arXiv:1205.5885v2 [hep-th] 6 Jul 2012

Preprint typeset in JHEP style - HYPER VERSION 26/05/2012. V2: 05/07/2012

Supermembrane interaction with dynamical D=4 N=1 supergravity. Superfield Lagrangian description and spacetime equations of motion.

Igor A. Bandos^{♦ †} and Carlos Meliveo^♦

♦Department of Theoretical Physics, University of the Basque Country, P.O. Box 644, 48080

Bilbao, Spain †IKERBASQUE, the Basque Foundation for Science, Bilbao, Spain

Abstract: We obtain the complete set of equations of motion for the interacting system of supermembrane and dynamical D=4 N = 1 supergravity by varying its complete superfield action and writing the resulting superfield equations in the special “WZ_{θ̂=0}” gauge where the supermembrane Goldstone field is set to zero (θ̂ = 0). We solve the equations for auxiliary fields and discuss the effect of dynamical generation of cosmological constant in the Einstein equation of interacting system and its renormalization due to some regular contributions from supermembrane. These two effects (discussed in late 70th and 80th, in the bosonic perspective and in the supergravity literature) result in that, generically, the cosmological constant has different values in the branches of the spacetime separated by the supermembrane worldvolume.

Contents

1. Introduction 1

2. Superfield supergravity and supermembrane in curved D=4, N =1 superspace 5 2.1 Curved superspace. Notation and conventions 5 2.2 Superfield supergravity action, superspace constraints and equations of motion 6 2.3 Supermembrane action in minimal supergravity background 7 2.4 3–form potential in the minimal supergravity superspace. Special minimal supergravity 9

3. Superspace action and superfield equations of motion for the interacting system of dynamical supergravity and supermembrane 11

4. Spacetime component equations of the D = 4 N = 1 supergravity–supermembrane interacting system 12 4.1 Wess–Zumino gauge plus partial gauge fixing of the local spacetime supersymmetry (WZ_{θ̂=0} gauge) 12 4.2 Current superfields in the WZ_{θ̂=0} gauge. Current prepotentials and Rarita–Schwinger equation 13 4.3 Einstein equation of the supergravity–supermembrane interacting system in the WZ

θ̂=0 gauge 14

4.4 Cosmological constant generation in the interacting system and its “renormalization” due to supermembrane 16

5. On supersymmetric solutions of the interacting system equations 17

6. Conclusion 19

1. Introduction

Soon after the covariant formulation of the ten dimensional (10D or D = 10) Green–Schwarz superstring was found in [1] its relation with partial supersymmetry breaking was appreciated [2] and led to the understanding of the existence of other supersymmetric extended objects [3], which are now called super-p-branes [4]. The examples presented in [3] were 4D superstring (p = 1, D = 4) and 6D super-3-brane (p = 3, D = 6); 0–branes, the massless superparticle [5], and massive N = 2 superparticles [6] now known under the name of D0-branes (Dirichlet 0-branes or Dirichlet particles), had been known before^1.

1On the other hand, to our best knowledge, the 11D massless superparticle, now called M0-brane, was discussed much later, in 1996 [7].

– 1 –

The action of the 11D supermembrane (p = 2), now also known under the name of M2-brane, was constructed in the famous paper [8]. Furthermore it was shown in [8] that consistency of the coupling of supermembrane to supergravity background (namely, the existence of the κ–symmetry^2 in curved superspace) imposes on the background a set of superspace constraints which result in the equations of motion for the physical fields of 11D supergravity, in the same manner as the consistency conditions for the superstring coupling to 10D superfield supergravity produces the supergravity equations of motion [10]. The action for D = 4 cousin of M2-brane, the N = 1 supersymmetric 4D supermembrane, was presented and studied in [11].

On the other hand, the ground states of D dimensional super-p-branes are described by supersymmetric solutions of the D–dimensional supergravity (SUGRA) theory [12, 13]. These solutions are purely bosonic, although preserve a half of the local supersymmetry characteristic for the supergravity theory. The relation of the 1/2 supersymmetry preserved by the p-brane solution of the supergravity with the κ–symmetry of the worldvolume action for the corresponding super-p-brane was pointed out in [14]. In [15] it was shown that the purely bosonic limit of the supermembrane action, where the supermembrane Goldstone fermion (the worldvolume counterpart of the Volkov–Akulov Goldstone fermion [16]) is set to zero, θ̂^{β̌}(ξ) = 0, still preserves one half of the local supersymmetry of supergravity. This preserved 1/2 of the target space supersymmetry is in one–to–one correspondence with the κ–symmetry of the complete supermembrane action (the parameters of the preserved 1/2 of the supersymmetry are extracted form the generic O(1, D − 1) spinor with the use of θ̂^{β̌}(ξ) = 0 limit of the supermembrane κ–symmetry projector) and is the gauge symmetry of the interacting system described by the sum of the bosonic membrane action and the action for 11D supergravity (without auxiliary fields).

The origin of this seemingly strange fact (which is clearly not restricted to the 11D supergravity– supermembrane interaction, but valid for the wide class of D dimensional super-p-branes plus SUGRA dynamical systems) was clarified in [17, 18] where it was shown that the sum of the purely bosonic limit of the super–p–brane action and the spacetime component action for supergravity can be obtained by gauge fixing from the complete superfield action of the interacting system of supergravity and super–p–brane given by the sum of the complete super–p–brane action and the superfield action of supergravity (when the latter exists and is known).

Hence, the description of the supergravity–super-p–brane interacting system by the sum of the purely bosonic p–brane action and the spacetime component action of supergravity without auxiliary fields is called ’complete but gauge fixed’ description, where ”complete” reflects the fact that it reproduces the gauge fixed version of all the equations of the interacting system, including the θ̂^ˇβ(ξ) = 0 limit of the equation for the super–p–brane Goldstone fermion (which is the restriction on the pull–back of the gravitino field on the super–p–brane worldvolume) [17, 18, 19]^3. The description of such a type for the dynamical system of D = 4 N = 1 supermembrane interacting with supergravity and matter multiplets was developed in [20].

Thus the interacting system of the dynamical supergravity and super–p–brane can be studied in the frame of the covariant but gauge fixed description even when the superfield action for

2The κ–symmetry was found as early as in 82 in the massive superparticle model [6] and, independently, in the massless superparticle model in 83 [9].

3Such a completeness property does not look trivial if we remember that, after the conformal gauge is fixed in the string action, one cannot reproduce the Virasoso constraints by its variation.

– 2 – supergravity is unknown (see [19] for some results on the D=11 supergravity–supermembrane interaction). However, the study of the complete superfield description, when it is known or can be obtained, in particular in D = 4, is also interesting as a basis of possible phenomenological (model building) applications. It could also bring some new insights on the nature of supergravity– supermembrane interaction. In particular, as we will see below, this allows to understand the role of the auxiliary fields of supergravity in some supergravity–super–p–brane interacting systems.

The basic examples studied in [17, 18] were D = 4 N = 1 supersymmetric systems of massless superparticle plus minimal supergravity [17] and superstring interacting with the minimal supergravity and tensorial supermultiplet [18]. The study of the superfield Lagrangian description of the D = 4 N = 1 supergravity–supermembrane interacting system was started in [21] (see [22] for the study of interacting system of supermembrane and D = 4 N = 1 scalar multiplet), where the Wess– Zumino type approach to the Grisaru–Siegel–Gates–Ovrut–Waldram special minimal supergravity [23, 24, 25]^4 was developed and the explicit expressions for supermembrane current superfields, entering the r.h.s. of the superfield supergravity equations, were obtained.

