arXiv:0912.3199v1 [hep-th] 16 Dec 2009

ArXiv: 0912.3199 [hep-th] DCPT-09/87 ULB-TH/09-43

Integrability of Five Dimensional Minimal Supergravity and Charged Rotating Black Holes

Pau Figueras^♦, Ella Jamsin^♦, Jorge V. Rocha^♯, and Amitabh Virmani^♦

♦Centre for Particle Theory, Department of Mathematical Sciences University of Durham, South Road, Durham, DH1 3LE, UK

pau.figueras@durham.ac.uk

♦Physique Théorique et Mathématique Université Libre de Bruxelles and International Solvay Institutes Campus Plaine C.P. 231, B-1050 Bruxelles, Belgium

ejamsin, avirmani@ulb.ac.be

♯Centro Multidisciplinar de Astrofísica - CENTRA, Dept. de Física, Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal

jorge.v.rocha@ist.utl.pt

Abstract We explore the integrability of five-dimensional minimal supergravity in the presence of three commuting Killing vectors. We argue that to see the integrability structure of the theory one necessarily has to perform an Ehlers reduction to two dimensions. A direct dimensional reduction to two dimensions does not allow us to see the integrability of the theory in an easy way. This situation is in contrast with vacuum five-dimensional gravity. We derive the Belinski-Zakharov (BZ) Lax pair for minimal supergravity based on a symmetric 7 × 7 coset representative matrix for the coset G_{2(2)}/(SL(2, R) × SL(2, R)). We elucidate the relationship between our BZ Lax pair and the group theoretic Lax pair previously known in the literature. The BZ Lax pair allows us to generalize the well-known BZ dressing method to fivedimensional minimal supergravity. We show that the action of the three-dimensional hidden symmetry transformations on the BZ dressing method is simply the group action on the BZ vectors. As an illustration of our formalism, we obtain the doubly spinning five-dimensional Myers-Perry black hole by applying solitonic transformations on the Schwarzschild black hole. We also derive the Cvetič-Youm black hole by applying solitonic transformations on the Reissner-Nordström black hole.

Contents

1 Introduction 1

2 Dimensional reduction to two dimensions 4 2.1 Reduction to three dimensions . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2 From three to two dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Integrability and the linear system 9 3.1 The Belinski-Zakharov approach . . . . . . . . . . . . . . . . . . . . . . . . 9 3.2 The Breitenlohner-Maison approach . . . . . . . . . . . . . . . . . . . . . . 11 3.3 Equivalence between the Lax pairs . . . . . . . . . . . . . . . . . . . . . . . 12 3.4 Group theoretic structure and solution generation . . . . . . . . . . . . . . . 13

4 Belinski-Zakharov Construction 14 4.1 The inverse scattering method for minimal supergravity in 5d . . . . . . . . 15 4.2 Action of the BZ transformations on the factor space . . . . . . . . . . . . . 16

5 Some general results 18 5.1 Combining hidden symmetries and the BZ construction . . . . . . . . . . . 18 5.2 Do we stay in the coset after the BZ transformations? . . . . . . . . . . . . 21

6 Examples 23 6.1 5d Myers-Perry from 5d Schwarzschild . . . . . . . . . . . . . . . . . . . . . 23 6.2 5d Cvetič-Youm solution from 5d Reissner-Nordström . . . . . . . . . . . . 25

7 Ehlers versus Matzner-Misner reduction 26

8 Discussion and open problems 28

A Cvetič-Youm solution in canonical coordinates 30

B Generalities on G_2 33

C Representation of g_{2(2)} and coset representative 34

D Invariant 3-form and the basis of octonions for our representation 36

1 Introduction

The presence of D − 3 commuting Killing symmetries allows us to reduce various Ddimensional gravity and supergravity theories into the form of three-dimensional nonlinear sigma models coupled to three-dimensional gravity. The construction works for a large number of theories, ranging from the simplest case of four dimensional vacuum gravity giving rise to the SL(2, R)/SO(2) coset model to eleven dimensional supergravity giving rise to an E_{8(+8)}/SO(16) coset model. A classification of four dimensional theories leading to three-dimensional coset models was given in [1]. The higher dimensional origin of these coset models was explored in [2].

Further reduction on another commuting Killing direction gives a two-dimensional dilaton gravity coupled to the corresponding non-linear sigma model now living in two dimensions [1]. The non-linear sigma model schematically represents the metric on the Killing directions of the higher dimensional spacetime and the matter sector of the higher dimensional theory. This sigma structure plays a central role in the proofs of the celebrated black hole uniqueness theorems in four and five spacetime dimensions [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] (see also [13, 14]), and their recent generalisations to minimal supergravity in five dimensions [10, 15, 16]. It is well known in the literature [17, 18, 19, 20] (see [21] for a comprehensive review and further references) that these two-dimensional coset models are classically completely integrable. The underlying group theoretic structure is a crucial ingredient in establishing the integrability of the dimensionally reduced models. Except in a few isolated cases, the integrability of these models has not yet been used as a solution generating technique. The notable exceptions are vacuum gravity in various dimensions [17] and four dimensional Einstein-Maxwell theory [22].

For five-dimensional vacuum gravity this line of investigation has led to an impressive progress in our understanding of stationary black holes with two rotational Killing vectors. It is expected that such an investigation for various supergravity theories will help us better understand the spectrum of black hole solutions in these theories. Furthermore, it is likely that such an investigation will let us discover novel charged black hole solutions. In this paper we take steps in this direction. Although our considerations are very general, and apply to any gravity theory that upon dimensional reduction gives rise to a coset model, for concreteness, we concentrate on the case of five-dimensional minimal supergravity.

A motivation behind focusing on five-dimensional minimal supergravity comes from the discovery of black rings [23], and their subsequent supersymmetric generalizations [24, 25] (see [26, 27] for reviews and further references). A non-supersymmetric non-extremal five parameter family of black ring solutions characterized by the mass, two angular momenta, electric charge, and dipole charge is conjectured to exist in minimal supergravity [28]. At present, though, all known smooth black rings have no more than three independent parameters [25, 28]^1. The solution of [28] does not admit any smooth supersymmetric limit to the BPS black ring [25]. It is likely that the integrability of minimal supergravity and the related inverse scattering technique explored in this paper will allow us to construct the most general black ring that will describe thermal excitations above the supersymmetric ring.

Another motivation for exploring integrability of supergravity theories comes from the fuzzball proposal. According to this proposal, a black hole geometry is a coarse grained description of its microstates. Some of theses microstates can be identified with smooth horizonless geometries with the same asymptotic charges as the black hole (see [30] for reviews). The fuzzball proposal has been mostly explored for BPS black holes, and large classes of smooth geometries corresponding to microstates of certain supersymmetric black holes have been constructed. However, for most black holes a generic microstate need not admit a supergravity description [31].

The situation for non-extremal black holes is much less developed. If the fuzzball proposal were to apply to non-extremal black holes as well, one would need to construct smooth horizonless non-BPS geometries with the same asymptotic charges as a

1In vacuum, the doubly spinning black ring solution of [29] also has three independent parameters.

non-extremal black hole. The construction of a large number of such geometries is a formidable task; at present, only a handful of such solutions are known [32, 33, 34, 35, 36]. Although for supersymmetric black holes a detailed technology [37] is available for constructing supersymmetric microstates, no systematic techniques are known to construct non-supersymmetric microstates. Having developed the inverse scattering method for supergravity theories, it is conceivable that one can construct a large number of smooth horizonless non-BPS geometries. Such solutions will not only advance our microscopic understanding of black holes, but also would shed light on how string theory can resolve the spacelike singularities of certain non-extremal black holes. Finally, we should also emphasize that the smooth horizonless geometries are of intrinsic interest from a purely gravitational point of view.

The inverse scattering method is a systematic procedure for generating new solutions from previously known solutions of a given set of non-linear equations. The first step consists in finding a set of linear differential equations called the Lax pair whose integrability conditions are precisely the non-linear equations to be solved. If one then focuses on the special class of solitonic solutions, the inverse scattering method provides an algebraic prescription to obtain analytically new solutions of the non-linear equations. For gravitational theories the solitonic solutions are the simplest and the most interesting ones.

The main results of this paper can be summarized as follows:

• We derive the Belinski-Zakharov (BZ) Lax pair for minimal supergravity based on a symmetric 7×7 coset representative matrix for the coset G_{2(2)}/(SL(2, R)×SL(2, R)). Our coset^2 construction is largely based on the one used in [38], but it differs in one important aspect, that the coset representative matrix M is symmetric — which is not the case in [38]. In [38] the matrix M is symmetric under generalized transposition, but not under the usual transpose. References [39, 40] gave another coset construction for the coset G_{2(2)}/(SL(2, R) × SL(2, R)) where the matrix M is also symmetric. Our matrix M shares several of the properties of the matrix M of [39, 40] though the two constructions are different. Refs [39, 40] use different field variables and a different basis for the representation of g_{2(2)} than ours.

• We elucidate the relationship between our BZ Lax pair and the group theoretic Lax pair previously known in the literature [17, 18, 19, 20, 21]. We generalize the well-known BZ dressing method to five-dimensional minimal supergravity (modulo certain subtleties to be discussed in section 5.2).

• We show that the action of the three-dimensional hidden symmetry transformations on the BZ dressing method is simply the group action on the BZ vectors.

• As an illustration of our formalism, we obtain the doubly spinning five-dimensional Myers-Perry black hole, seen as a solution of minimal supergravity, by applying solitonic transformations on the Schwarzschild black hole. We also derive the Cvetič- Youm black hole by applying solitonic transformations on the Reissner-Nordström black hole.

2Recall that G_{2(2)} is the split real form of G2. It is the only real form of G2 that is relevant for our purposes. At the level of Lie algebras, following the standard notation, we denote the split real form of g2 as g_{2(2)}.

• We argue that to see the integrability structure of the theory one necessarily has to perform an Ehlers reduction to two dimensions. An Ehlers reduction is a two step reduction: first one reduces the theory to three dimensions, dualizes all threedimensional vectors into scalars, and then further reduces to two dimensions. A direct dimensional reduction to two dimensions does not allow us to see the integrability of the theory in an easy way. This situation is in contrast with vacuum five-dimensional gravity.

The rest of the paper is organized as follows. In section 2 we present the dimensional reduction of five-dimensional minimal supergravity to two dimensions. The integrability of this theory in explored in section 3: in section 3.1 we derive the BZ Lax pair; in section 3.2 we show (following [19]) that the BZ Lax pair is equivalent to the one used in [20, 19]. In section 4 we generalize the BZ construction to minimal supergravity. The intuition behind how to use this construction is developed in section 4.2. Section 5 contains certain general results pertaining to the generalized BZ construction and the hidden G_{2(2)} symmetry. In section 6 we construct rotating black holes using the generalized BZ construction. The argument that to see the integrability of five-dimensional minimal supergravity one needs to perform an Ehlers reduction is presented in section 7. We close with a discussion of open problems in section 8. Various technical details are relegated to appendices. In appendix A we present the Cvetič-Youm solution in Weyl canonical coordinates. We collect some general results for the Lie algebra g_{2(2)} in appendix B. In appendix C we give the representation of g_{2(2)} that we use and present a construction of a symmetric coset representative matrix M. Finally, in appendix D we construct the three-form and the octonion structure constants preserved by our representation of g_{2(2)}.

2 Dimensional reduction to two dimensions

In this section we review the dimensional reduction of minimal five-dimensional supergravity from five to two dimensions. We assume the existence of three mutually commuting Killing vectors, ξ_a, a = 1, 2, 3, so that L_{ξa} g_5 = 0 and L_{ξa} F^5_{(2)} = 0 for all a, where L_{ξa} denotes the Lie derivative along ξ_a. We first reduce the theory to three dimensions using two of these Killing vectors, dualize all three-dimensional one-forms into scalars, and then reduce the resulting three-dimensional theory to two dimensions on the remaining Killing vector.

2.1 Reduction to three dimensions

Reference [1] derived a list of three-dimensional symmetric space non-linear sigma-models obtained by dimensional reduction from a class of four dimensional gravity theories coupled to abelian gauge fields and scalars^3. In this paper we concentrate on the particular case of five-dimensional minimal (ungauged) supergravity, although we believe that our considerations can be readily generalized to other theories — most likely to all theories considered in [1, 41, 2]!

3A detailed analysis of their group theoretical structure was given in [41], and the higher dimensional origin of these coset models was explored in [2].

The dimensional reductions of five-dimensional minimal supergravity to three dimensions were first studied in [42, 2]. When the reduction is performed over two spacelike Killing directions one obtains three-dimensional Lorentzian gravity coupled to the G_{2(2)}/SO(4) coset model. On the other hand, when the reduction is performed over one timelike and one spacelike Killing direction one obtains three-dimensional Euclidean gravity coupled to the G_{2(2)}/(SL(2, R) × SL(2, R)) coset model. In this section, we briefly review these dimensional reductions. This presentation follows closely the one given in [38] but contains a little less details.

Five-dimensional minimal supergravity is the simplest supersymmetric extension of five-dimensional vacuum gravity. In the bosonic sector, it contains a metric g_5 and a gauge potential A^5_{(1)} whose field strength is F^5_{(2)} = dA^5_{(1)}. The Lagrangian has the form of Einstein-Maxwell theory with a Chern-Simons term:

L_5 = R_5 ⋆ 1 − 1 2 ⋆ F^5_{(2)} ∧ F^5_{(2)} + 1 3 √ 3 F^5_{(2)} ∧ F^5_{(2)} ∧ A^5_{(1)} . (2.1)

The reduction to three dimensions of the metric g_5 is performed using the following ansatz:

ds^2_5 = e^{1√3 ϕ1+ϕ2} ds^2_3 + ϵ_2e^{1√3 ϕ1−ϕ2} (dz_4 + A^2_{(1)})^2

+ϵ_1e^{− 2√3 ϕ1} (dz_5 + χ_1dz_4 + A^1_{(1)})^2 , (2.2)

where the three-dimensional fields, namely the three-dimensional metric g_3, the two dilatons ϕ_1 and ϕ_2, the axion χ_1, and the two Kaluza-Klein one-form potentials A^1_{(1)} and A^2_{(1)}, do not depend on z_4 and z_5 coordinates. One can also think of this reduction as a two step process. The first step being the reduction from five to four dimensions over z_5, and the second being the reduction from four to three dimensions over z_4. In each step, the reduction can be performed over either a spacelike or a timelike Killing direction. The sign ϵ_i is +1 when the reduction is performed over a spacelike direction, and −1 for a timelike direction. We denote the field strengths associated to χ_1, A^1_{(1)}, and A^2_{(1)} by F_{(1)}, F^1_{(2)}, and F^2_{(2)} respectively. They are defined to be,

F_{(1)} = dχ_1 , F^1_{(2)} = dA^1_{(1)} + A^2_{(1)} ∧ dχ_1 ,

F^2_{(2)} = dA^2_{(1)} .

