arXiv:0901.0098v1 [gr-qc] 31 Dec 2008

Generating solutions via sigma-models^{∗)}

Dmitri V. Gal’tsov

Department of Theoretical Physics, Moscow State University, 119899, Moscow, Russia

Abstract

We review recent development of solution-generating techniques for four and fivedimensional Einstein equations coupled to vector and scalar fields. This includes D=4 Einstein-Maxwell-dilaton-axion theory with multiple vector fields, D=5 Einstein- Maxwell gravity with the Chern-Simons term (minimal five-dimensional supergravity), and some other models which attracted attention in connection with black rings. The method is based on reduction to three-dimensional gravity coupled sigma-models with symmetric target spaces. Our recent results open a way to construct the general charged black rings in five-dimensional supergravity possibly coupled to vector multiplets.

∗) An updated version of the talk given at ICGA8 and published in the Proceedings: Prog. Theor. Phys. Suppl. 172 (2008) 121-130

1 typeset using PTPTEX.cls ⟨Ver.0.9⟩

§1. Introduction

To find exact solutions of the Einstein equations is a formidable task already in four dimensions, not to say about higher-dimensional gravity/supergravity theories. The system is non-separable, so usually one chooses a certain ansatz for the metric to obtain a truncated system suitable for integration. The choice of the ansatz is based on the assumption that the desired solutions possess some isometry group. Assumption of the symmetry means that all the unknown functions depend on a number of variables smaller than the initial dimension D of the space-time. This leads to dimensional reduction of Einstein equations to a lower-dimensional system involving additional vector and scalar fields. An especially fruitful technique is based on the assumption of an Abelian isometry group of the rank D−3. This gives rise to the toroidal reduction to three dimensions, where vector fields (and higher rank antisymmetric forms, if present) can be dualized to scalars, and one obtains threedimensional gravity coupled to the set of purely scalar fields. The remarkable feature of vacuum gravity in any dimension as well as the bosonic sectors of ungauged supergravities is that these scalar fields form sigma-models on coset spaces. The residual of the diffeomorphism group acting in the reduced dimensions together with symmetries of the vector multiplets combine into an enhanced duality group of global symmetries, often termed as “hidden symmetries”. The existence of hidden symmetries gives rise to a variety of tools like generation of new solutions from known ones, construction the BPS solutions as null geodesics of the target spaces, and derivation of two-dimensional integrable systems.

Hidden symmetry SL(2, R) of the four-dimensional vacuum Einstein gravity reduced to three dimensions was discovered by Ehlers,^{1)} the corresponding two-dimensional integrable systems were explored in a number of papers^{2), 3)} (see for a review^{4)–6)}). The group SL(2, R) is always present as a part of hidden symmetries of more complicated systems, so it remains an ingredient of generating techniques for them too. The next in complexity is the fourdimensional Einstein-Maxwell (EM) theory (or bosonic part of D = 4, N = 2 supergravity). A novel feature is presence of the Harrison transformations which generate charged solutions from neutral ones^{8)–12)} . Vacuum gravity in five and higher dimensions was studied along the same lines in^{13), 14)} . Later it was realized that various higher-dimensional supergravities also lead to the three-dimensional gravity coupled sigma-models with symmetric target spaces^{15)–18)} . A very convenient dimensional reduction scheme was elaborated in^{19)} (see also^{20)}) for the toroidal reduction of maximal supergravities originating from elevendimensional supergravity. It allows to obtain the Cartan-Weyl root system of the hidden symmetry group directly in terms of the so-called dilaton vectors — the coefficients of the dilatonic exponents emerging in the dimensional reduction.

Three-dimensional sigma models resulting from supergravities are quite complicated generically, so the possibility of their application for solution generation is rather limited. Meanwhile some physically interesting truncated systems other than vacuum and D = 4 electrovacuum were discovered which are relatively simple and lead to manageable models. One such system is the D = 4 Einstein-Maxwell-dilaton-axion (EMDA) gravity which is a truncated version of the N = 4 supergravity (or toroidally compactified heterotic string theory)^{21)–24)} . It contains one Maxwell field and two massless scalar fields (dilaton and axion) and leads in three dimensions to the sigma-model with the global symmetry SO(2, 3) ∼ Sp(4, R). It admits a representation in terms of 4 × 4 matrices which can be split into the 2 × 2 blocks. It also allows for Kähler representation in complex variables similar to Ernst potentials in vacuum and electrovacuum D = 4 gravity. This representation can be generalized to the EMDA gravity with an arbitrary number of vector fields^{25)} . Especially interesting is the case of two vector fields which gives rise to a quaternion analog of the Ernst potential^{26)} .