In this paper we obtain and study the equations of motion for the D = 4 N = 1 supergravity– supermembrane interacting system. The superfield supergravity equations with supermembrane contributions are quite complex, but simplify essentially in a special gauge which we call WZ_{θ̂=0} gauge. It is reached by fixing the usual Wess–Zumino (WZ) gauge for supergravity and then by using a half of the local spacetime supersymmetry on the supermembrane worldvolume to fix the gauge where the supermembrane Goldstone fermion vanishes, θ̂^{β̌}(ξ) = 0. In such a gauge we solve the auxiliary field equations and show that there are three types of supermembrane contributions to the Einstein equation of the interacting system. Besides the expected singular terms with the support on the (super)membrane worldvolume W^3, the supermembrane produces two types of regular contributions which can be considered as contributions to the cosmological constant on the pieces of space-time separated by the supermembrane. The first, known from the study in [25] (and before in [27, 28, 29, 30], see [21] for more references and discussion on them), is the cosmological constant generated dynamically^5. The second nonsingular contribution from the supermembrane changes the value of the cosmological constant on one side of the supermembrane worldvolume W^3 making the values of cosmological constant in two branches of spacetime M^4_+ and M^−_4 separated by W^3 generically different. This effect, which can be referred to as shift or renormalization of the cosmological constant by supermembrane contributions, was discussed in pure bosonic perspective in [27] and [31].

Thus generically one can expect that the ground state solution of our interacting system describes the supermembrane separating two branches of AdS spaces with different values of the cosmological constant. In the purely bosonic context the solutions of such a type were studied (be-

4For our best knowladge, this formulation of supergravity was discussed for the first time in [23] and [24], where it was noticed as a formulation with a simplified structure of the ghost sector of quantum supergravity. Ovrut and Waldram discovered it independently under the name of three form supergravity in [25] and elaborate it using an elegant mixture of the spacetime (component) and superfield formalism (much in the spirit of [26]).

5Although it is not proportional to the supermembrane tension and is a result of the structure of the auxiliary field sector of special minimal supergravity, this dynamically generated cosmological constant should be considered as a contribution from supermembrane as far as the requirement that supergravity should have such auxiliary field, and not the ones of the generic minimal supergravity, comes from selfconsistency of the dynamical supergravity interaction with supermembrane.

– 3 – sides [27] and [31]) in [32, 33, 34]. The solution for the particular case of coincident cosmological constants can be found in [25]. In section 5 of this paper we present a preliminary discussion on possible supersymmetric solutions of the interacting system equations with supermembrane separating the asymptotically–AdS spaces with different values of the cosmological constants.

The paper is organized as follows. We begin in Sec. 2 by a brief review of the (generic) minimal formulation of the superfield supergravity (secs. 2.1 and 2.2). In sec. 2.3 we present the supermembrane action in minimal supergravity background, discuss its κ–symmetry and obtain the supermembrane equations of motion in such background; these formally coincide with the supermembrane part of the superfield equations of the interacting system.

The supermembrane can propagate in a generic superspace of minimal supergravity because this allows for the existence of an invariant closed 4-form H_4. The knowledge of such H_4 obeying dH_4 = 0 is completely sufficient for describing the supermembrane in a background superspace. However, the existence of 3-form potential C_3 is crucial when one would like to find supermembrane current or to obtain the superfield equations of motion for the interacting system. As we briefly discuss in sec. 2.4, referring to [21] for the detail, the requirement of the existence of the 3- form potential in curved superspace imposes a restriction on the prepotential structure of minimal supergravity. Namely its chiral compensator becomes special chiral superfield expressed in terms of real prepotential (rather than through the complex prepotential as in the case of generic chiral superfield) [21]. Such a special minimal supergravity was found in [23], discussed in [24] and found independently and elaborated by Ovrut and Waldram [25], under the name of ’three-form supergravity’, as a supergravity formulation proper for interacting with D=4 supermembrane. In Sec. 2.4 we give a very brief review of the Wess–Zumino superfield approach to the special minimal supergravity which was elaborated in [21]; we present there the explicit expression for the variation of special minimal supergravity action which is needed to obtain the equations of the interacting system, and discuss the effect of dynamical generation of cosmological constant [28, 25].

In sec. 3 we present the superfield action for the supergravity—supermembrane interacting system, vary it with respect to the supergravity prepotentials (more precisely, extract the coefficients for the independent variations of the special minimal supergravity in the interacting action variation [21]) and find the explicit form of the supermembrane current superfields which enter the r.h.s.-s of the superfield supergravity equations of the interacting system. Sec. 4 is devoted to the study of the spacetime component equations of the interacting system which follow from the above mentioned superfield equations. The convenient WZ_{θ̂=0} gauge is described in sec. 4.1. In sec. 4.2. the essential components of the supermembrane current superfields are calculated in this gauge and it is shown that the Rarita–Schwinger equation of the interacting system does not contain the supermembrane contributions explicitly (although contains the spin connection which does contain supermembrane contributions).

The Einstein equation of the supergravity–supermembrane interacting system is obtained in sec. 4.3. where the general solution of the auxiliary field equations is also given. This contains an arbitrary constant and also a contribution proportional to the covariant version of the Heaviside step function Θ(x, x_0; x̂) multiplied by the supermembrane tension T_2. In sec. 4.4 we show that these result in the effect of dynamical generation of cosmological constant [27, 28, 29, 30, 25] and its ’renormalization’ [27, 31] in such a way that the cosmological constant values in the branches of spacetime separated by the supermembrane worldvolume are generically different. Sec. 5 contains

– 4 – discussion on the possible supersymmetric solution of the interacting system equations characterized by different value of cosmological constant in two branches of spacetime separated by the supermembrane worldvolume. We conclude in Sec. 6. Some details on the independent variations of the superfields of special minimal supergravity can be found in the Appendix.

2. Superfield supergravity and supermembrane in curved D=4, N =1 superspace 2.1 Curved superspace. Notation and conventions We denote local coordinates of curved D = 4 N = 1 superspace Σ^{(4|4)} by {Z^M } ≡ {x^μ, θ^ᾰ} , μ = 0, 1, 2, 3 , ᾰ = 1, 2, 3, 4 , (2.1) and the bosonic and fermionic supervielbein one forms of Σ^{(4|4)} by E^a = dZ^M E^a_M (Z) , E^α = dZ^M E^α_M (Z) , Ē^{α̇} = dZ^M Ē_M^{α̇}(Z) , (2.2) a = 0, 1, 2, 3 , α = 1, 2 , α̇ = 1, 2 .

Sometimes it is convenient to collect the supervielbein one forms in E^A = (E^a, E^α) = (E^a, E^α, Ē^{α̇}) = dZ^M E^A_M (Z) , (2.3) where α = 1, 2, 3, 4 can be understood as Majorana spinor index. Torsion 2–forms are defined as the covariant exterior derivatives of the bosonic and fermionic supervielbein forms T^a := DE^a = dE^a − E^b ∧ w_b^a = 1 2 E^B ∧ E^C T_{CB}^a (2.4) T^α := DE^α = dE^α − E^β ∧ w_β^α = 1 2 E^B ∧ E^C T_{CB}^α , w_β^α := 1 4 w^{ab}σ_{abβ}^α , (2.5) T^{α̇} := DE^{α̇} = dE^{α̇} − E^{β̇} ∧ w_{β̇}^{α̇} = 1 2 E^B ∧ E^C T_{CB}^{α̇} , w_{β̇}^{α̇} := 1 4 w^{ab}σ̃_{ab}^{α̇}_{β̇} , (2.6) where ω^{ab} = −ω^{ba} = dZ^M ω^{ab}_M (Z) is the spin connection one form^6, and σ^{ab}_β^α = σ^{[a}σ̃^{b]} := 1 2 (σ^aσ̃^b − σ^bσ̃^a) and σ̃^{abα̇}_{β̇} = σ̃^{[a}σ^{b]} are antisymmetrized products of the relativistic Pauli matrices, σ^a_{βα̇} = ϵ_{βα}ϵ_{α̇β̇}σ̃^{aβ̇α}. These obey

σ^aσ̃^b = η^{ab} + i 2 ϵ^{abcd}σ_cσ̃_d , σ̃^aσ^b = η^{ab} − i 2 ϵ^{abcd}σ̃_cσ_d , (2.7) where η^{ab} = diag(1, −1, −1, −1) is the Minkowski metric and ϵ^{abcd} = ϵ^{[abcd]} is the antisymmetric tensor with ϵ^{0123} = 1 = −ϵ_{0123}.