The reduction ansatz of the five-dimensional gauge potential A^5_{(1)} is taken to be

A^5_{(1)} = A_{(1)} + χ_3dz_4 + χ_2dz_5, (2.3)

where similarly the three-dimensional gauge potential A_{(1)} and the two axions χ_2 and χ_3 are independent of z_4 and z_5. The associated field strengths F_{(2)}, F^1_{(1)} and F^2_{(1)} are defined to be,

F^1_{(1)} = dχ_2,

F^2_{(1)} = dχ_3 − χ_1dχ_2, (2.4)

F_{(2)} = dA_{(1)} − dχ_2 ∧ (A^1_{(1)} − χ_1A^2_{(1)}) − dχ_3 ∧ A^2_{(1)}.

The next step in the reduction, in order to see the full hidden symmetry, is to define the axions χ_4, χ_5, and χ_6 dual to the one forms A_{(1)}, A^1_{(1)}, and A^2_{(1)}. This can be done by introducing the dual one-form field strengths G_{(1)4}, G_{(1)5} and G_{(1)6} for the three axions:

e^{−⃗α4·⃗ϕ} ⋆ F_{(2)} ≡ G_{(1)4} = dχ_4 + 1 √ 3 (χ_2dχ_3 − χ_3dχ_2),

ϵ_1e^{−⃗α5·⃗ϕ} ⋆ F^1_{(2)} ≡ G_{(1)5} = dχ_5 − χ_2dχ_4 + 1 3 √ 3 χ_2(χ_3dχ_2 − χ_2dχ_3), (2.5)

ϵ_2e^{−⃗α6·⃗ϕ} ⋆ F^2_{(2)} ≡ G_{(1)6} = dχ_6 − χ_1dχ_5 + (χ_1χ_2 − χ_3)dχ_4 + 1 3 √ 3 (−χ_1χ_2 + χ_3)(χ_3dχ_2 − χ_2dχ_3).

In terms of the new variables, ϕ_1, ϕ_2, χ_1, . . . , χ_6, the Lagrangian becomes L = R ⋆ 1 − 1 2 ⋆ d⃗ϕ ∧ d⃗ϕ − 1 2 ϵ_1ϵ_2e^{⃗α1·⃗ϕ} ⋆ dχ_1 ∧ dχ_1 − 1 2 ϵ_1e^{⃗α2·⃗ϕ} ⋆ dχ_2 ∧ dχ_2 − 1 2 ϵ_2e^{⃗α3·⃗ϕ} ⋆ (dχ_3 − χ_1dχ_2) ∧ (dχ_3 − χ_1dχ_2) + 1 2 ϵ_te^{⃗α4·⃗ϕ} ⋆ G_{(1)4} ∧ G_{(1)4} + 1 2 ϵ_1ϵ_te^{⃗α5·⃗ϕ} ⋆ G_{(1)5} ∧ G_{(1)5} + 1 2 ϵ_2ϵ_te^{⃗α6·⃗ϕ} ⋆ G_{(1)6} ∧ G_{(1)6} , (2.6)

where ϵ_t denotes the signature of the three-dimensional metric. It appears in this expression because of the relation ⋆ ⋆ ω_{(1)} = ϵ_tω_{(1)} for any one-form ω_{(1)}. The six doublets ⃗α_1, . . . , ⃗α_6 correspond precisely to the six positive roots of the exceptional Lie algebra g_2, given in appendix B. One can note from the Lagrangian (2.6) that for each i the axion χ_i is associated to the root α_i.

To summarize, the three-dimensional theory is determined by a three-dimensional metric and a set of eight scalar fields: two dilatons ϕ_1 and ϕ_2 and six axions χ_1, . . . , χ_6.

The non-linear σ-model for G_{2(2)}/K̃ It turns out that the Lagrangian (2.6) can be rewritten as

L = R ⋆ 1 + L_{scalar} , (2.7)

where L_{scalar} is the Lagrangian of a non-linear σ-model for the coset G_{2(2)}/K̃, with an appropriate subgroup K̃ depending on the signature ϵ_{1,2} of the reduced dimensions. We can write a coset representative V for the coset G_{2(2)}/K̃ in the Borel gauge by exponentiating the Cartan and positive root generators of g_{2(2)} with the dilatons and axions as coefficients. We can make contact with the reduced Lagrangian (2.6) by choosing the coset representative to be [38]

V = e^{12 ϕ1h1+ 12 ϕ2h2} e^{χ1e1} e^{−χ2e2+χ3e3} e^{χ6e6} e^{χ4e4−χ5e5} , (2.8)

where the representation of g_{2(2)} that we use is given in appendix C. For more group theoretic details on the construction and properties of the coset representative V we refer the reader to [38]. Next we define the matrix M as

M = S^T V^T ηVS , (2.9) where η and S are constant matrices whose explicit expressions are given in appendix C for the choice ϵ_1 = −1, ϵ_2 = +1, to which we specialize from now on. (For other choices of ϵ’s, the matrix η needs to be adapted.) The matrix M is symmetric by construction. Under global G_{2(2)} transformations it transforms as

M → M_g = (S^{−1}gS)^T M(S^{−1}gS) for g ∈ G_{2(2)}. (2.10)

It can be easily checked by an explicit calculation that the scalar part of the reduced Lagrangian (2.6) is also given by

L_{scalar} = − 1 8 Tr ( ⋆(M^{−1}dM) ∧ (M^{−1}dM) ) . (2.11)

We will see below that the matrix M plays the role of the metric on the Killing fields in the standard BZ construction. The vacuum truncation of the matrix M (i.e., setting χ_2 = χ_3 = χ_4 = 0) is block diagonal^4:

M = M^{−1}_{SL(3)} 0 0

0 1 0 0 0 M_{SL(3)}

, (2.12)

where

M_{SL(3)} =

−^{1+e} √ 3ϕ1+ϕ2 χ 5 2 e 2ϕ1√ 3 −^{χ1+e} √ 3ϕ1+ϕ2 χ 5χ_6 e 2ϕ1√ 3 −e^{ϕ1√3 +ϕ2} χ_5 −^{χ1+e} √ 3ϕ1+ϕ2 χ 5χ_6 e 2ϕ1√ 3 −e^{ϕ2} χ_1^2+e^{√3ϕ1} (1−e^{2ϕ2} χ_6^2) e 2ϕ1√ 3 +ϕ2 −e^{ϕ1√3 +ϕ2} χ_6

−e^{ϕ1√3 +ϕ2} χ_5 −e^{ϕ1√3 +ϕ2} χ_6 −e^{ϕ1√3 +ϕ2}

. (2.13)

This M_{SL(3)} is identical to the matrix χ used in [43]. Using a different representation of g_{2(2)}, references [39, 40] gave another coset construction for the coset G_{2(2)}/(SL(2, R) × SL(2, R)) where the matrix M is also symmetric and takes the form (2.12) for vacuum gravity. Further properties of the matrix M are given in appendix C.

In most references, and in particular in [38] where a similar discussion is presented, the matrix M is rather defined as V^♯V, where ♯ denotes the generalized transposition, which defines the subgroup on which the coset is taken. That expression is related to the one we use in this paper in an easy way. First, one can see that in our representation

V^♯ = η^{−1}V^T η. (2.14)

As a consequence, the two choices of definitions for M are related in the following way, where we keep the notation M for the expression (2.9)

M := V^♯V = η^{−1} (S^T )^{−1}MS^{−1} . (2.15)

4The matrix S above was chosen precisely to ensure that this is the case. This block diagonal form simply refers to the fact that the seven dimensional representation of G_{2(2)} branches into SL(3, R) representations as 7 = ¯3 + 1 + 3.

2.2 From three to two dimensions The reduction to two dimensions is performed by dropping all dependence on the third variable z^3 and using the usual ansatz for the metric g_{μν} = ( ξ^2ḡ_{mn} + ρ^2B_mB_n ρ^2B_m

ρ^2B_n ρ^2 ) (2.16)

where μ, ν are indices in three dimensions, m, n are two-dimensional indices, and ḡ_{mn} is the two-dimensional metric. Two comments are in order:

• The two-dimensional Kaluza-Klein vector B_m can be dropped under some weak conditions (see [44, 45] in the context of vacuum gravity and [10] in the context of five-dimensional minimal supergravity). This implies that the two-dimensional spaces orthogonal to the commuting Killing vector fields are integrable submanifolds.

• Any two-dimensional metric can be written locally as a conformal factor times the Minkowski metric. As a consequence, one can take ḡ_{mn} = δ_{mn} (recall that the three-dimensional space is Euclidean), while absorbing the conformal factor in ξ.

Thus, the ansatz simplifies to the diagonal one g_{μν} = ( ξ^2δ_{mn} 0

0 ρ^2 ) . (2.17)

Taking moreover into account that M^{−1}∂_3M = 0, the Lagrangian (2.11) becomes [1] L = 2ξ^{−1} ⋆ dρ ∧ dξ − 1 8 ρTr(⋆(M^{−1}dM) ∧ (M^{−1}dM)) (2.18)

where now the Hodge dual ⋆ and the differential d are taken over the two-dimensional flat space.

The equation of motion for the field ρ is given by

d ⋆ dρ = 0 (2.19)

From (2.19) one deduces that ρ is a harmonic function; therefore, one can choose it to be one of the coordinates on the two-dimensional space, z_1 = ρ. We take the second coordinate z_2 to be z_2 = z such that dz = − ⋆ dρ.

In coordinates (ρ, z) the equations for the matrix field M can be rewritten as

d(⋆ρ M^{−1}dM) = 0 . (2.20)

We find it useful to rewrite this equation explicitly in terms of the two-dimensional variables as ∂_ρ(ρ ∂_ρM M^{−1}) + ∂_z(ρ ∂_z M M^{−1}) = 0 . (2.21) Defining the matrices U and V as follows,

U = ρ (∂_ρM) M^{−1} , V = ρ (∂_z M) M^{−1} , (2.22) the equation of motion (2.21) becomes,

∂_ρU + ∂_zV = 0 . (2.23)

Finally, the equations for ξ can be written as the following system [1]

ξ^{−1}∂_ρξ = 1 16ρ Tr(U^2 − V^2), ξ^{−1}∂_zξ = 1 8ρ Tr(UV ). (2.24)

The equations for ξ satisfy the integrability condition ∂_ρ∂_zξ = ∂_z∂_ρξ as a consequence of (2.23). Therefore, once M is known, the function ξ is determined by a line integral, up to an integration constant. Moreover, while reducing the theory on one timelike and two rotational Killing vectors the ρ and z components of the gauge-field can be taken to be zero [10], A_ρ = A_z = 0 . (2.25)

Equations (2.23) and (2.24) are the equations for a completely integrable twodimensional sigma model. We will comment on the group theoretic structure of this sigma model in some detail in the following sections.

3 Integrability and the linear system

In this section we explore the integrability of the theory. In section 3.1 we derive the BZ Lax pair for five-dimensional minimal supergravity. This formulation of the Lax pair is equivalent to the one used in [20, 19], but it is better suited to generate new solutions using the inverse scattering method. In section 3.2 we discuss the interrelation between the Lax pair introduced in section 3.1 and that of [20, 19]. We also briefly discuss the solution generating technique of [20, 19].

3.1 The Belinski-Zakharov approach

The approach of Belinski and Zakharov [17], well known for vacuum gravity in various dimensions, can be readily generalized to minimal 5d supergravity using the equations deduced in section 2.2. Focusing on vacuum gravity in the presence of D − 2 commuting Killing vector fields, one can show [44, 45] that, under natural suitable conditions, the metric admits the form

ds^2 = G_{μ̄ν̄} dx^{μ̄}dx^{ν̄} + e^{2ν} (dρ^2 + dz^2) , (3.1)

where x^{μ̄} = z_3, z_4, z_5. Furthermore, without loss of generality we can choose coordinates so that det G = −ρ^2. (3.2)

Recall, from the previous section, that the coordinate z is defined as the harmonic dual of ρ.^5 Integrations of the three Killing directions yields a two-dimensional non-linear sigma model that is completely integrable.

5For vacuum spacetimes containing a black hole, it has been rigorously proven that these coordinates are globally defined in the domain of outer communications [13]. See [14] for a generalization to the four dimensional Einstein-Maxwell theory.

The vacuum Einstein equations divide into two groups, one for the metric components along the Killing directions, ∂_ρŨ + ∂_zṼ = 0, (3.3)

with Ũ = ρ(∂_ρG)G^{−1}, Ṽ = ρ(∂_z G)G^{−1} , (3.4)

and the second group of equations for ν ∂_ρν = − 1 2ρ + 1 8ρ Tr(Ũ^2 − Ṽ^2) , ∂_zν = 1 4ρ Tr(ŨṼ ) . (3.5)

These equations (3.3-3.5) are the starting point of the BZ construction. It is clear that they are formally identical to equations (2.22-2.24) for 5d minimal supergravity^6, the main difference being that in the latter case the matrix M plays the role of the Killing part G of the spacetime metric. Therefore, the Lax pair we are seeking can be immediately derived from the BZ Lax pair,

D_1Ψ = ρ V − λ U λ^2 + ρ^2

Ψ , D_2Ψ = ρ U + λ V λ^2 + ρ^2

Ψ , (3.6)

where λ is the spacetime dependent spectral parameter, and Ψ(λ, ρ, z) is the generating matrix such that the matrix M can be extracted from Ψ as

M(ρ, z) = Ψ(0, ρ, z) . (3.7)

D_1 and D_2 are the commuting differential operators introduced by BZ:

D_1 = ∂_z −

2 λ^2 λ^2 + ρ^2

∂_λ , D_2 = ∂_ρ + 2 λ ρ λ^2 + ρ^2

∂_λ . (3.8)

Indeed, since [D_1, D_2] = 0 the compatibility conditions of (3.6) are given by

[D_1, D_2]Ψ = 1 λ^2 + ρ^2 { λ(∂_ρU + ∂_zV ) + V + ρ(∂_zU + ∂_ρV ) + [U, V ] } Ψ = 0 . (3.9)

We observe that the term in this expression proportional to λ is just the equation of motion (2.21), while the remaining term corresponds to the integrability condition that follows from (2.22). This guarantees that the solution of the system (3.6) yields a solution of the original (non-linear) equation (2.21).

