Published by Institute of Physics Publishing for SISSA/ISAS Received: April 1, 2004 Accepted: April 18, 2004

Regular S-brane backgrounds

Gianmassimo Tasinato

Physikalisches Institut der Universität Bonn Nussallee 12, 53115 Bonn, Germany E-mail: tasinato@th.physik.uni-bonn.de

Ivonne Zavala

Department of Physics, University of Colorado Boulder, CO, 80309, U.S.A.

E-mail: zavala@pizero.colorado.edu

Clifford P. Burgess

Physics Department, McGill University 3600 University Street, Montréal, Québec, Canada, H3A 2T8 E-mail: cliff@physics.mcgill.ca

Fernando Quevedo

Centre for Mathematical Sciences, DAMTP, University of Cambridge Cambridge CB3 0WA U.K.

E-mail: f.quevedo@damtp.cam.ac.uk

Abstract: We construct time-dependent S-brane solutions to the supergravity field equations in various dimensions which (unlike most such geometries) do not contain curvature singularities. The configurations we consider are less symmetric than are earlier solutions, with our simplest solution being obtained by a simple analytical continuation of the Kerr geometry. We discuss in detail the global structure and properties of this background. We then generalize it to higher dimensions and to include more complicated field configurations — like non vanishing scalars and antisymmetric tensor gauge potentials — by the usual artifice of applying duality symmetries.

Keywords: Superstrings and Heterotic Strings, p-branes.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep042004038 /jhep042004038 .pdf

Contents

1. Introduction and summary 1 1.1 Introduction 1 1.2 Summary 2

2. Kerr S-branes 3 2.1 The Kerr geometry 3 2.2 The Kerr S-brane 4 2.3 Global structure 5 2.3.1 The case a^2 < m^2: closed timelike curves 6 2.3.2 The Case a^2 > m^2: Nonsingular Geometries 7

3. Generalizations 9 3.1 Four dimensional T-dual configurations 10 3.2 Higher dimensional S-Kerr solutions 11 3.3 A nonsingular charged S-string 12 3.4 SKerr in heterotic string theory 14

4. Conclusions 17

1. Introduction and summary

1.1 Introduction

Over the past years, considerable effort has been devoted to understanding the issue of time dependence in string theory. A practical place to begin the search for time-dependent string configurations is to find solutions to the field equations which describe the lowenergy limit of string theory. The search for such solutions has received special attention, and has led to the study of the so called space-like branes or S-brane solutions [1].^1 Besides providing time-dependent backgrounds which have a string pedigree, the S-branes — embedded in asymptotically flat, time-dependent backgrounds — are believed to be relevant for describing the dynamics of tachyon fields [3].

Time-dependent configurations have an obvious appeal as potentially having cosmological applications [4, 5]. In particular, because the induced metric which observers embedded within these space-times can experience do not satisfy the usual Friedmann equation, they can undergo accelerated expansion, or bouncing [6], without necessarily requiring the

1See [2] for early work on this subject.

– 1 – problematic kinds of matter which would normally be required. Since these spacetimes are time-dependent, they provide laboratories for studying particle production, such as has been considered in [7].

A large class of time dependent, asymptotically-flat S-brane solutions have been discussed in the literature [8, 9]. A common feature which these space-times typically share is that they are plagued by singularities. These can arise as null singularities, or naked time-like singularities inside internal static regions. This observation has led to the development of a theorem, which states that such singularities are inevitable for a fairly broad class of metrics [10] (see also [11]).

Although it may ultimately be possible to resolve these singularities within string theory, in this paper we instead ask whether singularity-free configurations can be found purely within the low-energy limit. We show that they can, by starting with a more general ansatz for the metric; a similar observation has been recently made in [12, 13]. The resulting exact solutions are typically less symmetric than the solutions already in the literature, but reduce to them in the limit where the asymmetries in the solution go to zero.

1.2 Summary Our presentation comes in two parts. In the first one, section 2, we examine the properties of the simplest non-trivial, non-singular, time-dependent solution. In Part II this solution is generalized in several directions.

A simple solution. In the first part, we obtain the simplest solution by performing a suitable analytical continuation to the Kerr solution, in the same way that the well-known four-dimensional S0-brane solution,

ds^2 = − dt^2 (1 − 2 m/t) + ( 1 − 2 m t ) dr^2 + t^2dH^2 , (1.1)

can obtained by the same kind of continuation from the static, spherical Schwarzschild black hole [9]. Here dH^2 is the metric of the transverse spatial sections, which have a hyperbolic symmetry. This solution has an asymptotically-flat time-dependent region which is separated by a Cauchy horizon from an internal, static region containing a naked time-like singularity.

Performing a similar continuation of the Kerr rotating black hole solution produces a time-dependent spacetime having less symmetry, but which is completely regular and without curvature singularities.^2 The metric we would obtain is:

ds^2 = − Σ Δ dt^2 + ( Δ + a^2 sinh^2 θ Σ ) dr^2 + Σ dθ^2 + + [ (t^2 + a^2)^2 + a^2 sinh^2 θΔ

] sinh^2 θ Σ dϕ^2 − 4m a t Σ sinh^2 θ dϕ dr , (1.2)

where

Σ = t^2 + a^2 cosh^2 θ , Δ = t^2 − 2mt + a^2 = (t − m)^2 + a^2 − m^2 .

2The observation that angular momentum can cure singularities in string theory was noticed in [14].

– 2 –

The solution depends on the parameter a, an integration constant which is the analog of the angular momentum of the Kerr solution, and a parameter m, that in the black hole case corresponds to the mass. The nature of the solution depends crucially on the value of a and m.

As we will see, when a = 0, we recover the S-brane solution of eq. (1.1), together with its singularity. However, as soon as a is nonzero, but small, the solution that results is free of curvature singularities. It instead has a stationary region which contains closed time-like curves (CTC’s). This region is separated by Cauchy horizons, from external time-dependent regions.

More interestingly, for large enough values for the parameter a the geometry is completely regular and causally well-behaved. It is defined for all values of the coordinates and it does not contain horizons or singularities. In particular, we show that the geodesics are well-behaved everywhere.

Generalizations. In the second part, section 3, we generalize this simple geometry to more complicated situations. We do so in several ways. One non trivial extension is to d dimensions higher than four, where the (d − 4) extra dimensions are characterized by a hyperbolic symmetry. We also find new solutions by T-dualising the simpler configuration we found in the first part, along the lines of [15]. Other solutions are generated using similar solution-generating techniques in higher dimensions, including two examples of configurations with non-trivial dilaton and antisymmetric form fields in five dimensions. The first of these examples is obtained by applying T-duality plus coordinate rotations [16] to a known five-dimensional vacuum spacetime, leading to regular configurations with nontrivial NS fields. The second example applies a Hassan-Sen transformation [17] to a known solution, leading to a nontrivial time-dependent solution for low-energy heterotic string theory with nonzero one- and two-form fields. For each configuration, we identify the regions of parameter space for which our time-dependent solutions are completely regular.

