arXiv:hep-th/0601138 v1 19 Jan 2006

CERN-PH-TH/2006-008 hep-th/0601138

Updates in local supersymmmetry and its spontaneous breaking

Gianguido Dall’Agata^‡ and Sergio Ferrara^{‡⋆}

Physics Department, Theory Unit, CERN, CH 1211, Geneva 23, Switzerland

INFN, Laboratori Nazionali di Frascati, Italy

ABSTRACT

We give a basic review of some recent developments in local supersymmetry breaking in 4-dimensional effective theories coming from compactifications of string and M-theory in the presence of non-trivial form and geometrical fluxes.

Contribution to the Proceedings of the 43rd Erice International School of Subnuclear Physics “Towards New Milestones in our Quest to go Beyond the Standard Model” (29 August–7 September 2005)

Contents

1 Introduction 1

2 Mass deformations of extended supergravity 2

3 Electric-magnetic duality 4

4 The gauging of duality rotations 5

5 Supersymmetric vacua of supergravity 7 5.1 Geometric compactifications . . . . . . . . . . . . . . . . . . . . . . . . . 8 5.2 Adding fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6 Data of the effective theory 13 6.1 Superpotentials from p = 0, 2, 3, 4-form fluxes . . . . . . . . . . . . . . . 14 6.2 The attractor potential: superpotential from 5-form fluxes . . . . . . . . 16

1 Introduction

One of the main properties of spontaneously broken supersymmetric field theories is that the scalar potential which determines the classical spectrum of the theory is, to a large extent, controlled by supersymmetric Ward-identities [1, 2, 3]. More importantly, for theories with N ≥ 2 supersymmetry the low-energy scalar potential is completely fixed by the gauging [3] of some invariance group of the theory up to certain “integration constants” usually called “Fayet–Iliopoulos terms” [4]. In D = 4, an effective action from superstring or M-theory compactifications can be described in full generality if a certain number of local supersymmetries are preserved in the process of compactification [5]. In the following paragraphs we will consider in some detail situations where this kind of possibility is realized. If N-extended local supersymmetries are preserved, the classical vacua of the theory are then selected by the scalar potential. Supergravity relates such potential to the mass deformations of the theory. The latter are in turn connected to the gauging procedure, if the theory has at least two unbroken supersymmetries.

Spontaneously broken theories of local supersymmetry have recently received a lot of attention, because some new compactifications of superstring and M-theory can be described in a rather general way and some of the new vacua are obtained by turning on different types of fluxes of some geometrical objects of the higher-dimensional theory, such as form fluxes or fluxes of the spin connection along the directions of the “internal manifold” of compactification.

The new geometrical data of the theory can then be related to the massive deformations of the lower-dimensional supergravity and it is often possible to derive general conclusions on the mass spectrum and on the broken and unbroken symmetries of the new vacua.

This review is organized as follows. In the first part (sections 2,3 and 4), we recall the so-called flow equations. These are essentially the content of the supersymmetric Ward-identities of the theory [1, 2, 3]. The second part (sections 5 and 6) deals with the construction of the D = 4 supergravity action with the geometrical data of the compactification procedure, in particular of the flux compactifications, which can be described by manifolds with “exceptional” G-structure [6], as an extension of manifolds with exceptional holonomy. The most famous examples of the latter are Calabi–Yau and G_2-holonomy compactifications with N = 1 or N = 2 residual supersymmetry in four dimensions. Finally, we briefly describe the black-hole attractor mechanism, which also falls in this class, as it is obtained by a flux potential. The latter is generated by the wrapping of a form (5-form in type IIB) on a product of a 2-sphere with a homology cycle of the internal manifold (a 3-cycle for Calabi–Yau 3-folds in type IIB).

2 Mass deformations of extended supergravity

The mass terms of a 4-dimensional extended supergravity lagrangian are related to the “Yukawa” couplings of the spin 3/2 spin 1/2 sector and to the scalar potential of the theory. They can be schematically written as [3]

L_m(detV )^{−1} = S_{AB}ψ̄^A_μ σ^{μν} ψ^B_ν + i N^A_I λ̄^I γ^μψ_{μA} + M^{IJ} λ̄_I λ_J + h.c. − V (q). (2.1)

Here S_{AB} , N^A_I , M^{IJ} are the fermionic “mass matrices”, which are related to the fermionic (supergravity) transformation laws as follows: δψ_{μA} = . . . + 1 2 γ_μ S_{AB} ϵ^B , (2.2) δλ_I = . . . + N^A_I ϵ_A (2.3)

and moreover, the scalar potential V (q) is given by [1, 2]

δ^A_BV (q) = −3S̄^{AC} S_{CB} + N^A_I N^I_B, (2.4)

where (N^A_I )^∗ = N^I_A, S_{AB} = S_{BA} = (S^{AB})^∗. If the full R-symmetry U(N) of N-extended supergravity is manifest, then the index A labels the N-dimensional representation of U(N) and ϵ_A(x) is the local supersymmetry parameter of the transformations (as lefthanded or Weyl spinor). Its complex conjugate ϵ^A(x) is a right-handed spinor. Nextended supergravity can be formulated in such a way that the R-symmetry H is a “local symmetry of the theory”; H is, in fact, part of the holonomy group of the σ-model geometry of the scalar manifold of the spin 0 components of the supersymmetric multiplets of the theory. For example in the N = 1 theory, U(1) is part of the U(n) holonomy of the Hodge–Kähler manifold [5, 7] of the n chiral (Wess–Zumino) multiplets. In N = 2, U(2) = U(1) × SU(2) is split in the U(1) part of the holonomy of the special geometry and the SU(2) part of the holonomy of the quaternionic geometry of the hypermultiplets [8, 9, 10]. Moreover, in local N = 1, 2 supergravity, there are associated U(1) and SU(2) bundles [7, 11] whose curvatures are in the same cohomology class as the Kähler form and as triplets of quaternionic almost complex structures of the base manifold. In simple terms, this means that in the supergravity transformations of the gravitino

δψ_{μA} = D_μϵ_A + . . . = ∂_μϵ_A + 1 4 ω^{ab}_μ γ_{ab}ϵ_A + ω_{μA}^Bϵ_B + . . . , (2.5)

the covariant derivative contains a term ω_{μA}^B that is the U(N) connection of the principal U(N) bundle. For symmetric spaces the U(N) connection is identified with the H connection of the G/H coset space. For N = 1 and N = 2 this is the U(1) and U(2) connection of Hodge–Kähler and quaternionic geometry, respectively. All fermions of the theory are assigned to representations of H. Local H symmetry then determines their couplings to the non-linear σ-model of the scalar manifold. For rigid supersymmetry, the H connection trivializes (becomes flat) [11]. In such a case the Hodge–Kähler structure becomes simply Kähler and the quaternionic structure becomes hyper-Kähler.

For all N > 2 theories, the σ-model geometry is trivial (flat) in the rigid case and becomes (at least locally) a symmetric space in the case of local supersymmetry (supergravity). The local R-symmetry H becomes part of the isotropy group of the symmetric space G/H^′, where H^′ = H×H_{Matter}. Here H_{Matter} is the part of the isotropy group related to matter multiplets, which can only exist for N = 3, 4. In such a case H_{Matter} =SU(n) for N = 3 and H_{Matter} = SO(n) for N = 4, where n is the total number of matter (vector) multiplets.

