψ ∇_−ψ = ∂_−ψ + 1 4 1 4f^{3/2} ∂/fΓ_vψ ∇_μψ = ( ∂_μψ + 1 4 ω^{ij}_μ Γ_{ij}ψ )

∇_αψ = ( ∂_αψ + 1 4 ω^{ab}_α Γ_{ab}ψ ) + 1 4 1 4f ∂^bfe^a_αΓ_{ab}ψ . (D.4)

D.2 pp+Dp-brane solutions As different pp+Dp brane solutions are related by U-dualities, we can work out an example for a specific Dp background, and then generalize our results. It turns out the D-string analysis (p = 1) is particularly analogous to the supersymmetry analysis in [29]. We shall focus on D-strings extending along the +, − directions, and to begin with, on a flat transverse metric g_α¯_β = δ_α¯_β . The full ansatz that we shall consider involves the p = 1 metric introduced before, plus the necessary non-trivial dilaton and RR three-form field strength taking care of the stabilization of the system and the RR charge carried by the D-strings.

ds^2 = f^{−1/2}(y)[−2dx^+dx^− + S(y)(dx^+)^2] + f^{1/2}(y)dy^αdy^α , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , F_5 = dx^+ ∧ φ_4 , e^ϕ = g_s √ f , (D.5)

where φ_4 is a closed and self-dual form in the 8-dimensional y^α space, and f is a harmonic function defined on the same space.

– 30 –

The dilatino and gravitino supersymmetry variations can be evaluated, using the expressions for the spin-connections shown in the previous subsection, δχ = 1 2f^{5/4}

∂_αfΓ_α[1 − Γ_{vu}σ^1]ε = 0 (D.6)

δΨ_α = ∂_αε + 1 8f ∂_βf ( Γ_{αβ} + Γ_{vu}Γ_βΓ_ασ^1 ) ε + 1 16 1 4! φ_{βγδζ} Γ^{βγδζ} Γ_viσ_2ε = 0 (D.7)

δΨ_− = ∂_−ε + 1 8f^{3/2}

∂_βHΓ_βΓ_v(1 − σ_1)ε (D.8)

δΨ_+ = ∂_+ε + 1 8f^{3/2}

∂_βHΓ_βΓ_u(1 + σ_1)ε − S∂_βH 16f^{3/2}

Γ_βΓ_v(1 − σ_1)ε + 1 4f^{1/2}

∂_βSΓ_βΓ_vε + + 1 16 √ f 1 4! φ_{βγδζ} Γ^{βγδζ} Γ_vΓ_uiσ_2ε = 0 , (D.9)

where σ^{1,2} are Pauli matrices acting on ε as a doublet of sixteen complex component spinors.

To solve these equations, we define a couple of chiral spinors ε_± by

f^{1/8}ε = − 1 2 Γ_uΓ_v f^{1/8}ε − 1 2 Γ_vΓ_u f^{1/8}ε ≡ ε_+ + ε_− . (D.10)

The first three equations in (D.9) imply that ε_+ is a constant spinor, and that

(1 + Γ_{uv}σ_1)ε = (1 + σ_1)ε_− = (1 − σ_1)ε_+ = 0 .

The last two equations in (D.9) become

∂_αε_− = − 1 16 1 4! φ_{βγδζ} Γ^{βγδζ} Γ_α(Γ_viσ_2ε_+)

−4 f^{1/2} iσ_2∂_+ε_− + 1 2 1 4! φ_{βγδζ} Γ^{βγδζ} ε_− = ∂_βSΓ_β(Γ_viσ_2ε_+) . (D.11)

Notice that if we assume ∂_+ε_− = 0, then the harmonic function f factors out completely from the above equations. Under these circumstances, they become exactly the supersymmetry equations one gets for a background describing a pp-wave with no Dbrane. Thus they are solved by a constant ε_+ which is parameterized by two complex parameters in the case of (2,2) supersymmetry, or by one complex parameter in the case of (1,1) supersymmetry, and by a chiral spinor ε_− which is completely determined in terms of the other one ε_+.

By adding the requirement that (1 + σ_1)ε_− = 0 , we lose half of the supersymmetries (as this condition will relate the real and imaginary parts of the complex parameters). On the other hand, the condition (1 − σ_1)ϵ_+ = 0 would be automatically satisfied. Therefore the D-string leaves us with only half of the supersymmetries preserved by the pp-wave.

We summarized the full supergravity solution for the (2,0) and (0,2), and for the (0,1) and (1,0) supersymmetric configuration below, following the notations in [29].

