arXiv:hep-th/0406020 v1 2 Jun 2004

FTUV–04/0601 IFIC–04/23

On the underlying gauge group structure of D = 11 supergravity

I.A. Bandos^{a,c,1}, J.A. de Azcárraga^{a,1}, J.M. Izquierdo^{b,1}, M. Picón^{a,1} and O. Varela^{a,1}

a Departamento de Física Teórica, Facultad de Física, Universidad de Valencia and IFIC, Centro Mixto Universidad de Valencia–CSIC, E–46100 Burjassot (Valencia), Spain b Departamento de Física Teórica, Universidad de Valladolid, E–47011 Valladolid, Spain c Institute for Theoretical Physics, NSC “Kharkov Institute of Physics and Technology”, UA61108, Kharkov, Ukraine

Abstract

The underlying gauge group structure of D = 11 supergravity is revisited. It may be described by a one-parametric family of Lie supergroups Σ̃(s)×⊃ SO(1, 10), s ≠ 0. The family of superalgebras Ẽ(s) associated to Σ̃(s) is given by a family of extensions of the M-algebra {P_a, Q_α, Z_{ab}, Z_{a1...a5} } by an additional fermionic central charge Q^′_α. The Chevalley-Eilenberg four-cocycle ω_4 ∼ Π^α ∧ Π^β ∧ Π^a ∧ Π^bΓ_{abαβ} on the standard D = 11 supersymmetry algebra may be trivialized on Ẽ(s), and this implies that the three-form field A_3 of D = 11 supergravity may be expressed as a composite of the Σ̃(s) one-form gauge fields e^a, ψ^α, B^{ab}, B^{a1...a5} and η^α. Two superalgebras of Ẽ(s) recover the two earlier D’Auria and Fré decompositions of A_3. Another member of Ẽ(s) allows for a simpler composite structure for A_3 that does not involve the B^{a1...a5} field. Σ̃(s) is a deformation of Σ̃(0), which is singularized by having an enhanced Sp(32) (rather than just SO(1, 10)) automorphism symmetry and by being an expansion of OSp(1|32).

1 Introduction

M-theory (see [1]) emerged at the time of the second superstring revolution in the mid nineties. In contrast with other theories like the standard model, QCD or general relativity, M-theory is at present not based on a definite Lagrangian or on an S-matrix description; rather, it is characterized by its different perturbative and low energy limits (string models and supergravities) and by dualities [2] among them. Such dualities, including those relating apparently different models, are believed to be symmetries of M-theory; the full

1bandos@ific.uv.es, j.a.de.azcarraga@ific.uv.es, izquierd@fta.uva.es, moises.picon@ific.uv.es, oscar.varela@ific.uv.es

set of M-theory symmetries^2 should include these dualities as well as the symmetries of the different superstring and supergravity limits.

In this letter we are interested in the underlying gauge symmetry of D = 11 supergravity as a way of understanding the symmetry structure of M-theory. The problem of the hidden or underlying geometry of D = 11 supergravity was raised already in the pioneering paper by Cremmer-Julia-Scherk (CJS) [16] (see also [17, 18]), where the possible relevance of OSp(1|32) was suggested. It was specially considered by D’Auria and Fré [19], where the search for the local supergroup of D = 11 supergravity was formulated as a search for a composite structure of its three-form A_3. Indeed, while the graviton and gravitino are given by one-form fields e^a = dx^μe^a_μ(x), ψ^α = dx^μψ^α_μ (x) and can be considered, together with the spin connection ω^{ab} = dx^μω^{ab}_μ (x), as gauge fields for the standard superPoincaré group [20], the A_{μ1μ2 μ3} (x) abelian gauge field is not associated with a symmetry generator and it rather corresponds to a three-form A_3. However, one may ask whether it is possible to introduce a set of additional one-form fields such that they, together with e^a and ψ^α, can be used to express A_3 in terms of products of one-forms. If so, the ‘old’ and ‘new’ one-form fields may be considered as gauge fields of a larger supergroup, and all the CJS supergravity fields can then be treated as gauge fields, with A_3 expressed in terms of them. This is what is meant by the underlying gauge group structure of D = 11 supergravity: it is hidden when the standard D = 11 supergravity multiplet is considered, and manifest when A_3 becomes a composite of the one-form gauge fields associated with the extended group. The solution to this problem is equivalent (see Sec. 2) to trivializing a standard D = 11 supersymmetry algebra four-cocycle (related to dA_3) on an enlarged superalgebra.

Two superalgebras with a set of 528 bosonic and 32 + 32 = 64 fermionic generators P_a , Q_α , Z_{a1a2} , Z_{a1...a5} , Q^′_α , (1) including the M-algebra [21] ones plus a central fermionic generator Q^′_α, were found in [19] to allow for a decomposition of A_3. Both superalgebras are clearly larger than osp(1|32), but an analysis [22] of its possible relation with osp(1|64) and su(1|32) (by an İnönü-Wigner contraction) gave a negative answer. The two D’Auria-Fré superalgebras are particular elements (namely, Ẽ(3/2) and Ẽ(−1)) of a one-parametric family of superalgebras Ẽ(s) characterized by specific structure constants, the meaning of which has been unclear until present.

In fact, the first message of this letter is that the underlying gauge supergroup structure of the D = 11 supergravity can be described by any representative of a one-parametric family of supergroups Σ̃(s)×⊃ SO(1, 10) for s ≠ 0, and that these are nontrivial (s ≠ 0) deformations of Σ̃(0)×⊃ SO(1, 10) ⊂ Σ̃(0)×⊃ Sp(32), where ×⊃ means semidirect product.

2Several groups may play a role, as the rank 11 Kac-Moody E_{11} group [3] or OSp(1|64) [4, 5] and its subgroup GL(32) [6, 7]. This group is the automorphism group of the M-algebra {Q_α, Q_β} = P_{αβ}; it is also a manifest symmetry of the actions [8, 9] for BPS preons [10], the hypothetical constituents of Mtheory. Clearly, in D = 11 supergravity one might see only a fraction of the M-theory symmetries. As it was noticed recently [11, 12] (see also [9]), a suggestive analysis of partially supersymmetric D = 11 supergravity solutions can be carried out in terms of generalized connections with holonomy group SL(32). The case for a OSp(1|32) ⊗ OSp(1|32) gauge symmetry in a Chern-Simons context was presented in [13, 14, 15].