An interesting case is the N = 8 theory. In the local SU(8) covariant formulation of N = 8 supergravity, the rigid symmetry of the equations of motion is E_{7(7)} but the maximal rigid symmetry of the lagrangian is SL(8, R) [12, 13]. In different (duality related) formulations, the maximal rigid symmetry of the lagrangian may be a different (non-compact) subgroup of E_{7(7)} and the manifest local symmetry may be a smaller subgroup of SU(8). For example, by reducing from five to four dimensions [14] the noncompact symmetry of the lagrangian is [14, 15] E_{6(6)}⊗SO(1, 1)⋊T_{27} and the manifest local symmetry is USp(8). By performing a Scherk–Schwarz reduction from 11 to 4 [16] (and dualizing the antisymmetric tensors) the maximal non-compact symmetry of the action is [17, 18, 19] GL(7)⋊N_{42}, where N_{42} is a nilpotent algebra of dimension 42. In this case the manifest local symmetry is Spin(7). In this formulation the spin 3/2 spectrum transforms as the 8 of SU(8), USp(8) and Spin(7) respectively, but the covariant derivative still has the full SU(8) connection.

3 Electric-magnetic duality

The geometrical data of the σ-models of the scalar degrees of freedom are encoded in the Kähler (or special Kähler) geometry for N = 1 and N = 2 theories. Moreover, for N ≥ 2 theories, where scalar and vectors lie in the same multiplet, an additional property must hold, since the non-linear σ-model must be consistently coupled to the vector fields and to the fermions. This requirement demands the existence [20, 21] in the theory of a “flat symplectic bundle” Sp(2n_V , R) where n_V is the number of vectors in the theory, and the base manifold is the scalar manifold of which the vectors are supersymmetric partners. This state of affairs implies that the N = 2 Hodge–Kähler geometry of vector multiplets is “special Kähler” [22, 11]. For N > 2 the symmetric spaces G/H^′ of extended supergravity are of a very special type. In particular the group G must have a “symplectic representation” R_V to which the vector field strengths F^Λ and their dual G_Λ belong. G_Λ is defined [20] through the geometrical equation G_Λ = 2^{δL}_{δF Λ} , where the lagrangian L = L(F^Λ, χ, ∂χ) is function of the field strength F^Λ and of other fields (spin 0, 1/2, 3/2) in the theory.

Since the representation R_V is symplectic, the coset representative L(q) is a symplectic matrix L = ( U V W Z ) , U^T W, V^T Z symmetric U^T Z − W^T V = 1. (3.1) where U, V, W, Z are n_v ×n_v real matrices. For lagrangians quadratic in the field strength, the normalization of the “kinetic terms” of the vector fields is given through the formula

L = F^Λ ∧ G_Λ, (3.2)

with G_Λ = Re N_{ΛΣ} F^Σ +^1_2 Im N_{ΛΣ} F^{−Σ} or, in complex notation :

L = Im F^{−Λ}N_{ΛΣ}F^{−Σ} = Im F^{−Λ} ∧ G^−_Λ . (3.3)

The complex symmetric matrix N_{ΛΣ} = N_{ΣΛ} with Im N < 0 is related to the coset representative through [20, 21]

N = (W − iZ)(U − iV)^{−1} = hf^{−1}, (3.4)

and it is subject to a fractional transformation

N^′ = (C + DN )(A + BN )^{−1} (3.5)

under a symplectic transformation of parameters A, B, C, D (A^T C, B^T D symmetric and A^T D − C^T B = 1) under which the vector field strengths rotate ( F^′ G^′ ) = ( A B C D ) ( F G ) . (3.6)

Here S = (_{A B} C D ) satisfies S^T ΩS = Ω, where Ω =

(_{0 1}

−1 0 ) . For infinitesimal (continuous) transformations where S = 1 + s, with s = (_{a b} c −a^T ) , b = b^T , c = c^T , and a arbitrary, N transforms as δN = −a^T N − N a + c − N bN . (3.7) We observe that under an S transformation the lagrangian L becomes δL = 1 4 ( Fc ~F + Gb ~G ) . (3.8)

If b = c = 0, L is invariant; if b = 0, c ≠ 0 L is invariant up to a total derivative, while if b ≠ 0, L is not invariant. In the absence of other fields, such as antisymmetric tensors, the requirement for the gauging is that b = 0. If c ≠ 0 and it is a local symmetry, i.e. c = c(x), the invariance can be restored up to a total derivative, provided certain conditions, discussed in the next sections, are fulfilled. If the Sp(2n_v , R) is an element of G then N^′(ϕ^′) since in this case the duality rotation is an isometry of the non-linear σmodel. For example, in N = 8, D = 4 supergravity, with G = E_{7(7)}, the Sp(56, R) duality group contain G according to the embedding 56 → 56. For a coordinate transformation of G/H ϕ → ϕ^′, which belongs to G,

δq^u = ξ^Ak^u_A(q), (3.9)

where k^u_A(q) are the “Killing vectors” of G, ξ^A = ξ^A (a, b, c). The group G has no linear action on the gauge potentials A^Λ_μ unless b = 0, in which case

δA^Λ_μ = a^Λ_ΣA^Σ_μ , δN = c − a^T N − N a. (3.10)

4 The gauging of duality rotations

For a duality rotation to be gauged, in a theory described only in terms of scalar and vector fields as bosonic degrees of freedom, the duality rotations must be of the lower triangular form (b = 0). Moreover the matrices a^Λ_Σ(x), c_{ΛΣ}(x) must fulfil additional restrictions, which come from the gauging, namely:

a^Λ_Σ(x) = f^Λ_{ΣΔ}ξ^Δ(x), c_{ΛΣ}(x) = c_{ΛΣ,Δ}ξ^Δ(x), (4.1)

where f^Λ_{ΣΔ} are the structure constants of the gauge group G ⊂ G and c_{ΛΣ,Δ} are “constants” that must satisfy the following properties [22]

c_{(ΛΣ,Δ)} = 0, (4.2)

f^Δ_{Γ(Π}c_{Λ)Δ,Σ} − f^Δ_{Σ(Π}c_{Λ)Δ,Γ} + 1 2 f^Δ_{ΓΣ}c_{ΠΛ,Δ} = 0. (4.3)

The last equation demands that c be a non-trivial cocycle of the Lie algebra of G. The first equation has to be fulfilled even if G is abelian, in which case f^Λ_{ΣΔ} = 0. If c_{ΛΣ,Δ} ≠ 0, translation isometries of the θ term (θF ~F ) are gauged, which demands the presence of Wess–Zumino terms in the action (generalized Chern–Simons terms) widely discussed in the literature [22, 15, 23, 24, 25]. The complex n_V × n_V square matrix (f, h) determines most of the other couplings in the lagrangian and transformation laws. For generic Nextended theories f^Λ = (f^Λ_{[AB]}, f^Λ_I ), h_Λ = (h_{Λ,[AB]}, h_{Λ,I} ), where the f^Λ appear in the supersymmetric variation of the gauge vector potentials [3]

δA^Λ_μ = 2f^Λ_{[AB]}ψ̄^A_μ ϵ^B + if^Λ_I λ̄^{IA}γ_μϵ_A + h.c. (4.4)

and the symplectic invariant combination

h^T F^−_{μν} − f^T G^−_{μν} (4.5)

enters the supersymmetry transformation laws of the fermions [9, 26, 3]. For N = 2 special geometry [22, 11], where the scalar manifold is an arbitrary special Kähler manifold, these matrices are [26, 27, 11] f^Λ_I = (f̄^Λ_ī , L^Λ), h_{IΛ} = (f̄_{īΛ}, M_Λ), Λ = 0, . . . , n_V in terms of the symplectic sector (L^Λ, M_Λ) and their covariant derivatives (f^Λ_i = D_iL^Λ, h_{iΛ} = D_iM_Λ).