An important feature when generalizing the BZ construction to 5d minimal supergravity is the step in the dimensional reduction that consists in dualizing the 3d vectors into scalars. Such a dimensional reduction is called an Ehlers reduction, while when the reduction is performed without dualization it is called Matzner-Misner. Without the dualization, one cannot see the integrability of 5d minimal supergravity in two dimensions. On the other hand, the dualization is not necessary for vacuum gravity, as well as for some other supergravity theories. These subtleties can be better understood in terms of group theory and Dynkin diagrams and are discussed in section 7.

6Explicitly, equation (3.5) is converted into the form (2.24) if one replaces G by M and e^ν by ξ^2/ √ ρ.

The upshot of this derivation is that the technology developed by BZ for constructing solitonic solutions of (3.6) can be applied to five-dimensional minimal supergravity (modulo certain subtleties to be discussed in section 5.2). In fact, most likely, the BZ construction can be applied to all theories considered in [2], which reduce to non-linear sigma models in three dimensions and whose equations of motion are of the form (2.21) when reduced to two dimensions.

3.2 The Breitenlohner-Maison approach

A somewhat different approach for describing integrability of the two-dimensional coset models was taken in [19, 20]. It has the advantage to make the underlying symmetries more transparent. Here we summarize salient aspects of this approach and show that their Lax pair is equivalent to the Lax pair given above. Our presentation follows [19, 20]. See also [46, 47].

In this approach, in order to write the Lax pair, one first defines a new matrix V̂(γ, x) which depends on a spacetime dependent spectral parameter γ and satisfies V̂(γ = 0, x) = V(x). Here x denotes collectively the coordinates on the two-dimensional flat base space. The Lax pair is now given by

dV̂ V̂^{−1} = Q +

1 − γ^2 1 + γ^2 P − 2 γ 1 + γ^2

⋆ P , (3.10)

where Q = 1 2 [ dV V^{−1} + τ(dV V^{−1}) ] , P = 1 2 [ dV V^{−1} − τ(dV V^{−1}) ] , (3.11)

τ is the involution of the Lie algebra g_{2(2)} associated to the coset G_{2(2)}/(SL(2, R) × SL(2, R)), and ⋆ denotes the Hodge dual on the two-dimensional flat base space.

The integrability condition for these equations is equivalent to the equations of motion (2.20), provided that the spectral parameter γ obeys the differential equation

(1 − γ^2) dγ + 2 γ ⋆ dγ = γ(1 + γ^2) ρ dρ . (3.12)

This equation can be easily solved and the solution is given by 1 γ − γ = 2(w − z) ρ ⇒ γ_±(w, x) = 1 ρ [ (z − w) ± √ ρ^2 + (z − w)^2 ] , (3.13)

where w is a constant, the so-called ‘spacetime independent spectral parameter’. Defining the matrix X(γ, x) = V(x)^{−1} V̂(γ, x), we find that the Lax pair can be rewritten as dXX^{−1} = − γ^2 1 + γ^2 A − γ 1 + γ^2

⋆ A , (3.14)

where A = M^{−1}dM. The Lax equations (3.10) are the ones used in [19, 20].

3.3 Equivalence between the Lax pairs To show that these equations are equivalent to the BZ Lax pair, first notice that γ_− = −μ/ρ and γ_+ = −μ̄/ρ, where μ = √ ρ^2 + (z − w)^2 − (z − w) , μ̄ = −ρ^2/μ . (3.15)

These correspond to the ‘solitons’ and ‘anti-solitions’ in the context of the BZ construction for vacuum gravity. This motivates us to define [19] a new spectral parameter λ ≡ −ρ γ , (3.16) so that now λ corresponds to either a soliton (λ_− = μ) or an antisoliton (λ_+ = μ̄). Notice that the new spectral parameter satisfies dλ = 2 λ ρ λ^2 + ρ^2 ( dρ − λ ρ dz ) . (3.17)

We can rewrite the Lax pair for the matrix X, (3.14), in terms of the new spectral parameter λ. It reads dX X^{−1} = λ λ^2 + ρ^2 [ −λ M^{−1}dM + ρ ∗ M^{−1}dM ] . (3.18)

Defining a generating matrix field Ψ as

Ψ(λ, x) = M(x) X(λ, x) with Ψ(0, x) = M(x) , (3.19)

we note that Ψ satisfies

dΨ Ψ^{−1} = ρ λ^2 + ρ^2

[ρ dM + λ ⋆ dM] M^{−1} . (3.20)

dΨ in this equation can be calculated as follows dΨ(λ, x) = dΨ(λ, x) | |_λ + ∂Ψ(λ, x) ∂λ dλ = [ ∂_ρΨ + 2 λ ρ λ^2 + ρ^2

∂_λΨ ] dρ + [ ∂_zΨ − 2 λ^2 λ^2 + ρ^2

∂_λΨ ] dz = (D_2Ψ) dρ + (D_1Ψ) dz ,

(3.21)

where we have used (3.17) when going from the first line to the second one. We immediately see that D_1 and D_2 are precisely the differential operators introduced by BZ, defined in (3.8). Therefore, the ρ and z components of equation (3.20) are given by

D_2Ψ = ρ U + λ V λ^2 + ρ^2

Ψ , D_1Ψ = ρ V − λ U λ^2 + ρ^2

Ψ , (3.22)

where U = ρ ∂_ρM M^{−1} and V = ρ ∂_zM M^{−1}, which is precisely the BZ Lax pair (3.6).

3.4 Group theoretic structure and solution generation

Although the Lax equations are equivalent in the two formalisms, the explicit constructions of solutions from a given seed solution of the higher dimensional theory are very different. In the rest of this section, we very briefly discuss the group theoretic structure construction of a new solution from a given seed solution in the formalism of [19, 20], to which we refer the reader for further details.

It is useful to start by recalling how the underlying symmetries appear in three dimensions, and how they can be used as a solution generating technique. The situation in two dimensions can then be seen as an infinite dimensional generalization of it.

The matrix V constructed in three dimensions is an element of the coset G_{2(2)}/K̃, where the local isotropy group K̃ is K̃ = SL(2, R) × SL(2, R). In our construction the matrix V is taken to be in the Borel gauge (also known as the triangular gauge). The three-dimensional scalar Lagrangian (2.11) is invariant under global G_{2(2)} transformations. The transformation of the matrix V under G_{2(2)} is not simply by the right multiplication of the group element g. This is because in general such a multiplication does not preserve the Borel gauge. In order to restore the Borel gauge a local transformation under an element of K̃ is needed: V(x) → k(x)V(x)g, (3.23) where g ∈ G_{2(2)} and k(x) ∈ K̃ for each x. The Lagrangian is invariant under these transformations. Finding the right compensator k(x) is in general a very difficult problem. To get round this difficulty, one uses the defining property of elements k ∈ K̃, namely k^♯k = 1, where k^♯ := η^{−1}k^T η (see equation (2.14)). Thus, one can see that the matrix M = V^♯V transforms as M → g^♯Mg. Similarly, the matrix M defined in (2.9) transforms as M → g̃^T Mg̃, where g̃ = S^{−1}gS. The matrices M or M easily allow us to construct new solutions starting from a seed solution.

Some of these considerations generalize to the theory obtained after reduction to two dimensions, where one now defines a matrix V̂(x, γ) that depends on a complex parameter γ and is such that V̂(x, γ = 0) = V(x). This matrix is therefore an element of the loop extension^7 of G_{2(2)}, which we denote G^+_{2(2)} and global transformations under elements of this infinite dimensional group should lead to new solutions of the same theory. A generalization of the triangular gauge is obtained by imposing that V̂(x, γ) is regular at γ = 0, which is convenient as this limit defines V(x). As in three dimensions, it is therefore necessary to perform a compensating transformation, this time under an element k̂(x, γ) such that k̂^♯ ( x, −^1_γ ) k̂(x, γ) = 1. This defines a subgroup of G^+_{2(2)}, which we note K̃∞.

In summary, in two dimensions, the transformation of V̂(x, γ) is of the form V̂(x, γ) → k̂(x, γ)V̂(x, γ)ĝ(w), (3.24) where ĝ(w) ∈ G^+_{2(2)} and k̂(x, γ) ∈ K̃^∞ for each x. To avoid having to find the right compensator k(x, γ) and to work only with global transformations, one might want to try

7The loop extension of a group G is part of the untwisted affine extension of G. The extra elements in the latter correspond the central element and the derivation of the algebra, which can be seen to have an action on, respectively, the confomal factor ξ and the size ρ of the internal space [48, 49]. See for example [50] or [51] for more details on the theory of affine groups and algebras.

something similar to the case of three dimensions. Indeed, in the formalism of [19, 20] one defines the monodromy matrix M̂, which is,

M̂ := V̂^♯ ( x, − 1 γ ) V̂(x, γ) . (3.25)

A short calculation then reveals that M̂ only depends on the spacetime independent spectral parameter w, i.e., it is independent of the spacetime coordinates ρ, z:

M̂ = M̂(w). (3.26)

The solution generating method then consists in multiplying the seed matrix M̂(w) with an appropriate group element g(w) of the loop group G^+_{2(2)} so that the new matrix is

M̂^′(w) = g^♯(w)M̂(w)g(w). (3.27)

Now one needs to find the factorization of the new M̂^′(w) as in (3.25). Once the matrix V̂′(γ, x) is obtained, the matrix V′(x) can be readily obtained by taking the γ → 0 limit, and from there one can read all scalars. From the scalars one can reconstruct the higher dimensional solution. However, in order to be able to extract the new solution, the matrix V̂ should be chosen in the triangular gauge, so that in (3.25) the first factor is analytic in a neighborhood of γ = 0, and the second factor is analytic in the neighborhood of γ = ∞. Moreover, the overlap of the respective domains of analyticity should be an annulus region [19, 20]. Finding such a factorization is a variant of the famous matrix valued Riemann Hilbert problem. Consequently, avoiding the need to find the compensator k̂(x) is done at the price of another equally difficult problem. However, when the matrix M̂(w) is chosen to be just consisting of simple poles in the complex w plane, such a factorization can be reduced to an algebraic problem [20]. But even then, one problem remains: how to decide which M̂(w) to start with, and which g(w) to multiply with, in order to generate an interesting solution of the higher dimensional theory?

In the approach of [19, 20], although the group theoretic aspects of the corresponding generalized Geroch group remain clear, from the practical stand point, the construction of new solutions has to-date remained obscure. For this reason, in the next section we generalize the BZ construction to the G_{2(2)}/(SL(2, R)×SL(2, R)) coset model. The BZ method is also a purely algebraic procedure, but it has the advantage that it is more practical from the point of constructing new and interesting solutions of the higher dimensional theories.

A detailed dictionary between the BZ construction and the approach of [19, 20] is still lacking. We will discuss this and related points further in section 8.

4 Belinski-Zakharov Construction

In section 4.1 we generalize the BZ construction to minimal supergravity in terms of the 7 × 7 matrix M . In section 4.2 we discuss the action of the BZ transformations on the so called factor space.

4.1 The inverse scattering method for minimal supergravity in 5d

Belinski and Zakharov provided a purely algebraic procedure for constructing solutions to the Einstein vacuum equations with D − 2 commuting Killing fields. Their method can be adapted to the case of minimal supergravity. Since the procedure is essentially the same as in the vacuum case we shall be brief (see [17] for more details).

The BZ Lax equations (3.6) are linear; therefore, we can construct a new solution to the Lax pair by ‘dressing’ a known ‘seed’ solution Ψ_0(λ, ρ, z). Defining a dressing matrix χ(λ, ρ, z), one seeks a new solution to (3.6) of the form

Ψ = χΨ_0 . (4.1)

Making this substitution into equation (3.6) results in the equations for χ. The matrix χ is further constrained to ensure that the new matrix M(ρ, z) = Ψ(λ = 0, ρ, z) is real and symmetric.

We are interested in ‘solitonic’ solutions which are characterized by having only simple poles in the complex λ-plane. From (4.1), it follows that for a general n-soliton transformation, the matrix χ will add n new poles to the seed solution Ψ_0. Furthermore, we shall restrict ourselves to cases where the poles are located on the real axis; this determines uniquely the location of the poles to be [17]

μ̃_k = ± √ ρ^2 + (z − ω_k)^2 − (z − ω_k) , (4.2)

where the ω_k are real constants. The ‘+’ and ‘−’ poles are commonly known as solitons and antisolitons respectively.

A general n-soliton transformation, in addition to the n real constants ω_k, is determined by n arbitrary real seven-dimensional^8 constant vectors m^{(k)}_0 . These are known as the BZ vectors, and in the present context, their components control the addition of angular momentum and charges to a given seed solution.

Starting from a seed matrix M_0, an n-soliton transformation yields a new matrix M,

M_{ab} = (M_0)_{ab} − n∑ k,l=1 (M_0)_{ac} m^{(k)}_c (Γ^{−1})_{kl} m^{(l)}_d (M_0)_{db} μ̃_kμ̃_l , (4.3)

where the repeated indices are summed. The vectors m^{(k)}_a are given by,

m^{(k)}_a = m^{(k)}_{0b} [ Ψ^{−1}_0 (μ̃_k, ρ, z) ] ba , (4.4)

and the matrix Γ is defined as,

Γ_{kl} = m^{(k)}_a (M_0)_{ab} m^{(l)}_b

ρ^2 + μ̃_kμ̃_l

. (4.5)

The new matrix M, (4.3), does not satisfy det M = 1, and hence it is not a physically acceptable solution^9. For cases when the matrix M is 2 × 2, e.g., for four dimensional

8For minimal supergravity we use a 7 × 7 representation of Lie algebra g_{2(2)}. For other theories (or for other representations of g_{2(2)} for minimal supergravity) the dimension of these vectors depend on the dimension of the appropriate representation.

9Since G_{2(2)} is a subgroup of SO(3^+, 4^−), all G_{2(2)} matrices have determinant equal to unity.

vacuum gravity, one can deal with this problem by multiplying it with a suitable factor of ρ and μ̃_k’s [17]. When the matrix M is not 2 × 2 this rescaling typically leads to nakedly singular solutions. A clever and practical solution to this problem has been proposed in [52] that can deal with the general case. We follow the approach of [52] for our 7 × 7 matrix M.