– 31 –

• (2,0) and (0,2) susy:

ds^2 = f^{−1/2}[−2dx^−dx^+ − 32(|dW (y)|^2 + |V (y)|^2)(dx^+)^2] + f^{1/2}dy^αdȳ^ᾱ , φ_{αβ} = ∂_α∂_βW , φ_ᾱ¯_β = ∂_ᾱ∂¯_βW̄ , φ_{ᾱβ} = ∂_ᾱ∂_β U , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , e^ϕ = g_sf^{1/2} , (D.12) where f is a real harmonic function, W a holomorphic function and V^μ a holomorphic Killing vector, such that ∂_αV^α = ∂_α[V^β∂_βW ] = 0 and V_α = i∂_αU.

• (0,1) and (1,0) susy:

ds^2 = f^{−1/2}[−2dx^−dx^+ − 32(|dU|)^2(dx^+)^2] + f^{1/2}dy^αdy^α , φ_{αβ} = ∂_α∂_β U ; φ_α¯_β = ∂_α∂¯_βU ; φ_ᾱ¯_β = ∂_ᾱ¯_β = ∂_ᾱ∂¯_βU , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , e^ϕ = g_sf^{1/2} , (D.13) U, f being real harmonic functions.

It is possible to extend the above solution to a curved transverse space g_α¯_β . The above configurations are generalised to:

• (2,0) and (0,2) susy:

ds^2 = f^{−1/2}[−2dx^−dx^+ − 32(|dW (y)|^2 + |V (y)|^2)(dx^+)^2] + f^{1/2}g_α¯_β dy^αdȳ^{β̄} , φ_{αβ} = ∇_α∇_βW , φ_ᾱ¯_β = ∇_ᾱ∇¯_βW̄ , φ_{ᾱβ} = ∇_ᾱ∇_βU , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , e^ϕ = g_sf^{1/2} , (D.14) where f is a real harmonic function, W a holomorphic function and V^α a holomorphic Killing vector V_α = i∇_αU, such that ∇_αV^α = ∇_α[V^β ∇_βW ] = 0.

• (0,1) and (1,0) susy:

ds^2 = f^{−1/2}[−2dx^−dx^+ − 32(|dU|)^2(dx^+)^2] + f^{1/2}g_α¯_β dy^αdȳ^{β̄} , φ_{αβ} = ∇_α∇_βU ; φ_α¯_β = ∇_α∇¯_βU ; φ_ᾱ¯_β = ∇_ᾱ∇¯_βU , F_5 = dx^+ ∧ φ_4 , F_3 = dx^+ ∧ dx^− ∧ df^{−1} , e^ϕ = g_sf^{1/2} , (D.15) where U and f are real harmonic functions. All covariant derivatives appearing above are taken with respect to g_α¯_β.

– 32 –

Once we have worked out the previous general solutions for D-strings in generalised ppwaves propagating in curved backgrounds, it is possible to generate new solutions whenever there are enough symmetries in the above configurations such that we can apply a T-duality transformation. Indeed, if we smear all the functions and metric coefficients along some complex coordinates (and their complex conjugates), we shall generate higher dimensional brane solutions. Combining this generating technique with S-duality and liftings to Mtheory, we can write different kinds of supersymmetric D-branes, F-strings, NS5-branes and M-branes solutions in these generalised pp-wave backgrounds.

References

[1] M. Visser, Lorentzian wormholes: from Einstein to hawking, AIP, Woodbury, New York 1995;

K.S. Thorne, Closed timelike curves, in General relativity and gravitation Proceedings, 13th International Conference, Cordoba, Argentina, June 28–July 4, 1992, R.J. Gleiser, C. N. Kozameh and O.M. Moreschi eds., IOP, Bristol 1993.

[2] J.P. Gauntlett, J.B. Gutowski, C.M. Hull, S. Pakis and H.S. Reall, All supersymmetric solutions of minimal supergravity in five dimensions, Class. and Quant. Grav. 20 (2003) 4587 [hep-th/0209114].

[3] K. Godel, An example of a new type of cosmological solutions of Einstein’s field equations of graviation, Rev. Mod. Phys. 21 (1949) 447.

[4] E.K. Boyda, S. Ganguli, P. Hořava and U. Varadarajan, Holographic protection of chronology in universes of the goedel type, Phys. Rev. D 67 (2003) 106003 [hep-th/0212087].

[5] T. Harmark and T. Takayanagi, Supersymmetric goedel universes in string theory, Nucl.

Phys. B 662 (2003) 3 [hep-th/0301206].

[6] D. Brecher, P.A. DeBoer, D.C. Page and M. Rozali, Closed timelike curves and holography in compact plane waves, J. High Energy Phys. 10 (2003) 031 [hep-th/0306190].

[7] R. Biswas, E. Keski-Vakkuri, R.G. Leigh, S. Nowling and E. Sharpe, The taming of closed time-like curves, hep-th/0304241.