We conclude this section by giving the scalar potential in terms of the geometrical data of the gauged supergravity. For N = 1 theory the gravitino mass S_{AB} = L is given by L = W (z)e^{12 K(z,z̄)}, (4.6) and the fermionic shifts N^A_I are { N^i = 2g^{ij̄}∇_{j̄}L̄, D^Λ = 2(Im N_{ΛΣ})^{−1}P_Σ } . The potential then is [28]

V = 4 ( −3LL̄ + g^{ij̄}∇_iL∇_{j̄}L̄ − 1 16 Im N_{ΛΣ}D^ΛD^Σ ) , (4.7)

where P_Λ is the prepotential of the Killing vector k^i_Λ = ig^{ij̄}∂_{j̄}P_Λ. The Fayet–Iliopoulos terms correspond to a possible shift P_Λ → P_Λ + ξ_Λ for abelian factors of the gauge group G. For N = 2 theories the geometrical data refer to both the special Kähler manifold of vector multiplets (m_V their number; note that n_V = m_v + 1) with metric g_{ij̄}(z, z̄) and Killing vectors k^i_Λ(z, z̄) and to the quaternionic manifold of hypermultiplets with metric h_{uv} (q) and Killing vectors k^u_Λ(q). Because of the special nature of these manifolds, there are additional geometrical quantities that enter the scalar potential, namely the matrix (f, h) defined before (for special geometry) and the three-holomorphic prepotentials [10, 11] P^x_Λ (x = 1, 2, 3) for the quaternionic manifold, defined through the relation [10, 11, 29]

2k^u_ΛΩ^x_{uv} = ∇_vP^x_Λ (q), (4.8) P^x_Λ (q) = 1 n_H D_uK_{Λv} Ω^{xuv} , (4.9) where Ω is the SU(2) curvature of the quaternionic manifold with holonomy group SU(2) × USp(2 n_H ), n_H being the number of hypermultiplets in the theory.

The gravitino mass S_{AB} and fermionic shifts N are given by [11] S_{AB} = i 1 2 P^x_Λ L^Λσ^x_{AB} = i 1 2 P_{ABΛ}L^Λσ^x_{AB} = i 1 2 P_{AB} , (4.10)

W^{iAB} = i∇^iP^{AB} + ϵ^{AB}k^i, (4.11)

N^A_α = 2U^A_{αu}k^u_ΛL̄^Λ, (4.12)

where U^A_{αu} is the vielbein of the quaternionic manifold (A = 1, 2, α = 1, . . . , 2n_H ) and k^i (i = 1, . . . , m_V ) are the Killing vectors of the special manifold. Finally the scalar potential, through the formulae of section 2, reads [11] V (z, z̄, q) = ( g_{ij̄}k^i_Λk^{j̄}_Σ + 4h_{uv} k^u_Λk^v_Λ )¯ L^ΛL^Σ + g^{ij̄}f^Λ_i f^Σ_{j̄} P^x_Λ P^x_Σ − 3L̄^ΛL^ΣP^x_Λ P^x_Σ . (4.13)

The last term is the contribution of the gravitino variation, the first and third terms are the contribution of the gaugino variation, while the second term is the contribution of the hyperino variation. Note that by virtue of the identity

g^{ij̄}f^Λ_i f^Σ_{j̄} = − 1 2 (Im N_{ΛΣ})^{−1} − L̄^ΛL^Σ = U^{ΛΣ}, (4.14)

the first and third terms can be rewritten as (also using P_ΛL^Λ = P_ΛL̄^Λ = 0)

U^{ΛΣ} (P_ΛP_Σ + P^x_Λ P^x_Σ ) = |δλ^A_i |^2. (4.15)

Fayet–Iliopoulos terms are only possible in the P^x_Λ prepotentials P^x_Λ → P^x_Λ + ξ^x_Λ in the absence of hypermultiplets. Examples corresponding to “flat gaugings” in the context of N = 2 supergravity were found in [30], then realizing the no-scale structure previously found in the context of N = 1 supergravity [31, 32].

5 Supersymmetric vacua of supergravity

Let us now see how the gauged supergravities described above can be obtained by compactifying string or M-theory with non-trivial fluxes.

We are used to think about these compactifications as expansions around classical vacua of string or M-theory, and for this reason we will first see how the new tool of group structures on the tangent bundle can be used in order to classify and construct these vacua. However, we will also see that, in order to obtain effective 4-dimensional theories that can be described in terms of gauged supergravities, one needs only that the compactification manifold admit some globally defined spinor, not necessarily providing a vacuum of the theory. In this case the effective potential will be generically of the runaway type, but it can still be described by the structures given previously.

Let us then review how the group structure of the tangent bundle can be used to classify and construct supersymmetric vacua of supergravity theories (we follow in part [33, 34, 35, 36, 37]). We will start with a review of the ordinary geometric compactifications and the role of the holonomy group for their classification. We will then show how this gets modified in the presence of fluxes and especially how the classification in terms of holonomy groups is replaced by the more general classification in terms of structure groups.

5.1 Geometric compactifications

When solving the supersymmetry conditions, the minimal setup that can be assumed is to set to zero all the fields of the theory but the metric tensor. When only the metric is non-vanishing, all the supersymmetry transformations are trivially satisfied, with the exception of the gravitino one (at least when the theory does not contain higher-derivative terms). The latter becomes an equation imposing constraints on the geometry of the solution.

The supersymmetry requirement imposes that there exist a spinor η which is parallel with respect to the Levi–Civita connection

δψ_m = ∇_mη = 0 . (5.1)

By computing the integrability of this equation one obtains a set of constraints on the solution [∇_m, ∇_n] η = − 1 4 R_{mn}^{pq}γ_{pq} η = 0 . (5.2)

Equation (5.2) can be interpreted as the fact that certain combinations of the tangent space generators T_{mn} ≡ 1 4 R_{mn}^{pq}γ_{pq} (5.3) annihilate η as well as the fact that the curvature is constrained. The first fact implies that the holonomy of the space is generically reduced. For what concerns the second comment we can see explicitly what happens by further contracting (5.2) with one gamma matrix: γ^nγ^{pq}R_{mnpq} η = γ^{npq}R_{m[npq]} η − 2R_{mn} γ^nη = 0 . (5.4) By using that R_{m[npq]} = 0 by construction for the Levi-Civita connection, one obtains that the solution must be Ricci-flat: R_{mn} = 0.

