arXiv:hep-th/0511158 v2 5 Dec 2005

CERN-PH-TH/2005-221 UCLA/05/TEP/31

Supersymmetric completion of M–theory 4D–gauge algebra

from twisted tori and fluxes

R. D’Auria^⋆, S. Ferrara^† and M. Trigiante^⋆

⋆Dipartimento di Fisica, Politecnico di Torino C.so Duca degli Abruzzi, 24, I-10129 Torino, and Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy E-mail: riccardo.dauria@polito.it, mario.trigiante@polito.it † CERN, Physics Department, CH 1211 Geneva 23, Switzerland and INFN, Laboratori Nazionali di Frascati, Italy and Department of Physics & Astronomy, University of California, Los Angeles, CA, USA E-mail: Sergio.Ferrara@cern.ch

ABSTRACT

We present the supersymmetric completion of the M–theory free differential algebra resulting from a compactification to four dimensions on a twisted seven–torus with 4–form and 7–form fluxes turned on. The super–curvatures are given and the local supersymmetry transformations derived. Dual formulations of the theory are discussed in connection with classes of gaugings corresponding to diverse choices of vacua. This also includes seven dimensional compactifications on more general spaces not described by group manifolds.

1 Introduction

Recently superstring and M–theory compactifications on manifolds admitting globally defined spinors [1, 2, 3, 4, 5, 6, 7, 8] (for a recent review on string/M-theory flux–compactifications see also [9]), but with broken supersymmetry, have renewed considerable attention in as much as they offer examples of theories with a low–energy effective Lagrangian exhibiting spontaneously broken local supersymmetry as well as Higgs phases of certain gauge symmetries.

A popular example of this class of theories corresponds to the compactification on twisted tori with form–fluxes turned on [10, 11, 12, 13, 14, 15, 16, 17]. These models [18, 19, 20, 21, 22, 23, 24], depending on the choice of fluxes, can give rise to no–scale supergravities [25] with partially broken supersymmetry or other type of vacua. These solutions can have either Minkowski or AdS geometry. In the case of M–theory it turns out that the 4–form flux on the internal space has to be trivial. The solutions with AdS geometry are characterized by non trivial 7–form flux and define eleven dimensional backgrounds of Freund-Rubin type [26] with flat directions. This has to be contrasted with the maximal N = 8 model when the internal space in S^7 and no flat directions remain [27].

Twisted tori can be described as seven dimensional group manifolds whose isometries are part of the gauge group of the theory [10]. This seven dimensional gauge algebra, which is always spontaneously broken for flat groups [10], enlarges to a bigger symmetry when the vectors (or their dual) coming from the 3–form are also included, thus realizing a non–trivial 28–dimensional subalgebra [28] of the maximal rigid symmetry E_{7(7)} [29]. In this context we show how a suitable choice of fluxes of M–theory, different from the torus twist, gives rise to the N = 8 gauged SO(8) supergravity [27], which is known to exhibit an AdS vacuum with maximal unbroken supersymmetry. Other choices, which still have a 7–dimensional interpretation, are also possible and some examples are presented here.

The main issue discussed in this article (sections 2 and 3) is the supersymmetric completion of the set of curvatures and gauge transformations which modify the free differential algebra (FDA) of M–theory compactified to four dimensions with fluxes [30, 31, 32, 28, 33, 34]. As a result we also give the spin 3/2 and spin 1/2 curvatures as well as the gauge transformation laws of the fields and the local supersymmetry transformations. These results allow to give the full structure of the super–FDA, with the curvatures turned on, as it is in general the case if we consider configurations other than the vacuum, which, in many cases, would not even exist. This is the case for instance of massive Type IIA supergravity which does not admit a (zero curvature) vacuum solution.

In section 4 we discuss different classes of gaugings, using the embedding tensor method, introduced and developed in [35, 36, 37, 38, 39], and retrieve some examples of M–theory vacua discussed in the literature, which do not necessary fall on group manifold compactifications.

2 Curvatures of the supersymmetric FDA

In this section we give the supersymmetric FDA in four dimensions as obtained by dimensional reduction of eleven dimensional supergravity [40] on a twisted seven–torus with 4–form flux turned on [33].

We shall denote by r, s, t = 0, . . . , 3 and by a, b, c = 4, . . . , 10 the rigid four and seven dimensional indices, and by μ, ν = 0, . . . , 3 and I, J, M, N = 4, . . . , 10 the curved ones respectively. The eleven dimensional vielbein V^â (â = 0, . . . , 10) is chosen of the form: V^r = e^{αϕ} V^r ; V^a = V^a = ϕ^a_I (σ^I − A^I ) , (2.1) where σ^I is the basis of 1–forms on the twisted torus, which satisfy the Maurer–Cartan equations: dσ^I + 1 2 τ_{JK}^I σ^J ∧ σ^K = 0 . (2.2) The vector fields A^I_μ are the Kaluza–Klein vectors. The internal metric G_{IJ} is given by : G_{IJ} = ϕ^a_I ϕ_{Ja} . (2.3) The ansatz for the eleven dimensional 3–form is:

A^{(3)} = A^{(3)} + B_I ∧ V^I + A_{IJ} ∧ V^I ∧ V^J + C_{IJK} V^I ∧ V^J ∧ V^K , (2.4) where A^{(3)} is a four–dimensional (non-propagating) 3–form, B_{Iμν} are seven four–dimensional antisymmetric tensors, A_{IJμ} are 21 vector fields and C_{IJK} are 35 scalar fields.

The ansatz for the eleven dimensional gravitino ψ̂ reads: ψ̂(x, y) = (Ψ_A + η_{Aa} V^a) ⊗ μ^A , (2.5) where μ^A are spinors on the twisted torus. In these notations we will define η_{AI} = ϕ^a_I η_{Aa}.

Supersymmetric Free Differential Algebra Let us introduce the four dimensional curvatures, written as forms on superspace and expanded in the super–vielbein basis {V^r, Ψ_A} (rheonomic parametrization [41]):