The second point is the relation of the underlying gauge supergroups with OSp(1|32). Recently, a new method for obtaining Lie algebras from a given one has been proposed in [23] and developed in [24]. The relevant feature of this procedure, the expansion method [24] is that, although it includes the İnönü-Wigner contraction as a particular case, it is not a dimension preserving process in general, and leads to (super)algebras of higher dimension than the (super)algebras that are expanded. We show that Σ̃(0)×⊃ SO(1, 10) may be obtained from OSp(1|32) by an expansion: Σ̃(0)×⊃ SO(1, 10) ≈ OSp(1|32)(2, 3, 2) (see Appendix). The SO(1, 10) automorphism group of Σ̃(s) is enhanced to Sp(32) for Σ̃(0). It is also seen that Σ̃(0)×⊃ Sp(32) is the expansion OSp(1|32)(2, 3).

2 Trivialization of a Chevalley-Eilenberg four-cocycle and composite nature of the A_3 field

Supergravity is a theory of local supersymmetry. The graviton e^a_μ(x) and the gravitino ψ^α_μ (x) can be considered as gauge fields associated with the standard supertranslations algebra E ( ≡ E^{(D|n)} in general, E^{(11|32)} for D = 11),

{Q_α, Q_β} = Γ^a_{αβ} P_a , [P_a, Q_α] = 0 , [P_a, P_b] = 0 . (2)

The supergravity one-forms e^a, ψ^α and ω^{ab} (spin connection) generate a free differential algebra (FDA)^3 defined by the expressions for the FDA curvatures

R^a := de^a − e^b ∧ ω_b^a + iψ^α ∧ ψ^βΓ^a_{αβ} = T^a + iψ^α ∧ ψ^βΓ^a_{αβ} , (3)

R^α := dψ^α − ψ^β ∧ ω_β^α ( ω_α^β = 1 4 ω^{ab}Γ_{ab α}^β ) , (4)

R^{ab} := dω^{ab} − ω^{ac} ∧ ω_c^b , (5)

where T^a := De^a = de^a − e^b ∧ ω_b^a is the torsion and R^{ab} coincides with the Riemann curvature, and by the requirement that they satisfy the Bianchi identities that constitute the selfconsistency or integrability conditions for Eqs. (3)–(5). When all curvatures are set to zero, R^a = 0, R^α = 0, R^{ab} = 0, Eqs. (3) and (4) reduce, if we remove the Lorentz ω^{ab} part, to the Maurer-Cartan (MC) equations for E,

de^a = −iψ^α ∧ ψ^βΓ^a_{αβ} , dψ^α = 0 . (6)

One easily solves (6) by

e^a = Π^a := dx^a − idθ^αΓ^a_{αβ}θ^β , ψ^α = Π^α := dθ^α , (7)

where Π^a, Π^α are the MC forms for the supertranslation algebra. Considered as forms on rigid superspace (Σ^{(D|n)} in general), one identifies x^a and θ^α with the coordinates Z^M =

3In essence, a FDA (introduced in this context in [19] as a Cartan integrable system) is an exterior algebra of forms, with constant coefficients, that is closed under the exterior derivative d; see [25, 19, 26].

(x^a, θ^α) of this superspace^4. When e^a and ψ^α are forms on spacetime, x^a are still spacetime coordinates while θ^α are Grassmann functions, θ^α = θ^α(x), the Volkov-Akulov Goldstone fermions [27]. For one-forms defined on curved standard superspace, e^a = dZ^M E^a_M (Z), ψ^α = dZ^M E^α_M (Z), ω^{ab}(Z) = dZ^M ω^{ab}_M (Z) the FDA (3), (4), (5) with nonvanishing R^α and R^{ab} = R^{ab} but vanishing R^a = 0 gives a set of superspace supergravity constraints (which are kinematical or off-shell for D = 4, N = 1 and on-shell, i.e. containing equations of motion among their consequences, for higher D including D = 11 [28]). However, the FDA makes also sense for forms on spacetime, where e^a = dx^μe^a_μ(x) and ψ^α = dx^μψ^α_μ (x) are the gauge fields for the supertranslations group.

For D = 11 supergravity, however, the above FDA description is incomplete since the CJS supergravity supermultiplet includes, in addition to e^a_μ(x) and ψ^α(x), the antisymmetric tensor field A_{μνρ}(x) associated with the three-form A_3. The FDA (3), (4), (5) has to be completed by the definition of the four-form field strength [19]

R_4 := dA_3 + 1 4 ψ^α ∧ ψ^β ∧ e^a ∧ e^bΓ_{abαβ} . (8) Note that, considering the FDA (3), (4), (5), (8) on the D = 11 superspace and setting R^a = 0 and R_4 = F_4 := 1/4!e^{a4} ∧ . . .∧ e^{a1} F_{a1...a4} one arrives at the original on-shell D = 11 superspace supergravity constraints [29, 30]. But, and in contrast with the D = 4 case, the above FDA for vanishing curvatures cannot be associated with the MC equations of a Lie superalgebra due to the presence of the three-form A_3. However, on rigid superspace Σ^{(11|32)} (the group manifold of the D = 11 supertranslations group), where one also sets R_4 = 0 by consistency, the bosonic four-form

a_4 = − 1 4 ψ^α ∧ ψ^β ∧ e^a ∧ e^bΓ_{abαβ} (9)

becomes a Chevalley-Eilenberg (CE) [31, 32] Lie algebra cohomology four-cocycle on E,

ω_4(x^a, θ^α) = − 1 4 Π^α ∧ Π^β ∧ Π^a ∧ Π^bΓ_{abαβ} = dω_3(x^a, θ^α) (10)

since ω_4 is invariant and closed. The E^{(11|32)} four-cocycle ω_4 is, furthermore, a non-trivial CE one, since the above three-form ω_3 = ω_3(x^a, θ^α) cannot be expressed in terms of the invariant MC forms of E^{(11|32)}. Now, we may ask whether there exists an extended Lie superalgebra, generically denoted Ẽ, with MC forms on its associated extended superspace Σ̃, on which the CE four-cocycle ω_4 becomes trivial. In this way, the problem of writing the original A_3 field in terms of one-form fields becomes purely geometrical: it is equivalent to looking, in the spirit of the fields/superspace variables democracy of [33], for an enlarged supergroup manifold Σ̃ on which one can find a new three-form ω̃_3 (corresponding to A_3) written in terms of products of Ẽ MC forms on Σ̃ (corresponding to one-form gauge fields) that depend on the coordinates Z̃ of Σ̃. That such a form ω̃_3(Z̃) should exist here is also

4Rigid superspace is the group manifold of the supertranslations group Σ^{(D|n)}. We shall use the same symbol Σ^{(D|n)}, Σ̃, to denote both the supergroups and their manifolds.

not surprising if we recall that the (p + 2)- CE cocycles on E that characterize [34] the WZ terms of the super-p-brane actions and their associated FDA’s, can also be trivialized on larger superalgebras Ẽ [35, 33] associated to extended superspaces Σ̃, and that the pull-back of ω̃_3(Z̃) to the supermembrane worldvolume defines an invariant WZ term.