Let us now apply this procedure to M-theory, and look for spontaneous compactifications to 4-dimensional Minkowski space. We therefore assume that the 11-dimensional metric is a product of 4-dimensional Minkowski space-time with a compact internal manifold: M_{11} = M_4 × Y_7. According to our previous discussion, the possible Y_7 manifolds must be special-holonomy, Ricci-flat manifolds. These spaces have been classified by

Berger, and one can see that for obtaining minimal supersymmetry in four dimensions, one can compactify M-theory on G_2-manifolds, whose holonomy is contained in the group G_2 ⊂ SO(7). Berger’s classification applies more generally to all types of solutions that can be obtained for purely geometric compactifications of any (ungauged) supergravity theory preserving some supersymmetry.

Let us now explore the geometric consequences of equation (5.1) further. The Levi–Civita connection appearing in (5.1) takes values in the tangent space group Spin(1, d − 1) and actually, since it preserves the metric ∇_M g_{N P} = 0, in SO(1, d − 1). This is the structure group of the tangent bundle for a generic Riemannian manifold, i.e. the group required to patch the tangent bundle over the manifold. For the Levi– Civita connection it coincides with the holonomy group.

When solving the supersymmmetry conditions one reduces this group, as we have seen before, because the Killing spinors, solutions of (5.1), are annihilated by some of the generators of this group. This means that in order to patch together the tangent bundle over the manifold, only a subgroup G ⊂SO(1, d − 1) is needed. This fact is equivalent to the Killing spinor being a singlet of G: it does not transform under an action of its generators. Clearly, in order to have a reduction of the structure group over the whole manifold, this invariant must be globally defined. This is granted for the solutions of (5.1). The Killing spinors are parallel with respect to the Levi–Civita connection and therefore any solution of (5.1) can be transported using this connection to any other point of the manifold (at least if this is simply connected). This means that once the supersymmmetry conditions are solved in one patch, the solution can be extended globally over the manifold. Moreover, since the metric is preserved by this connection, it is clear that the norm of all the invariants is preserved and the invariants whose norm is never vanishing are globally defined.

Following this discussion, any reduced group structure, and therefore any reduced holonomy group, implies the existence of a set of singlet tensor fields (or spinors) with respect to the structure group. For instance, for the compactifications of M-theory to four dimensions, we have seen that the holonomy group of the internal manifold is reduced to G_2. This means that there is one globally defined invariant spinor on the manifold, as there is only one singlet in the decomposition of the spinor representation of SO(7) in terms of G_2 representations: 8 → 1 + 7. In the same way we can see that beside the metric tensor (that is a singlet of the general SO(1, d) structure group of a Riemannian manifold), there is a 3-form field that is invariant under G_2: the co-associative form Φ. This can be seen again by taking the decomposition of the generic rank-3 antisymmetric tensor field with respect to G_2: 35 → 1+7+27. It is useful to notice that this tensor (and its dual) can be obtained by contractions of the invariant spinor with the 7-dimensional gamma matrices: Φ_{mnp} = −i η^†γ_{mnp}η. (5.5)

This also implies that Φ is parallel with respect to the Levi–Civita connection ∇Φ = 0, by applying (5.1). Moreover, this condition gives the known differential conditions on the 3-form Φ to define a G_2-manifold: it is closed and co-closed:

dΦ = 0, d ⋆ Φ = 0. (5.6)

5.2 Adding fluxes

Adding fluxes obviously changes this situation. A simple consequence is given by the backreaction of these fluxes onto the internal geometry. The Einstein equation will now read R_{mn} = F_m^{c1 ...cp−1} F_{nc1...cp−1} + . . . , (5.7) where F_{m1...mp} is some p-form whose vacuum expectation value (vev) is assumed to be different from zero. On the internal sector this generically implies that the space is no longer Ricci-flat. But we can say more. If we again look for supersymmetric configurations, the gravitino susy law tells us that there must exist a non-trivial spinor η which is covariantly constant with respect to a certain connection D, which now contains also the flux information. Integrability of the gravitino supersymmetry equation now no longer implies a definite restriction of the holonomy group of the Levi–Civita connection and the manifold is not generically Ricci-flat anymore, not even with respect to the generalized connection D.

However, we can still characterize the solutions in terms of the structure group of the tangent bundle, by using the properties of the new connection defined by D. For a general value of the fluxes, this connection does not lie in Spin(1, d − 1), as not all the terms in the gravitino susy rule can be rewritten in terms of Levi–Civita-plus-torsion terms. Actually, it does not generically preserve the metric, defining the reduction of the structure group to SO(1, d − 1),

D_M g_{N P} = Q_{M N P} ≠ 0, (5.8)

and the generic decomposition of the connection will contain an explicit dependence on these terms D_M = ∇_M + τ_M^{N P} γ_{N P} + ~Q_M , where τ is the contorsion tensor. As a generic consequence the spinors that solve the supersymmetry equations are no longer globally defined.

This does not imply that the solution does not preserve supersymmetry anymore. In order to preserve supersymmetry one just needs to solve the supersymmetry preserving conditions on every patch of the manifold, but the solutions need not be globally nonvanishing. A similar phenomenon appears when one is looking for solutions of the Killing vector equation on a manifold. Consider for instance S^2 ≡^{SO(3)}_{SO(2)} . This manifold has a local SO(3) symmetry group. This implies that in every patch one can define 3 nonvanishing vector fields that generate SO(3). At the same time, parallel transport of these fields changes their norm, as they are not parallel to the Levi–Civita connection and can therefore vanish at some point, as they actually do. Nonetheless, the group of isometries is SO(3) at each point on the manifold. The same phenomenon takes place for the supersymmetry equations and the Killing spinors, solving the supersymmetry conditions. In this case N spinor fields η satisfying Dη = 0 define an N-supersymmetric background, even if some of the η vanish at some point. However, for the special cases where Q = 0, the connection D lies in Spin(1, d − 1), and solutions to Dη = 0 can be parallel-transported using this connection and therefore become globally defined. In the first case, the structure group is reduced only locally, and one can use the techniques in [38] to classify the solutions. In the second case, the structure group is globally reduced and the intrinsic torsion completely specifies the supersymmetric solutions.

Before discussing how this classification can be achieved, let us give an example of the previous discussion for the spheres S^n. The spheres can be used in supergravity solutions to compactify some of the dimensions, preserving all supersymmetry. For instance, we can compactify M-theory on AdS_4 × S^7, preserving all 32 supersymmetries, or 4-dimensional supergravity to AdS_2 × S^2 describing the maximally supersymmetric horizon of extremal black-hole solutions. All the spheres admit a maximal number of Killing spinors satisfying the Killing equation:

D_mϵ = (∇_m + iΛγ_m) ϵ = 0, (5.9)

where Λ is related to the radius of the sphere and, for flux compactifications, it is also related to the expectation value of the form flux. For instance, the Fréund–Rubin ansatz leading to compactifications of M-theory on a 7-sphere assumes F_{μνρσ} = −6Λϵ_{μνρσ} . Despite this, the structure group of the sphere S^n is not generically reduced to the identity, but for the special cases of n = 3 and n = 7. Let us consider first the case of S^2. The structure group of the tangent bundle over the manifold is SO(2) and it is not reduced by the existence of spinors solving (5.9). This happens because the D connection takes values in SO(3) and not simply in SO(2) and therefore the norm of these spinors is not preserved when parallel-transported by D. Explicitly, the connection D can be put in the form of a standard SO(3) connection D_m = ∇_m + τ_m^{np}γ_{np}, for in d = 2, γ_m = iϵ_{mnp}γ^{np}, with m, n = 1, 2, 3 and γ_3 is the matrix defining the spinor chirality. Also the vector fields that can be constructed from these spinors are therefore not globally defined and indeed they are precisely combinations of the Killing vectors defining the SO(3) isometry group.