Recent interest to black rings (for a review see^{27)}) stimulated investigation of hidden symmetries of five-dimensional gravity coupled to vector fields. Somewhat unexpectedly, fivedimensional Einstein-Maxwell gravity does not possess non-trivial hidden symmetries which can generate charges (the isometry group of the target space of the corresponding threedimensional sigma-model is solvable). This explains why no analytic solutions are known for charged rotating black holes in this theory. However there exist more complicated fivedimensional gravity theories with vector fields which possess non-trivial hidden symmetries containing charging (Harrison) transformations. One of them corresponds to dimensional reduction of six-dimensional vacuum gravity to five dimensions. It contains a Kaluza-Klein vector field and a dilaton, the hidden symmetry being SL(4, R). A matrix representation for this theory similar to that for EMDA was constructed in^{29)} . The second is five-dimensional minimal supergravity whose bosonic sector is the Einstein-Maxwell theory with the Chern- Simons term^{30), 31)} . The presence of the latter leads to a non-trivial hidden symmetry realized by an exceptional group G_{2(2)} (the non-compact version of G_2)^{32), 33)} . A detailed study of the corresponding three-dimensional sigma-model was performed in^{34)} (see also^{35)}). A more general five-dimensional model containing three vector and two independent scalar fields arising in some truncated toroidal reduction of D = 11 supergravity is often invoked in the discussion of black rings^{27)} . As we have shown recently,^{36)} the hidden symmetry in this case is SO(4, 4).

§2. D=4

2.1. Ehlers group SL(2,R)^{1)}

Consider vacuum Einstein equations R_{μν} = 0. For stationary metrics admitting a timelike Killing vector field, L_K g_{μν} = 0, K = ∂_t, the line element can be presented as

ds^2 = −e^ξ (dt + ω_idx^i)^2 + e^{−ξ}h_{ij}dx^idx^j, (2.1)

where the scalar ξ, the three-vector ω_i and the three-dimensional metric h_{ij} depend only on spatial coordinates x^i. Then the equations of motion coincide with those of the threedimensional gravitating non-linear sigma-model

S_σ = ∫ [ R_3(h) − G_{AB}(Φ)∂_iΦ^A∂_j Φ^B h^{ij} ] √ hd^3x, (2.2)

with two scalar fields Φ^A = (ξ, χ), where the twist potential χ is related to the one-form ω_i by the dualization equation dχ = −e^{2ξ} ∗ dω, and the target space is a coset space SL(2, R)/SO(1, 1), the corresponding metric being

dl^2 = G_{AB} dΦ^A∂Φ^B = 1 2 ( dξ^2 + e^{−2ξ}dχ^2 ) . (2.3)

Now the initial four-metric g_{μν} is presented by the three-metric h_{ij} and two ”matter” fields ξ, ϕ, the field equations being invariant under the Ehlers group SL(2, R) acting transitively on the target space as an isometry: ξ, χ → ξ^′, χ^′. So starting with some solution g_{μν} = {h_{ij}, ξ^′, ω^′} one can find another set ξ^′, χ^′. Dualizing back χ^′ to ω^′_i one obtains a new 4D solution with the same three-metric g_{μν} = {h_{ij}, ξ^′, ω^′}. Three SL(2, R) transformations consist of

i) twist shift (gauge) χ → χ + λ_g, ii) scaling ξ → ξ + λ_s, χ → e^{λs} χ, iii) proper Ehlers transformation (χ − ie^ξ )^{−1} → (χ − ie^ξ)^{−1} + λ_E, the last one generating the Taub-NUT metric from Schwarzschild.

Similarly, vacuum gravity in D dimensions has hidden symmetry SL(D − 2, R)^{14)} .