The torsion 2-forms obey the Bianchi identities DT^a + E^b ∧ R_b^a = 0 , DT^α + E^β ∧ R_β^α = 0 , DT^{α̇} + E^{β̇} ∧ R_{β̇}^{α̇} = 0 , (2.8) where R^{ab} = (dw − w ∧ w)^{ab} = 1 2 E^B ∧ E^C R_{CB}^{ab} (2.9) is the curvature 2-form, and R^{ab} =^1_2 R_{β̇}^{α̇}σ̃^{abα̇}_{β̇} −^1_2 R_β^ασ^{ab}_α^β provides its decomposition on the anti-self-dual and self-dual parts.

6dE^A = dZ^M ∧ dE^A_M (Z) = dZ^M ∧ dZ^N ∂N E^A_M (Z) and ∧ is the exterior product of the differential forms, in particular, E^a ∧ E^b = −E^b ∧ E^a, E^a ∧ E^β = −E^β ∧ E^a, E^α ∧ E^β = +E^β ∧ E^α, see [17, 21] for more detail.

– 5 –

2.2 Superfield supergravity action, superspace constraints and equations of motion The superfield action of the minimal off-shell formulation of D = 4, N = 1 supergravity [36] S_{SG} = ∫ d^8Z E := ∫ d^4xd̃^4θ sdet(E^A_M ) , (2.10)

is given by the superdeterminant (or Berezinian) of the matrix of supervielbein coefficients, E^A_M (Z) in (2.3), which obey the set of supergravity constraints. These can be collected together with their consequences in the following expressions for the superspace torsion 2-forms (2.4), (2.5) (see [17] and refs. therein) T^a = −2iσ^a_{αα̇}E^α ∧ Ē^{α̇} − 1 8 E^b ∧ E^cε^a_{bcd}G^d , (2.11) T^α := (T^{α̇})^∗ = i 8 E^c ∧ E^β (σ_cσ̃_d)_β^αG^d − i 8 E^c ∧ Ē^{β̇}ϵ^{αβ} σ_{cββ̇}R + 1 2 E^c ∧ E^b T_{bc}^α . (2.12) The main superfields, real vector G_a = (G_a)^∗ and complex scalar R = (R̄)^∗, entering (2.11) and (2.12), obey D_αR̄ = 0 , D̄_{α̇}R = 0 , (2.13) D̄α̇G_{αα̇} = −D_αR , DαG_{αα̇} = −D̄_{α̇}R̄ . (2.14) These relations can be obtained by studying the Bianchi identities (2.8), which also allow to find the expression for superfield generalization of the gravitino field strength, T_{bc}^α(Z), T_{αα̇ ββ̇ γ} ≡ σ^a_{αα̇}σ^b_{ββ̇}ϵ_{γδ}T_{ab}^δ = −^1_8 ϵ_{αβ}D̄_{(α̇|}G_{γ|β̇)} −^1_8 ϵ_{α̇β̇}[W_{αβγ} − 2ϵ_{γ(α}D_{β)}R] , (2.15) involving one more main superfield, W_{αβγ} = W_{(αβγ)} =: (W̄_{α̇β̇γ̇} )^∗. This obeys D̄_{α̇}W αβγ = 0 , D_αW̄ α̇^˙βγ̇ = 0 , (2.16) D_γ W^{αβγ} = D̄_{γ̇} D^{(α}G^{β)γ̇} . (2.17) Studying the Bianchi identities with the constraints (2.11), (2.12) one also finds that the superfield generalization of the left hand side (l.h.s.) of the supergravity Rarita–Schwinger equation reads ϵ^{abcd}T_{bc}^ασ_{dαα̇} = i 8 σ̃^{aβ̇β}D̄_{(β̇|}G_{β|α̇)} + 3i 8 σ^a_{βα̇}D^βR , (2.18) and the superfield generalization of the Ricci tensor is

R_{bc}^{ac} =^1_{32} (D^βD̄^{(α̇|}G^{α|β̇)} − D̄^{β̇}D^{(β} G^{α)α̇})σ^a_{αα̇}σ_{bββ̇} −^3_{64} (D̄D̄R̄ + DDR − 4RR̄)δ^a_b . (2.19) This suggests that superfield supergravity equation should have the form G_a = 0 , (2.20) R = 0 , R̄ = 0 . (2.21) See [17, 21] for more detail on the superfield description of minimal supergravity in the present notation.

– 6 –

Eqs. (2.20) and (2.21) can be obtained by varying the action (2.10) with respect to supervielbein obeying the supergravity constraints (2.11), (2.12) [36]. Such admissible variations are expressed through a vector parameter δH^a and complex scalar parameter δU = (δŪ )^∗ which enter the variation of the supervielbein and spin connection under the symbol of the chiral projector (D^αD_α − R̄) (see [17, 21] for more detail). They correspond to the variations of the so-called prepotentials, unconstrained superfields which appear in the general solution of the supergravity constraints. The minimal supergravity constraints are solved in terms of the axial vector superfield H^μ [37] and chiral compensator Φ [38]. This latter obeys D̄_{α̇}Φ = 0 and, hence, can be expressed as Φ = (D̄_{α̇}D̄^{α̇} − R)U with a complex unconstrained superfield U.

Thus the set of minimal supergravity prepotentials includes H^μ, U and Ū = (U)^∗ which are in one to one correspondence with the set of three independent variations δH^a, δU and δŪ = (δU)^∗ of the Wess–Zumino approach to supergravity [39, 36] producing the three superfield equations (2.20) and (2.21). In short, as it had been known already from [36], δS_{SG} = ∫ d^8ZE [ 1 6 G_a δH^a − 2R δŪ − 2R̄ δU ] . (2.22)

2.3 Supermembrane action in minimal supergravity background As it is well known, the supermembrane action [8, 11] is given by the sum of the Dirac–Nambu–Goto and the Wess–Zumino term,

S_{p=2} = 1 2 ∫ d^3ξ √ g − ∫ W^3

Ĉ_3 = −1 6 ∫ W^3 ∗Ê_a ∧ Ê^a − ∫ W^3

Ĉ_3 . (2.23)

The former is given by the volume of W^3 defined as integral of the determinant of the induced metric, g = det(g_{mn}),

g_{mn} = Ê^a_mη_{ab}Ê^b_n , Ê^a_m := ∂_mẐ^M (ξ)E^a_M (Ẑ) . (2.24)

Here ξ^m = (τ, σ^1, σ^2) are local coordinates on W^3 and Ẑ^M (ξ) are coordinates functions which determine the embedding of W^3 as a surface in target superspace Σ^{(4|4)},

W^3 ⊂ Σ^{(4|4)} : Z^M = Ẑ^M (ξ) = (x̂^μ(ξ) , θ̂^ᾰ(ξ)) . (2.25)

In the second equality of (2.23) the Dirac–Nambu–Goto term is written as an integral of the wedge product of the pull–back of the Σ^{(4|4)} bosonic supervielbein form E^a to W^3,

Ê^a = dξ^mÊ^a_m = dẐ^M (ξ)E^a_M (Ẑ) , (2.26)

and of its Hodge dual two form defined with the use of the induced metric (2.24) and its inverse g^{mn}, ∗ Ê^a := 1 2 dξ^m ∧ dξ^n √ gϵ_{mnk}g^{kl}Ê^a_l . (2.27) The second, Wess–Zumino term of the supermembrane action (2.23) describes the supermembrane coupling to a 3–form gauge potential C_3 defined on Σ^{(4|4)},

C_3 = 1 3! dZ^M ∧ dZ^N ∧ dZ^K C_{KNM} (Z) = 1 3! E^C ∧ E^B ∧ E^AC_{ABC} (Z) . (2.28)

– 7 –

Thus, to write a supermembrane action, one has to construct the 3–form gauge potential C_3 in the target superspace Σ^{(4|4)} and take its pull–back to the supermembrane worldvolume

Ĉ_3 = 1 3! dẐ^M ∧ dẐ^N ∧ dẐ^K C_{KNM} (Ẑ(ξ)) = 1 3! Ê^C ∧ Ê^B ∧ Ê^AC_{ABC} (Ẑ) = = 1 3! dξ^m ∧ dξ^n ∧ dξ^kĈ_{knm} = d^3ξϵ^{mnk}Ĉ_{knm} . (2.29) Actually, to study supermembrane in supergravity background, it is sufficient to know the field strength of the above 3–form potential, H_4 = dC_3. This should be closed, dH_4 = 0, and supersymmetric invariant 4–form. In flat superspace such a form exists and represents a nontrivial Chevalley–Eilenberg cohomology of the N = 1 supersymmetry algebra [40, 41, 42].