The same relation between the γ-matrices applies in three dimensions. This now implies that the connection D is always in SO(3) (i.e. it preserves the metric) and therefore any solution to the sphere Killing equation can be extended globally. In this case the structure group is reduced to the identity and the manifold becomes parallelizable.

Intermediate cases exist, too. For instance S^5 has an SU(2) structure, as there is one and only one globally defined vector on the manifold. Still, compactifications of type IIB supergravity on AdS_5 × S^5 preserves 32 supersymmetries. The five-sphere is a

Sasaki–Einstein manifold [39]. All these manifolds have one globally defined vector.

A further example of what happens by turning on fluxes is given by string compactifications to 4 dimensions. When the internal manifold is a six-dimensional space, from the existence of a globally defined spinor we can define a 2–form J_{mn} = i η^†γ_{mn}γ^7η and a 3–form Ω_{mnp} = i η^tγ_{mnp} (1 + γ^7) η. In the case of zero fluxes we have shown that ∇η = 0 and therefore also ∇J = ∇Ω = 0, i.e. J and Ω are preserved by the Levi–Civita connection. This further implies that dJ = 0 and dΩ = 0, which means that J is the Kähler form and Ω is the holomorphic form of a Calabi–Yau 3-fold. When fluxes are turned on, we see that the internal manifold cannot be Kähler anymore, since ∇η ≠ 0 and therefore also dJ will be different from zero. The outcome is that the generic compactification in the presence of fluxes is given by a (warped) product of Minkowski space–time with a curved and non–complex internal manifold

M_D = M_4 ×_w Y_{D−4} .

The existence of a G-structure does not a priori put any constraints on the possible holonomy groups. In particular, the failure of the holonomy of the Levi-Civita connection to reduce to G ⊂ GL(n) is measured by the intrinsic torsion and this latter can be used to describe the G-structure. Given some G-invariant form η defining a G-structure, the derivative of η with respect to the Levi–Civita connection, ∇η, can be decomposed into G-modules. The different types of G-structures are then specified by looking at which of these modules are present, if any. One first uses the fact that there is a connection ∇^{(T )} preserving the spinor ∇^{(T )}η = 0. (5.10)

Then ∇^{(T )} − ∇ is a tensor that has values in Λ^1 ⊗ Λ^2. Since Λ^2 ∼=so(d) = g ⊕ g^⊥ where g^⊥ is the orthogonal complement of the Lie algebra g in so(d), and η is invariant with respect to g, we conclude that ∇η = (∇ − ∇^{(T )})η can be identified with an element τ of Λ^1 ⊗ g^⊥. Furthermore, this element is a function only of the particular G-structure, independent of the choice of ∇^{(T )} and it is in one-to-one correspondence with the intrinsic torsion. Explicitly [42], for a p-form η ∇_mη_{n1 ...np} = −p τ_{m [n1}^q η_{|q|n2...np ]} , (5.11) where τ ∈ Λ^1 ⊗ g^⊥, m is the 1-form index and n, q label the 2-form g^⊥ ⊂ Λ^2.

The search for supersymmetric solutions of string and supergravity theories demands the existence of spinors, which annihilate all the supersymmetry transformations. In geometrical terms, such spinors are parallel with respect to a generalized connection including the Levi–Civita connection and the fluxes contributions:

∇^{(T ′)}η = 0 . (5.12)

This gives us the possibility of understanding whether a certain solution preserves supersymmetry or not by analysing its group structure in terms of the intrinsic torsion. Indeed one needs its group-structure to be contained in those allowed by (5.12)

∇^{(T )} ⊆ ∇^{(T ′)} . (5.13)

It is therefore very important to express supersymmetry conditions as constraints on the intrinsic torsion and at the same time to classify the possible group-structures of the candidate solutions in terms of the irreducible components of the same intrinsic torsion. We have to stress, though, that this is still not sufficient to satisfy the equations of motion, unless one requires maximal supersymmetry. Only in certain favorable cases one can translate the extra conditions coming from such a requirement in terms of torsion classes.

Let us see once more how this works explicitly in the case of M-theory. The relevant components of the intrinsic torsion can be obtained by the product 7 × 7, where the first is the representation of Λ^1 and the second is the surviving representation of g^⊥. This latter follows from the decomposition of the adjoint of SO(7) under G_2: 21 → 14 + 7, where 14 is the adjoint of G_2. This produces four tensors τ ∈ 1 + 7 + 14+ 27 that specify completely the intrinsic torsion and hence the solutions. For computational purposes it is extremely important to observe that these components are completely determined by computing the exterior differential on the invariant forms:

dΦ = X_1 ⋆ Φ + X_7 ∧ Φ + X_{27}, (5.14)

d ⋆ Φ = 4 3 X_7 ∧ ⋆Φ + X_{14} ∧ Φ. (5.15)

A classification of the allowed tensors X_i in terms of the 4-form flux is given in [40] and the general solutions of M-theory preserving some supersymmetry are discussed in this fashion in [41].

6 Data of the effective theory

In this last part of the review we will focus the discussion on the derivation and properties of the scalar potential induced by the fluxes on the effective 4-dimensional theory. We have seen how the backgrounds preserving some supersymmetry in the presence of fluxes can be classified and constructed, using the tool of the group structure of the tangent bundle. Of course, we are as well interested in effective theories coming from compactifications that do not satisfy the 10- or 11-dimensional equations of motion, but still give some supercharges in the effective theory that may be spontaneously broken. This requirement is related again to the existence of some globally defined spinors on the internal manifold (therefore implying a reduction of the group structure).

The idea is that, like the supersymmetry parameter of the previous section, all the spinor fields are reduced to effective 4-dimensional fields using these globally defined fields [43, 44]. For instance, the transverse part of the M-theory gravitino Ψ_μ can be split in the 4-dimensional part ψ_μ and the internal globally defined spinors η as Ψ_μ = ψ_μ ⊗η+ψ^∗_μ ⊗η^∗. For an N = 1 compactification of M-theory, from the supersymmetry transformation of the 11-dimensional gravitino

δΨ_A = { D_A[ω] + 1 144 G_{BCDE} ( Γ^{BCDE}_A − 8Γ^{CDE} η^B_A ) } ϵ_{11}, (6.1)

we can extract the supersymmetry transformation of the 4-dimensional field

δψ_μ = D_με_4 + . . . + ie^{K/2}W γ_με^c_4, (6.2)

by comparison of the various terms in the reduction after integration over the internal space. In (6.2) ϵ^c_4 denotes the charge-conjugate spinor and we have emphasized only the superpotential term, neglecting in the dots the various terms with the vector fields.

The superpotential term (and in general all the shift terms) is then written as an integral over the internal space of the fluxes appearing in (6.1) and the non-vanishing contractions of the gamma matrices between the globally defined spinors. These contractions, as we saw in the previous section, describe the structure group of the internal manifold, and they are represented by globally defined forms.