The MC equations of the larger Lie superalgebra Ẽ^{(11|32)} trivializing ω_4 can be ‘softened’ by adding the appropriate curvatures. Considering the resulting FDA for the ‘soft’ forms over eleven-dimensional spacetime, one arrives at a theory of D = 11 supergravity in which A_3 is a composite, not elementary, field. Its FDA curvature, R_4 in Eq. (8), is then expressed through the curvatures of the old and new one-form gauge fields.

3 A family of extended superalgebras Ẽ(s) allowing for a trivialization of the CE four-cocycle ω_4

It was found in [19] that it was possible to write the three-form A_3 of the D = 11 supergravity FDA (3), (4), (5), (8) in terms of one-forms, at the prize of introducing two new bosonic one-forms, B^{a1a2} , B^{a1...a5} , and one new fermionic one-form η^α, obeying the FDA equations

B^{a1a2}_2 = DB^{a1a2} + ψ^α ∧ ψ^β Γ^{a1a2}_{αβ} , (11) B^{a1...a5} 2 = DB^{a1...a5} + iψ^α ∧ ψ^β Γ^{a1...a5}_{αβ} , (12) B^α_2 = Dη^α − i δ e^a ∧ ψ^βΓ_{a β}^α − γ_1 B^{ab} ∧ ψ^βΓ_{ab β}^α − i γ_2 B^{a1...a5} ∧ ψ^βΓ_{a1 ...a5β}^α , (13)

for two sets of specific values of the parameters, namely

δ = 5γ_1 , γ_2 = γ_1/(2·4!) (γ_1 ≠ 0) and δ = 0 , γ_2 = γ_1/(3·4!) (γ_1 ≠ 0) . (14)

For vanishing curvatures and spin connection, ω^{ab} = 0, Eqs. (11)–(13) read

dB^{a1a2} = −ψ^α ∧ ψ^β Γ^{a1 a2}_{αβ} , (15) dB^{a1...a5} = −iψ^α ∧ ψ^β Γ^{a1 ...a5}_{αβ} , (16) dη^α = ψ^β ∧ ( −i δ e^aΓ_{a β}^α − γ_1 B^{ab}Γ_{ab β}^α − i γ_2 B^{a1...a5} Γ_{a1...a5β}^α ) . (17)

Eqs. (6) together with Eqs. (15)–(17) provide the MC equations for the superalgebra

{Q_α, Q_β} = Γ^a_{αβ}P_a + iΓ^{a1a2}_{αβ} Z_{a1a2} + Γ^{a1 ...a5}_{αβ} Z_{a1 ...a5} , (18)

[P_a, Q_α] = δ Γ_{a α}^β Q^′_β , [Z_{a1a2} , Q_α] = iγ_1Γ_{a1 a2 α}^β Q^′_β , [Z_{a1...a5} , Q_α] = γ_2Γ_{a1...a5 α}^β Q^′_β . (19)

Actually, Eqs. (15)–(17) and (18)–(19) are not restricted to the cases of Eq. (14); it is sufficient that δ + 10γ_1 − 6!γ_2 = 0 , (20) as required by the Jacobi identities [19].

One parameter (γ_1 if nonvanishing, δ otherwise) can be removed by rescaling the new fermionic generator Q^′_α and it is thus inessential. Hence Eqs. (18)–(20) describe, effectively, a one-parameter family of Lie superalgebras that may be denoted Ẽ(s) by using a parameter s given by^5

s := δ 2γ_1

− 1 , γ_1 ≠ 0 ⇒ { δ = 2γ_1(s + 1) , γ_2 = 2γ_1(^s_{6!} +^1_{5!} ) .

(21)

In terms of s, Eq. (19) reads:

[P_a, Q_α] = 2γ_1(s + 1) Γ_{a α}^βQ^′_β ,

[Z_{a1a2} , Q_α] = iγ_1Γ_{a1a2 α}^β Q^′_β , [Z_{a1...a5} , Q_α] = 2γ_1( s 6! + 1 5! )Γ_{a1 ...a5 α}^βQ^′_β , (22)

and the MC equations for Ẽ(s) are given by Eqs. (6), (15), (16) and

dη^α = −2γ_1ψ^β ∧ ( i (s + 1) e^aΓ_{a β}^α + 1 2 B^{ab}Γ_{ab β}^α + i ( s 6! + 1 5! ) B^{a1...a5} Γ_{a1...a5β}^α ) . (23)

The Ẽ(s) family includes the two superalgebras [19] of Eq. (14); they correspond to Ẽ(3/2) and Ẽ(−1). We show below, however, that the CE trivialization of ω_4 is possible for all the Ẽ(s) algebras but for Ẽ(0) i.e., for all but one values of the constants δ/γ_1, γ_2/γ_1 obeying Eq. (20). For these, there exists a ω̃_3, dω̃_3 = ω_4, that may be written in terms of the Ẽ(s) MC one-forms defined on the enlarged superspace group manifold Σ̃(s), s ≠ 0. Such a trivialization will lead to a composite structure of the 3-form field A_3 in terms of one-form gauge fields of Σ̃(s).

The Ẽ(0) superalgebra constitutes a special case. It can be written as

{Q_α, Q_β} = P_{αβ} , [P_{αβ}, Q_γ] = 64 γ_1 C_{γ(α}Q^′_{β)} , (24)

which follows indeed from Eqs. (22), (23) (cf. (18)) because for s = 0 one can use the Fierz identity

δ_{(α}^γ δ_{β)}^δ = 1 32 Γ^a_{αβ}Γ^{γδ}_a − 1 64 Γ^{a1a2}_{αβ}Γ_{a1 a2}^{γδ} + 1 32 · 5! Γ^{a1...a5}_{αβ}Γ_{a1 ...a5}^{γδ} . (25) Similarly, it is possible to collect the bosonic one-forms e^a, B^{a1a2} , B^{a1···a5} in Eqs. (6), (15), (16) and (23) with s = 0 in a symmetric spin-tensor one-form E^{αβ} ,

E^{αβ} = 1 32 ( e^aΓ^{αβ}_a − i 2 B^{a1a2} Γ_{a1 a2}^{αβ} + 1 5! B^{a1...a5} Γ_{a1 ...a5}^{αβ} ) , (26)

5The case γ_1 → 0, s → ∞, may be included with γ_1s → δ/2 ≠ 0. The corresponding algebra can be denoted Ẽ(∞).

that allows us to write the MC equations of Ẽ(0) in compact form as

dE^{αβ} = −iψ^α ∧ ψ^β , dψ^α = 0 , dη^α = −64iγ_1 ψ^β ∧ E_β^α ; (27)

Eqs. (24) or (27) exhibit the Sp(32) automorphism symmetry of Ẽ(0).