2. Kerr S-branes

In this section we construct and discuss in detail the properties of the simplest regular S-brane solution. This is obtained as an analytical continuation of the Kerr black hole in vacuum four-dimensional Einstein gravity. We begin with a review of the Kerr black hole, followed by the construction of its S-brane generalization — the S-Kerr solution — and a study of its properties.

2.1 The Kerr geometry

The four dimensional Kerr black hole is the axially-symmetric solution to the vacuum Einstein equations which describes the spacetime outside of a rotating black hole. In Boyer-Lindquist coordinates, the solution is given by

ds^2 = −dt^2 + Σ ( dr^2 Δ + dθ^2 ) + (r^2 + a^2) sin^2 θdϕ^2 + 2mr Σ ( a sin^2 θdϕ − dt )_2 , (2.1)

– 3 – where

Σ = r^2 + a^2 cos^2 θ Δ = r^2 − 2mr + a^2 = (r − m)^2 + a^2 − m^2 . (2.2)

In these expressions, m represents the mass of the black hole and a ≡ J/m parameterizes the angular momentum per unit mass. This metric has the following properties on which we shall draw in what follows (see, e.g., ref. [18] for details):

• It is asymptotically flat, as an examination of the Riemann tensor shows. The variable ϕ parameterizes the direction of the axial symmetry, and can be compactified to lie in the interval [0, 2π] without introducing spurious conical singularities anywhere.

• It has two isometries, corresponding to the shifts in the coordinates t and ϕ in Boyer- Lindquist coordinates. These correspond physically to time-translation invariance and axial symmetry. There is indeed a mixed term g_{tϕ} indicating that the solution rotates.

• It has a curvature singularity where the invariant R^{μνλσ} R_{μνλσ} diverges. This occurs when Σ = 0, or equivalently when r = 0 and θ = π/2 simultaneously. This is the standard ring singularity of the Kerr geometry.

• It has coordinate singularities when Δ = 0, which turn out to be horizons of the Kerr geometry. When a^2 < m^2 the metric has two horizons.^3 The internal one hides a ring singularity located at Σ = 0, that is for r = 0 and θ = π/2. There is also an ergoregion which is determined by the zeroes of g_{tt}, where the infinite red shift surfaces are located. The outer boundary of the ergosphere is located outside the outer horizon. On the other hand, when a^2 > m^2, the metric does not have horizons and the ring singularity is naked.

• The Kerr geometry has closed time-like curves, for small negative values of r. When a^2 < m^2, these are safely limited to a stationary region inside the event horizon.

These properties change dramatically for the Kerr S-brane, as we now show.

2.2 The Kerr S-brane

In order to construct the simplest Kerr S-brane solution we follow the steps taken to obtain the more symmetric S-brane solutions from the simpler Schwarzschild geometry. This is done via a suitable analytical continuation of the Schwarzschild black hole introduced in [7, 9], leading to a spacetime with time-like naked singularities. In the same spirit we perform the following analytic i-rotation [9] in the Kerr geometry: t → ir , r → it , θ → iθ , a → ia , m → im . (2.3) 3Cosmological aspects of the time dependent region inside the two horizons has been discussed in [19].

– 4 –

This leads to the following time-dependent, axially symmetric solution to the four dimensional Einstein equations in vacuum:

ds^2 = − Σ Δ dt^2 + ( Δ + a^2 sinh^2 θ Σ ) dr^2 + Σ dθ^2 + + [ (t^2 + a^2)^2 + a^2 sinh^2 θΔ

] sinh^2 θ Σ dϕ^2 − 4m a t Σ sinh^2 θ dϕ dr , (2.4)

where now

Σ = t^2 + a^2 cosh^2 θ , Δ = t^2 − 2mt + a^2 = (t − m)^2 + a^2 − m^2 . (2.5)

The solution (2.4) inherits two isometries from the Kerr solution, corresponding to shifts in the coordinates r and ϕ. The mixed term g_{tϕ}, indicating the rotational structure of the Kerr black hole, has now been replaced by a mixed term g_{rϕ}, indicating a “rotation” in space, or, better, a helical or wrung structure. The solution is also invariant under the exchange a → −a and m → −m, a transformation whose physical interpretation we discuss in the next section. Notice too that we recover the well-known Schwarzschild irotated solution or S0-brane (complete with its time-like naked singularities at the origin) in the limit a → 0.

The key property of this new solution follows from the observation that, unlike for the Kerr geometry, the quantity Σ cannot be zero if a ≠ 0. As a consequence there is no analog of the Kerr ring singularity for this new solution. For instance, the curvature invariant R_{μνλσ} R^{μνλσ} is given by the following expression: R_{μνλσ}R^{μνλσ} = 720m^2 (t^2 + a^2 cosh θ^2)^9 ( t^2 − 2mt + a^2 cosh θ^2 ) × × [( t^4 − 6a^2t^2 cosh θ^2 + a^4 cosh θ^4

)_2 − ( 4at^3 cosh θ + 4a^3t cosh θ

)_2]

, (2.6)

from which it is clear that this invariant is well defined everywhere so long as a ≠ 0.^4

2.3 Global structure

We now examine the global structure of the Kerr S-brane in more detail.

Asymptopia. As might be expected, the Kerr S-brane inherits an asymptotically flat region from the Kerr black hole. This property is less evident in the Boyer-Lindquist form of the metric used above due to the presence of the diverging sinh and cosh functions. To display this region more explicitly it is convenient instead to pass to Kerr-Schild coordinates, in terms of which the solution may be rewritten as

ds^2 = dr̄^2 + dx^2 + dy^2 − dz^2 − 2mt^3 t^4 + a^2z^2 ( t(xdx + ydy) − a(xdy − ydx) t^2 + a^2 + zdz t + dr̄ )_2 , (2.7)

4In [20], a similar procedure of analytic continuation has been used to obtain regular time-dependent solutions in the presence of a cosmological constant.