6.1 Superpotentials from p = 0, 2, 3, 4-form fluxes

The first instance of such structure is the Gukov–Vafa–Witten superpotential for Calabi– Yau + orientifolds compactifications of type IIB string theory, with 3-form fluxes turned on [45, 46]. The superpotential reads W = ∫ G ∧ Ω, (6.3)

where the integral is performed over a Calabi–Yau 3-fold, G = F_3 − τ H_3 is the sum of the Ramond–Ramond and Neveu–Schwarz 3-form, complexified with the axion/dilaton τ , and Ω is the holomorphic form of the Calabi–Yau. The Kähler potential describing the moduli space of the effective theory is the ordinary one for Calabi–Yau manifolds; it is the sum of the Kähler potential for the complex-structure deformations plus that for the Kähler deformations and the axion/dilaton:

K = K_V + K_J + K_τ = − log −i ∫ Ω ∧ Ω̄ − log 4 3 ∫ J ∧ J ∧ J − log −i(τ − τ̄ ). (6.4) This can clearly be uplifted to F-theory, where the superpotential will have the same form as (6.3), but now G is a real 4-form and Ω is the holomorphic form of the 4-fold.

So far we discussed Calabi–Yau compactifications, where the moduli space is clearly defined and therefore also the Kähler potential of the effective theory. The first instance of a superpotential for manifolds that are no longer Calabi–Yau was obtained for the heterotic theory compactifications with fluxes preserving N = 1 supersymmetry in four dimensions [47] and for half-flat compactifications of type IIA supergravity [48]. For the Heterotic theory, the resulting superpotential now contains also information on the deviation of the internal manifold from the Calabi–Yau condition dJ = 0 = dΩ. The expression is [49, 50] W = ∫ (H + idJ) ∧ Ω, (6.5)

where H = dB + h, h being the cohomologically non-trivial flux. It is clear that the last term in (6.5) is non-zero only for manifolds that are not Calabi–Yau, so that dJ ≠ 0, but also generically dΩ ≠ 0, as can be obtained by integration by parts.

Since these papers appeared, there was a lot of study in order to understand better what the possible contributions to the effective theory potential are from the geometric part, in addition to the fluxes. We now have various derivations of the N = 1 superpotentials for general compactifications of type IIA/IIB and M-theory. These can be summarized by the following equations (see for instance [44, 51, 52, 42]): W_{IIA} = ∫ e^{B+iJ} ∧ F − ∫ (H + idJ) ∧ ( C + ie^{−ϕ}Re Ω ) (6.6) W_{IIB} = ∫ e^{iJ} ∧ dΩ + ∫ G ∧ Ω (6.7)

W_M = 1 4 ∫ (C + iΦ) ∧ [ g + 1 2 d (C + iΦ) ] . (6.8)

The IIA and IIB expressions contain the fluxes (F = m_0 + F_2 + F_4, G = G_3) and the globally defined forms defining an SU(3) structure (J, Ω). The M-theory superpotential contains on the other hand the G_2-structure Φ. It is more difficult to give an expression for the Kähler potential governing the geometry of the moduli spaces of these compactifications. It is indeed less clear which are the light fields one should really consider in these compactifications and also when the truncation to these fields is consistent. Recently some light was shed on this issue too [44]. It has been argued that the Kähler potential for SU(3)-structure compactifications is perfectly analogous to the one for Calabi–Yau manifolds (6.4). Analogously, the M-theory Kähler potential is formally the same as the one of G_2-holonomy compactifications. It was explicitly obtained for G_2-structure manifolds, for instance in [52], and it reads

K = −3 log 1 7 ∫ Φ ∧ ⋆Φ. (6.9)

In paper [44], a general discussion of the effective theory of a compactification of type II supergravity on a manifold with SU(3) structure, before considering any addition of orbifolds or orientifold projections, was also presented. This theory preserves N = 2 supersymmetry at the level of the lagrangian, and theorefore also for this type of compactification the potential can be completely specified in terms of geometrical objects through the quaternionic prepotentials P^x. These were found to be

P^1 = −2e^{12 KV +ϕ4} ∫ e^{−B−iJ} ∧ d Re Ω, P^2 = −2e^{12 KV +ϕ4} ∫ e^{−B−iJ} ∧ d Im Ω, P^3 = 1 √ 2 e^{2ϕ4} ∫ e^{−B−iJ} ∧ G_{IIA} (6.10)

for type IIA compactifications, and

P^1 = −2e^{12 KJ +ϕ4} ∫ Ω ∧ d Re e^{−B−iJ} , P^2 = 2e^{12 KJ +ϕ4} ∫ Ω ∧ d Im e^{−B−iJ} , P^3 = − 1 √ 2 e^{2ϕ4} ∫ Ω ∧ G_{IIB} (6.11)

for IIB compactifications, where ϕ_4 is the 4-dimensional dilaton. This result therefore includes the special cases of N = 2 Calabi–Yau compactifications with fluxes analysed in [53, 54, 55, 56].

6.2 The attractor potential: superpotential from 5-form fluxes

Another potential, which is also related to a holomorphic “superpotential”, is the (N = 2) black-hole potential (for an asymptotically flat extremal black-hole) whose extrema control the formula for the black-hole entropy/area through the relation [62, 57] S_{BH} = A_{Hor} 4 = πV_{BH} (p, q, ϕ_{f ix}) | | | |_{∂V∂ϕ =0} , (6.12)

where V is given in terms of the Sp(2n, R) vector (p^Λ, q_Λ) = P and of the symplectic real matrix M = ( A B C D ) , (6.13)

where

A = Im N + Re N N^{−1}Re N (6.14)

B = −Re N Im N^{−1} (6.15)

C = −Im N^{−1}Re N (6.16)

D = Im N^{−1} (6.17) through the formula [26, 58, 57] V_{BH} = − 1 2 P^T MP. (6.18)

Note that M is symmetric and negative-definite whenever the complex symmetric matrix N has Im N < 0. The matrices Im N , Re N are the “normalizations” of the F ∧ F and F ∧ ~F terms in the action, where F^Λ are the vector field strengths. For N-extended supergravity theories the potential V is given by [21]^1 V_{BH} = 1 2 |Z^{AB} |^2 + |Z_I |^2, (6.19)

where Z^{AB} = −Z^{BA} is the “central-charge” matrix of the supersymmetry algebra [59] { Q^A_α , Q^B_β } = ϵ_{αβ}Z^{AB} (ϕ) (6.20)

and Z_I are the “matter” charges of the “vector multiplets”. For N = 2, Z^{AB} = Zϵ^{AB} , Z_I = D_iZ ≡ ( ∂_i +^1_2 K_i ) Z (recall that D̄_īZ ≡ ( ∂_ī −^1_2 K_ī ) Z = 0) and the black-hole potential simplifies to [58, 26]

V_{BH} = ZZ̄ + g^{ij̄}D_iZD̄_{j̄}Z̄ = |Z|^2 + |D_iZ|^2 (6.21)

in terms of the (covariantly holomorphic) central charge [27]

Z = e^{K/2}(X^Λe_Λ − F_Λp^Λ). (6.22)

Using the special geometry identity [60, 61]

P = 2Re ( −iV̄ Z − iD_iV g^{ij̄}D_{j̄}Z̄ ) (6.23)

in terms of the symplectic vectors [27, 26] P = ( m^Λ e_Λ ) , V = ( L^Λ = e^{K/2}X^Λ M_Λ = e^{K/2}F_Λ ) , (6.24)

the “attractor equations” D_iV_{BH} = 0 can be rewritten as

P = 2Re ( −iV̄ Z + 1 2Z D_iV D_j ZD_k ZC_{īj̄}¯_kg^{iī}g^{jj̄}g^{kk̄} ) . (6.25)

For supersymmetric attractors (D_iZ = 0), this formula simply becomes [62, 63, 58]

P = 2Re ( −iV̄ Z ) . (6.26)

1An exception is N = 6 supergravity, where an additional singlet charge Z appears in the supergravity multiplet other than Z^{AB} .