All the Ẽ(s) superalgebras, s ≠ 0, can be considered as deformations of Ẽ(0). Furthermore, the Ẽ(0) superalgebra is singled out because its full automorphism group is Sp(32) while, ∀s ≠ 0, Ẽ(s) has the smaller SO(1, 10) group of automorphisms. Hence, the generalizations of the superPoincaré group for the s ≠ 0 and s = 0 cases are the semidirect products Σ̃(s)×⊃ SO(1, 10) and Σ̃(0)×⊃ Sp(32) respectively. It is shown in the Appendix that, precisely for s = 0, both Σ̃(0)×⊃ SO(1, 10) and Σ̃(0)×⊃ Sp(32) can be obtained from OSp(1|32) by the expansion method [24]; they are given, respectively, by the expansions Osp(1|32)(2, 3, 2) and Osp(1|32)(2, 3).

To trivialize the cocycle (10) over the Ẽ(s) enlarged superalgebra one considers the most general ansatz^6 for the three-form A_3 expressed in terms of wedge products of e^a, ψ^α; B^{a1a2} , B^{a1...a5} , η^α, 4A_3 = λB^{ab} ∧ e_a ∧ e_b − α_1B_{ab} ∧ B^b_c ∧ B^{ca} − α_2B_{b1a1...a4} ∧ B^{b1}_{b2} ∧ B^{b2a1...a4} −α_3ϵ_{a1...a5b1 ...b5c}B^{a1...a5} ∧ B^{b1...b5} ∧ e^c − α_4ϵ_{a1...a6b1 ...b5} B^{a1a2a3}_{c1 c2} ∧ B^{a4a5a6c1 c2} ∧ B^{b1...b5} −2iψ^β ∧ η^α ∧ ( β_1 e^aΓ_{aαβ} − iβ_2 B^{ab}Γ_{ab αβ} + β_3 B^{a1...a5} Γ_{a1...a5 αβ} ) , (28)

and looks for the values of the constants α_1, . . . , α_4, β_1, . . . , β_3 and λ such that dA_3 = a_4 in Eq. (9) provided e^a, ψ^α, B^{a1a2} , B^{a1...a5} and η^α are MC forms obeying (6), (15)–(17) (we do not distinguish notationally in Eq. (28) and below between the MC one-forms and the one-form gauge fields, nor between A_3 and ω̃_3). If a solution exists, then Eq. (28) for the appropriate values of the constants α_1, . . . , β_3 and λ also provides an expression for a composite A_3 satisfying (8) in terms of the one-forms obeying the FDA Eqs. (3), (4), (5), (11)–(13). This is so because given a Lie algebra through its MC equations, the Jacobi identities also guarantee that the algebra obtained by adding non-zero curvatures is a gauge FDA.

The condition that (28) satisfies (9) produces a set of equations for the constants α_1, . . . , β_3 and λ including δ, γ_1 and γ_2 as parameters^7. This system has a nontrivial solution for Δ = (2γ_1 − δ)^2 = 4s^2γ^2_1 ≠ 0. (29)

6This was the starting point of [19], although for λ = 1. Since more general possibilities –all including an additional fermionic generator– exist (cf. [35, 33]), one can motivate Eq. (28) as follows. As the D = 11 superPoincaré algebra is not sufficient to account for the gauge group structure of D = 11 supergravity, the next possibility would be to include the tensor charges [36, 37] of the M-algebra. The ansatz would then be Eq. (28) for β_1 = β_2 = β_3 = 0 (no η^α), where only the first term may reproduce, under the action of d, the bifermionic four form a_4, Eq. (9). This would fix λ to be one. However, such an ansatz still does not allow to obtain an A_3 obeying the FDA with (8). A new fermionic one-form η^α is thus unavoidable and its inclusion provides a new contribution ∝ ω_4, thus allowing for λ ≠ 1.

7This system of eight equations β_1 +10β_2 −6!β_3 = 0, λ−2δβ_1 = 1, λ−2γ_1β_1 −2δβ_2 = 0, 3α_1+8γ_1β_2 = 0, α_2 − 10γ_1β_3 − 10γ_2β_2 = 0, α_3 − δβ_3 − γ_2β_1 = 0, α_2 − 5! 10γ_2β_3 = 0, α_3 − 2γ_2β_3 = 0, 3α_4 + 10γ_2β_3 = 0, is essentially that of [19] once λ is set equal to one.

The general solution has the form

λ =^1_5^{s2+2s+6}_{s2} , β_1 = −^1_{10γ1}^{2s−3}_{s2} , β_2 =^1_{20γ1}^{s+3}_{s2} , β_3 =^3_{10·6!γ1}^{s+6}_{s2} ,

α_1 = −^1_{15}^{2s+6}_{s2} , α_2 =^1_{6!}^{(s+6)2}_{s2} , α_3 =^1_{5·6!5!}^{(s+6)2}_{s2} , α_4 = −^1_{9·6!5!}^{(s+6)2}_{s2} , (30)

and exists ∀s ≠ 0, i.e., for any δ, γ_1, γ_2 obeying (20) except, as mentioned above, for δ = 2γ_1, γ_2 = 2γ_1/5! (Δ = 0) which corresponds to s = 0 in (21). Thus, the ω_4 cocycle (10) can be trivialized (ω_4 = dω̃_3) over all the Ẽ(s) superalgebras when s ≠ 0; the impossibility of doing it over Ẽ(0) may be related with the fact that just Ẽ(0) has an enhanced automorphism symmetry, Sp(32). As a result, the three-form field^8 A_3 of the standard CJS D = 11 supergravity can be considered as a composite of the gauge fields of the Σ̃(s) supergroups, s ≠ 0. In this case, taking the exterior derivatives of (28) with the constants in (30) one also finds the expression for R_4 in terms of the two-form FDA curvatures.