– 5 – where

x + iy = (t + ia) sinh θ exp [ i ∫ (dϕ + aΔ^{−1}dt) ]

z = t cosh θ , r̄ = ∫ (dr + (t^2 + a^2)Δ^{−1}dt) − t . (2.8)

Here t is to be regarded as being a function of the other coordinates, as determined implicitly from the condition

t^4 − (z^2 − x^2 − y^2 − a^2)t^2 − a^2z^2 = 0 . (2.9)

From these expressions it is easy to see that for large values of the coordinates the geometry approaches the flat space, since in this limit the second line of eq. (2.7) vanishes.

Location of horizons. Although we have seen that the metric does not have curvature singularities, in its form (2.4) it does have coordinate singularities for those points where the function Δ vanishes, which happens when t = t^h_± ≡ m ± √ m^2 − a^2 . (2.10)

These represent horizons of the geometry. From eq. (2.10) we see that the global properties of the geometry depend crucially on the relative size of the parameters a and m, and so we now discuss the various cases separately.

2.3.1 The case a^2 < m^2: closed timelike curves In this case the configuration has two horizons, which separate two asymptotically-flat and time-dependent regions from a stationary region which contains closed timelike curves. This situation is illustrated in figure 1. If a^2 = m^2 then the two horizons degenerate

Figure 1: Pictorial representation of the Kerr S-brane solution (2.4), when a^2 < m^2. In the external, time dependent regions, we draw examples of future light cones. Notice that the internal, stationary region contains CTC’s, making it meaningless to represent future light cones.

– 6 – into one. Notice that the two external time-dependent regions get interchanged with one another under the transformation a → −a and m → −m, which leaves the metric invariant.

The absence of a time-like curvature singularity for 0 < a^2 < m^2, with its replacement by a second horizon, allows a new interpretation of the time-like singularity which appears in the limiting case a = 0. It suggests that the time-like singularity, found in this limit might be thought of as a second S-brane, (that is, an asymptotically-flat and time-dependent region bounded by a horizon), but in the limit where its horizon collapses to zero size and becomes singular. If a is small but nonzero, then the singular horizon becomes regular and the geometry describes two S-branes separated by the internal stationary region. In this case, there is also an equivalent of the Kerr’s ergoregion, limited by the boundaries located at the points where Δ + a^2 sinh θ = 0. The outer of these surfaces is located inside the first horizon, in contrast with the Kerr black hole case.

Although there are no curvature singularities, the stationary interior region of the geometry for a^2 < m^2 contains closed timelike curves, and this means that it is not causally well defined. The existence of these curves arises because in the stationary region it is the coordinate ϕ which becomes time-like,^5 since the coefficient of dϕ^2 in (2.4) becomes negative: [ (t^2 + a^2)^2 + a^2 sinh^2(θ)Δ ] ≤ 0 . (2.11)

This condition can be satisfied whenever Δ < 0 — that is, only in the stationary part of the solution, inside the Cauchy horizons. Nevertheless, since there are no event horizons hiding these causally-problematic regions from external observers, it is not clear that the geometry in the case a^2 < m^2 has a sensible physical interpretation [22].^6

2.3.2 The Case a^2 > m^2: Nonsingular Geometries

When a^2 > m^2 neither Σ nor Δ can vanish, and so the geometry we obtain is well defined and time-dependent everywhere, and asymptotically approaches flat space. So long as m ≠ 0 the geometry is curved, because its Riemann tensor does not vanish.^7 The resulting configuration is time dependent and does not contain horizons or curvature or metric singularities. As we now show, the geodesics for this geometry are perfectly well defined. The Penrose diagrams along the symmetry axis (that is, for θ = 0) for all the solutions are presented in figure 2.

Geodesic motion. Let us now consider the geodesics of the time dependent geometry for a^2 > m^2. We restrict ourselves here to the simplest case for which the coordinate θ does not vary.

5A simple closed timelike curve is then obtained by moving along trajectories on which only ϕ varies, given that ϕ is a periodic variable with period 2π. However, notice that the presence of CTC’s does not rely on the periodicity of ϕ (see [21] for more details).

6As we will see in the second part of this letter, also adding other fields motivated by string theory, we find regular solutions with CTC’s. Although it is not yet clear whether a chronology protection agency exists in string theory, there are some indications that this might be indeed the case (see e.g. [23]).

7When m = 0 the geometry is flat, being Minkowski space-time in an unusual coordinate system (as is most apparent by choosing m = 0 in formula (2.7)).

– 7 –

Figure 2: Penrose diagrams for the S-Kerr brane for (a) a^2 > m^2, (b) a^2 = m^2, (c) a^2 < m^2.

Due to the two isometries there are two conserved quantities which provide two firstintegrals of the geodesic equations. These can be defined by −P = ( 2mt Σ − 1 ) ṙ + 2mt Σ a sinh^2 θϕ̇ , L = − 2mt Σ a sinh^2 θ ṙ + [ (t^2 + a^2)^2 + a^2 sinh^2 θΔ

] sinh^2 θ Σ ϕ̇ . (2.12)

Where a dot means derivative with respect to the geodesic affine parameter. In terms of these the geodesic equations can be written as follows: ϵ = − Σ Δ ṫ^2 + Δ Σ ( ṙ + a sinh^2 θϕ̇

)_2 − sinh^2 θ Σ [ (t^2 + a^2)ϕ̇ − aṙ

]_2

, (2.13)

0 = − a^2 Δ ṫ^2 − a^2Δ Σ^2 ( ṙ + a sinh^2 θ ϕ̇

)_2 + 2aΔϕ̇ Σ ( ṙ − a sinh^2 θ ϕ̇ ) + + (t^2 + a^2)

Σ^2 [ (t^2 + a^2)ϕ̇ − aṙ

]_2 , (2.14)

where ϵ = 0 (−1, +1) for null (time-like, space-like) geodesics. Simple algebraic manipulations reveal that, starting from the previous equations characterizing the geodesics, the invariants P and L satisfy the following relation:

(L − aP sinh^2 θ)(L + aP sinh^2 θ) = −ϵ a^2 sinh^4 θ . (2.15)

We now discuss the behavior of null and time-like geodesics in more detail.

– 8 –

Null Geodesics. In this case, the relation (2.15) considerably simplifies the equations of motion. Using the condition

(L − aP sinh θ^2) = 0 , (2.16)

the geodesic equations simplify to the following expressions for the first derivatives along the geodesic affine parameter:

ṫ = ±P , ṙ = (t^2 + a^2) Δ P and ϕ̇ = aP Δ . (2.17)

These first-order differential equations are well-defined for any value of the coordinates and of the affine parameter. Because Δ cannot vanish, these equations can be integrated without introducing singularities, leading to geodesics which are also everywhere welldefined, making the space-time geodesically complete for null geodesics.