2.2. Einstein-Maxwell

The sigma-model representation can be derived for 4D gravity coupled to a massless vector field S = −^1_{16π} ∫ (R + F^2) √ −g d^4x. With the assumption of stationarity, the μ = i component of the Bianchi identity ∂_ν ( √ −gF̃^{μν} ) = 0 is satisfied introducing the electric potential F_{i0} = ∂_iv, while the μ = i component of the Maxwell equation ∂_ν ( √ −gF^{μν} ) = 0 is solved by introducing the magnetic potential u: F^{ij} =^{eξ√}_h ϵ^{ijk}∂_ku. The remaining components of F^{μν} can be expressed in terms of v and u, so a vector field is reduced to two scalars. The resulting 3D sigma-model is especially simple in the static case ω_i = 0 = χ. Then the full Einstein-Maxwell system splits into independent electric and magnetic sectors. In the electric case one obtains SL(2, R)/SO(2) sigma-model with the target metric dl^2 =^1_2 dξ^2 −e^{−ξ} dv^2, in the magnetic case dl^2 =^1_2 dξ^2 −e^{−ξ} du^2. Thus we deal again with the SL(2, R) transformations acting on ξ, v or ξ, u. The last one, iii), now is the Harrison transformation generating charged solutions from uncharged ones. Taking the Schwarzschild solution as a seed, one can construct the Reissner-Nordström solution.

For a general stationary EM system one gets the four- dimensional target space with the signature (+ + −−):

dl^2 = 1 2 [ dξ^2 + e^{−2ξ}(dχ + vdu − udv)^2 ] − e^{−ξ}(dv^2 + du^2), (2.4)

which is the coset space SU(2, 1)/S(U(1) × U(1))^{9)} . Complex Ernst potentials^{2), 9)} Φ = 1√ 2 (v + iu), E = e^ξ + iχ + ΦΦ^∗ realize a non-linear representation of SU(2, 1), whose action consists of three gauge (shifts of χ, v, u), an electric-magnetic rotation, a scaling, two charging Harrison transformations Φ → Φ + cE 1 − 2c^∗Φ − |c|^2E , E → E 1 − 2c^∗Φ − |c|^2E , (2.5)

and Ehlers transformation Φ → Φ(1 + iγE)^{−1}, E → E(1 + iγE)^{−1} where c is complex and γ is real parameters.

2.3. EM-Dilaton

Adding a dilaton with an arbitrary coupling S = 1 16π ∫ ( −R + 2(∂ϕ)^2 − e^{−2αϕ}F^2 ) √ −g d^4x, (2.6)

one obtains the target space

dl^2= 1 2 [ dξ^2+e^{−2ξ}(dχ+vdu−udv)^2 ] +2dϕ^2−e^{−ξ}(e^{−2αϕ}dv^2+e^{2αϕ}du^2). (2.7)

It is a symmetric space only for α^2 = 0, 3^{12)} . In the first case we have EM + a decoupled scalar, in the second – a compactified 5D vacuum gravity (Kaluza-Klein), in which case the isometry group is 8-parametric SL(3, R). For other α the isometry group is a 5-parametric solvable group not containing Harrison-Ehlers transformations.

It is worth noting, that contrary to vacuum gravity, the Einstein-Maxwell theory in D > 4 does not possess semi-simple hidden symmetries.

2.4. EM-Dilaton-Axion

The previous model has only a discrete electric-magnetic duality. Adding an axion κ we obtain the EMDA model (a truncated N = 4 supergravity) which possess a continuous

SL(2, R) electric-magnetic symmetry S = 1 16π ∫ { −R + 2∂_μϕ∂^μϕ + 1 2 e^{4ϕ}∂_μκ∂^μκ − e^{−2ϕ}F_{μν} F^{μν} − κF_{μν}F̃^{μν} } √ −g d^4x, (2.8)

where F̃^{μν} =^1_2 E^{μνλτ} F_{λτ} , F = dA . The resulting target space is the 6-dimensional coset Sp(4, R)/(SO(2) × SO(1, 2)):^{21)–24)}

dl^2= 1 2 [ dξ^2+e^{−2ξ}(dχ + vdu − udv)^2 +e^{4ϕ}dκ^2 ] + 2dϕ^2 − e^{−ξ} [ e^{−2ϕ}dv^2+ e^{2ϕ}(du − κdv)^2 ] . (2.9)

Its isometry group Sp(4, R) ∼ SO(3, 2) consists of three gauge, one scale, three SL(2,R) S-duality, two Harrison and Ehlers transformations (altogether 10). All isometry transformations are known algebraically.