[8] N. Drukker, B. Fiol and J. Simon, Goedel’s universe in a supertube shroud, Phys. Rev. Lett.

91 (2003) 231601 [hep-th/0306057].

[9] D. Mateos and P.K. Townsend, Supertubes, Phys. Rev. Lett. 87 (2001) 011602 [hep-th/0103030].

[10] C.V. Johnson, A.W. Peet and J. Polchinski, Gauge theory and the excision of repulson singularities, Phys. Rev. D 61 (2000) 086001 [hep-th/9911161].

[11] D. Israel, Quantization of heterotic strings in a goedel/anti de Sitter spacetime and chronology protection, hep-th/0310158.

[12] N. Drukker, B. Fiol and J. Simon, Goedel-type universes and the Landau problem,

hep-th/0309199.

[13] Y. Hikida and S.-J. Rey, Can branes travel beyond CTC horizon in goedel universe?, Nucl.

Phys. B 669 (2003) 57 [hep-th/0306148];

Unpublished work quoted in G.W. Gibbons and C.A.R. Herdeiro, Supersymmetric rotating black holes and causality violation, Class. and Quant. Grav. 16 (1999) 3619 [hep-th/9906098];

– 33 –

C.A. Herdeiro, Aspects of causality and fluxbranes in superstring theory, PhD Thesis, Cambridge university, Cambridge 2001, unpublished.

[14] G.W. Gibbons and C.A.R. Herdeiro, Supersymmetric rotating black holes and causality violation, Class. and Quant. Grav. 16 (1999) 3619 [hep-th/9906098];

M.M. Caldarelli, D. Klemm and W.A. Sabra, Causality violation and naked time machines in AdS_5, J. High Energy Phys. 05 (2001) 014 [hep-th/0103133];

D. Brace, C.A.R. Herdeiro and S. Hirano, Classical and quantum strings in compactified PP-waves and goedel type universes, hep-th/0307265;

D. Brace, Closed geodesics on goedel-type backgrounds, J. High Energy Phys. 12 (2003) 021 [hep-th/0308098];

H. Takayanagi, Boundary states for supertubes in flat spacetime and goedel universe, J. High Energy Phys. 12 (2003) 011 [hep-th/0309135];

K. Behrndt and M. Possel, Chronological structure of a goedel type universe with negative cosmological constant, Phys. Lett. B 580 (2004) 1 [hep-th/0310090]; D. Brace, Over-rotating supertube backgrounds, hep-th/0310186.

[15] C.A.R. Herdeiro, Special properties of five dimensional BPS rotating black holes, Nucl. Phys.

B 582 (2000) 363 [hep-th/0003063].

[16] J.P. Gauntlett and S. Pakis, The geometry of D = 11 killing spinors, J. High Energy Phys.

04 (2003) 039 [hep-th/0212008].

[17] J.P. Gauntlett and J.B. Gutowski, All supersymmetric solutions of minimal gauged supergravity in five dimensions, Phys. Rev. D 68 (2003) 105009 [hep-th/0304064]; J.B. Gutowski, D. Martelli and H.S. Reall, All supersymmetric solutions of minimal supergravity in six dimensions, Class. and Quant. Grav. 20 (2003) 5049 [hep-th/0306235]; M.M. Caldarelli and D. Klemm, All supersymmetric solutions of N = 2, D = 4 gauged supergravity, J. High Energy Phys. 09 (2003) 019 [hep-th/0307022]; M.M. Caldarelli and D. Klemm, Supersymmetric goedel-type universe in four dimensions, Class. and Quant. Grav. 21 (2004) L17 [hep-th/0310081].

[18] J.L. Flores and M. Sanchez, Causality and conjugate points in general plane waves, Class.

and Quant. Grav. 20 (2003) 2275 [gr-qc/0211086].

[19] C.A.R. Herdeiro, Spinning deformations of the D1-D5 system and a geometric resolution of closed timelike curves, Nucl. Phys. B 665 (2003) 189 [hep-th/0212002].

[20] V.E. Hubeny, M. Rangamani and S.F. Ross, Causal inheritance in plane wave quotients, Phys. Rev. D 69 (2004) 024007 [hep-th/0307257].

[21] G. Papadopoulos, Rotating rotated branes, J. High Energy Phys. 04 (1999) 014 [hep-th/9902166].

[22] J.C. Breckenridge, R.C. Myers, A.W. Peet and C. Vafa, D-branes and spinning black holes, Phys. Lett. B 391 (1997) 93 [hep-th/9602065].

[23] L. Dyson, Chronology protection in string theory, hep-th/0302052.

[24] E.G. Gimon and A. Hashimoto, Black holes in goedel universes and PP-waves, Phys. Rev.