Dϕ^a_I = D_rϕ^a_I V^r − i ϕ^b_I η_{Ab}γ^5Ψ_B (Γ^a)_{AB} ,

F̂^I ≡ dA^I + 1 2 τ_{JK}^I A^J ∧ A^K + i 2 Ψ_Aγ^5 ∧ Ψ_B Γ^a_{AB} ϕ^I_a = F̃^I_{st}V^s ∧ V^t + i ϕ^{Ia} η_{Aa} γ^r Ψ_A ∧ V_r , (2.6) F^{(4)} ≡ dA^{(3)} − B_I ∧ F^I − g_{IJKL} A^I ∧ A^J ∧ A^K ∧ A^L − 1 2 e^{2αϕ} Ψ_Aγ^{rs} ∧ Ψ_A ∧ V_r ∧ V_s = = F̃^{(4)}_{rstu} V^r ∧ V^s ∧ V^t ∧ V^u , H_I ≡ DB_I + 2 A_{JI} ∧ F^J + 4 g_{IJKL} A^J ∧ A^K ∧ A^L + e^{αϕ} Ψ_Aγ^5 γ^r ∧ Ψ_B Γ^a_{AB} ϕ_{Ia} ∧ V_r = = H̃_{rstI} V^r ∧ V^s ∧ V^t + e^{2αϕ} Ψ_Aγ^{rs} η_{AI} ∧ V_r ∧ V_s , F^{(2)}_{IJ} ≡ DA_{IJ} − 1 2 τ_{IJ}^K B_K − 3 C_{IJK} F^K − 6 g_{IJKL} A^K ∧ A^L − 1 2 Ψ_A ∧ Ψ_B Γ^{ab}_{AB} ϕ_{Ia}ϕ_{Jb} = = F̃^{(2)}_{stIJ} V^s ∧ V^t + 2 e^{αϕ} Ψ_Aγ^5 γ^r η_{B[I} ϕ_{J]a} Γ^a_{AB} ∧ V_r , F^{(1)}_{IJK} ≡ DC_{IJK} − τ_{[IJ}^L A_{K]L} + 4 g_{IJKL} A^L = F̃^{(1)}_{rIJK} V^r + Ψ_A η_{B[I} ϕ_{Ja}ϕ_{K]b}Γ^{ab}_{AB} , F^{(0)}_{IJKL} = −g_{IJKL} − 3 2 τ_{[IJ}^M C_{KL]M} − 1 2 η_{A[I} η_{BJ} ϕ_{Ka}ϕ_{L]b}Γ^{ab}_{AB} , (2.7) where antisymmetrization in the above formulas involve only the internal space indices I, J, .... In (2.7) we have denoted by F^I the following quantities:

F^I = dA^I + 1 2 τ_{JK}^I A^J ∧ A^K . (2.8)

The fermionic curvatures have the following parametrization:

ρ_A = DΨ_A + 1 4 ϕ^I_aDϕ_{bI} (Γ^{ab})_{AB} ∧ Ψ_B =

= ρ̃_{rs} V^r ∧ V^s + α 2 ∂_rϕ γ^r_t V^t ∧ Ψ_A + i 8 e^{αϕ} η_{Ca}γ_rη_{Cb} (Γ^{ab})_{AB}V^r ∧ Ψ_B +

+i e^{αϕ} ϕ^{Ia}η_{AI} η_{Ba} γ_r Ψ_B ∧ V^r + 1 2 e^{−αϕ} F̃^I_{st} ϕ_{Ia} (Γ^a)_{AB} γ_5γ^sV^t ∧ Ψ_B − − i 2 (η_{Ca}γ_rΨ_C ) γ^5γ^r(Γ^a)_{AB} ∧ Ψ_B − i 4 η_{Ca}γ^5Ψ_D(Γ_b)_{CD} (Γ^{ab})_{AB} ∧ Ψ_B − − i 2 Ψ_Bγ^5Ψ_C (Γ^a)_{BC} η_A − i 24 e^{αϕ} F̃^{(0)}_{abcd}(Γ^{abcd})_{AB}γ^rΨ_B ∧ V^r + + i 3 F̃^{(1)}_{rabc}(Γ^{abc})_{AB} ( δ^r_s + 1 2 γ^r_s ) γ^5Ψ_B ∧ V^s − −i e^{−αϕ} F̃^{(2)}_{rsab}(Γ^{ab})_{AB} ( γ^rδ^s_t + 1 4 γ^{rs}_t ) Ψ_B ∧ V^t + +i e^{−2αϕ} H̃_{rsta}(Γ^a)_{AB} ( γ^{rs}δ^t_u + 1 6 γ^{rst}_u ) γ^5Ψ_B ∧ V^u − i 3 e^{−3αϕ} F̃^{(4)}_{rstu} γ^{rst} Ψ_A ∧ V^u , ρ_{Aa} = Dη_{Aa} + 1 4 ϕ^I_b Dϕ_{cI} (Γ^{bc})_{AB} η_{Ba} = = ρ̃_{Aa,r} V^r + 1 2 e^{−αϕ} ϕ^I_{(a}D_rϕ_{b)I} (Γ^b)_{AB} γ^5γ^rΨ_B + i η_{Ab} (η_{Ba}γ^5Ψ_C ) (Γ^b)_{BC} + + i 4 (η_{Cb}γ_rη_{Ca}) γ^5γ^r(Γ^b)_{AB} Ψ_A − i 2 (η_{Cb}γ_rΨ_C ) γ^5γ^r(Γ^b)_{AB} η_{Ba} + 1 4 e^{−2αϕ} ϕ_{Ia} F̃^I_{rs} γ^{rs} Ψ_A − − i 3 F̃^{(0)}_{bcde} [ Γ^{bcd} δ^e_a + 1 8 Γ^{bcde}_a ] AB γ^5Ψ_B − i e^{−αϕ} F̃^{(1)}_{rbcd} [ Γ^{bc} δ^d_a + 1 6 Γ^{bcd}_a ] AB γ^rΨ_B − −i e^{−2αϕ} F̃^{(2)}_{rsbc} [ Γ^b δ^c_a + 1 4 Γ^{bc}_a ] AB γ^5γ^{rs}Ψ_B − i 3 e^{−3αϕ} H̃_{rstb} [ δ^b_a + 1 2 Γ^b_a ] AB γ^{rst}Ψ_B − − 1 24 e^{−4αϕ} F̃^{(4)}_{rstu} ϵ^{rstu}Γ_{a|AB} Ψ_B − 1 4 ω_{bc,a} (Γ^{bc})_{AB} Ψ_B − i 4 η_{Cb}γ^5Ψ_D(Γ_c)_{CD} (Γ^{bc})_{AB}η_{Ba} . (2.9)

In (2.6), (2.7) and (2.9) we have denoted by F̃ , H̃, ρ̃ and ρ̃_A the components in superspace of the curvatures along the space–time vielbeins. The supercovariant field strengths originate by projecting these components on the dx^μ basis.

The 7–form flux [42], which we shall denote by g̃_{M N P QRST} = g̃ϵ_{M N P QRST} , transforms in the 1_{+7} of GL(7, R) enters our discussion as an intregration constant which comes about when integrating the eleven dimensional field equation [33]: d(V_7 P ) = − 1 4 F^{(1)}_{IJK} F^{(0)}_{P QRS} ϵ^{IJKP QRS} , (2.10) where P = 1 √ −g ϵ^{μ1...μ4} F^{(4)}_{μ1...μ4} . (2.11) The fermion fields Ψ_A, η_{Aa} yield the four dimensional gravitino ψ_A and dilatino χ_{Aa} through the following combinations: ψ_A = e^{− 12 αϕ} Ψ_A + 1 2 e^{12 αϕ} γ_rγ_5(Γ^a)_{AB} η_{Ba} V^r , χ_{Aa} = e^{12 αϕ} η_{Aa} . (2.12) The above redefinitions are needed in order for the resulting kinetic term in the four dimensional Lagrangian to be diagonal.