The minimal supergravity superspace allows for existence of two closed 4-forms

H_{4L} = −^i_4 E^b ∧ E^a ∧ E^α ∧ E^β σ_{ab αβ} −^1_{128} E^d ∧ E^c ∧ E^b ∧ E^aϵ_{abcd}R , dH_{4L} = 0 , (2.30)

and its complex conjugate H_{4R} = (H_{4L})^∗ (see [21]). Its real part,

H_4 := dC_3 = 1 4! E^{A4} ∧ ... ∧ E^{A1} H_{A1...A4} (Z) = H_{4L} + H_{4R} , (2.31)

is also closed and provides the 4–form field strength associated to the Wess–Zumino (WZ) term of the supermembrane action in the minimal supergravity background [25], ∫ W^3 C3 in (2.23). Indeed,

the WZ term can also be defined as an integral of the closed 4 form H_4, related to C_3 by H_4 = dC_3, over some four dimensional space W^4 the boundary of which is given by the supermembrane worldvolume W^3, ∫ W^3

C_3 = ∫ W^4 : ∂W^4=W^3

H_4 . (2.32)

The condition that the form H_4 is closed, dH_4 = 0, guaranties that the integral ∫ W^4 H4 is indepen-

dent on the choice of W^4 and, thus, is related to the supermembrane worldvolume W^3.

The fact that the knowledge of H_4 is completely sufficient for studying the properties of closed supermembrane in a supergravity background is related to that in this case the only dynamical variables are the supermembrane coordinate functions Ẑ^M (ξ), that the action is written in term of pull–back of differential forms to W^3, and that the variation of the differential form with respect to the coordinates can be calculated with the use of the Lie derivative formula, in particular δ_{δZ} C_3 = i_{δZ} H_4 + di_{δZ} C_3 =^1_{3!} E^{A4} ∧ ... ∧ E^{A2} δZ^M E^{A1}_M H_{A1...A4} (Z) + d(1/2E^C ∧ E^B δZ^M E^A_M C_{ABC} (Z)).^7 The supermembrane equations of motion in the minimal supergravity background, which are obtained by varying the action (2.23) with respect to the coordinate functions δẐ^M (ξ),

δS_{p=2} = ∫ W^3 ( 1 2 M_{3a}E_M^a(Ẑ) + iΨ_{3α}E_M^α(Ẑ) + iΨ_{3α̇}E_M^{α̇}(Ẑ) ) δẐ^M (ξ) , (2.33)

read M_{3 a} := D ∗ Ê_a + iÊ^b ∧ Ê^α ∧ Ê^βσ_{abβα} − iÊ^b ∧ ^̄E^{α̇} ∧ ^̄E^{β̇}σ̃_{abβ̇α̇} − − 1 8 Ê^b ∧ Ê^c ∧ Ê^dϵ_{abcd}(R + R̄) = 0 (2.34)

7For closed supermembrane ∂W^3 = ∅ so that ∫ W 3 dα2 = ∫ ∂W 3 α2 = 0 for any 2-form α2, including for α2 = iδZ C3.

– 8 – and Ψ̄_{3α̇} := ∗Ê_a ∧ ( Ê^ασ^a_{αα̇} − (~γ̄σ^a)_{α̇β̇} ^̄E^{β̇} ) = 0 , (2.35)

Ψ_{3α} := ∗Ê_a ∧ ( σ^a_{αα̇} ^̄E^{α̇} + Ê^β(σ^a ~γ̄)_{αβ} ) = 0 , (2.36)

where the matrix γ̄_{βα̇} is defined by

γ̄_{βα̇} = ϵ_{βα}ϵ_{α̇β̇} ~γ̄^{β̇α} = i 3! √ g σ^a_{βα̇}ϵ_{abcd}ϵ^{mnk}Ê^b_mÊ^c_nÊ^d_k = −(γ̄_{αβ̇} )^∗ (2.37)

and obeys

γ̄_{βα̇} ~γ̄^{α̇α} = δ_β^α , ~γ̄^{α̇α}γ̄_{αβ̇} = δ^{α̇}_{β̇} . (2.38)

Some identities involving the above matrix are

γ̄σ̃^a = −σ^a ~γ̄ + i 3! √ g ϵ_{abcd}ϵ^{mnk}Ê^b_mÊ^c_nÊ^d_k , (2.39) ∗ Ê_aγ̄σ̃^aγ̄ = ∗Ê_aσ^a , ∗Ê_aγ̄σ̃^a = − ∗ Ê_aσ^a ~γ̄ , (2.40) 1 2 Ê^b ∧ Ê^a ∧ Ê^β σ_{abβα} = ∗Ê_a ∧ Ê^β(σ^a ~γ̄)_{βα} , (2.41) 1 2 Ê^b ∧ Ê^a ∧ ^̄E^{β̇}σ̃_{abβ̇α̇} = − ∗ Ê_a ∧ ^̄E^{β̇}(σ̃^aγ̄)_{β̇α̇} . (2.42)

They are useful, in particular, to show that the fermionic equations of motion obey the Noether identity Ψ̄_{3α̇} = Ψ^α_3 γ̄_{αα̇} reflecting the local fermionic κ–symmetry

δ_κẐ^M = κ^α(ξ)(E^M_α (Ẑ) + γ̄_{αα̇}ϵ^{α̇β̇}E^M_{β̇} (Ẑ)) (2.43)

with the local fermionic “parameter” κ^α(ξ) = (κ̄^{α̇})^∗ obeying

κ^α(ξ) = −κ̄_{α̇}(ξ)~γ̄^{α̇α} ⇔ κ̄_{α̇}(ξ) = −κ^α(ξ)γ̄_{αα̇} . (2.44)

The relation of the supermembrane κ–symmetry in curved superspace with the minimal supergravity constraints was discussed in [25]. The flat superspace limit of our equations reproduces the equations of the seminal paper [11].

2.4 3–form potential in the minimal supergravity superspace. Special minimal supergravity

Thus, as we have seen in the previous subsection, to find the equations of motion of supermembrane in supergravity background as well as to study its symmetries it is sufficient to know the closed 4-form H_4 = dC_3 in the background superspace.

However, to calculate the supermembrane current(s) describing the supermembrane contribution(s) to the supergravity (super)field equations, one needs to vary the Wess–Zumino term ∫^ C_3 of the supermembrane action with respect to the supergravity (super)fields. Thus one arrives at a separate problem of finding the variation

δC_3 = 1 3! E^C ∧ E^B ∧ E^Aβ_{ABC} (δ) (2.45)

– 9 – such that dδC_3 = δH_4 reproduces the variation of H_4 from (2.31), (2.30), written in terms of the basic supergravity variations (we refer to [21] for the explicit expression of δH_4).

Studying such a technical problem we have found [21] that it imposes a restriction on the independent variations of the supergravity prepotentials, or equivalently, on the independent parameters of the admissible supervielbein variations, thus transforming the generic minimal supergravity into a special minimal supergravity. This off–shell supergravity formulation had been described for the first time in [23], further discussed in [24] (see also latter [35]) and elaborated in [25] using the elegant combination of superfield results and the component ’tensor calculus’ approach on the line of [26].