In terms of the Calabi–Yau data Z, D_iZ are given by the “fluxes” of the IIB 5-form along the holomorphic cycles of the 3-form cohomology [26, 64] Z = ∫ CY ×S^2 F_5 ∧ Ω (6.27) and D_iZ = ∫ CY ×S^2 F_5 ∧ D_iΩ. (6.28)

For supersymmetric attractors F_5 has only a (3,0) component. The 10-dimensional space is the product of AdS_2 × S^2 × CY_{pq} where CY_{pq} is an “attractor variety” as discussed in [64]. For non-supersymmetric attractors (D_iZ ≠ 0), F_5 has also a (2,1) component; these have recently received some attention [61, 65, 66, 67, 68].

Acknowledgments

We would like to thank R. Russo and R. Kallosh for useful discussions. The work of S.F. has been supported in part by the European Community Human Potential Program under contract MRTN-CT-2004-005104 “Constituents, fundamental forces and symmetries of the universe”, in association with INFN Frascati National Laboratories and by D.O.E. grant DE-FG03-91ER40662, Task C.

References

[1] S. Ferrara and L. Maiani, An introduction to supersymmetry breaking in extended supergravity, CERN-TH-4232/85, Based on lectures given at SILARG V, 5th Latin-American Symp. on Relativity and Gravitation, Bariloche, Argentina, Jan 1985

[2] S. Cecotti, L. Girardello and M. Porrati, Constraints On Partial Superhiggs, Nucl. Phys.

B 268, 295 (1986).

[3] See for instance R. D’Auria and S. Ferrara, On fermion masses, gradient flows and potential in supersymmetric theories, JHEP 0105, 034 (2001) [arXiv:hep-th/0103153].

[4] P. Fayet and J. Iliopoulos, Spontaneously Broken Supergauge Symmetries And Goldstone Spinors, Phys. Lett. B 51, 461 (1974).

[5] B. Zumino, Supersymmetry And Kahler Manifolds, Phys. Lett. B 87, 203 (1979).

[6] J. P. Gauntlett, D. Martelli, S. Pakis and D. Waldram, G-structures and wrapped NS5- branes, Commun. Math. Phys. 247 (2004) 421 [arXiv:hep-th/0205050].

[7] E. Witten and J. Bagger, Quantization Of Newton’s Constant In Certain Supergravity Theories, Phys. Lett. B 115, 202 (1982).

[8] J. Bagger and E. Witten, Matter Couplings In N=2 Supergravity , Nucl. Phys. B 222, 1 (1983).

[9] A. Strominger, Special Geometry, Commun. Math. Phys. 133, 163 (1990).

[10] R. D’Auria, S. Ferrara and P. Fré, Special And Quaternionic Isometries: General Couplings In N=2 Supergravity And The Scalar Potential, Nucl. Phys. B 359, 705 (1991).

[11] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fré and T. Magri, N = 2 supergravity and N = 2 super Yang-Mills theory on general scalar manifolds: Symplectic covariance, gaugings and the momentum map, J. Geom. Phys. 23, 111 (1997) [arXiv:hep-th/9605032].

[12] C. M. Hull and N. P. Warner, The Structure Of The Gauged N=8 Supergravity Theories, Nucl. Phys. B 253, 650 (1985).

[13] F. Cordaro, P. Fré, L. Gualtieri, P. Termonia and M. Trigiante, N = 8 gaugings revisited:

An exhaustive classification, Nucl. Phys. B 532, 245 (1998) [arXiv:hep-th/9804056].

[14] E. Cremmer, J. Scherk and J. H. Schwarz, Spontaneously Broken N=8 Supergravity, Phys.

Lett. B 84, 83 (1979).

[15] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledó, Gauging of flat groups in four dimensional supergravity, JHEP 0207, 010 (2002) [arXiv:hep-th/0203206]. L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledó, Duality and spontaneously broken supergravity in flat backgrounds, Nucl. Phys. B 640 (2002) 63 [arXiv:hep-th/0204145].

[16] J. Scherk and J. H. Schwarz, How To Get Masses From Extra Dimensions, Nucl. Phys. B 153, 61 (1979).

[17] G. Dall’Agata and S. Ferrara, Gauged supergravity algebras from twisted tori compactifications with fluxes, Nucl. Phys. B 717, 223 (2005) [arXiv:hep-th/0502066].

[18] L. Andrianopoli, M. A. Lledó and M. Trigiante, JHEP 0505 (2005) 051 [arXiv:hep-th/0502083].

[19] R. D’Auria, S. Ferrara and M. Trigiante, E_{7(7)} symmetry and dual gauge algebra of Mtheory on a twisted seven-torus, Nucl. Phys. B 732, 389 (2006) [arXiv:hep-th/0504108].

[20] M. K. Gaillard and B. Zumino, Duality Rotations For Interacting Fields, Nucl. Phys. B 193, 221 (1981).

[21] L. Andrianopoli, R. D’Auria and S. Ferrara, U-duality and central charges in various dimensions revisited, Int. J. Mod. Phys. A 13, 431 (1998) [arXiv:hep-th/9612105].

[22] B. de Wit, P. G. Lauwers and A. Van Proeyen, Lagrangians Of N=2 Supergravity - Matter Systems, Nucl. Phys. B 255, 569 (1985).

[23] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledó, Gauged extended supergravity without cosmological constant: No-scale structure and supersymmetry breaking, Mod. Phys. Lett. A 18, 1001 (2003) [arXiv:hep-th/0212141].

[24] L. Andrianopoli, S. Ferrara and M. A. Lledó, Axion gauge symmetries and generalized Chern-Simons terms in N = 1 supersymmetric theories, JHEP 0404, 005 (2004) [arXiv:hep-th/0402142].

[25] B. de Wit, H. Samtleben and M. Trigiante, Magnetic charges in local field theory, JHEP 0509, 016 (2005) [arXiv:hep-th/0507289].

[26] A. Ceresole, R. D’Auria and S. Ferrara, The Symplectic Structure of N=2 Supergravity and its Central Extension, Nucl. Phys. Proc. Suppl. 46, 67 (1996) [arXiv:hep-th/9509160].

[27] A. Ceresole, R. D’Auria, S. Ferrara and A. Van Proeyen, Duality transformations in supersymmetric Yang-Mills theories coupled to supergravity, Nucl. Phys. B 444, 92 (1995) [arXiv:hep-th/9502072].

[28] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Yang-Mills Theories With Local Supersymmetry: Lagrangian, Transformation Laws And Superhiggs Effect, Nucl. Phys. B 212 (1983) 413.