3 Local symmetries

Let us consider the eleven dimensional gauge transformation: δÂ^{(3)} = dΣ̂^{(2)} . (3.1) If we introduce the parameters Σ^{(2)}, Σ^{(1)}_I , Σ^{(0)}_{IJ} through the following expansion: Σ̂^{(2)} = Σ^{(2)} + Σ^{(1)}_I ∧ V^I + Σ^{(0)}_{IJ} ∧ V^I ∧ V^J , (3.2) and the gauge parameter ω^I associated with the Kaluza–Klein vectors A^I , the lower dimensional theory is invariant under the following four dimensional tensor/vector–gauge transformations [14]:

δA^{(3)} = dΣ^{(2)} + Σ^{(1)}_I ∧ F^I , δB_I = DΣ^{(1)}_I + 2 Σ^{(0)}_{IJ} F^J + ω^K τ_{KI}^N B_N − 12 g_{IJKL} ω^J A^K ∧ A^L , δA_{IJ} = 1 2 τ_{IJ}^K Σ^{(1)}_K + DΣ^{(0)}_{IJ} − 2 ω^N τ_{N [I}^K A_{J]K} + 12 g_{IJKL} ω^K A^L , δA^I = Dω^I , δC_{IJK} = −Σ^{(0)}_{M [I} τ_{JK]}^M + 3 ω^L τ_{L[I}^M C_{JK]M} − 4 g_{IJKL} ω^L . (3.3) We have denoted by D the covariant derivative with respect to the gauge group with parameters ω^I : DT_{I1...Ik} ≡ dT_{I1...Ik} + (−1)^k k A^L τ_{L[I1}^K T_{I2 ...Ik ]K} . (3.4)

We shall use a different symbol D to denote the covariant derivative with respect to the spin connection.

Under the gauge transformations (3.3) the field strengths in (2.6) and (2.7) transform covariantly. In particular they are invariant under the transformations parametrized by the Σ–parameters, while transform covariantly under those parametrized by ω^I . The supersymmetry variation of the various fields are computed by contracting the correponding curvatures by the supersymmetry parameter ϵ^A and keeping in mind that:

i_ϵA ψ_B ≡ ψ_B(ϵ^A) = δ^A_B , (3.5)

except for the gravitino for which the supersymmetry transformation is computed as [41]: δψ_A = Dϵ_A − 1 4 ϕ^I_aD_rϕ_{Ib}(Γ^{ab})_{AB} ϵ_B V^r + i_ϵρ_A . (3.6)

As an example let us compute the variation of the Kaluza–Klein vectors keeping just the two-fermion terms, using the parametrization of the corresponding field strength given in (2.6) and taking into account (2.12): δA^I_μ = i_ϵF^I = i e^{αϕ} ϕ^{Ia}χ_{Aa} γ_rϵ_A V^r_μ − i e^{αϕ}ϵ_Aγ^5 [ ψ_{Bμ} − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s_μ ] (Γ^a)_{AB} ϕ^I_a .

(3.7)

Let us now consider the local supersymmetry transformations as deduced from the rheonomic parametrization of the four dimensional curvatures.

δC_{IJK} = ϵ^A(Γ^{ab})_{AB} χ_{B[I}ϕ_{aJ} ϕ_{bK]} , (3.8) δϕ^a_I = −i χ_{AI} γ^5ϵ_B (Γ^a)_{AB} , (3.9)

δB_I = ϵ_A γ_{rs}χ_{AI} V^r ∧ V^s − 2 e^{2αϕ} ϵ_Aγ^5γ_r [ ψ_B − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s ] (Γ^a)_{AB}ϕ_{Ia} ∧ V^r + +2i e^{αϕ} A_{IJ} ∧ g^{JK} χ_{AK} γ_rϵ_A V^r − −2i e^{αϕ} A_{IJ} ∧ ϵ_Aγ^5 [ ψ_B − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s ] (Γ^a)_{AB} ϕ^J_a , (3.10)

δA_{IJ} = 2 e^{αϕ} ϵ_Aγ^5γ_r χ_{B[I} ϕ_{J]a}(Γ^a)_{AB} V^r + e^{αϕ} ϵ_Aψ_B (Γ^{ab})_{AB} ϕ_{Ia}ϕ_{Jb} + +3i e^{αϕ} C_{IJK} g^{KM} χ_{AM} γ_r ϵ_A V^r − −3i e^{αϕ} C_{IJK} ϵ_Aγ^5 [ ψ_B − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s ] (Γ^a)_{AB} ϕ^K_a , (3.11) δA^I = i e^{αϕ} g^{IM} χ_{AM} γ_r ϵ_A V^r − i e^{αϕ}ϵ_Aγ^5 [ ψ_B − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s ] (Γ^a)_{AB} ϕ^I_a , (3.12)

δA^{(3)} = e^{3αϕ} ϵ_A γ_{rs} [ ψ_A − 1 2 γ_sγ_5(Γ^b)_{AB} χ_{Bb} V^s ] ∧ V^r ∧ V^s + i e^{αϕ} B_I ∧ g^{IM} χ_{AM} γ_rϵ_A V^r − −i e^{αϕ} B_I ∧ ϵ_Aγ^5 [ ψ_B − 1 2 γ_sγ_5(Γ^b)_{BC} χ_{Cb} V^s ] (Γ^a)_{AB}ϕ^I_a . (3.13)

In the above formulas ϕ_I^a are the metric moduli of the internal manifold and span the coset manifold GL(7, R)/SO(7). the scalar ϕ is related to the volume V_7 of the torus: V_7 = det(V_7) = e^{−2αϕ} . (3.14) The value of α is tipically fixed to 7/3 in order for the bosonic fields to have the standard grading with respect to the O(1, 1) rescaling of V_7: ϕ → ϕ − β . (3.15) The grading of the various fields, for α = 7/3, can be computed to be: A^I [− 9 7 α = −3] ; A_{IJ} [− 3 7 α = −1] ; B_I [− 12 7 α = −4] ; ϕ^a_I [ 2 7 α = 2 3 ]; V^I [− 9 7 α = −3] ; V^a [−α = − 3 7 ] ; τ_{IJ}^K [ 9 7 α = +3] ; g_{IJKL} [ 15 7 α = +5];

Ψ_A [− 1 2 α = − 7 6 ] ; η_{Aa} [ 1 2 α = 7 6 ] ; ψ_A [0] ; χ_{Aa} [0] ; e^{kαϕ} [−k α = − 7 3 k] . (3.16)

As far as the spinor fields are concerned, their supersymmetry transformation rules, up to three fermion terms, are:

δψ_A = Dϵ_A + 1 4 ϕ^I_aD_rϕ_{bI} (Γ^{ab})_{AB} ϵ_B V^r − 1 8 e^{−αϕ} F^I_{st} ϕ_{Ia} (Γ^a)_{AB} γ_5γ^{st}γ_rV^rϵ_B − + i 16 e^{αϕ} F^{(0)}_{abcd} (Γ^{abcd})_{AB} γ_r V^rϵ_B − i 2 F^{(1)}_{abcr} (Γ^{abc})_{AB} γ^5 V^r ϵ_B + − 3i 8 e^{−αϕ} F^{(2)}_{abrs} (Γ^{ab})_{AB} γ^{rs}_t V^tϵ_B + i 4 e^{−αϕ} F^{(2)}_{abrs} (Γ^{ab})_{AB} γ^r V^sϵ_B − − i 2 e^{−2αϕ} H_{arst} (Γ^a)_{AB} γ^5γ^{rst}_u V^u ϵ_B + i 4 e^{−3αϕ} F^{(4)}_{rstu} γ^{rst} V^uϵ_A − − 1 8 e^{αϕ} ω_{ab,c} (Γ^cΓ^{ab})_{AB} γ_5γ_r V^r ϵ_B . δχ_{Aa} = 1 2 ϕ^I_{(a}D_rϕ_{b)I} (Γ^b)_{AB}γ^5γ^rϵ_B + 1 4 e^{−αϕ} F^I_{st} ϕ_{Ia} γ^{st}ϵ_A − − i 3 e^{αϕ} F^{(0)}_{bcde} [ Γ^{bcd} δ^e_a + 1 8 Γ^{bcde}_a ] AB γ^5ϵ_B + i F^{(1)}_{bcdr} [ Γ^{bc} δ^d_a + 1 6 Γ^{bcd}_a ] AB γ^rϵ_B − −i e^{−αϕ} F^{(2)}_{bcrs} [ Γ^b δ^c_a + 1 4 Γ^{bc}_a ] AB γ^5γ^{rs}ϵ_B + i 3 e^{−2αϕ} H_{brst} [ δ^b_a + 1 2 Γ^b_a ] AB γ^{rst}ϵ_B − − 1 24 e^{−3αϕ} F^{(4)}_{rstu} ϵ^{rstu}Γ_{a|AB} ϵ_B − − 1 4 e^{αϕ} ω_{bc,a} (Γ^{bc})_{AB} ϵ_B , (3.17)

where we have defined: ω_{ab,c} = d_{a,bc} + d_{b,ca} − d_{c,ab} d_{a,bc} = 1 2 τ_{bc,a} + i 2 e^{−αϕ} χ_{Ab} γ^5χ_{Bc} Γ_{a|AB} ; τ_{bc,a} = ϕ^I_b ϕ^J_c ϕ_{Ka} τ_{IJ}^K . (3.18)

In the transformation rules (3.17) we used the components of the ordinary field strengths F, H in place of the components of the corresponding supercovariant field strengths F̃ , H̃ since the final expressions would differ by three fermion terms.

4 The embedding tensor description applied to different classes of gaugings

In standard four dimensional maximal supergravity the electric e_Λ and magnetic m^Λ charges, where Λ = 1, . . . , 28, transform together in the 56 of E_{7(7)} and the most general gauging can be described in terms of an embedding tensor [35, 36, 37, 38, 39] θ_n^σ ≡ {θ_Λ^σ, θ^{Λσ} } (n = 1, . . . , 56 and σ = 1, . . . , 133), which expresses the generators X_n of the gauge algebra g in terms of E_{7(7)} generators t_σ:

X_n = θ_n^σ t_σ . (4.1)

In this notation consistency of the gauging requires the rank of θ, as a 56 × 133 matrix, not to be greater than 28 since no more that 28 gauge vectors can take part to the minimal couplings. Supersymmetry and closure of the gauge algebra inside E_{7(7)} require a linear and a quadratic condition in θ respectively [35, 36]:

θ ∈ 912 ⊂ 56 × 133 , (4.2) θ^{Λ[σ} θ_Λ^{γ]} = 0 . (4.3)

The above constraints are all E_{7(7)} covariant. The last condition ensures that there always exists a symplectic rotation acting on the index Λ (electric and magnetic) as a consequence of which all the vectors associated with the generators X_n are electric (or all magnetic).

Once θ is fixed, as a solution of (4.2) and (4.3), the structure of the gauge algebra is also fixed. Indeed if we introduce the following E_{7(7)}–tensor:

X_{mn}^p = θ_m^σ (t_σ)_n^p , (4.4)

the gauge algebra has the following structure:

[X_m, X_n] = −X_{mn}^p X_p . (4.5)

In terms of X_{mn}^p, the 912 in the decomposition of 56 × 133 is singled out by requiring the constraint X_{(mnp)} = 0 (the indices in the 56 are raised and lowered by using the symplectic invariant matrix), which can be taken as an equivalent formulation of condition (4.2).

In the standard formulation of gauged supergravity, the definition of the gauged Lagrangian is always referred to the symplectic frame (the electric frame) in which the components of θ are all electric (namely in which θ^{Λσ} = 0) so that only the electric vector fields A^Λ_μ are involved in the gauging. Given a generic solution θ^{Λσ} , θ_Λ^σ of eqs. (4.2) and (4.3), the electric frame is reached by means of a symplectic rotation whose existence, as previously stressed, is guaranteed by eq. (4.3), and which maps:

θ_n^σ ≡ {θ_Λ^σ, θ^{Λσ} } → θ^′_n^σ ≡ {θ^′_Λ^σ, 0} . (4.6)

In this frame the gauge connection will have the form Ω_μ = A^Λ_μ θ^′_Λ^σ t_σ. In a recent work [39] a novel formulation of gauged supergravity was proposed in which the Lagrangian can be written in a generic symplectic frame, as function of both electric (θ_Λ^σ ) and magnetic (θ^{Λσ}) charges, coupled in a symplectic–invariant way to (non-abelian) electric (A^Λ_μ ) and magnetic A_{μΛ} gauge fields. The new gauge connection now reads:

Ω_μ = A^Λ_μ X_Λ + A_{μΛ} X^Λ . (4.7)

This formulation requires the introduction of 133 tensor fields B_{μνσ} in the adjoint of E_{7(7)} which enter the Lagrangian only in the combination with the magnetic charges: θ^{Λσ} B_{μνσ} . The advantage of this formulation is that the E_{7(7)}–covariance of the field equations and Bianchi identities is still manifest (provided θ is transformad together with all the other fields). The new fields B_{μνσ} and A_{μΛ} are described in such a way as not to introduce any new propagating degree of freedom. This is reflected by the fact that the corresponding field equations (namely the equations obtained by varying the Lagrangian with respect to the two type of fields) are non–dynamical. In addition to this we have vector and tensor–gauge invariance of the Lagrangian, which allow us, by performing various kind of gauge fixing, to distribute the 128 propagating bosonic degrees of freedom among all the bosonic fields of the theory. We refer the reader to [39] for the explicit form of the field equations and the gauge transformation laws.