In [21] we described this special minimal supergravity in the complete Wess–Zumino superfield formalism. Referring to that paper for technical details, we only notice that the existence of the 3- form potential imposes a restriction on the prepotential structure of minimal supergravity which in our approach manifests itself in that the basic complex variations δU and δŪ = (δU )^∗ are expressed in terms of one real variation δV , essentially δU = i 12 δV , δŪ = − i 12 δV . (2.46)

As a result, the variation of the special minimal supergravity action is essentially (see [21] and the Appendix) δS_{SG} = 1 6 ∫ d^8ZE [ G_a δH^a + (R − R̄)iδV ] . (2.47)

Hence the set of superfield equations of special minimal supergravity still includes the vector superfield equation (2.20),

G_a = 0 , (2.48)

but instead of the complex scalar superfield equations (2.21), valid in the case of generic minimal supergravity, in the case of special minimal supergravity we have only the real scalar equation

R − R̄ = 0 . (2.49)

Clearly, due to chirality of R, D̄_{α̇}R = 0, and anti-chirality of R̄, D_αR̄ = 0, the above Eq. (2.49) also implies that d(R + R̄) = 0 so that on the mass shell the complex superfield R is actually equal to a real constant, R = 4c , R̄ = 4c , c = const = c^∗ . (2.50) Using (2.19), one finds that the superfield equation (2.49) results in Einstein equation with cosmological constant

R_{bc}^{ac} = 3c^2δ_b^a . (2.51)

The value of the cosmological constant is proportional to the square of the above arbitrary constant c, which has appeared as an integration constant, so that the special minimal supergravity is characterized by a cosmological constant generated dynamically.

– 10 –

The above mechanism of the dynamical generation of cosmological constant in special minimal supergravity is the same as was observed by Ogievetski and Sokatchev [28] in their theory of axial vector superfield. In the language of component spacetime approach to supergravity the dynamical generation of cosmological constant in the special minimal supergravity was described in [25] and before it, in purely bosonic perspective in [27, 30, 31] and in the context of spontaneously broken N = 8 supergravity in [29]. We refer to [21] for more references and discussion.

3. Superspace action and superfield equations of motion for the interacting system of dynamical supergravity and supermembrane

The action for interacting system of dynamical supergravity and supermembrane reads

S = S_{SG} + T_2S_{p=2} = ∫ d^8ZE(Z) +

T_2 2 ∫ d^3ξ √ g − T_2 ∫ W^3

Ĉ_3 , (3.1)

where S_{p=2} is the same as in Eq. (2.23), the supervielbein (2.3) and the 3-form potential (2.29) are assumed to be restricted by the minimal supergravity constraints (2.11), (2.12), (2.31), (2.30). Furthermore, as we have discussed in previous sections (and in more details in [21]; see also Appendix), the existence of the 3-form potential imposes the restrictions (2.46) on the prepotentials of minimal supergravity or equivalently on the basic supergravity variations.

As a result, the superfield equations which appear as a result of variation of the interacting action (3.1) read [21]

G_a = T_2J_a , (3.2) and R − R̄ = −iT_2X (3.3)

where J_a and X = (X )^∗ are supermembrane scalar superfields. Roughly speaking, they are obtained as a result of varying the supermembrane action with respect to the prepotentials of the special minimal supergravity, this is to say as δS_{p=2}/δH^a and δS_{p=2}/δV [21], and have the form

J_a = ∫ W^3 3 Ê Ê^b ∧ Ê^α ∧ Ê^β σ_{abαβ} δ^8(Z − Ẑ) −

− ∫ W^3 3i Ê ( ∗Ê_a ∧ Ê^α + i 2 Ê^b ∧ Ê^c ∧ ^̄E_{β̇}ϵ_{abcd}σ̃^{dβ̇α} ) D_αδ^8(Z − Ẑ) + c.c −

− ∫ W^3 i 8Ê Ê^b ∧ Ê^c ∧ Ê^d ϵ_{abcd} ( DD − 1 2 R̄ ) δ^8(Z − Ẑ) + c.c. +

+ ∫ W^3 1 4Ê ∗ Ê_b ∧ Ê^b G_a δ^8(Z − Ẑ) −

− ∫ W^3 1 4Ê ∗ Ê_c ∧ Ê^bσ̃^{dα̇α} ( 3δ^c_aδ^d_b − δ^d_a δ^c_b ) [D_α, D̄_{α̇}]δ^8(Z − Ẑ) , (3.4)

– 11 – and X = 6i E ∫ W^3

Ê^a ∧ Ê^α ∧ ^̄E^{α̇} σ^a_{αα̇} δ^8(Z − Ẑ) −

− 3 2 ∫ W^3 Êb ∧ Êa ∧ Êα Ê σ^{abα} βD_βδ^8(Z − Ẑ) + c.c +

+ ∫ W^3 Êb ∧ Êc ∧ Êd 8Ê ϵ_{abcd}σ̃^{aα̇α}[D_α, D̄_{α̇}]δ^8(Z − Ẑ) +

+i ∫ W^3 ∗Ê_a ∧ Ê^a 4Ê ( DD − R̄ ) δ^8(Z − Ẑ) + c.c. +

+ ∫ W^3 1 4Ê Ê^b ∧ Ê^c ∧ Ê^dϵ_{abcd}G^a δ^8(Z − Ẑ) . (3.5)

Notice that, as a consequence of (2.14), the supermembrane current superfields obey

D̄^{α̇}J_{αα̇} = iD_αX , D^αJ_{αα̇} = −iD̄_{α̇}X . (3.6)

Although at first glance these relations look different from any of listed in [43, 44], they can be reduced to the Ferrara–Zumino multiplet [45] if one takes into account Eq. (3.3). Indeed, this states that the real superfield X in the r.h.s. of Eq. (3.6) is the sum of chiral superfield (equal to iR) and its complex conjugate, so that only the first (second) one contributes to the r.h.s. of the first (second) equation in (3.6).

The explicit form of supercurrent superfields (3.4), (3.5) was presented in [21] were one can find more detail on their derivation. The main aim of this paper is to study the spacetime (component) equations which are encoded in the superfield equations (3.2) and (3.3) with the supermembrane contributions (3.4) and (3.5).

4. Spacetime component equations of the D = 4 N = 1 supergravity–supermembrane interacting system

4.1 Wess–Zumino gauge plus partial gauge fixing of the local spacetime supersymmetry (WZ_{θ̂=0} gauge) The structure of the current superfields (3.4), (3.5) is quite complicated. So is the structure of their components. To simplify the supercurrent components which contribute to the equations of physical, spacetime component fields, we use the general coordinate invariance to fix the Wess– Zumino (WZ) gauge on supergravity superfields,

i_θE^α := θ^ᾰE_ᾰ^α = θ^α , i_θE^{α̇} := θ^ᾰE_ᾰ^{α̇} = θ̄^{α̇} , (4.1) θ^α := θ^{β̆}δ^α_{β̆} , θ̄^{α̇} := θ^{β̆}δ^{α̇}_{β̆} , (4.2)

i_θE^a := θ^ᾰE_ᾰ^a = 0 , (4.3) i_θw^{ab} := θ^{β̆}w^{ab}_{β̆} = 0 (4.4)

– 12 –

(see [17] for references and more detail) and the (pull–back to W^3 of the) local spacetime supersymmetry to set to zero the fermionic Goldstone field of the supermembrane,

θ̂^α(ξ) = 0 ⇔ θ̂^α(ξ) = 0 , ^̄θ^{α̇}(ξ) = 0 . (4.5)

A detailed discussion on this ”WZ_{θ̂=0}” gauge can be found in [15, 17, 18, 19]. We notice only few of its properties.