The two particular solutions in [19] are recovered by adjusting s (i.e., δ, γ_1 in Eq. (21)) so that λ = 1 in Eq. (30). This is achieved for δ = 5γ_1 (δ non vanishing but otherwise arbitrary), or for δ = 0 (with γ_1 non vanishing but otherwise arbitrary). Thus, the two D’Auria and Fré decompositions of A_3 are characterized by

δ = 5γ_1 ≠ 0 , γ_2 =^{γ1}_{2·4!} , (⇔ Ẽ(3/2)) λ = 1 , β_1 = 0 , β_2 =^1_{10γ1} , β_3 =^1_{6! γ1} , α_1 = −^4_{15} , α_2 =^{25}_{6!} , α_3 =^1_{6! 4!} , α_4 = −^1_{54 (4!)2} , (31) and δ = 0 , γ_1 ≠ 0 , γ_2 =^{γ1}_{3·4!} , (⇔ Ẽ(−1)) λ = 1, β_1 =^1_{2γ1} , β_2 =^1_{10γ1} , β_3 =^1_{4.5! γ1} , α_1 = −^4_{15} , α_2 =^{25}_{6!} , α_3 =^1_{6! 4!} , α_4 = −^1_{54 (4!)2} . (32)

It is worth noting that there is a specially simple trivialization of ω_4. It is achieved for the family element Ẽ(−6), characterized by γ_2 = 0,

Ẽ(−6) : δ ≠ 0 , δ = −10γ_1 , γ_2 = 0 . (33)

In Ẽ(−6) the generator Z_{a1...a5} is central (see Eq. (19)) and does not play any rôle in the trivialization of the ω_4 cocycle. Indeed, for these values of the parameters, Eqs. (18)–(20) allow us to consider the Ẽ_{min} superalgebra whose extension by the central charge Z_{a1...a5} gives Ẽ(−6) in Eq. (33). It is the (66 + 64)-dimensional superalgebra Ẽ_{min},

{Q_α, Q_β} = Γ^a_{αβ} P_a + iΓ^{a1a2}_{αβ} Z_{a1 a2} , (34) [P_a, Q_α] = −10γ_1 Γ_{a α}^β Q^′_β , [Z_{a1a2} , Q_α] = iγ_1Γ_{a1 a2 α}^β Q^′_β , (35)

associated with the most economic Σ̃_{min} = Σ^{(66|32+32)} extension of the standard supertranslation group (rigid superspace) on which ω_4 becomes trivial. The values of Eq. (33) in Eq. (30) give

λ =^1_6 , β_1 =^1_{4!γ1} , β_2 = −^1_{2·5!γ1} , β_3 = 0 , α_1 =^1_{90} , α_2 = 0 , α_3 = 0 , α_4 = 0 , (36)

8One may show that the (abelian) gauge transformation properties δA_3 = dα_2 can be reproduced from the gauge transformation properties of the new fields.

and one notices in Eq. (28) that all the terms containing B^{a1...a5} are zero. This makes the expression for A_3 simpler,

A_3 = 1 4! B^{ab} ∧ e_a ∧ e_b − 1 3^.5! B_{ab} ∧ B^b_c ∧ B^{ca} − i 4^.5! γ_1 ψ^β ∧ η^α ∧ ( 10 e^aΓ_{aαβ} + i B^{ab}Γ_{ab αβ} ) (37)

and thus Σ^{(66|32+32)} can be regarded as a minimal underlying gauge supergroup of D = 11 supergravity.

The other s ≠ 0 representatives of the Ẽ(s) family are similar, although not isomorphic. For instance, the momentum generator is central for Ẽ(−1) while Z_{ab} is central for Ẽ(∞) (γ_1 = 0). They all trivialize the ω_4 CE cocycle and, hence, provide a composite expression of A_3 in terms of one-form gauge fields of the enlarged supergroup Σ̃(s).

4 Concluding remarks

We have shown that the cocycle ω_4 (Eq. (10)) on the standard D = 11 supersymmetry algebra E^{(11|32)} may be trivialized on the one-parametric family of superalgebras Ẽ(s), for s ≠ 0, defined by Eqs. (18)-(20) or (22). These superalgebras are central extensions of the M-algebra (of generators P_a, Q_α, Z_{ab}, Z_{a1 ...a5} ) by a fermionic charge Q^′_α. Trivializing the supertranslation algebra cohomology four-cocycle ω_4 on the larger superalgebra Ẽ(s), so that ω_4 = dω̃_3, is tantamount to finding a composite structure for the three-form field A_3 of the standard Cremmer-Julia-Scherk supergravity [16] in terms of one-form gauge fields of Σ̃(s), A_3 = A_3(e^a , ψ^α ; B^{a1a2} , B^{a1...a5} , η^α ), Eq. (28) with (30). Such an expression is given by the same equation (28) that describes the ω̃_3 trivialization of the ω_4 cocycle, in which the Maurer-Cartan forms of Ẽ(s) are replaced by one-forms obeying a free differential algebra with curvatures, Eqs. (3)–(5), (11)–(13). Thus one may treat the standard CJS D = 11 supergravity as a gauge theory of the Σ̃(s)×⊃ SO(1, 10) supergroup for any s ≠ 0.

This fact was known before for two superalgebras [19] that correspond to Σ̃(3/2), Eq. (31), and Σ̃(−1), Eq. (32) (although the whole family Ẽ(s) that results from Eq. (20) was defined in [19]). In this respect the novelty of our results is that, for s ≠ 0, any of the Σ̃(s) supergroups may be equally treated as an underlying gauge supergroup of the D = 11 supergravity. A special representative of the family of trivializations is given by Ẽ(−6) for which the Z_{a1...a5} generator is central. The expression for A_3 trivializing the cocycle ω_4 over Ẽ(−6) is particularly simple: it does not involve the one-form B^{a1...a5} . Thus, the smaller Σ̃_{min} = Σ̃^{(66|32+32)} may be considered as the minimal underlying gauge supergroup of D = 11 CJS supergravity.

All other representatives of the family Ẽ(s) are equivalent, although they are not isomorphic. Their significance might be related to the fact that the field B^{a1...a5} is needed [9] for a coupling to BPS preons, the hypothetical basic constituents of M-theory [10]. In a more conventional perspective, one can notice that the charges Z_{ab} and Z_{a1...a5} can be treated as topological charges [37] of M2 and M5 branes. In the standard CJS supergravity the M2-brane solution carries a charge of the three-form gauge field A_3 thus it should have a relation with the charge Z_{ab}; that is reflected by Eq. (37) for a composite A_3 field and especially by its first term B_{ab} ∧ e^a ∧ e^b given by the natural three-form constructed from the Z_{ab} gauge field B^{ab}. Similarly, the Z_{a1...a5} gauge field B^{a1...a5} should be related to the six-form gauge field A_6 which is dual to the A_3 field and is necessary to consider the action for the coupling of supergravity to the M5 brane [38]. One might expect that this A_6 field could also be a composite of one-forms with basic term (the counterpart of the first one in Eq. (37)) of the form B^{a1...a5} ∧ e_{a1} ∧ . . . ∧ e_{a5} . The rôle of the fermionic central charge Q^′_α and its gauge field η^α in this perspective also requires further study. Notice that such a fermionic central charge is also present in the Green algebra [39] (see also [40, 35, 33]).