Lett. 91 (2003) 021601 [hep-th/0304181];

E.G. Gimon, A. Hashimoto, V.E. Hubeny, O. Lunin and M. Rangamani, Black strings in asymptotically plane wave geometries, J. High Energy Phys. 08 (2003) 035 [hep-th/0306131]; C.A.R. Herdeiro, The Kerr-Newman-Goedel black hole, Class. and Quant. Grav. 20 (2003) 4891 [hep-th/0307194];

– 34 –

D. Brecher, U.H. Danielsson, J.P. Gregory and M.E. Olsson, Rotating black holes in a goedel universe, J. High Energy Phys. 11 (2003) 033 [hep-th/0309058].

[25] R. Emparan, D. Mateos and P.K. Townsend, Supergravity supertubes, J. High Energy Phys.

07 (2001) 011 [hep-th/0106012].

[26] Y. Hyakutake and N. Ohta, Supertubes and supercurves from M-ribbons, Phys. Lett. B 539 (2002) 153 [hep-th/0204161].

[27] O. Lunin, J. Maldacena and L. Maoz, Gravity solutions for the D1-D5 system with angular momentum, hep-th/0212210.

[28] C. Bachas and C. Hull, Null brane intersections, J. High Energy Phys. 12 (2002) 035 [hep-th/0210269].

[29] J. Maldacena and L. Maoz, Strings on PP-waves and massive two dimensional field theories, J. High Energy Phys. 12 (2002) 046 [hep-th/0207284].

[30] S.W. Hawking and G.F.R. Ellis, The large scale structure of space-time, Cambridge University Press, Cambridge 1973.

[31] T.H. Buscher, Quantum corrections and extended supersymmetry in new sigma models, Phys.

Lett. B 159 (1985) 127; A symmetry of the string background field equations, Phys. Lett. B 194 (1987) 59; Path integral derivation of quantum duality in nonlinear sigma models, Phys. Lett. B 201 (1988) 466;

E. Bergshoeff, C.M. Hull and T. Ortin, Duality in the type-II superstring effective action, Nucl. Phys. B 451 (1995) 547 [hep-th/9504081].

[32] J.M. Figueroa-O’Farrill and J. Simón, Supersymmetric Kaluza-Klein reductions of M2-branes and M5-branes, Adv. Theor. Math. Phys. 6 (2003) 703 [hep-th/0208107].

[33] J.M. Figueroa-O’Farrill and J. Simón, Supersymmetric Kaluza–Klein reductions of M-waves and MKK-monopoles, Class. and Quant. Grav. 19 (2002) 6147 [hep-th/0208108]

[34] G. Bonelli, On type-II strings in exact superconformal non-constant RR backgrounds, J. High Energy Phys. 01 (2003) 065 [hep-th/0301089];

J.G. Russo and A.A. Tseytlin, A class of exact PP-wave string models with interacting light-cone gauge actions, J. High Energy Phys. 09 (2002) 035 [hep-th/0208114]; N. Kim, Comments on iib PP-waves with Ramond-Ramond fluxes and massive two dimensional nonlinear sigma models, Phys. Rev. D 67 (2003) 046005 [hep-th/0212017].

[35] P. Bain, P. Meessen and M. Zamaklar, Supergravity solutions for D-branes in Hpp-wave backgrounds, Class. and Quant. Grav. 20 (2003) 913 [hep-th/0205106]; A. Biswas, A. Kumar and K.L. Panigrahi, p - p’ branes in PP-wave background, Phys. Rev. D 66 (2002) 126002 [hep-th/0208042];

A. Kumar, R.R. Nayak and Sanjay, D-brane solutions in PP-wave background, Phys. Lett. B 541 (2002) 183 [hep-th/0204025];

M. Alishahiha and A. Kumar, D-brane solutions from new isometries of PP-waves, Phys. Lett. B 542 (2002) 130 [hep-th/0205134];

R.R. Nayak, D-branes at angle in PP-wave background, Phys. Rev. D 67 (2003) 086006 [hep-th/0210230].

[36] L.F. Alday and M. Cirafici, An example of localized D-branes solution on PP-wave backgrounds, J. High Energy Phys. 05 (2003) 006 [hep-th/0301253].

– 35 –

[37] K.L. Panigrahi and Sanjay, D-branes in PP-wave spacetime with nonconstant NS-NS flux, Phys. Lett. B 561 (2003) 284 [hep-th/0303182].

[38] Y. Kosmann, Dérivées de Lie des spineurs, Annali di Mat. Pura Appl. (IV)91 (1972) 317;

J.M. Figueroa-O’Farrill, On the supersymmetries of anti de Sitter vacua, Class. and Quant. Grav. 16 (1999) 2043 [hep-th/9902066].

– 36 –