Firstly, in the WZ gauge (4.1), (4.3) the leading component of supervielbein matrix has a triangular form,

E_N^A|_{θ=0} = ( e^a_ν (x) ψ^α_ν (x)

0 δ_{β̆}^α ) ⇒ E_A^N |_{θ=0} = ( e^ν_a(x) −ψ^{β̆}_a (x) 0 δ_α^{β̆} ) , (4.6)

which implies, in particular, the following relation between the leading component of T_{ab}^α and the true gravitino field strength D_{[μ}ψ^α_{ν]}(x)

T_{ab}^α|_{θ=0} = 2e^μ_a e^ν_b D_{[μ}ψ^α_{ν]}(x) −^i_4 (ψ_{[a}σ_{b]})_{β̇}G^{αβ̇} |_{θ=0} −^i_4 (ψ̄_{[a}σ̃_{b]})^αR|_{θ=0} . (4.7)

Secondly, we would like to comment on symmetries leaving Eqs. (4.1)–(4.5) invariant. The WZ gauge (4.1), (4.3), (4.4) is preserved by spacetime diffeomorphisms, local Lorentz symmetry and supersymmetry. Fixing further the gauge (4.5) we break 1/2 of the local supersymmetry on the worldvolume of the supermembrane. The only restriction on the parameter of the local spacetime supersymmetry ϵ^α(x) is the condition that its pull–back to W^3, ϵ̂^α := ϵ^α(x̂(ξ)), and its complex conjugate ^̄ϵ^{α̇} := ϵ̄^{α̇}(x̂(ξ)) are related by

ϵ̂^α = ^̄ϵ_{α̇} ~γ̄^{α̇α} , (4.8)

where ~γ̄^{α̇α} is the supermembrane κ–symmetry projector (2.37) calculated with θ̂(ξ) = 0. Eq. (4.8) is tantamount to saying that the pull–back of the local supersymmetry parameter to W^3 is expressed through the κ–symmetry parameter of the supermembrane. There are no restrictions on the local supersymmetry parameter outside the supermembrane worldvolume so that the equations (4.8) can be understood as the boundary condition imposed on the supersymmetry parameter on the domain wall W^3.

4.2 Current superfields in the WZ_{θ̂=0} gauge. Current prepotentials and Rarita–Schwinger equation

In the gauge (4.1)–(4.8),

Ê^a = ê^a = dx̂^μe_μ^a(x̂) , Ê^α = ψ̂^α = dx̂^μψ_μ^α(x̂) , (4.9) and D_αδ^8(Z − Ẑ) =^1_8 θ_α θ̄θ̄ δ^4(x − x̂)+ ∝ θ^{∧4} , D̄_{α̇}δ^8(Z − Ẑ) = −^1_8θ̄_{α̇} θθ δ^4(x − x̂) + θ^{∧4} , (4.10) D^αD_αδ^8(Z − Ẑ) = −^1_4θ̄θ̄ δ^4(x − x̂)+ ∝ θ θ̄θ̄ , D̄_{α̇}D̄α̇δ8(Z − Ẑ) = −^1_4 θθ δ4(x − x̂)+ ∝ θθ θ̄ , (4.11)

[D_α, D̄_{α̇}]δ^8(Z − Ẑ) = −^1_2 θ_α θ̄_{α̇} δ^4(x − x̂)+ ∝ θ^{∧3} , (4.12)

– 13 – where θ^{∧4} := θθ θ̄θ̄ and θ^{∧3} denotes terms proportional to either θθ θ̄ or θ θ̄θ̄ (or both, which implies ∝ θθ θ̄θ̄). Using these relations and introducing the current pre-potential fields

P_a^b(x) := ∫ W^3 1 ê ∗ ê_a ∧ ê^b δ^4(x − x̂) , (4.13)

P_a(x) := ∫ W^3 1 ê ϵ_{abcd}ê^b ∧ ê^c ∧ ê^d δ^4(x − x̂) =

= e^μ_a (x) ∫ W^3 ϵ_{μνρσ} dx̂^ν ∧ dx̂^ρ ∧ dx̂^σ δ^4(x − x̂) , (4.14)

we find that the vector and scalar current superfields (3.4), (3.5) have the form

J_{αα̇}|_{θ̂=0} = θ_β θ̄_{β̇} 8 ( 3P_a^b(x)σ^a_{αα̇}σ̃^{ββ̇}_b − 2δ_α^βδ_{α̇}^{β̇}P_b^b(x)) − i (θθ − θ̄θ̄) 32 σ^a_{αα̇}P_a(x)+ ∝ θ^{∧3} (4.15) and X |_{θ̂=0} = − θσ^aθ̄ 16 P_a + i (θθ − θ̄θ̄) 16 P_a^a(x)+ ∝ θ^{∧3} . (4.16)

Using (4.15) and (4.16) one can easily check that Eqs. (3.6) are satisfied at lowest order in θ.

One also sees that there is no explicit supermembrane contributions to the Rarita–Schwinger equations of the supergravity–supermembrane interacting system which thus reads

ϵ^{μνρσ}e^a_ν (x)D_ρψ^α_σ (x) σ_{aαα̇} = 0 . (4.17)

However, such a contribution is actually present in (4.17) implicitly, hidden inside the covariant derivative. Indeed, as indicated by Einstein equation, the bosonic vielbein and the spin connection do contain some contributions from supermembrane.

4.3 Einstein equation of the supergravity–supermembrane interacting system in the WZ_{θ̂=0} gauge

The Einstein equation with supermembrane current contributions can be obtained as leading term in the decomposition of Eq. (2.19), i.e. R_{bc}^{ac}|_{θ=0} = 1 32 (D^βD̄^{(α̇|}J^{α|β̇)} − D̄^{β̇}D^{(β}J^{α)α̇})|_{θ=0} σ^a_{αα̇}σ_{bββ̇} − 3i 64 (D̄D̄X − DDX )|_{θ=0} δ^a_b + + 3 16 (RR̄)|_{θ=0} δ^a_b . (4.18)

The first two terms in the r.h.s. of Eq. (4.18) can be easily calculated from Eqs. (4.15), (4.16), while the last term, in the light of that the scalar superfield equation has the form of Eq. (3.3), is expressed in terms of (R + R̄)^2|_{θ=0} and requires a separate study. As an intermediate resume let us fix that R_{bc}^{ac}|_{θ=0 , θ̂=0} = − 3 32 T_2 ( P_b^a(x) − 1 2 δ^a_b P_c^c(x) ) + 3 64 (R + R̄)^2|_{θ=0} δ^a_b . (4.19)

– 14 –

The last term is the square of (R + R̄)|_{θ=0} which, as a result of (3.3), obeys the equation

∂_μ(R + R̄)|_{θ=0} =

T_2 16 ∫ W^3 ϵ_{μνρσ}dx̂^ν ∧ dx̂^ρ ∧ dx̂^σ δ^4(x − x̂) . (4.20)

The solution of this equation can be written in the form

R(x) + R̄(x) = 8c +

T_2 16 x∫ x_0 dx̃^μ ∫ W^3

ϵ_{μνρσ} dx̂^ν ∧ dx̂^ρ ∧ dx̂^σ δ^4(x̃ − x̂) , (4.21)

where c is an arbitrary constant which corresponds to the value of (R + R̄) at the spacetime point x^μ_0 providing the lower limit of the integral in the second term, c = (R(x_0) + R̄(x_0))/8.

One can easily check that

Θ(x, x_0|x̂) := x∫ x_0 dx̃^μ ∫ W^3 ϵ_{μνρσ}dx̂^ν ∧ dx̂^ρ ∧ dx̂^σ δ^4(x̃ − x̂) , (4.22)

entering the second term in the r.h.s. of (4.21), obeys

∂_μΘ(x, x_0|x̂) = ∫ W^3 ϵ_{μνρσ}dx̂^ν ∧ dx̂^ρ ∧ dx̂^σ δ^4(x − x̂) . (4.23)

Furthermore, using a convenient local frame in the neighborhood of the worldvolume, one can check that Θ(x, x_0|x̂) vanishes if the points x^μ and x^μ_0 are on the same side of spacetime with respect to the domain wall provided by the supermembrane worldvolume while it is equal to ±1 if these points belongs to the different branches of the spacetime separated by this domain wall. This is to say that Eq. (4.22) defines a counterpart of the Heaviside step function associated to the direction orthogonal to the supermembrane worldvolume. The last statement about association implies that Θ(x, x_0|x̂) is a functional of the supermembrane coordinate function x̂^μ(ξ). Furthermore, as in the case of the standard Heaviside step function Θ(y), we can use^8 (Θ(x, x_0|x̂))^2 = Θ(x, x_0|x̂).