§3. Matrix methods

To find symmetry transformations explicitly one can use an appropriate matrix representative M = M(Φ) of the coset, so that the target space metric is presented as dl^2 = G_{AB} dΦ^AdΦ^B = −kTr ( dMdM^{−1} ) . (3.1)

One-parametric subgroups G_λ = e^{λK̄} corresponding to the Killing vector K (K̄ being the relevant matrix generator) act on M as M^′ = G^{−1}_λ MG_λ . Then the transformation of the potentials can be read off from the relation M^′(Φ) = M(Φ^′). For EMDA, M is given by a symmetric symplectic 4 × 4 matrix:^{23)} M = ( P^{−1} P^{−1}Q QP^{−1} P + QP^{−1}Q ) , (3.2)

where P and Q are the real symmetric 2 × 2 matrices P = −e^{−2ϕ} ( v^2 − e^{2ϕ+ξ} v v 1 ) , Q = ( vw − χ w w −κ ) , (3.3)

w = u − κv. Further simplification consists in presenting ten Sp(4,R) isometries as SL(2,R) transformation acting on 2x2 complex matrices Z = P + iQ Z = ( E Φ Φ −z ) , z = κ + ie^{−2ϕ}, Φ = u − zv, E = ie^ξ − χ + vΦ, (3.4)

where the quantities Φ, E can be viewed as the EMDA Ernst-type complex potentials. Isometry transformations consist of shift and scaling of Z, and shift of 1/Z:

Z → Z + B, B = ( g m m −b ) , Z → A^T ZA, A = ( e^s h_e −e e^a ) , (3.5)

1 Z → 1 Z + C, C = ( c_E h_m h_m −c ) . (3.6)

Real parameters correspond to: g, s – gravitational gauge, e, m – electric and magnetic gauge; a, b, c – SL(2, R) S-duality, h_e, h_m – electric and magnetic Harrison transformations, c_E – Ehlers transformation. SL(2, R) S-duality was the symmetry of the 4D theory, acting on the axidilaton z and the Maxwell field, now it is incorporated into the 3D U-duality group Sp(4, R). Further simplification comes from the fact that the target space (2.9) admits Kähler complex parametrization z_α, α = 0, 1, 2 with z_0 = E − z, z_1 = u − vΦ, z_2 = E + z. The Kähler target space metric is constructed from the Kähler potential:

G_α¯_β = ∂_α∂¯_βK(z^α, z̄^β), K = − ln V, V = η_{αβ} Imz^αImz^β = e^{ξ−2ϕ}, (3.7)

where η_{αβ} = diag(−1, 1, 1). This construction can be directly generalized to the case of an arbitrary number p of vector fields introducing additional complex coordinates z_n = u_n − zv_n ≡ Φ_n, n = 1, . . . , p. Remarkably, the Kähler potential remains the same V = e^{ξ−2ϕ} being expressed in terms of the real quantities,^{25)} though its realization in complex variables now involves the metric η_{αβ} = diag(−1, 1, ..., 1), α, β = 0, 1, ..., p + 1. The target space of EMDA with p vector fields is the coset SO(2, 2 + p)/ (SO(2) × SO(p, 2)), its matrix representation is realized by (p + 4) × (p + 4) matrices.

The case p = 2 is exceptional: due to isomorphism SO(2, 4) ∼ SU(2, 2), the 4 × 4 representation is possible instead of the expected 6 × 6. It is generated by the 2 × 2 complex matrix Z in the same way as before, but now with a generic Z incorporating four independent complex potentials:^{26)} Z = ( E Φ_1 − iΦ_2 Φ_1 + iΦ_2 −z ) . (3.8)

Moreover, the target space metric can be directly expressed through Z as follows

dl^2 = −2Tr { dZ ( Z^† − Z )_{−1} dZ^† ( Z^† − Z )_{−1}} , (3.9)

while the symmetry transformations are again (3.5, 3.6). This realizes the quaternion SL(2, Q) representation of SU(2, 2). Complex quaternion coordinates can be read from an expansion of Z in terms of Pauli matrices Z = z^0I_2 + z^aσ_a.