The main idea is the observation that the determinant of the matrix (4.3) does not depend on the BZ vectors. Thus, one may start with a vacuum static solution (M_0, ξ_0) (hence diagonal matrix M_0) and remove some solitons or antisolitons μ̃_k at z = w_k with ‘trivial’ vectors, say, with the ones aligned with one of the basis vectors, that is,

m^{(k)}_{0b} = δ_{ab} for some given a .

This amounts to rescaling (cf. (4.3)) the aa component of the matrix M_0 while leaving all other components unchanged:

( ~M_0)_{aa} = − μ̃^2_k ρ^2

(M_0)_{aa} , ( ~M_0)_{bb} = (M_0)_{bb} with b ≠ a . (4.6)

Next one re-adds the same solitons and antisolitons to the matrix ~M_0 but now with more general vectors m^{(k)}_{0a} .^{10} Following this procedure, it is ensured by construction that the final matrix M and initial matrix M_0 have the same determinant.

Finally, the two-dimensional conformal factor ξ for the new solution is obtained from the seed solution as

ξ^2 = ξ^2_0 √ det Γ det Γ_0

, (4.7)

where the matrices Γ_0 and Γ are obtained from (4.5) using M_0 and M respectively. Compared to the expression given for e^ν in [52] for example, we have an extra square root. This is due to the extra 1/2 factor in equations (2.24) for ξ compared to equations (3.5) for ν. Note that the extra term in the second set of equations, compared to the first one, does not play a role in this calculation (see also footnote 6).

There is, however, one serious problem. The new matrix M in (4.3), obtained following the procedure described above, is in general not an element of the coset G_{2(2)}/(SL(2, R) × SL(2, R)). A physical solution of minimal supergravity must be represented by a matrix that is in the coset. We address this problem in section 5.2.

4.2 Action of the BZ transformations on the factor space

In this subsection we discuss the action of the BZ transformations on the so-called factor space. For the class of solutions we are interested in, the factor space can be identified [8] as the two-dimensional subspace orthogonal to the Killing vectors. We can use ρ and z as coordinates on this space [8, 13]. These coordinates cover the region outside the horizon(s) and away from the rotational axes. The global structure of the factor space has been discussed in detail in [8], so we shall be brief. Considering spacetimes containing nonextremal horizons^{11}, the corresponding factor space can be shown to be a two-dimensional

10Note that the freedom to rescale these vectors by a constant can be used to set one component of each of these vectors to unity.

11See [12] for the generalisation to the extremal case.

manifold possessing a connected boundary with corners. The boundary consists of a union of intervals. The intervals either correspond to the fixed points of the rotational Killing vectors or to the horizon(s). The corners are the points where two adjacent intervals meet.

For vacuum five-dimensional gravity one can invariantly define a set of parameters on the factor space that uniquely characterize the solution [8]. These parameters are the lengths of the intervals and certain vectors associated to the intervals. The vectors specify the linear combination of the Killing vectors that vanishes on the given interval.

The presence of the gauge field in minimal supergravity generalizes this set of parameters [15, 16, 9]. The important point for this discussion is that the set of intervals together with the associated lengths and vectors is the same as in the vacuum case. This is because they only specify where the axes of symmetry and the horizons are in the spacetime. Based on this observation we now argue that in minimal supergravity the action of the BZ method on the factor space is very similar to the case of vacuum five-dimensional gravity.

To understand the action of the BZ method on the factor space let us first consider four-dimensional vacuum gravity reduced to two dimensions. The action of the BZ transformations on the seed generating matrix Ψ_0 consists of adding new poles in the complex λ-plane at the location of the solitons. Since any four dimensional black hole spacetime within this class can be obtained from Minkowski space, this implies that the action of the BZ transformations on the factor space consists of adding new intervals together with the corresponding vectors^{12}. The constants added to the seed solution via the BZ vectors are related to the angular momentum and the NUT charges of the new solution.

In five-dimensional vacuum gravity the action of the BZ transformations can be understood in very much the same way. In practice the BZ method in five dimensions is implemented following the approach of [52]. This consists of starting with a static seed solution with (roughly speaking) the desired intervals, followed by removing solitons and re-adding them using BZ. Unlike in four dimensions where one normally starts with Minkowski space, this procedure does not add new intervals to the boundary of the factor space. Removing solitons generically renders the seed solution singular; the Killing vectors no longer vanish in a smooth way on the axes (in fact some may diverge). However, the factor space still has the same set of intervals as the seed solution. Re-adding the solitons adds new poles so as to cure the singularities that appeared when removing the solitons^{13}. Associated to each interval there will now be a non-trivial vector related to the direction of the solitons.

The above considerations are quite general, and do not per se refer to the matter fields of the theory. Therefore we expect that for minimal supergravity the action of the BZ dressing method on the factor space is essentially the same as it is for vacuum gravity. Of course, since in minimal supergravity the BZ vectors are seven dimensional, their components in general will be related to the angular momenta, NUT and the other charges of the final solution. We use this intuition in the practical implementation of the BZ method for minimal supergravity in the following sections.

12Recall that for four dimensional Minkowski space, the boundary of the factor space is a single infinite interval.

13The final spacetime may still contain singularities that may or may not be removable by a choice of parameters.

5 Some general results

In this section we establish some general results of interest for the practical implementation of the BZ construction. In section 5.1 we show that the action of the three-dimensional hidden symmetry transformations on the BZ dressing method is simply the group action on the BZ vectors. In section 5.2 we discuss the issue of whether or not the BZ dressing method preserves the coset.

5.1 Combining hidden symmetries and the BZ construction

In this section we explicitly show that the action of the three-dimensional hidden symmetry transformations on the BZ dressing method is simply the group action on the BZ vectors.

Consider the matrices M_0 and M^g_0 that are related by an element g of the threedimensional symmetry group^{14} G as follows^{15}

M^g_0 (x) = g^T M_0(x)g. (5.1)

Next consider the matrix M_1 obtained by applying a certain BZ transformation on M_0. We write this as Ψ_1(λ, x) = χ(λ, x)~χ(λ, x)Ψ_0(λ, x) ≡ χ(λ, x)~Ψ_0(λ, x). (5.2) where Ψ_0(λ, x) and Ψ_1(λ, x) are the generating matrices corresponding respectively to M_0(x) and M_1(x), ~χ(λ, x) is the dressing matrix that removes solitons from Ψ_0(λ, x) and χ(λ, x) is the one that adds solitons to ~Ψ_0(λ, x) ≡ ~χ(λ, x)Ψ_0(λ, x). Applying the group transformation g to the matrix M_1 leads to another matrix M^g_1 :

M^g_1 (x) = g^T M_1(x)g. (5.3)

We show that by performing the same BZ transformation on M^g_0 (with appropriately modified BZ vectors to be discussed below) one gets exactly M^g_1 . Schematically, the situation is presented in figure 1.

It is useful to first notice that the generating matrices Ψ transform under group elements in the same way as the corresponding M matrices. That is, the generating matrices Ψ^g_{0,1} that solve the Lax equations (3.6) and satisfy Ψ^g_{0,1}(λ = 0, x) = M^g_{0,1}(x) are simply

Ψ^g_{0,1}(λ, x) = g^T Ψ_{0,1}(λ, x) g . (5.4)

Using this and equation (5.2), and inserting 1 = (g^T )^{−1}g^T one has

Ψ^g_1(λ, x) = g^T Ψ_1(λ, x) g = ( g^T χ(λ, x) (g^T )^{−1} ) ( g^T ~Ψ_0(λ, x) g ) (5.5) ≡ ( g^T χ(λ, x) (g^T )^{−1} ) ~ Ψ^g_0 .

14In our case, G = G_{2(2)}, but the results of this section apply to more general situations. 15The precise transformation of the matrix M under global G_{2(2)} transformations is (2.10). To avoid notational clutter we simply use g to mean S^{−1}gS in this section.

Figure 1: This figure depicts the action of the hidden symmetry transformations on the BZ construction. Let the matrix M_0 be sent to M^g_0 by an element g ∈ G and to M_1 by a BZ transformation. Let M_1 be sent to the matrix M^g_1 under the action of g. Then M^g_1 can also be obtained from M^g_0 by applying the same BZ transformation but with BZ vectors appropriately transformed under g.

This equation tells us that if one starts with the matrix obtained by removing solitons on Ψ_0(λ, x) and transforming it with the element g ∈ G, then the matrix Ψ^g_1 is obtained by performing a BZ transformation using χ̂(λ, x) ≡ g^T χ(λ, x) (g^T )^{−1} as the dressing matrix. In the following we study in more detail the new dressing matrix χ̂ and show that it adds the same solitons as χ but with BZ vectors transformed appropriately under g.

Let us now consider the dressing matrix χ̂. It follows from the BZ construction [17] that it obeys

χ̂ = g^T χ(λ, x) (g^T )^{−1} = 1 + n∑ k=1 g^T R_k(x) (g^T )^{−1} λ − μ̃_k(x) , (5.6)

so we can concentrate on the residue matrices R̂_k(x) ≡ g^T R_k(x) (g^T )^{−1}. From the general BZ construction [17] we know that the matrices R_k are degenerate and factorize as

(R_k)_{ab} = n^{(k)}_a m^{(k)}_b . (5.7)

Note that a, b, . . . are group representation indices. The n^{(k)} are naturally column vectors whereas the m^{(k)} take the form of row vectors. Thus,

R̂_k = g^T R_k (g^T )^{−1} = ( g^T n^{(k)} ) ( m^{(k)}(g^{−1})^T ) ≡ n̂^{(k)}m̂^{(k)} . (5.8)

A short calculation yields

m̂^{(k)} ≡ m^{(k)}(g^{−1})^T = m^{(k)}_0 ~Ψ^{−1}_0 (μ̃_k, x)(g^{−1})^T = ( m^{(k)}_0 g ) (~Ψ^g_0)^{−1}(μ̃_k, x) ≡ m̂^{(k)}_0 (~Ψ^g_0)^{−1}(μ̃_k, x) , (5.9)

where expressions (4.4) and the definition for ~Ψ^g_0 have been employed in the second and third equalities, respectively. Regarding the vector n̂^{(k)}, we now show that its implicit definition from the factorization of the residue matrix (5.8) matches the BZ prescription for the construction of M^g_1 from M^g_0 . The latter determines n̂^{(k)} in terms of m̂^{(k)} and ~M^g_0 (x) ≡ ~Ψ^g_0(λ = 0, x). Indeed, recall that [17]

n̂^{(k)}_a = ∑ l μ̃^{−1}_l D̂^{kl}N̂^{(l)}_a , N̂^{(l)}_a = m̂^{(l)}_c ~M^g_0 (x)_{ca} (5.10)

where D̂^{kl} is the inverse of the matrix Γ̂_{kl} introduced in (4.5). Next, observe that the matrix Γ̂_{kl} that takes us from M^g_0 to M^g_1 is exactly the same as the matrix Γ_{kl} that takes us from M_0 to M_1:

Γ̂_{kl} = ( m^{(k)}(g^{−1})^T ) ( g^T ~M_0(x)g ) ( m^{(l)}(g^{−1})^T )_T ρ^2 + μ̃_kμ̃_l = m^{(k)} ~M_0(x)(m^{(l)})^T

ρ^2 + μ̃_kμ̃_l = Γ_{kl} . (5.11)

It follows immediately that D̂^{kl} = D^{kl}. Finally, consider the vector N̂^{(l)}. It is also related to its untransformed counterpart in a simple manner:

(N̂^{(l)})^T = m̂^{(l)} ~M^g_0 (x) = ( m^{(l)}(g^{−1})^T ) ( g^T ~M_0(x)g ) = m^{(l)} ~M_0(x)g = (N^{(l)})^T g . (5.12)

Therefore,

n̂^{(k)} = ∑ l μ̃^{−1}_l D̂^{kl}N̂^{(l)} = g^T ∑ l μ̃^{−1}_l D^{kl}N^{(l)} = g^T n^{(k)} , (5.13)

in accordance with (5.8).

In conclusion, we have established that to generate M^g_1 from M^g_0 using the inverse scattering method all we need to do is to make the replacement

m^{(k)}_0 −→ m̂^{(k)}_0 = m^{(k)}_0 g , and (5.14) ~Ψ_0(λ, x) −→ ~Ψ^g_0(λ, x) = g^T ~Ψ_0(λ, x) g , (5.15)

in the calculation that generates M_1 from M_0. Thus, the BZ construction of M^g_1 from M^g_0 and of M_1 from M_0 are essentially the same. In particular, this allows us to easily obtain the Cvetič-Youm (CY) solution by applying the BZ construction on Reissner-Nordström (RN). The latter is obtained from Schwarzschild by a G_{2(2)} transformation [39, 38], so all we need to know is how to derive Myers-Perry (MP) from Schwarzschild using inverse scattering, and this is accomplished in section 6.1. In section 6.2 we also explicitly obtain the Cvetič-Youm (CY) solution from Reissner-Nordström (RN).

The result of this section supports the idea that the inverse scattering method is incapable of producing charging transformations since BZ transformations are essentially insensitive to the presence of charges generated by the three-dimensional hidden symmetry transformations.

5.2 Do we stay in the coset after the BZ transformations?

In this subsection we address the issue of whether or not the BZ transformations preserve the coset. We start by discussing a toy model where similar problems arise but can be easily resolved. Then we discuss the case of minimal supergravity where the resolution seems to require to impose an extra non-linear constraint (equation (5.22) below) on the parameters of the solution.

Suppose for a moment that instead of minimal supergravity we were working with some other theory with the following coset model structure: SL(3, R) SO(2, 1) × SL(3, R) SO(2, 1) . (5.16)

The higher dimensional origin of this coset model is not important for the point we want to make^{16}. The coset representative matrix M for this theory will have the form M = ( M^1_{SL(3)} 0 0 M^2_{SL(3)} ) , (5.17)

where M^1_{SL(3)} and M^2_{SL(3)} are two independent matrices representing two^{SL(3,R)}_{SO(2,1)} coset representatives. Multisoliton solutions of this theory will be characterized by two integers (n_1, n_2), referring to the number of solitons associated to each^{SL(3,R)}_{SO(2,1)} coset model. For each soliton in each SL(3, R) there is a freedom to add three free parameters, namely, the BZ vector^{17} associated to the soliton. Therefore, for (n_1, n_2) solitons we can add a maximum of 3(n_1 + n_2) free parameters and still maintain the block diagonal form of the coset representative. This number is obviously less than 6(n_1 + n_2), which is the number of free parameters one might have excepted very naively from the fact that the matrix M is six dimensional. This theory has an additional symmetry, which we call “double image” symmetry: every solution possesses a companion solution that is obtained by interchanging the field content of the two SL(3, R)/SO(2, 1) coset models. Two solutions related by this symmetry may admit very different interpretations.