Although the presence of a full family of superalgebras Ẽ(s) –rather than a unique one– trivializing the standard E^{(11|32)} algebra four-cocycle ω_4, suggests that the obtained underlying gauge symmetries of D = 11 supergravity may be incomplete (this is almost certainly the case if one considers the symmetries of M-theory), the singularity of the Ẽ(0) case looks a reasonable one. The Σ̃(0) supergroup is special because it possesses an enhanced automorphism symmetry Sp(32) and the full Σ̃(0)×⊃ Sp(32), that replaces the D = 11 superPoincaré group, is the expansion OSp(1|32)(2, 3) of OSp(1|32) (Appendix). The other members of the Σ̃(s) family only have a SO(1, 10) automorphism symmetry and are deformations of the s = 0 element. Thus our conclusion is that the underlying gauge group structure of D = 11 supergravity is determined by a one-parametric nontrivial deformation of Σ̃(0)×⊃ SO(1, 10) ⊂ Σ̃(0)×⊃ Sp(32).

We would like to conclude with two remarks. The first is that we did not consider in the expression of the A_3 field (see Eq. (28)) Chern-Simons–like contributions as B_{a1a2} ∧ B^{a1a2}_2 , B_{a1...a5} ∧ B^{a1...a5}_2 , etc. These clearly would not affect our cocycle trivialization arguments; their presence would modify the expression of the composite R_4 by topological densities (see [41] and e.g. [42]). The second is that, unlike the lower dimensional versions, D = 11 supergravity forbids a cosmological term extension. The reason may be traced [43] to a cohomological obstruction due to the presence of the three-form field A_3. It would be interesting to analyze the implications of its composite structure for this problem. The application of the results of the present letter, and in particular the consequences of a composite structure of A_3 for D = 11 supergravity and M-theory, will be considered elsewhere.

Acknowledgments. This work has been partially supported by the research grants BFM2002-03681, BFM2002-02000 from the Ministerio de Educación y Ciencia and from EU FEDER funds, by the grant N 383 of the Ukrainian State Fund for Fundamental Research, the INTAS Research Project N 2000-254, and by the Junta de Castilla y León grant A085-02. M.P. and O.V. wish to thank the Ministerio de Educación y Ciencia and the Generalitat Valenciana, respectively, for their FPU and FPI research grants. Discussions with D. Sorokin and M. Henneaux are also acknowledged.

Appendix

A1 Σ̃(0)×⊃ SO(1, 10) as the expansion OSp(1|32)(2, 3, 2)

To apply the expansion method [23, 24], it will be sufficient here to consider the case in which the superalgebra G admits the splitting G = V_0 ⊕ V_1 ⊕ V_2, where V_0, V_2 (V_1), are even (odd) subspaces of dimension dim V_p, p = 0, 1, 2, and V_0 is a subalgebra of G. Then, a rescaling of the group parameters g^{ip} → λ^pg^{ip} , i_p = 1, . . . , dim V_p, makes the MC forms ω^{ip} (λ) corresponding to the p-th subspace V_p, with the natural grading ω^{ip} (−λ) = (−1)^pω^{ip} (λ), to expand as a series in λ as

ω^{ip} (λ) = λ^pω^{ip,p} + λ^{p+2}ω^{ip,p+2} + λ^{p+4}ω^{ip,p+4} + . . . (p = 0, 1, 2) . (A.1) The insertion of these series into the MC equations of G, dω^{ip} = − 1 2 c^{ip}_{jq ks} ω^{jq} ∧ ω^{ks} (p, q, s = 0, 1, 2 ; i_{p,q,s} = 1, 2, . . . , dim V_{p,q,s}) , (A.2) produces a set of equations identifying equal powers in λ. The equations involving only the ω^{ip,αp} up to certain orders α_p = N_p, p = 0, 1, 2 (α_p = p, p + 2 . . . , N_p) will determine the MC equations of a Lie algebra provided that the highest ω^{ip ,Np} orders retained satisfy N_0 = N_1 + 1 = N_2 or N_0 = N_1 − 1 = N_2 or N_0 = N_1 − 1 = N_2 − 2 . (A.3) The dimension of this new Lie algebra, the expansion G(N_0, N_1, N_2) of G, is [24]

dim G(N_0, N_1, N_2) = [(N_0 + 2)/2] dimV_0 + [(N_1 + 1)/2] dimV_1 + [N_2/2] dimV_2 . (A.4) Consider now the MC equations of Ẽ(0), Eqs. (6), (15), (16) and (23) for s = 0,

dη^α = −2γ_1ψ^β ∧ ( i e^aΓ_{a β}^α + 1 2 B^{ab}Γ_{ab β}^α + i 5! B^{a1...a5} Γ_{a1 ...a5β}^α ) , (A.5)

to which we might add the ω^{ab} terms that implement the SO(1, 10) automorphisms. The superalgebra osp(1|32) is defined by the MC equations dρ^{αβ} = −iρ^{αγ} ∧ ρ_γ^β − iν^α ∧ ν^β , dν^α = −iν^β ∧ ρ_β^α , α, β = 1, . . . , 32 , (A.6) where ρ^{αβ} are the sp(32) bosonic one-forms (ρ_γ^β = C_{γα}ρ^{αβ}, where C_{αβ} is identified with the D = 11 imaginary charge conjugation matrix) and ν^α are the fermionic ones. The decomposition ρ^{αβ} = 1 32 ( ρ^aΓ_a − i 2 ρ^{ab}Γ_{ab} + 1 5! ρ^{a1...a5} Γ_{a1 ...a5} )_{αβ} , a, b = 0, 1, . . . , 10 , (A.7) is adapted to the splitting [24] osp(1|32) = V_0 ⊕ V_1 ⊕ V_2, where V_0 is generated by ρ^{ab}, V_1 by ν^α and V_2 by ρ^a and ρ^{a1...a5} . The series (A.1) take here the form

ν^α = λν^{α,1} + λ^3ν^{α,3} + · · · , ρ^{ab} = ρ^{ab,0} + λ^2ρ^{ab,2} + · · · , ρ^a = λ^2ρ^{a,2} + · · · , ρ^{a1...a5} = λ^2ρ^{a1 ...a5,2} + · · · . (A.8)