§4. D=5

4.1. Black rings

Recent interest to exact solutions in five-dimensional gravity is related to possibility of topologically non-spherical stationary asymptotically flat black holes, with the S^1 × S^2 topology of the event horizon^{27)} . While in 4D the uniqueness theorems imply that the most general stationary black hole is Kerr for vacuum and Kerr-Newman for electrovacuum (both with S^2 horizon topology), in 5D it is not so. It is possible that black holes with the horizon topology S^1 × S^{D−3} exist for any D. The most general non-singular 5D black ring is a threeparametric solution endowed with a mass and two independent rotation parameters^{28)} . The most general charged black ring in 5D gravity coupled to a single Maxwell and possibly scalar fields should be five-parametric, with an electric charge and a magnetic dipole moment as additional parameters. Such solution is still unknown. Another interesting model includes three vector and two independent scalar fields, within this theory a nine-parametric solution should exist (also unknown).

This stimulates further investigation of 5D theories which lead to 3D sigma-models on symmetric spaces. Somewhat unexpectedly, pure Einstein-Maxwell theory in 5D generates only trivial (solvable) hidden symmetry algebra. Two other theories which possess non-trivial hidden symmetries are discussed below.

4.2. 5D EM-dilaton (Kaluza-Klein)

Compactifying 6D vacuum gravity on a circle, one obtains 5D Einstein-Maxwell-dilaton theory with the Kaluza-Klein dilaton coupling α^2 = 8/3:

S_5 = ∫ d^5x √ −g_5 { R_5 − 1 2 (∂ϕ)^2 − e^{−αϕ} 12 H^2 } , (4.1) where ϕ is the dilaton and H = dB is an antisymmetric three-form dual to the KK vector in 5D. This model obviously have the SL(4, R) hidden symmetry in 3D. It is instructive to present it in a form similar to that of 4D EMDA^{29)} . In fact, in 4D this action contains two vector and three scalar fields, differing from EMDA with two vector fields by presence of an additional scalar ψ, as well as by different interaction structure. The target space of the corresponding 3D sigma-model has the line element

dl^2 = 1 2 ( dξ^2 + e^{−2ξ} [ dχ + 1 2 (v_adu_a − u_adv_a) ]_2) + 1 2 dϕ^2 + 1 4 dψ^2 + 1 2 e^{2ϕ}dκ^2 − e^{−ξ} 2 [ e^{ψ−ϕ}dv^2_1 + e^{−ψ+ϕ}(du_1 − κdv_2)^2 + e^{−ψ−ϕ}(dv_2)^2 + e^{ψ+ϕ}(du_2 − κdv_1)^2 ] , (4.2) where a = 1, 2. This is the metric of the symmetric space SL(4, R)/SO(2, 2). As the coset representatives one can choose the symmetric SL(4, R) matrix

M = ( P^{−1}_1 P^{−1}_1 Q Q^T P^{−1}_1 P_2 + Q^T P^{−1}_1 Q ) , (4.3)

where Q is a real 2×2 matrix and P_1, P_2 are symmetric matrices with the same determinant. This matrix can be regarded as a generalization of the EMDA Sp(4, R) matrix to which it reduces for P_1 = P_2 and Q^T = Q. Now we have

P_1 = e^{ψ/2} ( e^{ξ−ψ} − (v_1)^2e^{−ϕ} −v_1e^{−ϕ} −v_1e^{−ϕ} −e^{−ϕ} ) ,

P_2 = e^{−ψ/2} ( e^{ξ+ψ} − (v_2)^2e^{−ϕ} −v_2e^{−ϕ} −v_2e^{−ϕ} −e^{−ϕ} ) , Q = (_1 2 μ − χ u_2 − κv_1 u_1 − κv_2 −κ ) , (4.4)

where μ = v_1 (u_1 − κv_2) + v_2 (u_2 − κv_1) . Transformations M → G^T MG with constant G ∈ SL(4, R) can be presented by its action on 2x2 matrices P_1, P_2, Q similarly to the above quaternion form of SU(2, 2)^{29)} .