A particular case in which the non–dynamical field equations are easily solvable is the case in which the magnetic components of the embedding tensor contract only isometries t_i of the scalar manifold which act as translations on a set of corresponding scalar fields φ^i:

t_i : φ^i → φ^i + c^i . (4.8)

The index Λ naturally splits in the couple of indices Λ = I, U, so that θ^{Ii} is a non–singular square matrix. In this basis we have:

θ^{Iσ} = 0 , σ ≠ i ; θ^{U σ} = 0 , ∀ σ , θ^{I[i} θ_I^{j]} = 0 , (4.9)

and therefore only the tensors B_{μνi} enter the Lagrangian. Let us consider two ways of gauge fixing the vector/tensor gauge invariance which are relevant to our analysis. We can use the gauge invariance of A_{Iμ} to eliminate the scalar fields φ^i, recalling that the covariant derivative on these scalar fields read:

D_μφ^i = ∂_μφ^i + θ^{Ii} A_{μI} + . . . , (4.10)

where the ellipses refer to the electric minimal coupings which are not relevant to our discussion. Then we use one of the non–dynamical equations of motion to eliminate A_{μI} in favor of B_{μνi}. The resulting gauge–fixed action will describe the tensors B_{μνi} instead of the scalars φ^i and the electric vectors A^Λ_μ = {A^I_μ, A^U_μ }. In these models the original second order constraint (4.3) becomes eq. (4.9) which has the form of the e × m = 0 constraint found in the literature when dealing with supergravity theories coupled to antisymmetric tensor fields [43, 44, 45, 46, 47].

On the other hand we could start by fixing the tensor–gauge invariance by eliminating the electric fields A^I_μ through their coupling terms with the tensors B_{μνi}:

F^I_{μν} + 1 2 θ^{Ii} B_{μνi} . (4.11)

Then we can use one of the non–dynamical field equations to eliminate B_{μνi} in favor of the remaining gauge fields. The resulting theory will describe 70 scalar fields, no antisymmetric tensor field and the new electric vectors A_{μI} , A^U_μ . This procedure has thus automatically produced the symplectic transformation which brought our original θ to the electric frame.

First example: M–theory compactification on twisted tori with flux If we are considering toroidal compactifications of eleven dimensional supergravity to four dimensions, the higher dimensional origin of the four dimensional fields is specified by branching the relevant E_{7(7)}–representations with respect to the GL(7, R) subgroup associated with the metric moduli of the seven–torus:

56 → 7_{−3} + 21_{−1} + 21_{+1} + 7_{+3} , (4.12) 133 → 7_{−4} + 7_{+4} + 35_{−2} + 35_{+2} + 48_0 + 1_0 , (4.13) 912 → 1_{−7} + 1_{+7} + 35_{−5} + 35_{+5} + (140 + 7)_{−3} + (140 + 7)_{+3} + 21_{−1} + 21_{+1} + 28_{−1} + 28_{+1} + 224_{−1} + 224_{+1} . (4.14)

In the branching of the 56 the 7_{−3} and 21_{−1} define A^I_μ, A_{μIJ} respectively while 7_{+3} and 21_{+1} their magnetic duals. In the branching of the adjoint representation of E_{7(7)} we denote by t_M^N , t^{M N P} , t_P the generators in the 48_0 + 1_0, 35_{+2} and 7_{+4} respectively (with an abuse of notation we characterize each generator by the representation of the corresponding parameter, this allows a simpler interpretation of the table below). In the solvable Lie algebra representation of the scalar manifold, the metric moduli ϕ^a_I parametrize the generators t_I^J with I ≥ J, while the scalars C_{IJK} and ϕ̃^I (dual to B_{μνI} ) are parameters of the generators t^{M N P} and t_M repsectively. The 912 is the representation of the embeddig matrix, which encodes all possible deformations (minimal couplings, mass terms) of the ungauged N = 8 theory. It is natural therefore to identify the background quantities τ_{IJ}^K , g_{IJKL}, g̃ with components of the embedding tensor. Indeed each component representation on the right hand side of (4.14) defines a consistent gauged supergravity. Some of them have an immediate interpretation in terms of background fluxes, like 35_{+5} which represents the 4–form flux g_{IJKL}, or parameters related to the geometry of the internal space, like the 140_{+3}, which defines the twist–tensor τ_{M N}^P . The structure of the gauge algebra implied by each of these representations is best understood from the following table:

7_{+3} 21_{+1} 21_{−1} 7_{−3} 7_{+4} 1 35 140 + 7 28 + 21 35_{+2} 35 140 21 + 224 21 + 224 48_0 140 + 7 21 + 28 + 224 21 + 28 + 224 140 + 7 1_0 7 21 21 7 35_{−2} 21 + 224 21 + 224 140 35 7_{−4} 28 + 21 140 + 7 35 1

The first row and column contain the representations in the branchings of 56 and the 133 respectively, while the bulk contains representations in the branching of 912. The table specifies the origin of the latter representations in the branching of the product 56 × 133 and it should be read as “first row times first column gives bulk”. The grading of each entry of the table has been suppressed for the sake of simplicity, since it coincides with the sum of the gradings of the corresponding elements in the first row and column.

The gauged supergravity models describing the class of compactifications we are considering are thus obtained by restricting θ to the representations 140_{+3} + 35_{+5} + 1_{+7}. If we define on the 56 representation the following symplectic product:

V^n W^m C_{nm} = V^M W_M − V_M W^M + V_{N M} W^{N M} − V^{N M} W_{N M} , (4.15)

the relevant components of the tensor X_{mn}^p read: X_{M N}^{P Q}_R = X_{M N,R}^{P Q} = −τ_{M N}^{[P} δ^{Q]}_R X^{M N,P Q}_R = X^{M N}_R^{P Q} = − 1 2 δ^{[P}_R ϵ^{Q]M N N1N2N3N4} g_{N1 N2N3N4} , X^{M N}_{P Q,R} = −X^{M N}_{R,P Q} = 3 τ_{[P Q}^{[M} δ^{N ]}_{R]} , X^{M N,RS,LT} = X^{M N,LT,RS} − 3 τ_{P Q}^{[M} ϵ^{N ]P QRSLT} , X_M^L_S = −X_{M,S}^L = τ_{M S}^L , X_M^{RS}_{P Q} = −X_{M,P Q}^{RS} = 2 τ_{M [P}^{[R}δ^{S]}_{Q]} , X_{M,P Q,R} = −X_{M,R,P Q} = g_{M P QR} , X_M^{P Q,RS} = X_M^{RS,P Q} = −g_{M M1M2M3} ϵ^{M1M2M3P QRS} , X_M^{P Q}_N = X_{M,N}^{P Q} = −g̃ δ^{P Q}_{M N} . (4.16)

One can verify that X_{(mnp)} = 0, consistently with the 912 condition. If we apply to this model the construction outlined above, we can write a consistent theory (with manifest E_{7(7)} global on–shell covariance) which describes among the other fields the tensors B_{μνM} and their dual scalar fields ϕ̃^M at the same time. Since in this case the magnetic components of θ are just θ_{M N}^P = −(3/2) τ_{M N}^P , if we denote by r the rank of this 21 × 7 matrix, the only tensor fields entering the Lagrangian will be r out of the tensors B_{μνP} . The gauge connection has the form:

Ω_μ = Ã^{M N}_μ X_{M N} + A_{μM N} X^{M N} + A^M_μ X_M , (4.17)

and involves also the magnetic vector fields Ã^{M N}_μ . To obtain the model describing the tensor fields B_{μνI} in place of their dual scalar fields, namely the model discussed in the first sections of the present paper, we can fix the gauge invariance associated with Ã^{M N}_μ to eliminate ϕ̃^M , through the magnetic minimal coupling:

D_μϕ̃^M = ∂_μϕ̃^M + τ_{P Q}^M Ã^{P Q}_μ + . . . , (4.18)

where the ellipses denote the electric minimal couplings. Then we can use one of the non– dynamical field equations, which reads: τ_{P Q}^M ϵ^{μνρσ} (∂_ν B_{ρσM} + . . .) ∝ G_{RS} τ_{P Q}^R (τ_{N L}^S Ã^{N Lμ} + . . .) , (4.19) to eliminate Ã^{M N}_μ in favor of B_{ρσM} in the Lagrangian. The ellipses on the left hand side of (4.19) denote topological terms involving the electric vector fields, while the ellipses on the right hand side stand for electric minimal couplings.

We could have proceeded differently by first fixing the tensor gauge invariance associated with B_{μνM} in order to eliminate r of the A_{μM N} fields and then expressing the tensor fields in terms of the remaining vector fields through one of the non–dynamical field equations. This procedure would have yield the gauged N = 8 supergravity with no tensor field and 70 scalar fields considered in [28]. This clarifies the relation between the dual descriptions of M-theory compactification on twisted tori with fluxes studied in the literature, namely the model with tensor fields in which the local symmetries are encoded in a (supersymmetric) free differential algebra, and the dual model without tensor fields in which the local symmetries of the Lagrangian is described by an ordinary Lie algebra.

Second example: the CSO(p, q, r) gauging as an M–theory compactification. From the branching of the 912 with respect to GL(7, R), we may consider the gauged model arising from the components:

θ_{M N} = θ_{(M N )} ∈ 28_{−1} ; τ_M ∈ 7_{+3} ; g̃ ∈ 1_{+7} , (4.20)

g̃ being the 7–form flux. These entries of the embedding tensor can be re-arranged in a single 8 × 8 symmetric tensor θ_{AB} (A, B = 1, . . . , 8 = 1, M) transforming in the 36 of SL(8, R), maximal subgroup of E_{7(7)}: θ_{AB} = ( g̃ τ_N τ_M θ_{M N} ) . (4.21)

Indeed with respect to GL(7, R) the following branching holds:

36 → 28_{−1} + 7_{+3} + 1_{+7} . (4.22)

The corresponding gauge algebra generators have the form X_{AB} = {X_I , X_{IJ} } and are gauged by the vectors A^{AB}_μ = {A^I_μ, Ã^{IJ}_μ } in the 28^′ of SL(8, R). They close the following algebra: [X_{AB} , X_{CD} ] = f_{AB,CD}^{EF} X_{EF} (4.23) f_{AB,CD}^{EF} = 2 δ^{[E}_{[A} θ_{B][C}δ^{F ]}_{D]} . (4.24)

These are the well known CSO(p, q, r) gaugings originally constructed in [48], where p, q, r (p + q + r = 8) represent the number of positive, negative and null eigenvalues of θ_{AB} . For p = 8, q = 0, r = 0 we have the SO(8) gauging constructed by de Wit and Nicolai [27]. This gauging is realized by setting θ_{AB} = δ_{AB} namely θ_{IJ} = δ_{IJ} , τ_I = 0, g̃ = 1. In general the group CSO(p, q, r) describes the isometries of the following seven dimensional hypersurface embedded in R^8 [49, 50, 51]:

θ_{AB} z^A z^B = R^2 . (4.25) and which can be written locally as the product H^{p,q} ×R^r, H^{p,q} being a (p+q)–dimensional hyperboloid. The Maurer-Cartan equations for this manifold have the form: dV^I + ω^{IJ} θ_{JK} ∧ V^K − τ_J V^J ∧ V^I = 0 , (4.26) dω^{IJ} + ω^{IK} θ_{KL} ∧ ω^{LJ} + 2 ω^{K[I} τ_K ∧ V^{J]} − g̃ V^I ∧ V^J = 0 , (4.27) V^I and ω^{IJ} being the vielbein and the connection of the manifold.

Together with the components (4.20) we may switch on also the flux g_{IJKL} in the 35_{+5}. The connection of the gauge algebra now becomes: Ω_μ = A^I_μ X_I + Ã^{IJ}_μ X_{IJ} + A_{IJμ} X^{IJ} . (4.28) Let us consider the following basis of E_{7(7)} generators: {t_M^N , t^{M N P} , t_{M N P} , t^P , t_P } . (4.29) We refer the reader to the appendix for the complete commutation relations among the above generators. With respect to the basis (4.29) the gauge generators have the following expression:

X_{M N} = −θ_{[M |P} t_{N ]}^P − τ_{[M} t_{N ]} , X_M = 1 2 (g̃ t_M + τ_N t_M^N + θ_{M N} t^N ) + 2 g_{M N P Q} t^{N P Q} + 1 14 τ_M t , X^{M N} = 3 g_{P QRS} ϵ^{P QRSM N T} t_T . (4.30) where we have denoted by t the O(1, 1) generator t_M^M . For this gauging the second order condition (4.3) read:

θ_{M [N} g_{P QRS]} = 0 ; τ_{[N} g_{P QRS]} = 0 , (4.31) which imply that the X^{M N} generators satisfy the following constraints: θ_{M N} X^{N P} = 0 ; τ_N X^{N P} = 0 . (4.32) Conditions (4.31) guarantee that the generators in (4.30) close an algebra, which can be found to have the following structure: [X_{M N} , X_{P Q}] = θ_{M [P} X_{Q]N} − θ_{N [P} X_{Q]M} , [X_{M N} , X_P ] = θ_{P [N} X_{M ]} − τ_{[N} X_{M ]P} , [X_M , X_P ] = τ_{[P} X_{M ]} − 1 2 g̃ X_{M P} + g_{M P N Q} X^{N Q} , [ X_M , X^{N P} ] = 3 g_{P1 P2 P3P4} ϵ^{N P P1P2 P3 P4S} X_{SM} − 3 14 τ_M X^{N P} . (4.33)

Third example: Scherk–Schwarz gauging As a second example let us consider the model originally studied by Cremmer, Scherk and Schwarz [52], which describes a generalized dimensional reduction of maximal D = 5 supergravity to D = 4, in which the Scherk– Schwarz twist is chosen in E_{6(6)}, global symmetry group of the five dimensional theory. The resulting gauged supergravity [21] is defined by an embedding tensor transforming in the 78_{+3} [35] with respect to the E_{6(6)} × O(1, 1) subgroup of E_{7(7)}. In the basis of the 56 in which the 28 electric vector fields are A^Λ_μ = {A^u_μ, A^0_μ}, where A^u_μ, u = 1, . . . , 27 are the dimensionally reduced five– dimensional vectors in the 27_{−1} of E_{6(6)} × O(1, 1) and A^0_μ is the Kaluza–Klein vector in the 1_{−3} of the same group, the embedding tensor has just electric components θ^σ_Λ and the gauge generators read:

X_Λ = { X_0 = θ_{0,u}^v t_v^u X_u = θ_u^v t_v , θ_{0,u}^v = θ_u^v = M_u^v ∈ E_{6(6)} . (4.34)

where M_u^v is the twist matrix depending in general on 78 parameters, t_u^v are the E_{6(6)} generators, and t_u are E_{7(7)} generators in the 27_{+2}, according to the following branching of the E_{7(7)} generators with respect to E_{6(6)} × O(1, 1):

133 → 78_0 + 1_0 + 27_{+2} + 27_{−2} . (4.35)

In this case the relevant components of the gauge generators are:

X_{0u}^v = −X_{u0}^v = −X_0^v_u = X_u^v_0 = −M_u^v , X_{uvw} = M_u^z d_{zvw} , (4.36)

where d_{uvw} denotes the three times symmetric invariant tensor of the 27 of E_{6(6)}. To obtain eqs. (4.36) we have used the properties (t_u^v)^w_z = −(t_u^v )_z^w = δ^w_u δ^v_z − (1/27) δ^w_z δ^v_u, (t_v)^w_0 = −(t_v)_0^w = δ^w_v and (t_u)_{vw} = d_{uvw} . The gauge algebra has the following structure:

[X_0, X_u] = M_u^v X_v , (4.37)

all other commutators vanishing.

If M is non–compact the corresponding theory depends effectively only on six parameters and the potential is of run–away type, namely there is no vacuum solution. If on the other hand M is compact, the theory has Minkowski vacua and depends effectively on four mass parameters, which determine the amount of residual supersymmetry on these solutions.

5 Acknowledgements

One of us (M.T.) would like to thank the UCLA Physics Department, where the present investigation was completed, for its kind ospitality and support. Work supported in part by the European Community’s Human Potential Program under contract MRTN-CT-2004- 005104 ‘Constituents, fundamental forces and symmetries of the universe’, in which R. D’A.

and M.T. are associated to Torino University. The work of S.F. has been supported in part by European Community’s 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.

A The E_{7(7)} generators in the GL(7, R) basis

We give below the commutation relations among the E_{7(7)} generators in the basis (4.29): [ t_M^N , t_P^Q ] = δ^N_P t_M^Q − δ^Q_M t_P^N , [ t_M^N , t^{P1 P2P3} ] = −3 δ^{[P1}_M t^{P2P3]N} + 5 7 δ^N_M t^{P1P2 P3} , [ t_M^N , t_P ] = δ^N_P t_M + 3 7 δ^N_M t_P , [ t^{N1N2N3} , t^{P1 P2P3} ] = ϵ^{N1N2N3P1 P2 P3Q} t_Q , [ t_M^N , t_{P1 P2P3} ] = 3 δ^N_{[P1} t_{P2P3 ]M} − 5 7 δ^N_M t_{P1P2 P3} , [ t_M^N , t^P ] = −δ^P_M t^N − 3 7 δ^N_M t^P , [t_{N1N2N3} , t_{P1P2 P3} ] = ϵ_{N1N2N3P1 P2 P3Q} t^Q , [ t^N , t_M ] = t_M^N + 1 7 δ^N_M t , [ t^M , t^{N1N2 N3} ] = − 1 6 ϵ^{M N1N2N3P1 P2 P3} t_{P1P2 P3} , [t_M , t_{N1N2N3} ] = − 1 6 ϵ_{M N1N2N3P1 P2 P3} t^{P1P2 P3} [ t_{M1M2M3} , t^{N1N2 N3} ] = 18 δ^{[N1N2}_{[M1M2} t_{M3]}^{N3]} − 24 7 δ^{N1N2N3} M_1M_2M_3 t , (A.1)

where t ≡ t_M^M .

References

[1] G. Curio and A. Krause, “Four-flux and warped heterotic M-theory compactifications,” Nucl. Phys. B 602 (2001) 172 [arXiv:hep-th/0012152].

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

[3] 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].

[4] J. P. Gauntlett, D. Martelli and D. Waldram, “Superstrings with intrinsic torsion,” Phys. Rev. D 69 (2004) 086002 [arXiv:hep-th/0302158].

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

[6] S. Fidanza, R. Minasian and A. Tomasiello, “Mirror symmetric SU(3)-structure manifolds with NS fluxes,” Commun. Math. Phys. 254 (2005) 401, arXiv:hep-th/0311122.

[7] M. Grana, R. Minasian, M. Petrini and A. Tomasiello, “Supersymmetric backgrounds from generalized Calabi-Yau manifolds,” JHEP 0408 (2004) 046 [arXiv:hep-th/0406137].

[8] A. Franzen, P. Kaura, A. Misra and R. Ray, “Uplifting the Iwasawa,” arXiv:hep-th/0506224.

[9] M. Grana, “Flux compactifications in string theory: A comprehensive review,” arXiv:hep-th/0509003.

[10] J. Scherk and J. H. Schwarz, “How To Get Masses From Extra Dimensions,” Nucl.

Phys. B 153 (1979) 61.

[11] S. Sethi, C. Vafa and E. Witten, “Constraints on low-dimensional string compactifications,” Nucl. Phys. B 480 (1996) 213 [arXiv:hep-th/9606122].

[12] N. Kaloper and R. C. Myers, “The O(dd) story of massive supergravity,” JHEP 9905 (1999) 010 [arXiv:hep-th/9901045].

[13] S. Kachru, M. B. Schulz, P. K. Tripathy and S. P. Trivedi, “New supersymmetric string compactifications,” JHEP 0303 (2003) 061 [arXiv:hep-th/0211182].

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

[15] L. Andrianopoli, M. A. Lledo and M. Trigiante, “The Scherk-Schwarz mechanism as a flux compactification with internal torsion,” JHEP 0505 (2005) 051 arXiv:hep-th/0502083.

[16] C. M. Hull and R. A. Reid-Edwards, “Flux compactifications of string theory on twisted tori,” J. Sci. Eng. 1 (2004) 411 [arXiv:hep-th/0503114].

[17] K. Becker and M. Becker, “Supersymmetry breaking, M-theory and fluxes,” JHEP 0107 (2001) 038 [arXiv:hep-th/0107044]; K. Becker and M. Becker, “Compactifying M-theory to four dimensions,” JHEP 0011 (2000) 029 [arXiv:hep-th/0010282].

[18] S. B. Giddings, S. Kachru and J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D 66 (2002) 106006 [arXiv:hep-th/0105097].

[19] S. Kachru, M. B. Schulz and S. Trivedi, “Moduli stabilization from fluxes in a simple IIB orientifold,” JHEP 0310 (2003) 007 [arXiv:hep-th/0201028].

[20] A. R. Frey and J. Polchinski, “N = 3 warped compactifications,” Phys. Rev. D 65 (2002) 126009 [arXiv:hep-th/0201029].