Time-like geodesics. The equations for timelike geodesics are harder to handle. We concentrate on the simplest situation, for which the constant coordinate θ is chosen to vanish: θ = 0. We obtain in this case ṫ = ± ( P^2 + Δ Σ ) , ṙ = Σ Δ P , ϕ̇ = aP Σ ( Σ Δ − 1 ) [ 1 ± √ 1 + Δ^2Σ P^2(Δ − Σ)^2 [ P^2 Δ ( 1 + 1 a ) + 1 Σ − P^2Σ Δ ] ] . (2.18)

It is also true in this case that the geodesics which result from these equations are welldefined for all values of the coordinates, and the space time is geodesically complete for these time-like geodesics.

3. Generalizations

In this section we generalize in various ways the time dependent Kerr S-brane solution of the last section. We first extend the four dimensional pure-gravity solution to a more general solution of the combined Einstein-dilaton-antisymmetric tensor equations of 4D supergravity, for which the dilaton and antisymmetric tensor fields do not vanish. This new solution is obtained by performing a T-duality transformation, exploiting the T-duality invariance of the supergravity action.

Next we extend the solutions in the vacuum to higher dimensions: we obtain these solutions by performing a complex substitution in stationary solutions already known in the literature.

We then continue with two examples, which show how to generalize higher-dimensional solutions by acting on them with symmetries. Similar to the 4D case after T-duality, the new time-dependent solutions obtained in this way contain nontrivial dilaton, and are coupled to two-forms and/or one forms.

– 9 –

We obtain the first of these higher-dimensional examples by performing a coordinate rotation, followed by a proper T-duality transformation, leading to a 5-dimensional S-string configuration, involving a background dilaton field and an antisymmetric three form field. In the second example, we start with an S-string in five dimensional vacuum, and, by means of applying a Hassan-Sen transformation, we extend it to a solution within a more general background, containing in addition nonzero abelian gauge fields. Their global properties are richer than the four dimensional ones, and we discuss them in some detail.

3.1 Four dimensional T-dual configurations Although our Kerr S-brane configuration so far has been considered as a solution to the vacuum Einstein equations, it may also be regarded as a solution to the combined Einstein- Dilaton-Antisymmetric tensor field equations of supergravity models, for which the dilaton, Φ, is a constant and the antisymmetric tensor field, B_{μν} , vanishes. The action for this model, in the string frame, is given explicitly by S = − ∫ dx^4 √ −g_4 e^{−Φ} [ R + (∇Φ)^2 − 1 12 H^23 ] , (3.1)

where the 3-form H3 is related to the 2-form potential, B2, by H3 = dB2 + . . ., where the dots denote possible Chern-Simons terms which play no role in what follows.

Given any solution to the field equations of this action which enjoy at least one continuous symmetry, there is a well-known prescription for generating new solutions. The new solution is obtained by performing a T-duality transformation based on one of the original solution’s symmetries [24]. As applied to the translation symmetry, r → r + constant, of the Kerr S-brane solution, the new solution which is generated in this way is given by the fields g̃_{μν} , B̃_{μν} and Φ̃, which are related to the Kerr S-brane solution (in the string frame) by the explicit transformation

g̃_{rr} = 1 g_{rr} , g̃_{rα} = B_{rα} g_{rr} , g̃_{αβ} = g_{αβ} − (g_{rα}g_{rβ} − B_{rα}B_{rβ}) g_{rr} , B̃_{rα} = g^{rα} g_{rr} , B̃_{αβ} = B_{αβ} − 2g_{r[α}B_{β]r} g_{rr} , Φ̃ = Φ − ln g_{rr} , (3.2)

where α and β denote all of the coordinate directions except for r.

This transformation furnishes us with the following new solution for the action (3.1), describing a time dependent configuration in the presence of nontrivial dilaton and antisymmetric tensor field:

ds̃^2 = − Σ Δ dt^2 + Σ Δ + a^2 sinh^2 θ dr^2 + Σ dθ^2 +

ΔΣ sinh^2 θ Δ + a^2 sinh^2 θ dϕ^2 , Φ̃ = − ln [ Δ + a^2 sinh^2 θ Σ ] , B̃_{ϕr} = − 2mat sinh^2 θ

Δ + a^2 sinh^2 θ

. (3.3)

– 10 –

This configuration is completely time-de-

Figure 3: Behavior of the scalar field for the solution in eq. (3.3), for m = 1, a = 1.2.

pendent, and regular, provided that Δ > 0, that is a^2 > m^2, just as was the original solution before performing the T-duality. In this case, the parameter a, whose size rules the regularity of the solution, is associated with the “charge” of the non vanishing antisymmetric two form. The scalar field is also completely regular for this range of a, and it depends on both the coordinates t and θ. The dilaton configuration has a global maximum and a global minimum, and it asymptotically vanishes: it is represented in figure 3.

For a^2 < m^2, the metric has Cauchy horizons at the surfaces Δ = 0. The geometry is characterized by the presence of internal stationary regions, containing CTC’s, and curvature singularities when the dilaton diverges, on the curves given by the solution of the equation t^2 − 2mt + a^2 cosh^2 θ = 0 . (3.4)

For this four dimensional solution with a^2 < m^2, in the presence of non trivial dilaton, it is not possible to find a configuration free of curvature singularities. We will show, in subsection 3.3, how this condition can be reached, in a higher dimensional example, switching on additional components of the antisymmetric tensor field.

3.2 Higher dimensional S-Kerr solutions

The vacuum solution in four dimensions that we discussed in the first part of this letter, can be generalized to d dimensional vacuum solutions, at least in two different ways. The first, immediate way, is to simply add to the solution (d − 4) flat space-like directions (we will use this observation in the next subsection as starting point to find non trivial configurations via solution generating techniques). More interestingly, we can add (d − 4) extra dimensions, characterized by a hyperbolic symmetry. This can be done by applying a suitable analytic continuation to the higher dimensional Kerr black hole with only one rotation parameter, which was found in ref. [25]. The stationary solution, starting point for our discussion, is given by

ds^2_d = −

Δ − a^2 sin^2 θ Σ dt^2 + Σ Δ dr^2 + Σ dθ^2 +

4 m a r^{5−d} sin^2 θ Σ dt dϕ + + sin^2 θ Σ [(r^2 + a^2)^2 − Δ a^2 sin^2 θ]dϕ^2 + r^2 cos^2 θ dΩ^2_{d−4} , (3.5)

where

Δ = r^2 + a^2 − 2 m r^{5−d} Σ = r^2 + a^2 cos^2 θ (3.6)

– 11 – and dΩ_{d−4} is the line element of the (d − 4) sphere. The horizons are located at the points where Δ = 0.