Choosing N_0 = 2, N_1 = 3, N_2 = 2 (in agreement with conditions (A.3)) one obtains the MC equations of the expansion osp(1|32)(2, 3, 2): dρ^{ab,0} = − 1 16 ρ^{ac,0} ∧ ρ_c^{b ,0} , dρ^{a ,2} = − 1 16 ρ^{b,2} ∧ ρ_b^{a,0} − iν^{α,1} ∧ ν^{β,1}Γ^a_{αβ} , dρ^{ab,2} = − 1 16 ( ρ^{ac,0} ∧ ρ_c^{b,2} + ρ^{ac,2} ∧ ρ_c^{b,0} ) − ν^{α,1} ∧ ν^{β,1}Γ^{ab}_{αβ} , dρ^{a1...a5 ,2} = 5 16 ρ^{b[a1 ...a4| ,2} ∧ ρ_b^{|a5],0} − iν^{α,1} ∧ ν^{β,1}Γ^{a1...a5}_{αβ} , dν^{α,1} = − 1 64 ν^{β,1} ∧ ρ^{ab,0}Γ_{abβ}^α , dν^{α,3} = − 1 64 ν^{β,3} ∧ ρ^{ab,0}Γ_{abβ}^α − 1 32 ν^{β,1} ∧ ( iρ^{a,2}Γ_a + 1 2 ρ^{ab,2}Γ_{ab} + i 5! ρ^{a1 ...a5,2}Γ_{a1...a5} ) β α . (A.9)

Setting ρ^{ab,0} = −16ω^{ab}, Eqs. (A.9) coincide with those of Ẽ(0)+⊃so(1, 10) [see Eqs. (6), (15), (16) and (A.5)], with the further identifications ρ^{a,2} = e^a, ρ^{ab,2} = B^{ab}, ρ^{a1···a5,2} = B^{a1···a5} , ν^{α,1} = ψ^α and ν^{α,3} = η^α/64γ_1 (notice that γ_1 ≠ 0 just defines the scale of Q^′_α). Thus, we conclude that Σ̃(0)×⊃SO(1, 10) ≈ OSp(1|32)(2, 3, 2) of dimension 2 · 55 + 2 · 32 + 473 = 647 by Eq. (A.4).

A2 Σ̃(0)×⊃Sp(32) as the expansion OSp(1|32)(2, 3)

Let osp(1|32) = V_0 ⊕ V_1 where V_0 (V_1) is generated by ρ^{αβ} (ν^α). Choosing N_0 = 2 and N_1 = 3 we obtain the expansion osp(1|32)(2, 3) defined by the MC equations: dρ^{αβ,0} = −iρ^{αγ,0} ∧ ρ_γ^{β,0} , dρ^{αβ,2} = −i ( ρ^{αγ,0} ∧ ρ_γ^{β,2} + ρ^{αγ,2} ∧ ρ_γ^{β,0} ) − iν^{α,1} ∧ ν^{β,1} , dν^{α,1} = −iν^{β,1} ∧ ρ_β^{α,0} , dν^{α,3} = −iν^{β,3} ∧ ρ_β^{α,0} − iν^{β,1} ∧ ρ_β^{α,2} . (A.10) Identifying ρ^{αβ,0} in (A.10) with the sp(32) connection Ω^{αβ} , Eqs. (A.10) are those of Ẽ(0)+⊃sp(32) [see Eqs. (27)] with ραβ,2 = E αβ , να,1 = ψα and να,3 = ηα/64γ_1. Further, dim(Ẽ(0)+⊃sp(32))= 528 + 64 + 528 = dim osp(1|32)(2, 3) by Eq. (A.4).

References

[1] J.H. Schwarz, The second superstring revolution, in Proc. of the Second Int. Sakharov conference on physics, Moscow, 1996, I.M. Dremin and A.M. Semikhatov eds., World Sci. 1997, pp. 562-569 [arXiv:hep-th/9607067]; Lectures on superstring and M theory dualities, Nucl. Phys. Proc. Suppl. 55B, 1-32 (1997) [arXiv:hep-th/9607201].

[2] C.M. Hull and P. K. Townsend, Unity of superstring dualities, Nucl. Phys. B438, 109-137 (1995) [arXiv:hep-th/9410167]; E. Witten, String theory dynamics in various dimensions, Nucl. Phys. B 443, 85-126 (1995) [arXiv:hep-th/9503124];

[3] P. West, E_{11} and M theory, Class. Quantum Grav. 18, 4443-4460 (2001) [arXiv:hep-th/0104081]; E_{11}, SL(32) and central charges, Phys. Lett. B575, 333-342 (2003) [arXiv:hep-th/0307098]; F. Englert, L. Houart, A. Taormina and P. West, The symmetry of M theories, JHEP 0309, 020 (2003) [arXiv:hep-th/0304206].

[4] I. Bars, S-theory, Phys. Rev. D55, 2373-2381 (1997) [arXiv:hep-th/9607112]; I.

Bars, C. Deliduman and D. Minic, Lifting M-theory to two-time physics, Phys. Lett. B457, 275-284 (1999) [arXiv:hep-th/9904063]; I. Bars, Two-time physics in Field Theory, Phys. Rev. D62, 046007 (2000) [arXiv:hep-th/0003100]; 2T physics 2001, arXiv:hep-th/0106021.

[5] P. West, Hidden superconformal symmetry in M theory, JHEP 0008, 007 (2000) [arXiv:hep-th/0005270].

[6] O. Baerwald and P. West, Brane rotating symmetries and the fivebrane equations of motion, Phys. Lett. B476, 157-164 (2000) [arXiv:hep-th/9912226].

[7] J.P. Gauntlett, G.W. Gibbons, C.M. Hull and P.K. Townsend, BPS states and D = 4 N = 1 supersymmetry, Commun. Math. Phys. 216, 431-459 (2001) [arXiv:hep-th/0001024].

[8] I. Bandos and J. Lukierski, Tensorial central charges and new superparticle models with fundamental spinor coordinates, Mod. Phys. Lett. 14, 1257-1272 (1999) [arXiv:hep-th/9811022]; I.A. Bandos, BPS preons and tensionless super-p-branes in generalized superspace, Phys. Lett. B558, 197–204 (2003) [arXiv:hep–th/0208110].

[9] I. A. Bandos, J. A. de Azcárraga, J. M. Izquierdo, M. Picón and O. Varela, On BPS preons, generalized holonomies and D = 11 supergravities, Phys. Rev. D69, 105010 (2004) [arXiv:hep-th/0312266].

[10] Igor A. Bandos, José A. de Azcárraga, José M. Izquierdo and Jerzy Lukierski, BPS states in M-theory and twistorial constituents, Phys. Rev. Lett. 86 (2001) 4451-4454 [arXiv:hep-th/0101113].

[11] M.J. Duff, J.T. Liu, Hidden space-time symmetries and generalized holonomy in M theory, Nucl. Phys. B674, 217-230 (2003) [arXiv:hep-th/0303140]; M.J. Duff, Erice lectures on ‘The status of local supersymmetry’, arXiv:hep-th/0403160.