4.3. 5D minimal supergravity

Another symmetric model is minimal 5D supergravity containing in addition to the Maxwell term also the Chern-Simons term. This enlarges the hidden symmetry of the theory, the 3D U-duality being the non-compact form of the exceptional group G_2. Five-dimensional minimal supergravity contains a graviton, two symplectic-Majorana gravitini (equivalent to a single Dirac gravitino), and a U(1) gauge field. The bosonic part of the Lagrangian is very similar to that of D = 11 supergravity:

S_5 = 1 16πG_5 [∫ d^5x √ −g ( R − 1 4 F^2 ) − 1 3 √ 3 ∫ F ∧ F ∧ A ] , (4.5)

where F = dA. This action can be obtained as a suitably truncated Calabi-Yau compactification of D = 11 supergravity. Its reduction to 3D leads to the sigma model on a symmetric space G_{2(2)}/(SL(2, R) × SL(2, R))^{32), 33)} . The corresponding generating technique was developed in.^{34)} The target space metric reads (v_1, u_1 being KK, v_2, u_2 – Maxwell potentials)

dl^2 = 1 2 { dξ^2 + e^{−2ξ} (dχ+v_1du_1 +v_2du_2)^2 + 3 ( dϕ^2 +e^{2ϕ}dκ^2 ) − e^{−ξ} [ e^{−ϕ} ( dv_2 + √ 3κdv_1 )_2

+ e^{−3ϕ}dv^2_1 + e^{3ϕ} ( du_1 +κ^3dv_1 − √ 3κ(du_2 −κdv_2) )_2

+ e^ϕ ( du_2 −2κdv_2 − √ 3κ^2dv_1 )_2]} . (4.6) This is the metric on the coset G_{2(2)}/(SL(2, R) × SL(2, R)). Note that the number of variables is 8, the same as for 4D EMDA with two vector fields. However, the isometry group is 14-parametric (15 parametric for EMDA). The matrix representation can be given either in terms of 7 × 7 or 8 × 8 matrices corresponding to embedding of G_{2(2)} into SO(3, 4) or SO(4, 4). In the first case

M = A B √ 2U B^T C √ 2V √ 2U^T √ 2V^T S

, (4.7)

where A, B, C are 3 × 3 matrices and U, V are 3-columns, whose explicit form is given in^{34)} . This matrix realizes a noncompact coset G_{2(2)}/(SL(2, R)×SL(2, R)). In spite of being rather complicated, this representation opens a way to construct new solutions acting on this matrix by one-parametric subgroups of G_{2(2)} which are easily found by exponentiating the generators. The fourteen transformations include five gauge, one scale, three S-duality, four Harrison and Ehlers transformations. A charged rotating 5D black hole with two rotation parameters was generated in^{34)} from the solution^{28)} as a seed. It is plagued with a conical singularity. To get a regular charged doubly rotating solution one should start with a more general doubly rotating vacuum ring solution^{37)} with non-compensated conical singularity.

4.4. 5D SUGRA with vector multiplets

More general models of this type containing multiple U(1) vector fields give rise to black rings with many electric and dipole charges. One popular model leading to three-charge black rings contains three vector and three scalar fields subject to a constraint: S = 1 16πG_5 ∫ ( R_5 ⋆ 1 − 1 2 G_{IJ} ( dX^I ∧ ⋆dX^J − F^I ∧ ⋆F^J ) − δ_{IJK} 6 F^I ∧ F^J ∧ A^K ) , (4.8)

where G_{IJ} = diag ((X^1)^{−2}, (X^2)^{−2}, (X^3)^{−2}) , F_I = dA_I , I, J, K = 1, 2, 3, and δ_{IJK} = 1, if I, J, K is a permutation of 1,2,3, and zero otherwise. 3D reduction of this theory leads to the sigma model on the homogeneous space SO(4, 4)/SO(4)×SO(4) or SO(4, 4)/SO(2, 2)× SO(2, 2) depending on the signature of the three-space. A 8 × 8 matrix representation which can be used for solution generating purposes was constructed^{36)} . It opens a way to find the nine-parametric charged black ring in five dimensions. An identification of the three vector fields A^I with the corresponding contraction of the scalars X^I returns us to the G_{2(2)}/(SL(2, R) × SL(2, R)) sigma model of the previous section.