[29] A. Ceresole, G. Dall’Agata, R. Kallosh and A. Van Proeyen, Hypermultiplets, domain walls and supersymmetric attractors, Phys. Rev. D 64 (2001) 104006 [arXiv:hep-th/0104056].

[30] E. Cremmer, C. Kounnas, A. Van Proeyen, J. P. Derendinger, S. Ferrara, B. de Wit and L. Girardello, Vector Multiplets Coupled To N=2 Supergravity: Superhiggs Effect, Flat Potentials And Geometric Structure, Nucl. Phys. B 250, 385 (1985).

[31] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Naturally Vanishing Cosmological Constant In N=1 Supergravity, Phys. Lett. B 133, 61 (1983). J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, No - Scale Supersymmetric Standard Model, Phys. Lett. B 134, 429 (1984).

[32] A. B. Lahanas and D. V. Nanopoulos, The Road To No Scale Supergravity, Phys. Rep. 145 (1987) 1.

[33] G. Dall’Agata, String compactifications with fluxes, Class. Quant. Grav. 21 (2004) S1479.

[34] J. P. Gauntlett, Classifying supergravity solutions, Fortsch. Phys. 53, 468 (2005) [arXiv:hep-th/0501229].

[35] K. Behrndt, Stabilization of moduli by fluxes, AIP Conf. Proc. 743, 251 (2005) [Fortsch.

Phys. 53, 861 (2005)] [arXiv:hep-th/0503129].

[36] M. Graña, Flux compactifications in string theory: A comprehensive review, arXiv:hep-th/0509003.

[37] D. Joyce, Compact Manifolds with Special Holonomy. Oxford University Press, Oxford Mathematical Monographs Editions, 2000.

[38] C. Hull, Holonomy and symmetry in M-theory, arXiv:hep-th/0305039.

[39] J. P. Gauntlett, D. Martelli, J. Sparks and D. Waldram, Supersymmetric AdS(5) solutions of type IIB supergravity, arXiv:hep-th/0510125.

[40] P. Kaste, R. Minasian and A. Tomasiello, Supersymmetric M-theory compactifications with fluxes on seven-manifolds and G-structures, JHEP 07 (2003) 004 [ hep-th/0303127].

[41] G. Dall’Agata and N. Prezas, N = 1 geometries for M-theory and type IIA strings with fluxes, Phys. Rev. D 69 (2004) 066004 [arXiv:hep-th/0311146].

[42] J. P. Gauntlett, D. Martelli and D. Waldram, Superstrings with intrinsic torsion, Phys.

Rev. D 69 (2004) 086002 [arXiv:hep-th/0302158].

[43] M. Becker and D. Constantin, A note on flux induced superpotentials in string theory, JHEP 0308, 015 (2003) [arXiv:hep-th/0210131].

[44] M. Graña, J. Louis and D. Waldram, Hitchin functionals in N = 2 supergravity, arXiv:hep-th/0505264.

[45] S. Gukov, Solitons, superpotentials and calibrations, Nucl. Phys. B 574, 169 (2000) [arXiv:hep-th/9911011].

[46] S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi–Yau four-folds, Nucl. Phys. B 584, 69 (2000) [Erratum-ibid. B 608, 477 (2001)] [arXiv:hep-th/9906070].

[47] G. L. Cardoso, G. Curio, G. Dall’Agata, D. Lust, P. Manousselis and G. Zoupanos, Non- Kaehler string backgrounds and their five torsion classes, Nucl. Phys. B 652 (2003) 5 [arXiv:hep-th/0211118].

[48] S. Gurrieri, J. Louis, A. Micu and D. Waldram, Mirror symmetry in generalized Calabi–Yau compactifications, Nucl. Phys. B 654, 61 (2003) [arXiv:hep-th/0211102].

[49] G. L. Cardoso, G. Curio, G. Dall’Agata and D. Lust, BPS action and superpotential for heterotic string compactifications with fluxes, JHEP 0310 (2003) 004 [arXiv:hep-th/0306088].

[50] K. Becker, M. Becker, K. Dasgupta and S. Prokushkin, Properties of heterotic vacua from superpotentials, Nucl. Phys. B 666, 144 (2003) [arXiv:hep-th/0304001].

[51] G. Villadoro and F. Zwirner, N = 1 effective potential from dual type-IIA D6/O6 orientifolds with general fluxes, JHEP 0506, 047 (2005) [arXiv:hep-th/0503169].

[52] G. Dall’Agata and N. Prezas, Scherk-Schwarz reduction of M-theory on G2-manifolds with fluxes, JHEP 0510 (2005) 103 [arXiv:hep-th/0509052].

[53] J. Polchinski and A. Strominger, New vacua for type II string theory, Phys. Lett. B388 (1996) 736–742 [ hep-th/9510227].

[54] J. Michelson, Compactifications of type IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495, 127 (1997) [arXiv:hep-th/9610151].

[55] G. Dall’Agata, Type IIB supergravity compactified on a Calabi–Yau manifold with H-fluxes, JHEP 0111, 005 (2001) [arXiv:hep-th/0107264].

[56] J. Louis and A. Micu, Type II theories compactified on Calabi–Yau threefolds in the presence of background fluxes, Nucl. Phys. B 635, 395 (2002) [arXiv:hep-th/0202168].

[57] S. Ferrara, G. W. Gibbons and R. Kallosh, Black holes and critical points in moduli space, Nucl. Phys. B 500 (1997) 75 [arXiv:hep-th/9702103].

[58] S. Ferrara and R. Kallosh, Supersymmetry and Attractors, Phys. Rev. D 54 (1996) 1514 [arXiv:hep-th/9602136].

[59] R. Haag, J. T. Lopuszanski and M. Sohnius, All Possible Generators Of Supersymmetries Of The S Matrix, Nucl. Phys. B 88, 257 (1975).

[60] S. Ferrara, M. Bodner and A. C. Cadavid, Calabi–Yau Supermoduli Space, Field Strength Duality And Mirror Manifolds, Phys. Lett. B 247, 25 (1990).

[61] R. Kallosh, New attractors, arXiv:hep-th/0510024.

[62] S. Ferrara, R. Kallosh and A. Strominger, N=2 extremal black holes, Phys. Rev. D 52 (1995) 5412 [arXiv:hep-th/9508072].

[63] A. Strominger, Macroscopic Entropy of N = 2 Extremal Black Holes, Phys. Lett. B 383, 39 (1996) [arXiv:hep-th/9602111].

[64] G. W. Moore, Arithmetic and attractors, arXiv:hep-th/9807087.

[65] K. Goldstein, N. Iizuka, R. P. Jena and S. P. Trivedi, Non-supersymmetric attractors, Phys.

Rev. D 72 (2005) 124021 [arXiv:hep-th/0507096].

[66] P. K. Tripathy and S. P. Trivedi, Non-supersymmetric attractors in string theory, arXiv:hep-th/0511117.

[67] K. Goldstein, R. P. Jena, G. Mandal and S. P. Trivedi, A C-function for nonsupersymmetric attractors, arXiv:hep-th/0512138.

[68] M. Alishahiha and H. Ebrahim, Non-Supersymmetric Attractors and Entropy Function, arXiv:hep-th/0601016.