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

[13] R. Troncoso and J. Zanelli, New gauge supergravity in seven and eleven dimensions, Phys. Rev. D58, 101703 (1998) [arXiv:hep-th/9710180]; J. Zanelli, Chern- Simons gravity: from 2 + 1 to 2n + 1 dimensions, Braz. J. Phys. 30, 251-267 (2000) [arXiv:hep-th/0010049].

[14] P. Hořava, M theory as a holographic theory, Phys. Rev. D59, 046004-1-11 (1999) [arXiv:hep-th/9712130].

[15] H. Nastase, Towards a Chern-Simons M theory of OSp(1|32) × OSp(1|32), arXiv:hep-th/0306269 (2003).

[16] E. Cremmer, B. Julia and J. Scherk, Supergravity theory in eleven dimensions, Phys. Lett. B76, 409–412 (1978).

[17] I. Bars, and S.W. MacDowell, Gravity with extra gauge symmetry, Phys. Lett. 129B, 182-184 (1983).

[18] R.E. Kallosh, Geometry of eleven-dimensional supergravity, Phys. Lett. 143B, 373-378 (1984).

[19] R. D’Auria and P. Fré, Geometric supergravity in D = 11 and its hidden supergroup, Nucl. Phys. B201, 101-140 (1982) [E.: ibid. B206, 496 (1982)].

[20] S.W. MacDowell and F. Mansouri, Unified geometric theory of gravity and supergravity, Phys. Rev. Lett. 38, 739-742 (1977); F. Mansouri, Superunified theories based on the geometry of local (super-)gauge invariance, Phys. Rev. D16, 2456-2467 (1977).

[21] P.K. Townsend, p-brane democracy, arXiv:hep-th/9507048; M-theory from its superalgebra, Cargèse lectures, arXiv:hep-th/9712004, and refs. therein.

[22] L. Castellani, P. Fré, F. Giani, K. Pilch and P. van Nieuwenhuizen, Gauging of d = 11 supergravity?, Ann. Phys. 146, 35-77 (1983)

[23] M. Hatsuda and M. Sakaguchi, Wess-Zumino term for the AdS superstring and generalized İnönü-Wigner contraction, Prog. Theor. Phys. 109, 853-867 (2003) [arXiv:hep-th/0106114].

[24] J. A. de Azcárraga, J. M. Izquierdo, M. Picón and O. Varela, Generating Lie and gauge free differential (super)algebras by expanding Maurer-Cartan forms and Chern-Simons supergravity, Nucl. Phys. B662, 185-219 (2003) [arXiv:hep-th/0212347]; Extensions, expansions, Lie algebra cohomology and enlarged superspaces, Class. Quantum Grav. 21, S1375-S1384 (2004) [arXiv:hep-th/0401033].

[25] D. Sullivan, Infinitesimal computations in topology, Inst. des Haut. Étud. Sci. Pub.

Math. 47, 269-331 (1977).

[26] P. van Nieuwenhuizen, Free graded differential superalgebras, in Group theoretical methods in physics, M. Serdaroǧlu and E. İnönü Eds., Lect. Notes in Phys. 180, 228-247 (1983).

[27] D. V. Volkov and V. P. Akulov, Possible Universal Neutrino Interaction, JETP Lett.

16, 438-440 (1972); Is The Neutrino A Goldstone Particle?, Phys. Lett. B 46, 109-110 (1973)

[28] P.S. Howe, Weyl superspace, Phys. Lett. B415, 149-155 (1997) [arXiv:hep-th/9707184].

[29] E. Cremmer and S. Ferrara, Formulation of eleven-dimensional supergravity in superspace, Phys. Lett. B91, 61-77 (1980).

[30] L. Brink and P. S. Howe, Eleven-dimensional supergravity on the mass-shell in superspace, Phys. Lett. B91, 384-393 (1980).

[31] C. Chevalley and S. Eilenberg, Cohomology theory of Lie groups and Lie algebras, Trans. Am. Math. Soc. 63, 85-124 (1948)

[32] L. Castellani, R. D’Auria and P. Fré, Supergravity and superstrings: A geometric perspective, vol. 2, World Sci. (1991); J.A. de Azcárraga and J.M. Izquierdo, Lie groups, Lie algebras, cohomology and some applications in physics, Camb. Univ. Press (1995).

[33] C. Chryssomalakos, J.A. de Azcárraga, J.M. Izquierdo and J.C. Pérez Bueno, The geometry of branes and extended superspaces, Nucl. Phys. B567, 293-330 (2000) [arXiv:hep-th/9904137]; J.A. de Azcárraga and J.M Izquierdo, Superalgebra cohomology, the geometry of extended superspaces and superbranes, in New developments in fundamental interaction theories, Karpacz, 2001, J. Lukierski and J. Rembielinski eds., Amer. Inst. Phys. Conference Proceedings, 589, 3-17 (2001) [arXiv:hep-th/0105125].

[34] J.A. de Azcárraga, P.K. Townsend, Superspace geometry and classification of supersymmetric extended objects, Phys. Rev. Lett. 62, 2579-2582 (1989).

[35] E. Bergshoeff and E. Sezgin, Super-p-brane theories and new spacetime superalgebras, Phys. Lett. B254, 256-263 [arXiv:hep-th/9504140].

[36] W. van Holten and P. van Proeyen, N=1 supersymmetry algebras in d=2,3,4 mod 8, J. Phys. 15, 3763-3783 (1982).

[37] J.A. de Azcárraga, J.P. Gauntlett, J.M. Izquierdo, P.K. Townsend, Topological extensions of the supersymmetry algebra for extended objects, Phys. Rev. Lett. 63, 2443 (1989).

[38] I.A. Bandos, N. Berkovits and D.P. Sorokin, Duality-symmetric eleven-dimensional supergravity and its coupling to M-branes, Nucl. Phys. B522, 214-233 (1998) [arXiv:hep-th/9711055].

[39] M. B. Green, Supertranslations, Superstrings And Chern-Simons Forms , Phys. Lett.

B 223, 157-164 (1989).

[40] W. Siegel, Randomizing the superstring, Phys. Rev. D50, 2799-2805 (1994).

[41] P. Horava and E. Witten, Eleven-dimensional supergravity on a manifold with boundary, Nucl. Phys. B475, 94-114 (1996) [arXiv:hep-th/9603142].

[42] J. Evslin and H. Sati, Susy vs. E_8 gauge theory in 11 dimensions, JHEP 0305, 048 (2003) [arxiv:hep-th/0210090].

[43] K. Bautier, S. Deser, M. Henneaux and D. Seminara, No cosmological D = 11 supergravity, Phys. Lett. B406, 49-53 (1997) [arXiv:hep-th/9704131].