§5. Conclusions

We have reviewed the main ideas of solution generating techniques based on dimensional reduction to three-dimensions and presented some new sigma-models which can be used to construct charged black holes and black rings in five dimensions. These models can be further reduced to two dimensions giving new integrable systems based on G_{2(2)} and SO(4, 4) groups.

Acknowledgements

We would like to thank Yukawa Institute for Theoretical Physics and Nara Women’s University for hospitality and support during the ICGA8 and the GC workshop. Useful discussions with M. Sasaki and K.-I. Maeda, R. Kallosh, Y.M. Cho and S. Odintsov are gratefully acknowledged. We thank G. Clement, C.-M. Chen and N. Scherbluck for collaboration. The work was supported by RFBR under the project 08-02-01398.

References

1) J. Ehlers, in Les Theories Relativistes de la Gravitation, CNRS, Paris, 1959, p. 275. 2) F. J. Ernst, “New formulation of the axially symmetric gravitational field problem,” Phys. Rev. 167, 1175 (1968);

F. J. Ernst, “New formulation of the axially symmetric gravitational field problem. II,” Phys. Rev. 168, 1415 (1968);

3) R. Geroch, Journ. Math. Phys. 13, 394 (1972); V.A. Belinskii and V.E. Zakharov.

Sov. Phys. JETP, 48, 985 (1978); 50, 1 (1979); G. Neugebauer, Journ. Phys. A: 12, L67; 1, L19 (1979); D. Maison, Journ. Math. Phys. 21, 871 (1979); I. Hauser and F. J. Ernst, Phys. Rev. D 20, 362, 1783 (1979).

4) “Exact solutions of Einstein’s equations: Techniques and results.” Ed. W. Dietz and C. Hoenselaers. Lecture Notes in Physics, 205, 1985.

5) E. Verdaguer, Phys. Repts, 229, 2, (1993) 6) V. Belinski and E. Verdaguer, Gravitational solitons, CUP, 2001. 7) D. Kramer, H. Stephani, M. MacCallum, and E. Herlt, Exact Solutions of the Einstein’s field equations, CUP, 1980.

8) G. Neugebauer and D. Kramer, “A method for the construction of stationary Einstein-Maxwell fields,” Ann. der Physik (Leipzig) 24, 62 (1969).

9) W. Kinnersley, “Generation of stationary Einstein-Maxwell fields,” J. Math. Phys.

14, 651 (1973);

W. Kinnersley, “Symmetries of the stationary Einstein-Maxwell field equations. I,” J. Math. Phys. 18, 1529 (1977);

W. Kinnersley and D. Chitre, Journ. Math. Phys. 18, 1538 (1977); 19, 1926, 2037 (1978).

10) B.K. Harrison, Phys. Rev. Lett., 41, 1197, (1978).

11) P.O. Mazur, “A relationship between the electrovacuum Ernst equations and nonlinear sigma model,” Acta Phys. Polon. B 14 (1983) 219.

A. Eris, M. Gürses, and A. Karasu, “Symmetric space property and an inverse scattering formulation of the SAS Einstein-Maxwell field equations,” J. Math. Phys. 25 (1984) 1489.

12) D.V. Gal’tsov, A.A. Garcia, O.V. Kechkin , “Symmetries of the stationary Einstein– Maxwell–dilaton theory ”, Class.Quant.Grav. 12 (1995) 2887-2903.

13) G. Neugebauer, Habilitationschrift, Jena, 1969, (unpublished). 14) D. Maison, “Ehlers-Harrison type transformations for Jordan’s extended theory of gravitation,” Gen. Rel. Grav. 10, 717 (1979). V. Belinskii and R. Ruffini, Phys. Lett. B89, 195 (1980).

15) B. Julia, in Unified field theories in more than 4 dimensions, V. De Sabbata, E.

Schmutzer (eds.), Singapore, WS 1983.

16) B. Julia, “Group disintegrations”, in Superspace and supergravity, eds. S.W. Hawking and M. Roc̆ek (Cambridge University Press, Cambridge 1981) 331.

17) P. Breitenlohner, D. Maison and G. W. Gibbons, “Four-dimensional black holes from Kaluza-Klein theories,” Commun. Math. Phys. 120, 295 (1988); P. Breitenlohner and D. Maison, in Solutions of the Einstein’s Equations: Techniques and Results, ed. by C. Hoenselaers, W. Dietz, Lecture Notes in Physics, 205 (1984) 276;

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

18) A. Sen, “Strong - weak coupling duality in three-dimensional string theory,” Nucl.