Thus our solution of the auxiliary field equations (4.21) can be written as (cf. [27])

R(x) + R̄(x) = 8c +

T_2 16 Θ(x, x_0|x̂) (4.24)

and implies that Eq. (4.19) reads R_{bc}^{ac}(x) = − 3T_2 32 ( P_b^a(x) − 1 2 δ^a_b P_c^c(x) ) + 3δ^a_b ( c^2 + (( T_2 128 + c )_2 − c^2 ) Θ(x, x_0|x̂) ) , (4.25)

where P_b^a(x) is the singular contribution defined in (4.14).

8In the case of standard standard Heaviside step function this is equivalent to setting the indefinite value Θ(0) equal to 1/2. Indeed, calculating the derivative ∂y(Θ(y)Θ(y)) = 2Θ(y)δ(y) = 2Θ(0)δ(y) we find that this coincides with ∂yΘ(y) = δ(y) when Θ(0) = 1/2. In our case Θ(x, x0|x̂) is the counterpart of either +Θ(y) or −Θ(y) so that (Θ(x, x0|x̂))^2 = ±Θ(x, x0|x̂). However, by a suitable choice of the location of the point x0 with respect to W^3 one can always arrive at the situation with nonnegative Θ(x, x0|x̂). Below for simplicity we assume this choice is made.

– 15 –

4.4 Cosmological constant generation in the interacting system and its “renormalization” due to supermembrane

Let us analyze the supermembrane contribution to the Einstein equations. These can be separated in two classes, one containing singular contributions and the other containing regular contributions proportional to T_2.

Being a bit more provocative one can say about three classes, counting also the contribution proportional to square of the arbitrary integration constant c, as far as this comes from the auxiliary field sector of the special minimal supergravity, the off–shell formulation which is ’elected’ by the supermembrane. As we have already commented in sec. 2.4. and in [21], the supermembrane can exist in a background of a generic minimal supergravity, however the supermembrane interaction with dynamical supergravity requires this to be special minimal supergravity. This in its turn, even in the absence of any matter (neither of the field theoretical type nor of branes), produces Einstein equations with a cosmological constant generated dynamically. Then this cosmological constant proportional to the square of the above arbitrary integration constant c should also be considered as a(n indirect) contribution of the supermembrane to the Einstein equation.

To be more concrete, Eq. (4.25) can be written in the form R_{bc}^{ac}(x) = 3c^2δ^a_b + ∝ T_2,

R_{acb}^c(x) = η_{ab} 3c^2 + T_2 ( T^{sing}_{ab} (x) + T^{reg}_{ab} (x) ) . (4.26)

When T_2 is set to zero, it contains a nonvanishing cosmological constant contribution with Λ = −3c^2. This (AdS-type) cosmological constant is generated dynamically as far as it is proportional to the (minus) square of the arbitrary integration constant c which is inevitable in the special minimal supergravity equations due to its auxiliary field structure (see [25] and [21] for references and more discussion). In its turn, special minimal supergravity, and not generic minimal supergravity can be included into the action of the supergravity–supermembrane interacting system. In this sense the cosmological constant generated dynamically is the first ’relict’ contribution from the supermembrane to the Einstein equation of the interacting system.

The second type of the supermembrane contributions to the r.h.s. of the Einstein equation are singular terms ∝ P_c^d(x) (4.14), T^{sing}_{ab} (x) = −T_2 3 32 ( P_{ba}(x) − 1 2 η_{ba}P_c^c(x) ) = = − 3T_2 32 ∫ W^3 1 ê ∗ ê_a ∧ ê_b δ^4(x − x̂) +

3T_2 64 η_{ba} ∫ W^3 1 ê ∗ ê_c ∧ ê^c δ^4(x − x̂) (4.27)

which are expected when (super)gravity interact with supermembrane.

In the third type we collect the regular supermembrane contributions which are proportional to the supermembrane tension, T^{reg}_{ab} (x) = η_{ab}T^{reg}(x) , T^{reg}(x) = + 3T_2 64 ( T_2 256 + c ) Θ(x, x_0|x̂) . (4.28)

To appreciate the role of this contribution it is instructive to consider the Einstein equation in two pieces of the spacetime separated by the supermembrane worldvolume. Let us denote the

– 16 – half-space where Θ(x, x_0|x̂) = 1 by M^4_+ and the half-space where Θ(x, x_0|x̂) = 0 by M^4_−. Then the singular terms (4.27) do not contribute and the Einstein equation reads

M^4_+ : R_{acb}^c(x) = 3η_{ab} ( T_2 128 + c )_2

. (4.29)

M^4_− : R_{acb}^c(x) = 3η_{ab} c^2 . (4.30)

An evident observation is that, in the general case, the cosmological constants in different branches of spacetime separated by the worldvolume W^3 are different.

One also notices that the cosmological constants in M^4_+ and M^4_− coincide if c = −^{T2}_{256} . However, as far as c is an arbitrary integration constant, fixing its value is equivalent to imposing a kind of boundary conditions and we do not see any special reason to chose such boundary conditions in such a way that c = −^{T2}_{256} . Rather we should allow a generic value of c and thus accept that the cosmological constant takes different values in the branches of spacetime separated by the supermembrane worldvolume.

Notice that the solution of the Einstein equation describing membranes separating two AdS_5 spaces with different values of cosmological constants were studied in [32], as a Brane world alternative to the dark matter, and [33] in relation with the hypothesis on possible change of signature in the Brane World models. See also [34] for the related studies. In the bosonic perspective the appearance of different cosmological constants on the different sides of a domain wall interacting with gravity and a 3–form gauge field was known from [27], where it was used as a basis for a bag model for hadrons, and from [31] where this effect was proposed as a mechanism for damping the cosmological constant. Our present study indicates that the result on the different values of cosmological constant on the different sides of the supermembrane domain wall is an imminent consequence of the dynamics of the supersymmetric interacting system of the supermembrane and dynamical D = 4 N = 1 supergravity.

5. On supersymmetric solutions of the interacting system equations

When searching for purely bosonic supersymmetric solutions, setting ψ^α_μ = 0, one studies the Killing spinor equations, which appears as the conditions of supersymmetry preservation, δ_ϵψ^α_μ = 0. When starting from superfield formulation of supergravity, δ_ϵψ^α_μ can be calculated with the use of superspace Lie derivative, this is to say δ_ϵψ^α_μ = D_μϵ^α + (E^C_μ ϵ^βT_{βC}^α)|_{θ=0}. Hence, in a generic off-shell D = 4 N = 1 minimal supergravity background the Killing equations are Dϵ^α + i 8 e^c(ϵσ_cσ̃_d)_β^α G^d|_{θ=0} + i 8 e^c (ϵ̄σ̃_c)^α R|_{θ=0} = 0 (5.1)

and the complex conjugate equation. Using the superfield equations of motion (3.2), (3.3), the explicit form of the current superfields in the WZ_{θ̂=0} gauge, Eqs. (4.15), (4.16), and Eq. (4.24), we find that the Killing equation (5.1) reads Dϵ^α + i 2 e^a (ϵ̄σ̃_a)^α ( c + T_2 128 Θ(x, x_0|x̂) ) = 0 . (5.2)

– 17 –

We can split this on two Killing equations valid in two different branches of spacetime separated by the supermembrane worldvolume,

M^4_− : Dϵ^α + i 2 e^a (ϵ̄σ̃_a)^α c = 0 , (5.3)

M^4_+ : Dϵ^α + i 2 e^a (ϵ̄σ̃_a)^α ( c + T_2 128 ) = 0 . (5.4)

The supersymmetry parameter should also obey the boundary conditions (4.8) on the worldvolume W^3, which is the common boundary of M^4_+ and M^4_−,

W^3 = ±∂M^4_± : ϵ̂^α = ^̄ϵ_{α̇} ~γ̄^{α̇α} , ϵ̂^α := ϵ^α(x̂(ξ)) , ^̄ϵ_{α̇} := ϵ̄_{α̇}(x̂(ξ)) . (5.5)