The situation in minimal supergravity is somewhat similar. Recall that the seven dimensional representation of G_{2(2)} branches into SL(3, R) representations as

7 = ¯3 + 1 + 3. (5.18)

The 3 and ¯3 represent two appearances of vacuum gravity in the matrix M:

M = M^{−1}_{SL(3)} 0 0 0 1 0 0 0 M_{SL(3)}

. (5.19)

16Although a higher dimensional origin of the^{SL(3,R)}_{SO(2,1)} ×^{SL(3,R)}_{SO(2,1)} coset model is not immediately obvious, appropriate truncation of heterotic theory does give rise to^{SL(2,R)}_{SO(2)} ×^{SL(2,R)}_{SO(2)} coset model, see e.g., [53]. A similar structure also arises in certain truncations of five-dimensional Einstein-Maxwell theory [54].

17Note that there is a freedom to rescale each of these vectors by a constant and therefore, without loss of generality, we can always set one of the components of each vector to unity. For the sake of simplicity of the argument, we are not concerned with the normalization of the BZ vectors in this discussion.

Unlike the case discussed above, M_{SL(3)} and M^{−1}_{SL(3)} both represent exactly the same^{SL(3,R)}_{SO(2,1)} coset model. We call this situation a “mirror image”. Therefore, in order to maintain the form (5.19), when we add n-solitons to the matrix M_{SL(3)} and 3n free parameters through BZ vectors, we necessarily have to add n-antisolitons to the matrix M^{−1}_{SL(3)}. The BZ vectors associated to the antisolitons have to be related to the solitonic BZ vectors in such a way that the final matrix M has precisely the block diagonal form (5.19). It is intriguing that in all the examples we have looked at this can be achieved by relating the antisolitonic BZ vectors to the solitonic BZ vectors in a simple way. Though, a priori, it is not clear if it can be achieved for a general solution of vacuum gravity.

In the general case, the matrix M representing a solution of minimal supergravity has the symmetrical block diagonal structure (C.5) [39, 40]

M = A U B U^T S̃ V^T B^T V C , (5.20)

where A and C are symmetric 3×3 matrices, B is a 3×3 matrix, U and V are 3-component column matrices, and S̃ a scalar. The inverse matrix is given by (C.6) [39, 40]

M^{−1} = C −V B^T −V^T S̃ −U^T B −U A . (5.21)

We observe that

• Any solution of minimal supergravity should admit a limit to a solution of vacuum gravity, and since vacuum gravity is encoded two times in the 7 × 7 matrix M, once as M_{SL(3)} and second time as M^{−1}_{SL(3)}, it is natural to think that the field content of minimal supergravity is also ‘encoded two times’ in the matrix M.

• This observation is further strengthened by the fact that the inverse of the matrix M is simply given by a reshuffling of the rows and columns (up to certain minus signs) of the matrix M.

Based on these observations, we expect that the soliton transformations on matrix M in the general case are always accompanied with antisoliton transformations.

In practice, when we apply solitonic and antisolitonic transformations with general BZ vectors we move out of the coset. (We discuss an explicit example where this problem arises in the next section.) This is a serious problem, because a physical solution of minimal supergravity must be represented by a matrix that is in the coset. Since the coset construction is based on the exceptional Lie group G_{2(2)} one cannot write a simple matrix criterion for a 7 × 7 matrix to be in the coset. The precise conditions for a matrix M obtained through BZ construction to be in the coset are the following

1. The matrix M := V^♯V = η^{−1}(S^T )^{−1}MS^{−1} should preserve the three form c_{(a)abc} constructed in appendix D in the sense that 7∑ a,b,c=1 c_{(a)abc}M_{ae}M_{bf} M_{cg} = c_{(a)efg} , (5.22)

2. The matrix M should be symmetric.

Roughly speaking, the first condition ensures that the final matrix M is in G_{2(2)} and the second condition, given the first condition, ensures that it is in the coset G_{2(2)}/(SL(2, R) × SL(2, R)). The BZ construction guarantees the second condition, but it does not guarantee the first one. We believe that through certain relationships between solitonic and antisolitonic BZ vectors one might ensure that the first condition is also satisfied. However, how to find these precise conditions in the general case is not clear to us. Therefore, at this stage, one should regard equation (5.22) as an extra non-linear constraint that every physical solution has to satisfy. Further exploration of these questions is left for the future.

6 Examples

As an illustration of our formalism, we obtain the doubly spinning five-dimensional Myers- Perry black hole by applying solitonic transformations on the Schwarzschild black hole (section 6.1). We also derive the Cvetič-Youm black hole by applying solitonic transformations on the Reissner-Nordström black hole (section 6.2).

6.1 5d Myers-Perry from 5d Schwarzschild

The five-dimensional Myers-Perry solution has been constructed from 5d Schwarzschild- Tangherlini using the BZ method in [52] in the context of vacuum gravity. However, we are now considering five-dimensional minimal supergravity and so this calculation provides a good testing ground for our framework.

For 5d Schwarzschild the metric in the parametrization (3.1) takes the form

G^{Schw}_{μ̄ν̄} = diag { G^{Schw}_{tt} , G^{Schw}_{ϕϕ} , G^{Schw}_{ψψ} } = diag { −^{μ1}_{μ2} , μ_2,^{ρ2}_{μ1} } , ( e^{2ν} ) Schw = μ_2 (ρ^2+μ_1μ_2) (ρ^2+μ^2_1)(ρ^2+μ^2) . (6.1)

In terms of the SL(3, R) matrix of [43], the Killing metric part translates into

M_{SL(3)} = diag { G^{Schw}_{tt} , G^{Schw}_{ψψ} , 1 G^{Schw}_{tt} G^{Schw}_{ψψ} } = diag { − μ_1 μ_2 , μ_2, − 1 μ_1 } . Since this is a vacuum solution we know from (2.12) that

M_{Schw} = diag { M^{−1}_{SL(3)}, 1, M_{SL(3)} } = diag { − μ_2 μ_1 , 1 μ_2 , −μ_1, 1, − μ_1 μ_2 , μ_2, − 1 μ_1 } . It is known that the five-dimensional doubly spinning Myers-Perry solution can be obtained from Schwarzschild-Tangherlini by a two-soliton transformation [52]. In the context of 5d minimal supergravity this, in practice, amounts to a four-soliton transformation on M_{Schw}. This is because each transformation on the M_{SL(3)} block must be accompanied by a corresponding transformation on the M^{−1}_{SL(3)} block.

To obtain the seed matrix we first remove an antisoliton at position z = w_1 with BZ vector (⃗0, 0, ⃗e_1) and, accordingly, remove a soliton at the same position but with BZ vector

(⃗e_1, 0,⃗0). Here we are defining ⃗e_1 ≡ (1, 0, 0) for convenience. The second pair consists of removing a soliton (respectively an antisoliton) at position z = w_2 with the same BZ vectors as the former antisoliton (respectively a soliton). This whole procedure can be implemented by multiplying M_{Schw} by

H_{Schw} = diag { μ^2_1 μ^2 , 0, 0, 0, μ^2 μ^2_1 , 0, 0 } . (6.2)

In addition, we rescale the matrix thus obtained by (μ_1μ_2)^{−1} to avoid the appearance of divergences during the BZ construction. Hence, our seed matrix is

~M_{Schw} ≡ (μ_1μ_2)^{−1}H_{Schw}M_{Schw} = diag { − 1 μ^2 , 1 μ_1μ^2 , − 1 μ_2 , 1 μ_1μ_2 , − 1 μ^2_1 , 1 μ_1 , − 1 μ^2_1μ_2 } , and the associated solution of the Lax pair (3.6), ~Ψ_{Schw}(λ, ρ, z), is obtained by shifting μ_k → μ_k − λ, where k = 1, 2.

To perform the ‘dressing’ we re-add the same (anti-)solitons, this time with more general BZ vectors:

• add an antisoliton at w_1 with m^{(1)}_0 = ( ⃗0, 0, A_1, B_1, 0 ) , • add a soliton at w_1 with m̄^{(1)}_0 = ( Ā_1, B̄_1, 0, 0,⃗0 ) , • add a soliton at w_2 with m^{(2)}_0 = ( ⃗0, 0, A_2, 0, C_2 ) , • add an antisoliton at w_2 with m̄^{(2)}_0 = ( Ā_2, 0, C̄_2, 0,⃗0 ) . The new matrix, M_{MP}, is then obtained from (4.3). It is now convenient to use the freedom of translating the z coordinate so that the (anti-)solitons are placed at w_2 = α = −w_1. The mere fact that the first 3 × 3 block of M must be the inverse of the last 3 × 3 block for the vacuum truncation imposes two restrictions on the BZ vectors:

C̄_2 = 4αC_2

Ā_2 A_2

, B̄_1 =

B_1 4α Ā_1 A_1

. (6.3)

If we do not impose these conditions then the matrix M_{MP} is not an element of the coset G_{2(2)}/(SL(2, R) × SL(2, R)). The conditions (6.3) are precisely the solution of the non-linear constraint (5.22) in this example. With these conditions the new matrix M_{MP} depends only on four parameters, which we take to be {A_1, B_1, A_2, C_2}. Moreover, if we take B_1, C_2 → 0 we recover the static solution. This is in complete agreement with reference [52]. From the matrix M_{MP} we then extract the five scalars ϕ_1, ϕ_2, χ_1, χ_5 and χ_6 that are turned on for this solution using (2.13).

To construct the conformal factor for the dressed solution we first note that

e^{2ν} = e^{1√3 ϕ1+ϕ2} ξ^2 . (6.4)

from (2.2) and (2.17). Applying the transformation (4.7) to the conformal factor for the Schwarzschild solution given in (6.1) we obtain the conformal factor for the dressed solution. To compare it with the Myers-Perry one we relate the components of the BZ vectors to the angular momentum parameters as

B_1 = l_1A_1 √ 4α β , C_2 = l_2A_2 √ 4αβ , (6.5)

where we have defined β ≡ 2α+ √ l^2_1l^2 + 4α^2 for convenience. As mentioned in section 3.1, there is still a multiplicative constant of integration which is undetermined by the equations of motion for the conformal factor but it can be fixed by the requirement of asymptotic flatness. Expressed in prolate spherical coordinates (see appendix A) the conformal factor for Myers-Perry becomes ( e^{2ν} ) MP =

4αx + (l^2_1 − l^2)y + 2m 8α^2(x^2 − y^2)

, (6.6)

where 2m ≡ l^2_1 + l^2 + 2 √ l^2_1l^2 + 4α^2.

To recover the full five-dimensional metric one then needs to follow the inverse route of the procedure outlined in section 2.1. Namely, one dualizes the new scalars χ_5 and χ_6 back into one-forms and then reconstructs the metric using (2.2). In order to identify the new solution as Myers-Perry, one needs to perform a linear transformation mixing the coordinates {t, ϕ, ψ}. The latter is easily determined by imposing that the angular coordinates match asymptotically with those for flat spacetime. This transformation reads t −→ t − l_1 ( l^2_1 − l^2 − 4α + β ) l^2_1 − l^2 ϕ + l^3_2 l^2_1 − l^2 ψ , ϕ −→ − l_1l_2 √ 4αβ ϕ + √ β 4α ψ , ψ −→ √ β 4α ϕ − l_1l_2 √ 4αβ ψ . (6.7)

The metric thus obtained is the Myers-Perry solution expressed in prolate spherical coordinates. This is displayed in appendix A, with the understanding that the uncharged solution has δ = 0.

6.2 5d Cvetič-Youm solution from 5d Reissner-Nordström

Using the derivation of the previous subsection and the results of section 5.1 we know how to construct the Cvetič-Youm solution by applying a solitonic transformation on the Reissner-Nordström solution. In this subsection, we present the main steps of this calculation.

One first needs to construct the matrix M for the Reissner-Nordström solution. This is most easily done as [38]

M_{RN} = g^T M_{Schw}g (6.8)

for g = S^{−1} e^{√3k2δ} S where the matrix S and the generator k_2 are defined in appendices B and C while δ is the charge parameter appearing in the Reissner-Nordström solution

(given in appendix A if one takes l_1 = l_2 = 0). The corresponding generating matrix is similarly obtained as

Ψ_{RN} = g^T Ψ_{Schw}g. (6.9)

As discussed in section 5.1, the seed solution is obtained by removing from Ψ_{RN} the same solitons and antisolitons as in the vacuum case but with BZ vectors that are now nontrivial: they are equal to (⃗0, 0, ⃗e_1)g and (⃗e_1, 0,⃗0)g. This is equivalent to taking the seed to be

~Ψ_{RN} = g^T ~Ψ_{Schw}g and ~M_{RN} = g^T ~M_{Schw}g . (6.10)

To perform the dressing we add the same solitons and antisolitons as in the vacuum case but with BZ vectors taken to be

^m^{(1)}_0 = m^{(1)}_0 g , ^m̄^{(1)}_0 = m̄^{(1)}_0 g, (6.11)

^m^{(2)}_0 = m^{(2)}_0 g , ^m̄^{(2)}_0 = m̄^{(2)}_0 g. (6.12)

In this case, we already know all five conditions to impose on the eight BZ parameters. It is reassuring that the new matrix M_{CY} is in the coset and that the new conformal factor matches with the Cvetič-Youm solution.

From M_{CY} one can reconstruct the five-dimensional metric and gauge field. As for the Myers-Perry case, the identification of the solution requires a linear change of coordinates:

t −→ t + c_1 ϕ + c_2 ψ , ϕ −→ − l_1l_2 √ 4αβ ϕ + √ β 4α ψ , ψ −→ √ β 4α ϕ − l_1l_2 √ 4αβ ψ . (6.13)

where

c_1 = − l_1 ( l^2_1 − l^2 − 4α + β ) c^3 − l_2 ( −l^2_1 + l^2 − 4α + β ) s^3 (l^2_1 − l^2) , c_2 = l^3_2 c^3 − l^3_1 s^3 (l^2_1 − l^2) , and s = sinh δ and c = cosh δ. It is easy to see that this change of coordinates simplifies to (6.7) when δ = 0. The metric and the gauge field thus obtained are the ones for Cvetič-Youm expressed in prolate coordinates, which is presented in section A.

7 Ehlers versus Matzner-Misner reduction

In this section we argue that to see the integrability of five-dimensional minimal supergravity one necessarily has to perform an Ehlers reduction to two dimensions.