Consider now the following complex replacement t → ir , r → it , θ → iθ , a → ia , m → i^{d−3}m dΩ_{d−4} → idH_{d−4} (3.7) where dΩ_p and dH_p respectively denote the line elements for the p-sphere and p-hyperbola. Applied to the solution eq. (3.5) this transformation leads to the following time-dependent solution in d dimensions:

ds^2_d = − Σ Δ dt^2 +

Δ + a^2 sinh^2 θ Σ dr^2 + Σ dθ^2 −

4 m a t^{5−d} sinh^2 θ Σ dr dϕ + + sinh^2 θ Σ [(t^2 + a^2)^2 + Δ a^2 sinh^2 θ] dϕ^2 + t^2 cosh^2 θ dH^2_{d−4} , (3.8)

where now

Δ = t^2 + a^2 − 2 m t^{5−d} Σ = t^2 + a^2 cosh^2 θ . (3.9)

This configuration has horizons at the locus of points defined by the solutions to the equation Δ = t^2 + a^2 − 2mt^{5−d} = 0 or t^{d−3} + a^2 t^{d−5} − 2m = 0 . (3.10) From this equation is easy to see when, and how many, horizons are present. One finds that, in five dimensions, the geometry is completely time dependent, without horizons or curvature singularities, for a^2 > 2m. When this last inequality is not satisfied, an internal, regular stationary region is present, which contains CTC’s.

Starting from six dimensions, the global structure changes dramatically. Let us consider only the region for positive t, since there is a curvature singularity at the origin. Although the metric is asymptotically time dependent, for positive m it is characterized by the presence of a Cauchy horizon, that separates the time-dependent region from an internal, stationary region containing a naked singularity at the origin. For negative m, the time dependent geometry is characterized by an initial, space-like singularity, since there are no horizons present.

Consequently, for six and more dimensions, our analytic continuation applied to (3.5) furnishes a singular geometry with a global structure similar to previously known S-branes.

3.3 A nonsingular charged S-string In this section we next construct a five dimensional configuration which represents a solution to the field equations for the following string-frame action in five dimensions: S = − ∫ dx^5 √ −g_5 e^{−Φ} [ R + (∇Φ)^2 − 1 12 H^23 ] . (3.11)

As before, Φ is the dilaton while H3 the antisymmetric 3-form field strength: H3 = dB_2 .

It is relatively easy to find new solutions for this system. In order to find them we proceed in an analogous way to that outlined in [16], using the following three steps.

– 12 –

Step 1: we start with the vacuum spacetime of section (2.2) — i.e. eq. (2.4) — and we add to it an extra flat direction,^8 whose coordinate we call x. The solution obtained in this way corresponds to a time-dependent S-string configuration, and is given by

ds^2 = − Σ Δ dt^2 + ( Δ + a^2 sinh^2 θ Σ ) dr^2 + Σdθ^2 + + [ (t^2 + a^2)^2 + a^2 sinh^2 θΔ

] sinh^2 θ Σ dϕ^2 − 4m a t Σ sinh^2 θdϕdr + dx^2 Φ = 0 B = 0 , (3.12) where we use the same conventions as in subsection 2.2. This solution has the same global properties as that of the 4-dimensional SKerr solution.

Step 2: we rotate the solution in the (r, x) plane, by the transformation r = r̂ cos α + x̂ sin α , x = x̂ cos α − r̂ sin α . (3.13) We obtain the following rotated solution

dŝ^2_5 = − Σ Δ dt^2 + [ Δ + a^2 sinh^2 θ + 2mt sin^2 α Σ ] dr̂^2 + [ Δ + a^2 sinh^2 θ + 2mt cos^2 α Σ ] dx̂^2 +

+Σ dθ^2 + sinh^2 θ Σ [ (t^2 + a^2)^2 + a^2 sinh^2 θΔ ] dϕ^2 − 4 m t cos α sin α Σ dx̂ dr̂ − − 4 m a t sinh^2 θ cos α Σ dϕ dr̂ − 4 m a t sinh^2 θ sin α Σ dϕ dx̂ Φ = 0 B = 0 . (3.14) Step 3: we apply the T-duality transformation eq. (3.2) to the previous solution (3.14), using the symmetry associated with translations along the direction x̂. We obtain the following new metric

ds̃^2_5 = − Σ Δ dt^2 + Σ dθ^2 +

Δ + a^2 sinh^2 θ Δ + a^2 sinh^2 θ + 2 m t cos^2 α dr̂^2 + g̃_{ϕϕ} dϕ^2 + + Σ Δ + a^2 sinh^2 θ + 2 m t cos^2 α dx̂^2 −

4 m a t sinh^2 θ cos α Δ + a^2 sinh^2 θ + 2 m t cos^2 α dr̂ dϕ , (3.15) where g̃_{ϕϕ} is given by the expression

g̃_{ϕϕ} = sinh^2(θ) Δ + a^2 sinh^2 θ + 2 m t cos^2 α [ Δ Σ + 2 m t cos^2 α (t^2 + a^2) ] . (3.16)

The dilaton and antisymmetric form are similarly given by B̃_{x̂r̂} = − 2 m t cos α sin α Δ + a^2 sinh^2 θ + 2 m t cos^2 α

, (3.17)

B̃_{x̂ϕ̂} = − 2 m a t sin α sinh^2 θ Δ + a^2 sinh^2 θ + 2 m t cos^2 α

, (3.18)

Φ̃ = − ln [Δ + a^2 sinh^2 θ + 2 m t cos^2 α] Σ . (3.19)

8We could easily add n flat directions, but we concentrate on one for the sake of clarity.

– 13 –

Taking the limit α = 0, one recover the solution (3.12). In the limit α =^π_2 , instead, one finds essentially the T-dual solution discussed in section 3.1, with the addition of an extra flat dimension.

The charged string configuration coupled to the antisymmetric tensor field constructed above is completely time dependent and regular for a^2 > m^2 (that is, Δ is always positive). When a^2 < m^2, internal, stationary regions are present, separated by Cauchy horizons from the external time dependent regions. In this case, curvature singularities are possibly present when the dilaton diverges, inside the stationary region, at points satisfying the equation Δ + a^2 sinh^2 θ + 2mt cos^2 α = 0 . (3.20)

For this configuration, the presence of additional non zero components for the field B, in comparison to the simpler four dimensional case discussed in section 3.1, allows to obtain non singular solutions with horizons and non trivial dilaton: it is enough to choose the rotation angle α in such a way that the following inequalities are satisfied

0 < sin^4 α < a^2 m^2

, (3.21)

as an analysis of the equation (3.20) can easily show. The internal, regular stationary regions, however, contain again CTC’s.