Phys. B 434, 179 (1995) [arXiv:hep-th/9408083].

19) E. Cremmer, B. Julia, H. Lü and C. N. Pope, “Dualization of dualities. I,” Nucl.

Phys. B 523, 73 (1998) [arXiv:hep-th/9710119];

E. Cremmer, B. Julia, H. Lü and C. N. Pope, “Dualization of dualities. II: Twisted self-duality of doubled fields and superdualities,” Nucl. Phys. B 535, 242 (1998) [arXiv:hep-th/9806106].

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

21) D. V. Gal’tsov and O. V. Kechkin, “Ehlers-Harrison type transformations in dilaton - axion gravity,” Phys. Rev. D 50, 7394 (1994) [arXiv:hep-th/9407155].

22) D. V. Gal’tsov, “Integrable systems in stringy gravity,” Phys. Rev. Lett. 74, 2863 (1995) [arXiv:hep-th/9410217];

“Geroch–Kinnersley–Chitre group for dilaton–axion gravity”, Proc. Int. Conf. “QFT under the Influence of External Conditions” Leipzig, Germany, September 18–22, 1995), M. Bordag (Ed.), B.G. Teubner Verlagsgessellschaft, Stuttgart–Leipzig, 1996,

228-237, [arXiv:hep-th/9606041];

“Square of General Relativity”, Proc First Australasian Conf. on GRG (Adelaide, February 12–17, 1996), D. Wiltshire (Ed), ITP, Univ. of Adelaide, 1996, 105–116 [arXiv:gr-qc/9608021].

23) D. V. Gal’tsov and O. V. Kechkin, “Matrix dilaton - axion for heterotic string in three-dimensions,” Phys. Lett. B 361, 52 (1995) [arXiv:hep-th/9507164]; “U-Duality and Symplectic Formulation of Dilaton-Axion Gravity”, Phys.Rev. D54 (1996) 1656-1666 .

24) G. Clément and D. V. Gal’tsov, “Stationary BPS solutions to dilaton-axion gravity,” Phys. Rev. D 54, 6136 (1996) [arXiv:hep-th/9607043].

25) D. V. Gal’tsov and P. S. Letelier, “Ehlers-Harrison transformations and black holes in dilaton-axion gravity with multiple vector fields,” Phys. Rev. D 55, 3580 (1997) [arXiv:gr-qc/9612007].

26) D. V. Gal’tsov and S. A. Sharakin, “Matrix Ernst potentials for EMDA with multiple vector fields,” Phys. Lett. B 399, 250 (1997) [arXiv:hep-th/9702039].

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

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

29) C. M. Chen, D. V. Gal’tsov, K. Maeda and S. A. Sharakin, Phys. Lett. B 453, 7 (1999).

30) E. Cremmer, “Supergravities in 5 dimensions,” in Superspace and Supergravity, Eds.

S. W. Hawking and M. Rocek (Cambridge Univ. Press, 1981) 331; 267. 31) A.H. Chamseddine and H. Nicolai, Phys. Lett. 96B (1980) 89. 32) 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].

33) M. Possel and S. Silva, Phys. Lett. B 580 (2004) 273.

34) A. Bouchareb, G. Clément, C-M. Chen, D. V. Gal’tsov, N. G. Scherbluk, and Th.

Wolf “G2 generating technique for minimal D = 5 supergravity and black rings”, Phys. Phys. Rev. D76, 104032 (2007), [arXiv:0708.2361].

35) G. Clément, “The symmetries of five-dimensional minimal supergravity reduced to three dimensions”, [arXiv:0710.1192].

36) D.V. Gal’tsov and N.G. Scherbluk, “Generating technique for U(1)^35D supergravity,” Phys. Rev. D 78, 064033 (2008) [arXiv:0805.3924];

“Improved generating technique for D=5 supergravities and squashed Kaluza-Klein Black Holes,” [arXiv:0812.2336 ].

37) Yoshiyuki Morisawa, Shinya Tomizawa, Yukinori Yasui, “Boundary Value Problem for Black Rings”, [arXiv:0710.4600].