In sections 2 and 3.1 we described two ways of reducing a theory to two dimensions. The first one, performed in section 2 for minimal five-dimensional supergravity, is in two steps. First one reduces to three dimensions and dualizes vectors into scalars. Second, one finally reduces to two dimensions. This two-step way of doing the reduction to two dimensions is called an Ehlers reduction. The second method, described in section 3.1 for vacuum gravity in five dimensions, consists in reducing directly to two dimensions, without dualizations. This way of doing the reduction is called a Matzner-Misner reduction.

The dualization of vectors into scalars in three dimensions can make some symmetries transparent. These are the so-called hidden symmetries. For a series of theories [2], the hidden symmetry group (G) is larger than (or equal to) the symmetry group obtained via dimensional reduction without dualization. In all these cases the dimensionally reduced supergravity Lagrangian can be written in three dimensions, after dualization, as gravity plus a non-linear sigma model with the symmetry group G. Upon further reduction to two dimensions this hidden symmetry group G gets enlarged to its untwisted affine extension, generally denoted as G^{(1)}. In all known examples, this untwisted affine extension of the group G is the symmetry group of the dimensionally reduced theory in two dimensions. One way to show this is through the Lax pair in the Ehlers reduction, as explained in section 3.4. Thus, the untwisted affine extension of the group G naturally leads to an integrable two-dimensional sigma model based on the group G. However, in some cases, the Matzner-Misner reduction also allows us to see this symmetry, and thus the integrability of the theory. This is the case, for example, for vacuum gravity. This is most easily understood by considering the problem from a slightly different perspective, namely in terms of Dynkin diagrams.

Schematically one can also view the affine extension of G appearing in the dimensional reduction to two dimensions in the following way (without invoking the Lax pair):

• Perform an Ehlers reduction to two dimensions: one then obtains a system of scalars Φ that transform non-linearly under G, which is the symmetry group in three dimensions.

• Perform a Matzner-Misner reduction to two dimensions: one obtains another system of scalars Φ̄, related to Φ by non-local field redefinitions involving dualizations, and transforming in a certain way under Ḡ.

• Studying the intertwining of G with Ḡ, that is, studying how G acts on Φ̄ and Ḡ acts on Φ, one finds that they form an infinite-dimensional group which is the affine extension of G. This is how, for example, the infinite dimensional Geroch group [55] of four dimensional general relativity was discovered (although the affine structure of the group was not clear at the time of [55]).

In the case of five-dimensional vacuum gravity, the Ehlers group G and the Matzner- Misner group Ḡ are both SL(3, R). These two SL(3, R) intertwine to give the affine group SL(3, R)^+ , which is the symmetry of vacuum five-dimensional gravity when reduced to two dimensions. The Dynkin diagram of SL(3, R)^+ is shown in figure 2. On the Dynkin diagram the Ehlers SL(3, R) corresponds to the two white dots, while the Matzner-Misner SL(3, R) is made out of the black dot and one of the white dots. In this case, as G and Ḡ are the same groups, taking the Lax pair based on any of the two leads to the same infinite dimensional symmetry. The integrability can accordingly be seen from both point of views. This is the reason why we are able to perform a BZ construction based on

Figure 2: Dynkin diagram of the untwisted affine extension of sl(3, R).

the Killing sector of the metric (Matzner-Misner) as well as based on the matrix M_{SL(3)} (Ehlers).

For five-dimensional minimal supergravity, the Ehlers group G is G_{2(2)}. On the other hand, the Matzner-Misner group is SL(3, R). Through a Matzner-Misner reduction, the scalars coming from the five-dimensional metric will form an SL(3, R)/SO(2, 1) coset model. These scalars will be coupled in a non-linear way with the degrees of freedom coming from the reduction of the five-dimensional gauge field A^5_{(1)}. On the Dynkin diagram of G^+_{2(2)} given in figure 3, the Ehlers group G_{2(2)} is given by the two white dots, while the Matzner-Misner SL(3, R) is made of the black dot and the white dot connected to it. In this case, as Ḡ is not the same as G but only a subgroup, taking the Lax pair

Figure 3: Dynkin diagram of the untwisted affine extension of g_{2(2)}.

based on Ḡ will not encompass the whole symmetry of the theory. (It is not even clear if such a Lax pair construction can be carried out.) As a consequence, it is necessary to do the Ehlers reduction in order to see the integrability of five-dimensional supergravity in the presence of three commuting Killing vectors. In principle, with appropriate non-local field redefinitions one should be able to combine the SL(3, R) fields in the Matzner-Misner reduction with the degrees of freedom of the dimensionally reduced gauge field A^5_{(1)} and see an integrable sigma model based on the affine extension of g_{2(2)}. We however believe that such field redefinitions would precisely correspond to an Ehlers reduction. Furthermore, we note that all theories based on classical Lie algebras, namely the A_r, B_r, C_r and D_r series of Lie algebras, give rise to the same integrable sigma model structure upon doing the reduction either the Ehlers way or the Matzner-Misner way. In particular, it is true for vacuum gravity in any dimension and for heterotic string theory [56].

8 Discussion and open problems

One aim of this paper was to explore the integrability of five-dimensional minimal supergravity in the presence of three commuting Killing vectors with potential applications in mind. Although it is well known in the supergravity literature [19, 20, 21] that the dimensionally reduced theory is completely integrable, the integrability structure has not been used as a solution generating technique. In this paper we took steps in this direction. We derived the BZ Lax pair for minimal supergravity, using a 7 × 7 symmetric coset representative matrix M, which is well suited for many applications. We also generalized the well-known BZ construction; however, we are unable to provide precise conditions (to be imposed perhaps on the BZ vectors) that will ensure by construction that the dressed matrix is also in the coset. Since the coset construction for this theory is based on the exceptional Lie group G_{2(2)}, checking whether a final matrix is in the coset is itself a non-trivial task. We provided an algebraic way for checking if the final matrix M is in the coset. Our method is based on the invariant three-form for our representation of the Lie algebra g_{2(2)}. An explicit construction of this three-form is given in appendix D.

In section 3.3, following [19] we clarified the relationship between the BZ Lax pair and the Lax pair of [20, 19]. However, the precise relationship between the BZ inversescattering construction and the group theoretic solution generating approach of [20, 19] is far from clear. We believe that understanding the precise relationship between these two techniques will also give some insights into the problem of ensuring in the BZ dressing method that the final matrix M is in the coset by construction. A detailed exploration of these ideas is left for the future.

As an illustration of the usefulness of our formalism, we obtained the doubly spinning five-dimensional Myers-Perry black hole using the 7 × 7 matrix M as a four soliton transformation on the (four solitons removed) Schwarzschild black hole. We also derived the Cvetič-Youm black hole solution as a four-soliton transformation on the four-soliton removed Reissner-Nordström solution. The second calculation was achieved by first studying in detail the action of the three-dimensional hidden symmetry transformations on the BZ construction.

In section 7 we argued that to see the integrability of five-dimensional minimal supergravity one necessarily has to perform an Ehlers reduction. A direct dimensional reduction to two dimensions does not allow us to see the integrability of the theory in an easy way. This situation is in contrast with the situation in vacuum gravity [17] and with many other theories, e.g., heterotic theory [56], where the integrability can be seen either way.

The next step would be to understand the physics of dipole charges in our formalism. This is especially interesting because the known dipole black ring [24], having only one non-zero angular momentum parameter, is not the most general dipole ring. A dipole black ring with two independent angular momenta is expected to exist. Our formalism provides a framework where a construction of doubly spinning dipole black ring can in principle be carried out, unlike in the approach of [54] where such a construction is not possible in principle. In order to construct the doubly spinning dipole ring, one could first try to understand the dipole charge in our coset formalism and then add rotation on the two-sphere using solitonic transformations. Once this is achieved adding electric charge to this solution would be relatively easy; i.e., it can be done, say, using the charging transformations of [39, 38]. This line of investigation may very well let us discover the conjectured five parameter family of non-supersymmetric black rings in minimal supergravity.

Acknowledgements

We thank Joan Camps, Sophie de Buyl, Roberto Emparan, Marc Henneaux, Axel Kleinschmidt, Josef Lindman Hörnlund, James Lucietti, Jnanadeva Maharana, Hermann Nicolai, Jakob Palmkvist, and Simon Ross for interesting discussions. We are particularly grateful to Jakob Palmkvist for his patient explanations of octonions. PF is supported by an STFC rolling grant. EJ was a FRS-FNRS bursar. EJ and AV were supported by IISN - Belgium (conventions 4.4511.06 and 4.4514.08) and by the Belgian Federal Science Policy Office through the Interuniversity Attraction Pole P6/11. JVR acknowledges financial support from Fundação para a Ciência e Tecnologia (FCT)-Portugal through fellowship SFRH/BPD/47332/2008. PF and JVR would like to thank the IISN and the Theoretical Physics group at ULB for hospitality during the final stages of this work.

A Cvetič-Youm solution in canonical coordinates

A four parameter family of charged rotating black holes in five-dimensional minimal supergravity was obtained by Cvetič and Youm in [57] by applying boosts and string dualities to the (neutral, rotating) Myers-Perry black hole in five dimensions. The four parameters specifying the solution can be chosen to be the mass M, two angular momenta J_{ϕ,ψ}, and electric charge Q_E. It is convenient to present the solution in terms of the quantities m, l_1, l_2, and δ related to the above through [58] M = ( π 4G_5 ) 3m ( 1 + 2s^2 ) , (A.1)

J_ϕ = ( π 2G_5 ) m ( l_1c^3 − l_2s^3 ) , (A.2)

J_ψ = ( π 2G_5 ) m ( l_2c^3 − l_1s^3 ) , (A.3)

Q_E = 1 4π ∫ S^3_∞ ( ⋆F − F ∧ A √ 3 ) = −2 √ 3πmcs . (A.4) where for notational convenience we use s := sinh δ, and c = cosh δ.

The spacetime has three commuting Killing directions which are denoted by t, ϕ and ψ, the first coordinate being time-like whereas the last two represent angular directions. The remaining coordinates parametrize the radial direction and another angle, respectively r and θ. In these coordinates the metric and the gauge field read as follows ds^2 = g_{tt} dt^2+2g_{tϕ} dtdϕ+2g_{tψ} dtdψ+g_{ϕϕ} dϕ^2+g_{ψψ} dψ^2+2g_{ϕψ} dϕψ+g_{rr} dr^2+g_{θθ} dθ^2 , (A.5) and the gauge field as A = A_tdt + A_ϕdϕ + A_ψdψ , (A.6) with g_{tt} = − Σ(Σ − 2m) (Σ + 2ms^2)^2 , g_{tϕ} = − 2m sin^2 θ [ Σ { l_1c^3 − l_2s^3 } + 2ml_2s^3 ] (Σ + 2ms^2)^2 , g_{tψ} = − 2m cos^2 θ [ Σ { l_2c^3 − l_1s^3 } + 2ml_1s^3 ] (Σ + 2ms^2)^2 , g_{ϕϕ} = sin^2 θ (Σ + 2ms^2)^2 [ (r^2 + 2ms^2 + l^2_1)(Σ + 2ms^2)^2

+ 2m sin^2 θ { Σ(l^2_1c^2 − l^2s^2) + 4ml_1l_2c^3s^3 − 2ms^4(l^2_1c^2 + l^2s^2) − 4ml^2s^4 }] , g_{ψψ} = cos^2 θ (Σ + 2ms^2)^2 [ (r^2 + 2ms^2 + l^2)(Σ + 2ms^2)^2

+ 2m cos^2 θ { Σ(l^2c^2 − l^2_1s^2) + 4ml_1l_2c^3s^3 − 2ms^4(l^2c^2 + l^2_1s^2) − 4ml^2_1s^4 }] , g_{ϕψ} = 2m cos^2 θ sin^2 θ [ l_1l_2 { Σ − 6ms^4 } + 2m(l^2_1 + l^2)s^3c^3 − 4ml_1l_2s^6 ] (Σ + 2ms^2)^2 , g_{rr} = r^2(Σ + 2ms^2) (r^2 + l^2_1)(r^2 + l^2) − 2mr^2 , g_{θθ} = Σ + 2ms^2 ,

A_t = 2 √ 3msc (Σ + 2ms^2) , A_ϕ = −A_t(l_1c − l_2s) sin^2 θ , A_ψ = −A_t(l_2c − l_1s) cos^2 θ . (A.7)

For convenience we have defined

Σ(r, θ) ≡ r^2 + l^2_1 cos^2 θ + l^2 sin^2 θ . (A.8)

Setting δ = 0 reproduces the five-dimensional MP black hole.

To make contact with the inverse scattering method we need to express the metric (A.5) in canonical form,

ds^2 = G_{μ̄ν̄} dx^{μ̄}dx^{ν̄} + e^{2ν} ( dρ^2 + dz^2 ) , with ρ = √ | det G| , (A.9)

where the three-dimensional Killing part of the metric, G_{μ̄ν̄} , and ν depend only on the coordinates (ρ, z). It turns out that the determinant of the Killing part of (A.5) is exactly the same as for the five-dimensional MP solution, namely

det g^{(3)} = − [ (r^2 + l^2_1)(r^2 + l^2) − 2mr^2 ] sin^2 θ cos^2 θ . (A.10)

Thus, we immediately obtain

ρ = r sin 2θ 2 √ r^2 ( 1 + l^2_1 r^2 ) ( 1 + l^2 r^2 ) − 2m . (A.11)

To determine z = z(r, θ) one just assumes separability and requires (A.5) to take the

form (A.9). Once again this yields the same expression as for 5-dimensional MP: z = ( r^2 2 − 2m − l^2_1 − l^2 4 ) cos 2θ . (A.12)

The conformal factor ν(r, θ) is given by

e^{2ν} =

Σ + 2ms^2 [ (r^2 + l^2_1)(r^2 + l^2) − 2mr^2 ] cos^2 2θ +^1_4 ( 2r^2 + l^2_1 + l^2 − 2m

)_2 sin^2 2θ

. (A.13)

Of course, we need to express ν in terms of the canonical coordinates {ρ, z}. To this end, it

is useful to introduce the prolate spherical coordinates, x ∈ [1, ∞) and y ∈ [−1, 1], defined

by [59] x = 2r^2 + l^2_1 + l^2 − 2m 4α , y = cos 2θ , (A.14)

where α = 1 4 √ (2m − l^2_1 − l^2)^2 − 4l^2_1l^2 . (A.15)

In terms of these coordinates the conformal factor simplifies,

e^{2ν} =

4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

8α^2(x^2 − y^2)

. (A.16)

The last term, proportional to s^2, is the only difference relative to the five-dimensional

MP case.