3.4 SKerr in heterotic string theory

In this final section, we generate new solutions using the method of twisting in heterotic string theory, as introduced by Hassan and Sen [17]. In that work, a class of symmetries of the solutions to heterotic string theory was discovered for configurations which are independent of d of the space-time directions, and for which the background gauge fields are neutral under p of the U(1) generators of the gauge group. The symmetry identified by these authors is O(d)×O(d+p) if all of the d directions are space-like, or O(d−1, 1)×O(d+p−1, 1), if the signature of the d-coordinates is lorentzian.

For our purposes, our interest in this symmetry is to generate new inequivalent time dependent solutions from known ones. Indeed, in [17], the authors applied this transformation to a static 6-brane in ten dimensions, to generate a new solution carrying electric and magnetic charges, antisymmetric tensor field charge and non trivial dilaton field. In [26], Sen derived in a similar way a rotating, charged black hole with nontrivial dilaton, magnetic fields and antisymmetric tensor field in heterotic string theory, starting from a rotating solution in the vacuum.

We are now interested in applying these transformations to the 5-dimensional Kerr Sstring constructed adding a flat direction, x, to the 4-dimensional Kerr S-brane solution (our starting point is the first step in the previous subsection, that is, the solution in eq. (3.12)); our discussion will be based on [27]. Thus we start with the low-energy action for heterotic string theory in D = 5 dimensions, with the other (10 − D) dimensions compactified. We do not include the massless compactification moduli in the effective action as well as

– 14 – higher derivative terms. Then, we are left with the 5-dimensional metric, the dilaton, the antisymmetric two form field and the Maxwell field, whose action is given by S = − ∫ dx^5 √ −g_5 e^{−Φ} [ R + (∇Φ)^2 − 1 12 H^23 − 1 8 F^22 ] . (3.22)

Here Φ is the dilaton field, F_{μν} = ∂_μ A_ν − ∂_ν A_μ is the field strength of the U(1) gauge field. The three form field H is given by H_{μνρ} = ∂_μ B_{νρ} + cyclic permutations - CS, where the U(1) Chern-Simons term is CS =^1_4 (A_μ F_{νρ} + cyclic permutations).

We wish to apply the Hassan-Sen transformation to the solution in eq. (3.12), which is independent of the two spatial coordinates, (r, x) (that is, d = 2). Given a solution (g_{μν} , Φ, A_μ, B_{μν} ), a transformed solution (g̃_{μν} , Φ̃, Ã_μ, B̃_{μν} ) can be obtained in the following way.

Define the 11 × 11 matrix M as

M = (K^T − η)g^{−1}(K − η) (K^T − η)g^{−1}(K + η) −(K^T − η)g^{−1}A (K^T + η)g^{−1}(K − η) (K^T + η)g^{−1}(K + η) −(K^T + η)g^{−1}A −A^T ĝ^{−1}(K − η) −A^T g^{−1}(K + η) A^T g^{−1}A

, (3.23)

where K_{μν} is a 5 × 5 matrix defined in terms of the original solution, K_{μν} = −B_{μν} − g_{μν} − 1 4 A_μA_ν , (3.24)

and η =diag(1, 1, 1, 1, 1).^9

Our original solution (3.12) has A_μ = 0, and so we have d = 2 and p = 1. Thus the symmetry of the space of solutions is O(2) × O(3). The Hassan-Sen transformation then acts on the original solution, contained in the matrix M, to give a new solution:

M̃ = ΩMΩ^T (3.25)

Φ̃ = Φ + ln √ det g̃ det g

, (3.26)

where Ω ∈ O(2) × O(3) is given explicitly by

Ω = I_3 S I_3 R . (3.27)

Here, I_3 represents the identity, while R ∈ O(3) and S ∈ O(2). We can choose R to be of the form

R = cos α_2 sin α_2 0 − sin α_2 cos α_2 0 0 0 1 cos α_1 0 sin α_1 0 1 0 − sin α_1 0 cos α_1

, (3.28)

9In the case in which one of the coordinates in d is time-like, η = (−1, 1, . . . , 1).

– 15 – where α_1 parameterizes rotations which mix the r direction with the internal coordinate, and α_2 parameterizes rotations in the (r, x) space. The O(2)-transformations are rotations of the solution in the (r, x)-plane and we choose S to be the identity matrix.

With this choice for Ω, applied to the matrix M constructed in terms of the original solution, we can determine the new solution completely. The new metric is given by

ds̃^2_5 = − Σ Δ dt^2 + Σ dθ^2 + dx^2 +

[Σ(Δ + a^2 sinh^2 θ) + sin^2 α_2 cos^2 α_1 m^2 t^2] [m t (1 − cos α_1 cos α_2) − Σ]^2 dr^2 +

+g̃_{ϕϕ} dϕ^2 +

2 m t a sinh^2 θ[sin^2 α_2 cos^2 α_1 m t − (1 + cos α_1 cos α_2)Σ] [Σ − m t (1 − cos α_1 cos α_2)]^2 drdϕ + + 2 m t sin α_2 cos α_1 [m t (1 − cos α_1 cos α_2) − Σ] dxdr + 2 m t sin α_2 cos α_1 sinh^2 θ [m t (1 − cos α_1 cos α_2) − Σ] dxdϕ , (3.29) where

g̃_{ϕϕ} = sinh^2 θ Σ { (t^2 + a^2)^2 + a^2 sinh^2 θΔ + m^2t^2a^2 sinh^2 θ ×

× [ 2(1 − cos α_1 cos α_2) m t(1 − cos α_1 cos α_2) − Σ − sin^2 α_1Σ [m t(1 − cos α_1 cos α_2) − Σ]^2 ]} . (3.30)

The dilaton and background fields are similarly given by

Φ̃ = − ln [ Σ − mt(1 − cos α_1 cos α_2) Σ ] , Ã_ϕ = − 2mta sin α^1 sinh^2 θ Σ − mt(1 − cos α_1 cos α_2) , Ã_r = − 2mt sin α^1 Σ − mt(1 − cos α_1 cos α_2) , B̃_{rϕ} = mta(1 − cos α^1 cos α^2) sinh^2 θ Σ − mt(1 − cos α_1 cos α_2) , B̃_{rx} = mt sin α^2 cos α^1

Σ − mt(1 − cos α_1 cos α_2)

B̃_{xϕ} = −mta sin α^2 cos α^1 sinh^2 θ Σ − mt(1 − cos α_1 cos α_2)

, (3.31)

while the other components of Ã_μ and B̃_{μν} vanish.