[21] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledo, “Gauging of flat groups in four dimensional supergravity,” JHEP 0207 (2002) 010 [arXiv:hep-th/0203206].

[22] A. Dabholkar and C. Hull, “Duality twists, orbifolds, and fluxes,” JHEP 0309 (2003) 054 [arXiv:hep-th/0210209].

[23] R. D’Auria, S. Ferrara, F. Gargiulo, M. Trigiante and S. Vaula, “N = 4 supergravity Lagrangian for type IIB on T**6/Z(2) in presence of fluxes and D3-branes,” JHEP 0306 (2003) 045 [arXiv:hep-th/0303049].

[24] G. Villadoro and F. Zwirner, “The minimal N = 4 no-scale model from generalized dimensional reduction,” JHEP 0407 (2004) 055 [arXiv:hep-th/0406185].

[25] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B133, 61 (1983); J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, “No - Scale Supersymmetric Standard Model,” Phys. Lett. B134, 429 (1984); J. R. Ellis, C. Kounnas and D. V. Nanopoulos, “No Scale Supersymmetric Guts,” Nucl. Phys. B247, 373 (1984); A. B. Lahanas and D. V. Nanopoulos, Phys. Rept. 145, 1 (1987); R. Barbieri, E. Cremmer and S. Ferrara, “Flat And Positive Potentials In N=1 Supergravity,” Phys. Lett. B 163, 143 (1985);

[26] P. G. O. Freund and M. A. Rubin, “Dynamics Of Dimensional Reduction,” Phys. Lett.

B 97 (1980) 233.

[27] B. de Wit and H. Nicolai, “N=8 Supergravity With Local SO(8) X SU(8) Invariance,” Phys. Lett. B 108 (1982) 285.

[28] R. D’Auria, S. Ferrara and M. Trigiante, “E_{7(7)} symmetry and dual gauge algebra of M-theory on a twisted seven-torus,” arXiv:hep-th/0504108.

[29] E. Cremmer and B. Julia, “The SO(8) Supergravity,” Nucl. Phys. B 159 (1979) 141.

[30] R. D’Auria and P. Fre, “Geometric Supergravity In D = 11 And Its Hidden Supergroup,” Nucl. Phys. B 201 (1982) 101 [Erratum-ibid. B 206 (1982) 496];

[31] P. Fre, “Comments On The Six Index Photon In D = 11 Supergravity And The Gauging Of Free Differential Algebras,” Class. Quant. Grav. 1 (1984) L81;

[32] G. Dall’Agata, R. D’Auria and S. Ferrara, “Compactifications on twisted tori with fluxes and free differential algebras,” Phys. Lett. B 619 (2005) 149 [arXiv:hep-th/0503122].

[33] R. D’Auria, S. Ferrara and M. Trigiante, “Curvatures and potential of M-theory in D = 4 with fluxes and twist,” JHEP 0509 (2005) 035 [arXiv:hep-th/0507225].

[34] P. Fre, “M-theory FDA, twisted tori and Chevalley cohomology,” arXiv:hep-th/0510068.

[35] B. de Wit, H. Samtleben and M. Trigiante, “On Lagrangians and gaugings of maximal supergravities,” Nucl. Phys. B 655 (2003) 93 [arXiv:hep-th/0212239]; B. de Wit, H. Samtleben and M. Trigiante, “Maximal supergravity from IIB flux compactifications,” Phys. Lett. B 583 (2004) 338 [arXiv:hep-th/0311224].

[36] B. de Wit, H. Samtleben and M. Trigiante, “Gauging maximal supergravities,” Fortsch.

Phys. 52 (2004) 489 [arXiv:hep-th/0311225].

[37] B. de Wit, H. Samtleben and M. Trigiante, “The maximal D = 5 supergravities,” Nucl.

Phys. B 716 (2005) 215 [arXiv:hep-th/0412173].

[38] B. de Wit and H. Samtleben, “Gauged maximal supergravities and hierarchies of nonabelian vector-tensor systems,” arXiv:hep-th/0501243.

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

[40] E. Cremmer, B. Julia and J. Scherk, “Supergravity Theory In 11 Dimensions,” Phys.

Lett. B 76 (1978) 409.

[41] L. Castellani, R. D’Auria, P. Fré, “Supergravity and Superstrings: A Geometric Perspective”, Vol. 1,2, World Scientific, 1991.

[42] M. J. Duff and P. van Nieuwenhuizen, “Quantum Inequivalence Of Different Field Representations,” Phys. Lett. B 94 (1980) 179; A. Aurilia, H. Nicolai and P. K. Townsend, “Hidden Constants: The Theta Parameter Of QCD And The Cosmological Constant Of N=8 Supergravity,” Nucl. Phys. B 176 (1980) 509; M. J. Duff, “The Cosmological Constant Is Possibly Zero, But The Proof Is Probably Wrong,” Phys. Lett. B 226 (1989) 36.

[43] R. D’Auria and S. Ferrara, “Dyonic masses from conformal field strengths in D even dimensions,” Phys. Lett. B 606 (2005) 211 [arXiv:hep-th/0410051].

[44] R. D’Auria, L. Sommovigo and S. Vaula, “N = 2 supergravity Lagrangian coupled to tensor multiplets with electric and magnetic fluxes,” JHEP 0411 (2004) 028 [arXiv:hep-th/0409097].

[45] L. Sommovigo and S. Vaula, “D = 4, N = 2 supergravity with Abelian electric and magnetic charge,” Phys. Lett. B 602 (2004) 130 [arXiv:hep-th/0407205].

[46] L. Sommovigo, “Poincare dual of D = 4 N = 2 supergravity with tensor multiplets,” Nucl. Phys. B 716 (2005) 248 [arXiv:hep-th/0501048].

[47] R. D’Auria, S. Ferrara, M. Trigiante and S. Vaula, “N = 1 reductions of N = 2 supergravity in the presence of tensor multiplets,” JHEP 0503 (2005) 052 [arXiv:hep-th/0502219].

[48] C. M. Hull, “Noncompact Gaugings Of N=8 Supergravity,” Phys. Lett. B 142 (1984) 39; C. M. Hull, “More Gaugings Of N=8 Supergravity,” Phys. Lett. B 148 (1984) 297.

[49] C. M. Hull and N. P. Warner, “The Potentials Of The Gauged N=8 Supergravity Theories,” Nucl. Phys. B 253 (1985) 675.

[50] G. W. Gibbons and C. M. Hull, “de Sitter space from warped supergravity solutions,” arXiv:hep-th/0111072.

[51] R. Kallosh, A. D. Linde, S. Prokushkin and M. Shmakova, “Gauged supergravities, de Sitter space and cosmology,” Phys. Rev. D 65 (2002) 105016 [arXiv:hep-th/0110089].

[52] E. Cremmer, J. Scherk and J. H. Schwarz, “Spontaneously Broken N=8 Supergravity,” Phys. Lett. B 84 (1979) 83.