The components of the metric G_{μ̄ν̄} and the gauge field A_{μ̄} may be easily expressed in

terms of the prolate spherical coordinates, as well. One finds G_{tt} = − ( 4αx + (l^2_1 − l^2)y

)_2

− 4m^2 { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 , G_{tϕ} = − 2m(1 − y) [{ 4αx + (l^2_1 − l^2)y + 2m } l_1c^3 − { 4αx + (l^2_1 − l^2)y − 2m } l_2s^3 ] { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 , G_{tψ} = − 2m(1 + y) [{ 4αx + (l^2_1 − l^2)y + 2m } l_2c^3 − { 4αx + (l^2_1 − l^2)y − 2m } l_1s^3 ] { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 , G_{ϕϕ} = (1 − y) { 4αx + l^2_1 − l^2 + 2m(1 + 2s^2) } 4 + m(1 − y)^2 { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 [{ 4αx + (l^2_1 − l^2)y + 2m } ( l^2_1c^2 − l^2s^2 )

+8ml_1l_2c^3s^3 − 4ms^4 ( l^2_1c^2 + l^2s^2 ) − 8ml^2s^4 ] ,

G_{ψψ} = (1 + y) { 4αx − l^2_1 + l^2 + 2m(1 + 2s^2) } 4 + m(1 + y)^2 { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 [{ 4αx + (l^2_1 − l^2)y + 2m } ( l^2c^2 − l^2_1s^2 )

+8ml_1l_2c^3s^3 − 4ms^4 ( l^2c^2 + l^2_1s^2 ) − 8ml^2_1s^4 ] , G_{ϕψ} = 2m(1 − y^2)

[_1 2 l_1l_2 { 4αx + (l^2_1 − l^2)y + 2m(1 − 6s^4) } + 2m(l^2_1 + l^2)s^3c^3 − 4ml_1l_2s^6 ] { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2)

}_2 ,

A_t = 4 √ 3mcs { 4αx + (l^2_1 − l^2)y + 2m(1 + 2s^2) } , A_ϕ = −A_t(l_1c − l_2s)

(1 − y) 2 , A_ψ = −A_t(l_2c − l_1s)

(1 + y) 2 . The above components may be translated into canonical coordinates by using the following relations [59]: ρ = α √ (x^2 − 1)(1 − y^2) , z = αxy , (A.17) x = R_+ + R_− 2α , y = R_+ − R_− 2α , (A.18)

with R_± = √ ρ^2 + (z ± α)^2 .

This completes the task of expressing the CY metric (A.5) in canonical form (A.9).

B Generalities on G_2

For the purpose of reference, here we collect some basic facts about the Lie algebra g_2 and its split real form g_{2(2)}. For further details we refer the reader to standard references, such as [60]. See also [38].

The algebra g_2 is the smallest of the exceptional Lie algebras. It has rank 2 and its dimension is 14. Its Dynkin diagram is presented in figure 4. Each node of this diagram

Figure 4: Dynkin diagram of G_2.

corresponds to a triple of Chevalley generators {H_a, E_a, F_a}, a = 1, 2. The H_a’s span the Cartan subalgebra h of g_2. The E_a’s are the generators associated to the two simple roots ⃗α_1 and ⃗α_2 of g_2. These generators satisfy the Chevalley relations

[H_1, E_1] = 2E_1 , [H_2, E_1] = −3E_1 , [E_1, F_1] = H_1 , [H_1, E_2] = −E_2, [H_2, E_2] = 2E_2 , [E_2, F_2] = H_2 . (B.1)

The simple roots belong to the dual h^⋆ of h. By taking multiple commutators of E_a’s, and using Serre relations, one obtains a set of four more positive generators E_k, k = 3, . . . , 6. More explicitly, one can take them to be

E_3 = [E_1, E_2] , E_4 = [E_3, E_2] , E_5 = [E_4, E_2] , E_6 = [E_1, E_5] . (B.2)

In the basis

h_1 = 1 √ 3 H_2, h_2 = H_2 + 2H_1,

e_1 = E_1, e_2 = 1 √ 3 E_2, e_3 = 1 √ 3 E_3,

e_4 = 1 √ 12 E_4, e_5 = 1 6 E_5, e_6 = 1 6 E_6,

f_1 = F_1, f_2 = 1 √ 3 F_2, f_3 = 1 √ 3 F_3,

f_4 = 1 √ 12 F_4, f_5 = 1 6 F_5, f_6 = 1 6 F_6. (B.3)

the positive roots take the following values:

⃗α_1 = (− √ 3, 1), ⃗α_2 = (^{2√}_3 , 0), ⃗α_3 = (−^{1√}_3 , 1) = ⃗α_1 + ⃗α_2, ⃗α_4 = (^{1√}_3 , 1) = ⃗α_1 + 2⃗α_2, ⃗α_5 = ( √ 3, 1) = ⃗α_1 + 3⃗α_2, ⃗α_6 = (0, 2) = 2⃗α_1 + 3⃗α_2.

We are interested in compactifying five-dimensional minimal supergravity over one timelike and one spacelike Killing direction. When one first compactifies along a direction of signature ϵ_1 and then along a direction of signature ϵ_2—where ϵ_{1,2} take values +1 or −1 depending upon whether the reduction is performed over a spacelike or a timelike direction—, the relevant involution τ is given as (for a more detailed discussion see [38]):

τ(h_1) = −h_1, τ(h_2) = −h_2, τ(e_1) = −ϵ_1ϵ_2f_1, τ(e_2) = −ϵ_1f_2, τ(e_3) = −ϵ_2f_3, τ(e_4) = −ϵ_1ϵ_2f_4, τ(e_5) = −ϵ_2f_5, τ(e_6) = −ϵ_1f_6 . (B.4)

The subalgebra of elements fixed under τ is not compact. It consists of all the elements of the form {e_i + τ(e_i)}, that is,

k_1 = e_1 + f_1 , k_2 = e_2 + f_2 , k_3 = e_3 − f_3 , k_4 = e_4 + f_4 , k_5 = e_5 − f_5 , k_6 = e_6 + f_6 . (B.5)

These elements generate the sl(2, R) ⊕ sl(2, R) algebra.

C Representation of g_{2(2)} and coset representative

In this appendix we give a representation of g_{2(2)} and a construction of symmetric coset representative M for the coset G_{2(2)}/(SL(2, R) × SL(2, R)). The coset construction given below is largely based on the one used in [38], but it differs in one important aspect, namely that the final matrix M given below is symmetric — which is not the case in [38]. In [38] the matrix M is symmetric under generalized transposition, but not under the usual transpose. The symmetric matrix given below is better suited for inverse scattering constructions. The representation of g_{2(2)} we use is identical to the one used in [38]. For completeness and for ease of reference here we present relevant details. We start by defining the Chevalley generators:

E_1 =

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

, E_2 =

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

,

F_1 =

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

, F_2 =

0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

,

H_1 =

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0

, H_2 =

1 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 −1

.

Using these generators we can easily write the representation matrices for the rest of the generators. Matrices in the basis (B.3) can then be readily obtained.

We write a coset representative V for the coset G_{2(2)}/(SL(2, R) × SL(2, R)) in the Borel gauge by exponentiating the Cartan and positive root generators of g_{2(2)} with the dilatons and axions as coefficients. We can make contact with the reduced Lagrangian (2.6) by choosing the coset representative to be [38]

V = e^{12 ϕ1h1+ 12 ϕ2h2} e^{χ1e1} e^{−χ2e2+χ3e3} e^{χ6e6} e^{χ4e4−χ5e5} . (C.1)

Next we introduce the following two matrices

η =

−^1_2 0 0 0 0 0 0 0^1_2 0 0 0 0 0 0 0 −^1_2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 −2 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 −2

, S =

0 0 0 0 0 0 √ 2 0 − √ 2 0 0 0 0 0 √ 2 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0^{1√}_2 0 0 0 0 0 0 0^{1√}_2 0 0 0^{1√}_2 0 0 0 0

,

(C.2) and define the coset representative matrix M as

M = S^T V^T ηVS . (C.3)

The matrix M is symmetric by construction. It can be easily checked by an explicit calculation that the scalar part of the reduced Lagrangian (2.6) is given by

L_{scalar} = − 1 8 Tr ( ⋆(M^{−1}dM) ∧ (M^{−1}dM) ) . (C.4)

The matrix M has the symmetrical block structure [39, 40]

M = A U B U^T S̃ V^T B^T V C , (C.5)

where A and C are symmetrical 3 × 3 matrices, B is a 3 × 3 matrix, U and V are 3- component column matrices, and S̃ a scalar. It also follows that the inverse matrix is given by [39, 40]

M^{−1} = (S^T mS)M(S^T mS) = C −V B^T −V^T S̃ −U^T B −U A , (C.6)

where m is the SO(3^+, 4^−) metric (D.14) for our representation. Explicit expressions for the matrices A, B, C, U, V, S̃ can be readily written. Since these expressions are exceedingly long, we do not present them here. However, we note that

det A = det C. (C.7)

D Invariant 3-form and the basis of octonions for our representation^{18}

Recall that one definition of the complex Lie algebra g_2 is as the algebra of endomorphisms of a seven dimensional vector space V preserving a general three-form on V . In

18This appendix is done in collaboration with Josef Lindman Hörnlund and Jakob Palmkvist.

this appendix we provide a construction of this invariant three-form c_{(a)abc} for our representation^{19}. This invariant three-form provides a way to check if a 7 × 7 matrix M is in the group G_{2(2)} in our representation. If a matrix M_{ab} preserves this three-form, i.e., if it satisfies_7 ∑ a,b,c=1 c_{(a)abc}M_{ae}M_{bf} M_{cg} = c_{(a)efg} (D.1)

then it is in the group G_{2(2)}.

There are several ways to construct this three form. A systematic way of doing this for a given representation of g_2 is presented in e.g., [61]. However, in this section we do not follow the approach of [61]; instead, we provide the octonion description of our representation. The octonion structure constants c̃_{(a)abc} are directly related to the invariant 3-form c_{(a)abc}. The octonion description has the advantage of being more intuitive; and it also naturally allows us to introduce the metric m_{ab} on the seven dimensional vector space V .

We start by recalling some basic facts about octonions. The octonions form a real eight dimensional division algebra O with a basis {e_0, e_1, e_2, . . . , e_7} where e_0 spans the real numbers. The seven imaginary units {e_1, e_2, . . . , e_7} anti-commute and square to −1. When a ≠ b, the product e_ae_b is given in a standard basis, e.g., in the basis given in [62], by e_1 = e_2e_4 = e_3e_7 = e_5e_6 , e_2 = e_3e_5 = e_4e_1 = e_6e_7 , e_3 = e_4e_6 = e_5e_2 = e_7e_1 , e_4 = e_5e_7 = e_6e_3 = e_1e_2 , e_5 = e_6e_1 = e_7e_4 = e_2e_3 , e_6 = e_7e_2 = e_1e_5 = e_3e_4 , e_7 = e_1e_3 = e_2e_6 = e_4e_5 . (D.2)

The complex Lie algebra g_2 is the derivation algebra of the octonions O. A basis of the derivation algebra of O is given as

e_{2L}e_{4L} − e_{5L}e_{6L} , e_{2L}e_{4L} − e_{3L}e_{7L} , e_{4L}e_{1L} − e_{3L}e_{5L} , e_{4L}e_{1L} − e_{6L}e_{7L} , e_{1L}e_{2L} − e_{6L}e_{3L} , e_{1L}e_{2L} − e_{5L}e_{7L} , e_{4L}e_{6L} − e_{5L}e_{2L} , e_{4L}e_{6L} − e_{7L}e_{1L} , e_{1L}e_{5L} − e_{3L}e_{4L} , e_{1L}e_{5L} − e_{7L}e_{2L} , e_{2L}e_{3L} − e_{6L}e_{1L} , e_{2L}e_{3L} − e_{7L}e_{4L} , e_{1L}e_{3L} − e_{2L}e_{6L} , e_{1L}e_{3L} − e_{4L}e_{5L} , (D.3)

where for any octonion e we define e_L as the endomorphism of O which acts on the left as

e_L : o → eo for any o ∈ O. (D.4)

19The reason why we choose the notation c_{(a)abc} for the invariant three-form will become clear in the following.

The derivation algebra is associative, unlike the octonions algebra O. To obtain the Chevalley generators of g_2, one takes the following linear combinations of the derivation elements (D.3)

E_1 = 1 4 [i(e_{2L}e_{3L} − e_{7L}e_{4L}) − e_{7L}e_{2L} + e_{3L}e_{4L}] ,

F_1 = 1 4 [i(e_{2L}e_{3L} − e_{7L}e_{4L}) + e_{7L}e_{2L} − e_{3L}e_{4L}] ,

E_2 = 1 4 [i (2e_{7L}e_{1L} − e_{4L}e_{6L} − e_{5L}e_{2L}) − 2e_{1L}e_{3L} + e_{2L}e_{6L} + e_{4L}e_{5L}] ,

F_2 = 1 4 [i (2e_{7L}e_{1L} − e_{4L}e_{6L} − e_{5L}e_{2L}) + 2e_{1L}e_{3L} − e_{2L}e_{6L} − e_{4L}e_{5L}] ,

H_1 = 1 2 i (e_{2L}e_{4L} − e_{3L}e_{7L}) ,

H_2 = 1 2 i (2e_{3L}e_{7L} − e_{2L}e_{4L} − e_{5L}e_{6L}) . (D.5)

Since all elements of the derivation algebra act trivially on the real numbers, we consider only the action of the elements (D.3) on the seven dimensional subspace Im O spanned by the imaginary units {e_1, e_2, . . . , e_7}. This provides the unique (up to a change of basis) seven dimensional representation of g_2, the smallest non-trivial representation.

In the basis {a_0, a_1, a_2, a_3, a_4, a_5, a_6, a_7} (D.6) where a_0 = e_0 a_1 = ie_5 + e_6 a_2 = e_2 + ie_4 a_3 = ie_3 − e_7 a_4 = −2ie_1 a_5 = −2ie_3 − 2e_7 a_6 = −2e_2 + 2ie_4 a_7 = −2ie_5 + 2e_6 (D.7) the 7 × 7 matrices obtained from (D.5) are precisely the ones given in appendix C^{20}. An easy way to see this is to write the matrix A that takes us from one basis to another. Columns of the matrix A are the a-basis vectors expressed in the e-basis,

A =

0 0 0 −2i 0 0 0 0 1 0 0 0 −2 0 0 0 i 0 −2i 0 0 0 i 0 0 0 2i 0 i 0 0 0 0 0 −2i 1 0 0 0 0 0 2 0 0 −1 0 −2 0 0

. (D.8)

20Note the use of i’s in the definitions (D.7). This is because we are working with the split real form of g2 : g_{2(2)}. Alternatively, one can use a basis of split octonions instead of (D.2). Then the entries in the corresponding matrix A, (D.8), would be all real.