This string-like, time dependent solution has a global structure which resembles that of the charged S-string of last section. We have a completely time-dependent, regular, causally well defined configuration whenever a^2 > m^2. In the opposite case, there could be closed timelike curves in the internal region and naked singularities situated where the dilaton, the Ã and B̃ fields are singular. This happens if the following equation has real roots Σ − m t (1 − cos α_1 cos α_2) = 0 . (3.32) Also in this case, for a^2 < m^2, one can judiciously choose the angles α_1 and α_2, in such a way that the metric is singularity free, although the internal stationary regions contain CTC’s.

– 16 –

Let us end noticing that the solution we obtained in this section via a Hassan-Sen transformation, is actually connected to the previous solutions for certain choices of the angles α_i. For α_1 = α_2 = 0, one naturally finds the vacuum solution of eq. (3.12). More interestingly, consider the case α_1 = 0, and α_2 = 2α. One can explicitly check that in this way the resulting solution reduces to the charged solution we presented in the third step of section 3.3, once we perform on the latter a new coordinate rotation (3.13), with the same angle α.

4. Conclusions

In the present letter we have identified several classes of exact time-dependent solutions to the low-energy supergravity equations in four and higher dimensions. Unlike many of the S-brane solutions discussed earlier in the literature, some of the new solutions we obtain are particularly interesting because they are nonsingular, inasmuch as they have neither horizons, curvature singularities or closed timelike curves.

We discuss the simplest such solution — the Kerr S-brane — in some detail. This is obtained from the Kerr solution by making complex substitutions of coordinates and parameters in precisely the same manner as the more symmetric S-brane solutions have been constructed from the Schwarzschild spacetime. The solution contains two parameters, a and m, and reduces to the earlier S-brane configurations as a → 0. We show that these solutions are nonsingular and causally well behaved if they satisfy a^2 > m^2. When 0 < a^2 < m^2, although the solution is still free of curvature singularities, it is characterized by internal stationary regions that contain closed time-like curves, which make them problematic from the point of view of causality. It might be interesting to study issues such as stability and particle production in these simple non-singular, time dependent backgrounds.

We then generalize the simplest solution to include more dimensions, and non trivial configurations for the typical fields of low-energy supergravity, applying various solution generating techniques. We concentrate on S-string backgrounds in five dimensions, that contain a scalar field, and antisymmetric one- and two-form fields. Also in these richer situations, we are able to identify time dependent solutions that are completely regular in the entire space-time. Simple extensions of these five dimensional solutions to higher dimensions can be obtained by taking a product with additional flat directions. Other generalizations can be achieved by performing different kinds of duality transformations.

It would be interesting to understand the connection between the tachyon field dynamics in string theory and the regular time dependent solutions we have presented here. Also, it is worth to investigate the possibility to construct realistic cosmological models based on these geometries.

Note added: while this letter was in the last stages of preparation, we received the preprint in reference [13], which contains substantial overlap with the first part of the present work.

– 17 –

Acknowledgments

We would like to thank O. Obregón for useful discussions. C.B. is funded by NSERC (Canada), FCAR (Québec) and McGill University. F.Q. is partially funded by PPARC and the Royal Society Wolfson award. G.T. is supported by the European TMR Networks HPRN-CT-2000-00131, HPRN-CT-2000-00148 and HPRN-CT-2000-00152. I.Z. is supported by the United States Department of Energy under grant DE-FG02-91-ER-40672.

References

[1] M. Gutperle and A. Strominger, Spacelike branes, J. High Energy Phys. 04 (2002) 018 [hep-th/0202210].

[2] D.L. Wiltshire, Global properties of Kaluza-Klein cosmologies, Phys. Rev. D 36 (1987) 1634;

K. Behrndt and S. Förste, String Kaluza-Klein cosmology, Nucl. Phys. B 430 (1994) 441 [hep-th/9403179];

A. Lukas, B.A. Ovrut and D. Waldram, Cosmological solutions of type-II string theory, Phys. Lett. B 393 (1997) 65 [hep-th/9608195];

A. Lukas, B.A. Ovrut and D. Waldram, String and M-theory cosmological solutions with ramond forms, Nucl. Phys. B 495 (1997) 365 [hep-th/9610238];

H. Lu, S. Mukherji, C.N. Pope and K.W. Xu, Cosmological solutions in string theories, Phys. Rev. D 55 (1997) 7926 [hep-th/9610107];

H. Lu, S. Mukherji and C.N. Pope, From p-branes to cosmology, Int. J. Mod. Phys. A 14 (1999) 4121 [hep-th/9612224];

C. Grojean, F. Quevedo, G. Tasinato and I. Zavala, Branes on charged dilatonic backgrounds: self-tuning, Lorentz violations and cosmology, J. High Energy Phys. 08 (2001) 005 [hep-th/0106120].

[3] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]; Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265]; Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143]; Time evolution in open string theory, J. High Energy Phys. 10 (2002) 003 [hep-th/0207105].

[4] L. Cornalba and M.S. Costa, A new cosmological scenario in string theory, Phys. Rev. D 66 (2002) 066001 [hep-th/0203031];

L. Cornalba, M.S. Costa and C. Kounnas, A resolution of the cosmological singularity with orientifolds, Nucl. Phys. B 637 (2002) 378 [hep-th/0204261].

[5] P.K. Townsend and M.N.R. Wohlfarth, Accelerating cosmologies from compactification, Phys.

Rev. Lett. 91 (2003) 061302 [hep-th/0303097];

N. Ohta, Accelerating cosmologies from s-branes, Phys. Rev. Lett. 91 (2003) 061303 [hep-th/0303238];

S. Roy, Accelerating cosmologies from M/string theory compactifications, Phys. Lett. B 567 (2003) 322 [hep-th/0304084];

M.N. Wohlfarth, Accelerating cosmologies and a phase transition in M-theory, Phys. Lett. B 563 (2003) 1 [hep-th/0304089];

N. Ohta, A study of accelerating cosmologies from superstring/M theories, Prog. Theor. Phys. 110 (2003) 269 [hep-th/0304172];

R. Emparan and J. Garriga, A note on accelerating cosmologies from compactifications and S-branes, J. High Energy Phys. 05 (2003) 028 [hep-th/0304124];

– 18 –

C.-M. Chen, P.-M. Ho, I.P. Neupane and J.E. Wang, A note on acceleration from product space compactification, J. High Energy Phys. 07 (2003) 017 [hep-th/0304177]; M. Gutperle, R. Kallosh and A. Linde, M/string theory, S-branes and accelerating universe, JCAP 07 (2003) 001 [hep-th/0304225];

C.-M. Chen, P.-M. Ho, I.P. Neupane, N. Ohta and J.E. Wang, Hyperbolic space cosmologies, J. High Energy Phys. 10 (2003) 058 [hep-th/0306291];

I.P. Neupane, Accelerating cosmologies from exponential potentials, hep-th/0311071.