Matrices in our representation of g_{2(2)} are precisely A^{−1}T_iA (D.9) where T_i are the matrices obtained from (D.5). The octonion structure constants in the e-basis e_ae_b = 7∑ c=1 c̃_{(e)abc}e_c (D.10)

and in the a-basis a_aa_b = 7∑ c=1 c̃_{(a)abc}a_c. (D.11)

are related by the basis change

c̃_{(a)mnp} = 7∑ a,b,c=1 A_{am}A_{bn}c̃_{(e)abc}(A^{−1})_{pc} . (D.12)

To construct the invariant three form we multiply the structure constants with the SO(3^+, 4^−) metric c_{(a)abc} = 7∑ e=1 m_{ce}c̃_{(a)abe} . (D.13)

The SO(3^+, 4^−) metric is obtained using the matrix A

m = A^T A =

0 0 0 0 0 0 1 0 0 0 0 0 −1 0 0 0 0 0 1 0 0 0 0 0 −1 0 0 0 0 0 1 0 0 0 0 0 −1 0 0 0 0 0 1 0 0 0 0 0 0

. (D.14)

References

[1] P. Breitenlohner, D. Maison and G. W. Gibbons, “Four-Dimensional Black Holes from Kaluza-Klein Theories,” Commun. Math. Phys. 120, 295 (1988).

[2] E. Cremmer, B. Julia, H. Lu and C. N. Pope, “Higher-dimensional origin of D = 3 coset symmetries,” arXiv:hep-th/9909099.

[3] D. C. Robinson, “Uniqueness of the Kerr black hole,” Phys. Rev. Lett. 34 (1975) 905. [4] P. O. Mazur, “Proof Of Uniqueness Of The Kerr-Newman Black Hole Solution,” J.

Phys. A 15 (1982) 3173.

[5] P. O. Mazur, “Black Hole Uniqueness From A Hidden Symmetry Of Einstein’s Gravity,” Gen. Rel. Grav. 16 (1984) 211.

[6] G. Bunting, “Proof of the uniqueness conjecture for black holes.” PhD Thesis, Department of Mathematics, University of New England, Armidale, N.S.W. 1983.

[7] B. Carter, “Bunting Identity and Mazur Identity for Non-linear Elliptic Systems Including the Black Hole Equilibrium Problem,” Commun. Math. Phys. 99 (1985) 563.

[8] S. Hollands and S. Yazadjiev, “Uniqueness theorem for 5-dimensional black holes with two axial Killing fields,” Commun. Math. Phys. 283, 749 (2008) [arXiv:0707.2775 [grqc]].

[9] S. Hollands and S. Yazadjiev, “A Uniqueness theorem for 5-dimensional Einstein- Maxwell black holes,” Class. Quant. Grav. 25, 095010 (2008) [arXiv:0711.1722 [grqc]].

[10] S. Tomizawa, Y. Yasui and A. Ishibashi, “A uniqueness theorem for charged rotating black holes in five-dimensional minimal supergravity,” Phys. Rev. D 79, 124023 (2009) [arXiv:0901.4724 [hep-th]].

[11] A. J. Amsel, G. T. Horowitz, D. Marolf and M. M. Roberts, “Uniqueness of Extremal Kerr and Kerr-Newman Black Holes,” arXiv:0906.2367 [gr-qc].

[12] P. Figueras and J. Lucietti, “On the uniqueness of extremal vacuum black holes,” arXiv:0906.5565 [hep-th].

[13] P. T. Chrusciel and J. Lopes Costa, “On uniqueness of stationary vacuum black holes,” arXiv:0806.0016 [gr-qc].

[14] J. L. Costa, “On the classification of stationary electro-vacuum black holes,” arXiv:0912.0834 [gr-qc].

[15] S. Tomizawa, Y. Yasui and A. Ishibashi, “A uniqueness theorem for charged dipole rings in five-dimensional minimal supergravity,” arXiv:0911.4309 [hep-th].

[16] J. Armas and T. Harmark, “Uniqueness Theorem for Black Hole Space-Times with Multiple Disconnected Horizons,” arXiv:0911.4654 [hep-th].

[17] V. A. Belinski and V. E. Zakharov, “Integration Of The Einstein Equations By The Inverse Scattering Problem Technique And The Calculation Of The Exact Soliton Solutions,” Sov. Phys. JETP 48, 985 (1978) [Zh. Eksp. Teor. Fiz. 75, 1953 (1978)]. V. A. Belinski, V. E. Sakharov, “Stationary Gravitational Solitons with Axial Symmetry,” Sov. Phys. JETP 50 1 ,1979, [Zh.Eksp.Teor.Fiz. 77 3,1979]. V. Belinski and E. Verdaguer, “Gravitational solitons,” Cambridge, UK: Univ. Pr. (2001).

[18] D. Maison, “Are the stationary, axially symmetric Einstein equations completely integrable?,” Phys. Rev. Lett. 41, 521 (1978).

[19] P. Breitenlohner and D. Maison, “On The Geroch Group,” Annales Poincare Phys.

Theor. 46, 215 (1987).

[20] H. Nicolai, “Two-dimensional gravities and supergravities as integrable system,” in Recent Aspects of Quantum Fields, H. Mitter and H. Gausterer (eds.), Springer- Verlag, Berlin (1991).

[21] H. Nicolai, D. Korotkin and H. Samtleben, “Integrable classical and quantum gravity,” arXiv:hep-th/9612065.

[22] G. A. Alekseev, “N soliton solutions of the Einstein-Maxwell equations,” JETP Lett.

32, 377, G. Alekseev and V. Belinski, “Einstein-Maxwell Solitons,” AIP Conf. Proc. 1132, 333-385, COSMOLOGY AND GRAVITATION: XIII Brazilian School on Cosmology and Gravitation (XIII BSCG), and references therein.

[23] R. Emparan and H. S. Reall, “A rotating black ring in five dimensions,” Phys. Rev.

Lett. 88, 101101 (2002) [arXiv:hep-th/0110260].

[24] R. Emparan, “Rotating circular strings, and infinite non-uniqueness of black rings,” JHEP 0403, 064 (2004) [arXiv:hep-th/0402149].

[25] H. Elvang, R. Emparan, D. Mateos and H. S. Reall, “A supersymmetric black ring,” Phys. Rev. Lett. 93, 211302 (2004) [arXiv:hep-th/0407065].

[26] R. Emparan and H. S. Reall, “Black rings,” Class. Quant. Grav. 23, R169 (2006) [arXiv:hep-th/0608012].

[27] R. Emparan and H. S. Reall, “Black Holes in Higher Dimensions,” Living Rev. Rel.

11, 6 (2008) [arXiv:0801.3471 [hep-th]].

[28] H. Elvang, R. Emparan and P. Figueras, “Non-supersymmetric black rings as thermally excited supertubes,” JHEP 0502, 031 (2005) [arXiv:hep-th/0412130].

[29] A. A. Pomeransky and R. A. Sen’kov, “Black ring with two angular momenta,” arXiv:hep-th/0612005.

[30] S. D. Mathur, “The fuzzball proposal for black holes: An elementary review,” Fortsch.

Phys. 53, 793 (2005) [arXiv:hep-th/0502050].

I. Bena and N. P. Warner, “Black holes, black rings and their microstates,” Lect. Notes Phys. 755, 1 (2008) [arXiv:hep-th/0701216].

K. Skenderis and M. Taylor, “The fuzzball proposal for black holes,” Phys. Rept. 467, 117 (2008) [arXiv:0804.0552 [hep-th]].

V. Balasubramanian, J. de Boer, S. El-Showk and I. Messamah, “Black Holes as Effective Geometries,” Class. Quant. Grav. 25, 214004 (2008) [arXiv:0811.0263 [hepth]].

[31] J. de Boer, S. El-Showk, I. Messamah and D. Van den Bleeken, “A bound on the entropy of supergravity?,” arXiv:0906.0011 [hep-th].

[32] V. Jejjala, O. Madden, S. F. Ross and G. Titchener, “Non-supersymmetric smooth geometries and D1-D5-P bound states,” Phys. Rev. D 71, 124030 (2005) [arXiv:hepth/0504181].

[33] S. Giusto, S. F. Ross and A. Saxena, “Non-supersymmetric microstates of the D1- D5-KK system,” JHEP 0712, 065 (2007) [arXiv:0708.3845 [hep-th]].

[34] J. H. Al-Alawi and S. F. Ross, “Spectral Flow of the Non-Supersymmetric Microstates of the D1-D5-KK System,” arXiv:0908.0417 [hep-th].

[35] I. Bena, S. Giusto, C. Ruef and N. P. Warner, “A (Running) Bolt for New Reasons,” arXiv:0909.2559 [hep-th].

[36] N. Bobev and C. Ruef, “The Nuts and Bolts of Einstein-Maxwell Solutions,” arXiv:0912.0010 [hep-th].

[37] 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. Quant. Grav. 20, 4587 (2003) [arXiv:hep-th/0209114].

[38] G. Compere, S. de Buyl, E. Jamsin and A. Virmani, “G2 Dualities in D=5 Supergravity and Black Strings,” Class. Quant. Grav. 26 12 (2009) arXiv:0903.1645 [hep-th].

[39] A. Bouchareb, G. Clement, C. M. Chen, D. V. Gal’tsov, N. G. Scherbluk and T. Wolf, “G_2 generating technique for minimal D=5 supergravity and black rings,” Phys. Rev. D 76, 104032 (2007) [Erratum-ibid. D 78, 029901 (2008)] [arXiv:0708.2361 [hep-th]].

[40] G. Clement, “The symmetries of five-dimensional minimal supergravity reduced to three dimensions,” J. Math. Phys. 49, 042503 (2008) [Erratum-ibid. 49, 079901 (2008)] [arXiv:0710.1192 [gr-qc]].

[41] P. Breitenlohner and D. Maison, “On nonlinear sigma-models arising in (super) gravity,” Commun. Math. Phys. 209, 785 (2000) [arXiv:gr-qc/9806002].

[42] S. Mizoguchi and N. Ohta, “More on the similarity between D = 5 simple supergravity and M theory,” Phys. Lett. B 441, 123 (1998) [arXiv:hep-th/9807111].

[43] S. Giusto and A. Saxena, “Stationary axisymmetric solutions of five dimensional gravity,” Class. Quant. Grav. 24, 4269 (2007) [arXiv:0705.4484 [hep-th]].

[44] R. M. Wald, “General Relativity,” Chicago, Usa: Univ. Pr. ( 1984) 491p

[45] R. Emparan and H. S. Reall, “Generalized Weyl solutions,” Phys. Rev. D 65, 084025 (2002) [arXiv:hep-th/0110258].

[46] H. Lu, M. J. Perry and C. N. Pope, “Infinite-Dimensional Symmetries of Two- Dimensional Coset Models,” arXiv:0711.0400 [hep-th].

H. Lu, M. J. Perry and C. N. Pope, “Infinite-Dimensional Symmetries of Two- Dimensional Coset Models Coupled to Gravity,” Nucl. Phys. B 806, 656 (2009) [arXiv:0712.0615 [hep-th]].

[47] J. H. Schwarz, “Classical symmetries of some two-dimensional models,” Nucl. Phys.

B 447, 137 (1995) [arXiv:hep-th/9503078].

[48] D. Bernard and B. Julia, “Twisted self-duality of dimensionally reduced gravity and vertex operators”, Nucl. Phys. B547,427 (1999) [arXiv:hep-th/9712254].

[49] A. Kleinschmidt and H. Nicolai, “Gradient representations and affine structures”, Class. Quant. Grav. 22,4457 (2005) [arXiv:hep-th/0506238].

[50] V. G. Kac, “Infinite dimensional Lie algebras,” Cambridge, UK: Univ. Pr. (1990) 400 p

[51] J. Fuchs and C. Schweigert, “Symmetries, Lie Algebras And Representations: A Graduate Course For Physicists,” Cambridge, UK: Univ. Pr. (1997) 438 p

[52] A. A. Pomeransky, “Complete integrability of higher-dimensional Einstein equations with additional symmetry, and rotating black holes,” Phys. Rev. D 73, 044004 (2006) [arXiv:hep-th/0507250].

[53] I. Bakas, “O(2,2) transformations and the string Geroch group,” Nucl. Phys. B 428, 374 (1994) [arXiv:hep-th/9402016].

[54] S. S. Yazadjiev, “Completely integrable sector in 5D Einstein-Maxwell gravity and derivation of the dipole black ring solutions,” Phys. Rev. D 73, 104007 (2006) [arXiv:hep-th/0602116].

[55] R. P. Geroch, “A Method for generating new solutions of Einstein’s equation. 2,” J.

Math. Phys. 13, 394 (1972).

[56] A. Sen, “Duality Symmetry Group Of Two-Dimensional Heterotic String Theory,” Nucl. Phys. B 447, 62 (1995) [arXiv:hep-th/9503057].

[57] M. Cvetic and D. Youm, “General Rotating Five Dimensional Black Holes of Toroidally Compactified Heterotic String,” Nucl. Phys. B 476, 118 (1996) [arXiv:hepth/9603100].

[58] M. Cvetic and F. Larsen, “General rotating black holes in string theory: Greybody factors and event horizons,” Phys. Rev. D 56, 4994 (1997) [arXiv:hep-th/9705192].

[59] T. Harmark, “Stationary and axisymmetric solutions of higher-dimensional general Phys. Rev. D 70, 124002 (2004) [arXiv:hep-th/0408141].

[60] J. E. Humphreys, “Introduction to Lie algebras and representation theory,” (3rd print., rev.), New York, USA: Springer (1980).

[61] William Fulton and Joe Harris, “Representation Theory: A First Course,” Graduate Texts in Mathematics 129, 1991 Springer, New York, section 22.3.

[62] J. C. Baez, “The Octonions,” Bull. Amer. Math. Soc. 39 (2002), 145-205; Errata in Bull. Amer. Math. Soc. 42 (2005), 213. [arXiv:math/0105155].