[6] C.P. Burgess, F. Quevedo, R. Rabadán, G. Tasinato and I. Zavala, Bouncing branes, JCAP 02 (2004) 008 [hep-th/0310122].

[7] C.P. Burgess, P. Martineau, F. Quevedo, G. Tasinato and I. Zavala C., Instabilities and particle production in S-brane geometries, J. High Energy Phys. 03 (2003) 050 [hep-th/0301122];

L. Cornalba and M.S. Costa, On the classical stability of orientifold cosmologies, Class. and Quant. Grav. 20 (2003) 3969 [hep-th/0302137].

[8] C.-M. Chen, D.V. Gal’tsov and M. Gutperle, S-brane solutions in supergravity theories, Phys.

Rev. D 66 (2002) 024043 [hep-th/0204071];

M. Kruczenski, R.C. Myers and A.W. Peet, Supergravity S-branes, J. High Energy Phys. 05 (2002) 039 [hep-th/0204144];

B. McInnes, ds/CFT, censorship, instability of hyperbolic horizons and spacelike branes, Nucl. Phys. B 660 (2003) 373 [hep-th/0205103];

S. Roy, On supergravity solutions of space-like Dp-branes, J. High Energy Phys. 08 (2002) 025 [hep-th/0205198];

N.S. Deger and A. Kaya, Intersecting S-brane solutions of D = 11 supergravity, J. High Energy Phys. 07 (2002) 038 [hep-th/0206057];

J.E. Wang, Spacelike and time dependent branes from DBI, J. High Energy Phys. 10 (2002) 037 [hep-th/0207089];

V.D. Ivashchuk, Composite S-brane solutions related to Toda-type systems, Class. and Quant. Grav. 20 (2003) 261 [hep-th/0208101];

K. Hashimoto, P.-M. Ho and J.E. Wang, S-brane actions, Phys. Rev. Lett. 90 (2003) 141601 [hep-th/0211090];

N. Ohta, Intersection rules for S-branes, Phys. Lett. B 558 (2003) 213 [hep-th/0301095]; A. Maloney, A. Strominger and X. Yin, S-brane thermodynamics, J. High Energy Phys. 10 (2003) 048 [hep-th/0302146];

N.S. Deger, Non-standard intersections of s-branes in D = 11 supergravity, J. High Energy Phys. 04 (2003) 034 [hep-th/0303232];

S. Bhattacharya and S. Roy, Time dependent supergravity solutions in arbitrary dimensions, J. High Energy Phys. 12 (2003) 015 [hep-th/0309202].

[9] C.P. Burgess, F. Quevedo, S.J. Rey, G. Tasinato and I. Zavala, Cosmological spacetimes from negative tension brane backgrounds, J. High Energy Phys. 10 (2002) 028 [hep-th/0207104]; F. Quevedo, G. Tasinato and I. Zavala, S-branes, negative tension branes and cosmology,

hep-th/0211031.

[10] A. Buchel and J. Walcher, Comments on supergravity description of S-branes, J. High Energy Phys. 05 (2003) 069 [hep-th/0305055].

[11] F. Leblond and A.W. Peet, A note on the singularity theorem for supergravity SD-branes, J.

High Energy Phys. 04 (2004) 022 [hep-th/0305059].

– 19 –

[12] G. Jones, A. Maloney and A. Strominger, Non-singular solutions for S-branes,

hep-th/0403050.

[13] J.E. Wang, Twisting S-branes, hep-th/0403094.

[14] J.M. Maldacena and L. Maoz, De-singularization by rotation, J. High Energy Phys. 12 (2002) 055 [hep-th/0012025].

[15] C.P. Burgess, R.C. Myers and F. Quevedo, Duality and four-dimensional black holes, Nucl.

Phys. B 442 (1995) 97 [hep-th/9411195].

[16] J.H. Horne, G.T. Horowitz and A.R. Steif, An equivalence between momentum and charge in string theory, Phys. Rev. Lett. 68 (1992) 568 [hep-th/9110065].

[17] S.F. Hassan and A. Sen, Twisting classical solutions in heterotic string theory, Nucl. Phys. B 375 (1992) 103 [hep-th/9109038].

[18] S. Hawking and G. Ellis, The large scale structure of the space-time, Cambridge University Press, Cambridge 1973.

[19] O. Obregon, H. Quevedo and M.P. Ryan, Kerr metric as an exact solution for unpolarized S1 × S2 gowdy models, Phys. Rev. D 65 (2002) 024022.

[20] H. Lu, C.N. Pope and J.F. Vazquez-Poritz, From AdS black holes to supersymmetric flux-branes, hep-th/0307001;

H. Lu and J.F. Vazquez-Poritz, Four-dimensional Einstein Yang-Mills de Sitter gravity from eleven dimensions, hep-th/0308104.

[21] B. Carter, Global structure of the Kerr family of gravitational fields, Phys. Rev. 174 (1968) 1559.

[22] S.W. Hawking, The chronology protection conjecture, Phys. Rev. D 46 (1992) 603.

[23] 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]; C.A.R. Herdeiro, Special properties of five dimensional BPS rotating black holes, Nucl. Phys. B 582 (2000) 363 [hep-th/0003063];

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]; 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]; L. Dyson, Chronology protection in string theory, J. High Energy Phys. 03 (2004) 024 [hep-th/0302052];

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]; B. Fiol, C. Hofman and E. Lozano-Tellechea, Causal structure of D = 5 vacua and axisymmetric spacetimes, hep-th/0312209;

L. Maoz and J. Simon, Killing spectroscopy of closed timelike curves, J. High Energy Phys. 01 (2004) 051 [hep-th/0310255].

[24] T.H. Buscher, Path integral derivation of quantum duality in nonlinear sigma models, Phys.

Lett. B 201 (1988) 466.

[25] R.C. Myers and M.J. Perry, Black holes in higher dimensional space-times, Ann. Phys. (NY) 172 (1986) 304.

– 20 –

[26] A. Sen, Rotating charged black hole solution in heterotic string theory, Phys. Rev. Lett. 69 (1992) 1006 [hep-th/9204046].

[27] S. Mahapatra, On the rotating charged black string solution, Phys. Rev. D 50 (1994) 947 [hep-th/9301125].

– 21 –