The detailed study of these system of Killing spinor equations and the search for the supersymmetric solutions of the interacting system equations on their basis is an interesting subject for future. An intriguing question is whether the supersymmetric solutions of the equations of the interacting system exist in the generic case of arbitrary c corresponding to different values of cosmological constants on different sides of the supermembrane worldvolume, or supersymmetry selects some particular values of the constant c. Presently we can state that if obstructions existed, they would occur due to the singular terms with support on the worldvolume W^3, while the mere fact of different values of cosmological constant on the branches of spacetime situated on the different sides of W^3 does not prohibit supersymmetry. Indeed, let us study the integrability conditions for the Killing spinor equations in M^4_±. Applying the exterior covariant derivatives to Eqs. (5.3) and (5.4) and using the Ricci identities DDϵ^α = −^1_4 R^{ab}ϵ^βσ_{ab β}^α and the equations complex conjugate to (5.3) and (5.4), we find

M^4_− : R^{ab}ϵ^βσ_{ab β}^α = 1 4 |c|^2e^d ∧ e^c ϵ^βσ_{cd β}^α , (5.6)

M^4_+ : R^{ab}ϵ^βσ_{ab β}^α = 1 4 | |c + T^2 128 | |^2 e^d ∧ e^c ϵ^βσ_{cd β}^α . (5.7)

If we search for a purely bosonic solution preserving all the supersymmetry in M^4_− and M^4_+, Eqs. (5.6) and (5.7) should be obeyed for an arbitrary ϵ^α. This implies

M^4_− : R_{cd}^{ab} = 1 2 |c|^2δ_{[c}^aδ_{d]}^b , (5.8)

M^4_+ : R_{cd}^{ab} = 1 2 | | |c + T_2 128 | | | 2 δ_{[c}^aδ_{d]}^b , (5.9)

i.e. that M^4_± are AdS spaces with apparently different cosmological constants. One can easily check that (5.8) and (5.9) solve our equations of motion (4.30) and (4.29) and thus describe the completely supersymmetric solution of the system of the supergravity equations of the interacting system (at least) when these are considered modulo singular terms with the support on W^3.

Let us stress that such a system of equations does contain the supermembrane contributions: not only an indirect, which comes from an arbitrary cosmological constant generated dynamically due to the structure of the supergravity auxiliary fields imposed by the supergravity interaction with supermembrane (see [25] and also [27, 28, 29, 30]), but also direct, which is a shift of cosmological

– 18 – constant on one of the sides of the brane worldvolume on the value which is proportional to the supermembrane tension (see [27, 31]). Furthermore, although preserving all 4 supersymmetries in M^4_− and M^4_+, when considered as a solution of the equations of interacting system, Eqs. (5.8) and (5.9) describe the 1/2 BPS state, i.e. the state preserving 1/2 of the supersymmetry. Indeed, when considering the interacting system we have to restrict the local supersymmetry parameter by the boundary conditions (5.5) on W^3 and these clearly break 1/2 of the supersymmetry on W^3.

6. Conclusion

In this paper we have derived the complete set of spacetime component equations of motion for the interacting system of dynamical D = 4 N = 1 supergravity and supermembrane. To this end we obtain the superfield equations of motion by varying the action given by the sum of the Wess– Zumino superfield supergravity action [39, 36] and the action for supermembrane [11] in curved D = 4 N = 1 superspace. To obtain the spacetime component equations of motion we have used the Wess–Zumino gauge supplemented by partial gauge fixing of the local supersymmetry on the supermembrane worldvolume W^3 which is achieved by setting to zero the Goldstone fermion of the supermembrane, θ̂^α(ξ) = 0 (see [17, 18]). We have shown that the supermembrane current superfields simplify drastically in this ”WZ_{θ̂=0} gauge”.

Our interacting system includes the Grisaru–Siegel–Gates–Ovrut–Waldram special minimal supergravity [25], the Wess–Zumino type superspace formulation of which was developed in [21]. The Einstein equation of this supergravity includes a cosmological constant generated dynamically, i.e. expressed through (minus square of) an arbitrary integration constant c [25, 21] (see [27, 29, 30] for earlier study of this effect).

When the special minimal supergravity interacts with supermembrane, this latter produces a kind of renormalization of this cosmological constant, making its value different in the branches of spacetime separated by the supermembrane worldvolume. Namely, the Einstein equation acquires as well the supermembrane energy momentum tensor contributions. Besides singular contributions with the support on W^3, the supermembrane energy—momentum tensor contains also some nonsingular contributions proportional to a covariant version of the Heaviside step function Θ(x, x_0|x̂), which is equal either to unity, or to zero. To be more precise, the domain wall of the supermembrane worldvolume W^3, which can be defined by the equation x^μ = x̂^μ(ξ) separates the spacetime into two branches, M^4_+ and M^4_−, and the above generalized Heaviside function Θ(x, x_0|x̂), is equal to unity in (say) M^4_+ and is equal to zero in M^4_−. Then, the regular supermembrane contribution proportional to Θ(x, x_0|x̂) makes the cosmological constant in M^4_+ and M^4_− different.

In the purely bosonic interacting system of gravity, membrane and antisymmetric 3-form gauge field, such effect was described in [27, 31]. The solution of the Einstein equations describing a domain wall separating two branches of AdS space with different cosmological constants have been considered in literature [32, 33, 34], in particular in the context of the brane world alternative to the dark matter [32]. As we have shown in Sec. 5, such a configuration provides a supersymmetric solution of the system of our supergravity equations considered outside the supermembrane worldvolume W^3.

Let us stress that generically the difference of the values of cosmological constants in M^4_+ and M^4_− is proportional to the supermembrane tension T_2, while its basic value is determined

– 19 – by an arbitrary constant c and is independent on T_2. Only for the special case c = −^{T2}_{256} for which the cosmological constant is equal in the branches of spacetime separated by W^3 this value of cosmological constant is proportional to T^2_2 . However, presently we do not see any reason to prefer this solution of the interacting system equations. The supersymmetric solution for the case c = −^{T2}_{256} , when the values of the cosmological constant in M^4_+ and M^4_− coincide and are proportional to the supermembrane tension, can be found in [25].

The consistent accounting for the singular terms with the support on W^3 and the search for the solutions of interacting system equations preserving some part (≤ 1/2) of supersymmetry is an interesting subject for future study.

Another natural way to develop the results of present paper is to study the superfield Lagrangian description of the more general D = 4 interacting system including supermembrane, supergravity and matter multiplets and to compere its result with the spacetime component study of [20].

Acknowledgments. The authors are thankful José M.M. Senovilla and Paul K. Townsend for useful discussions and communications. The partial support by the research grants FIS2008-1980 from the Spanish MICINN (presently MIEyC) and by the Basque Government Research Group Grant ITT559-10 is greatly acknowledged.

Appendix: On admissible variations of superfield supergravity

The admissible variations of supervielbein of minimal supergravity superspace read [36, 17]

δE^a = E^a(Λ(δ) + Λ̄(δ)) − 1 4 E^bσ̃^{α̇α}_b [D_α, D̄_{α̇}]δH^a + iE^αD_αδH^a − iĒ^{α̇}D̄_{α̇}δH^a , (6.1)

δE^α = E^aΞ^α_a (δ) + E^αΛ(δ) + 1 8 Ē^{α̇}Rσ_{aα̇}^αδH^a , (6.2)

where

2Λ(δ) + Λ̄(δ) =^1_4 σ̃^{α̇α}_a D_αD̄_{α̇}δH^a +^1_8 G_aδH^a + 3(DD − R̄)δU (6.3)

and the explicit expression for Ξ^α_a (δ) in (6.2) can be found in [17].

The variation of the closed 4–form (2.31), (2.30) reads [21]

δH_4 = 1 2 E^b ∧ E^α ∧ E^β ∧ E^γ σ_{ab (αβ} D_{γ)}δH^a − 1 2 E^b ∧ E^α ∧ E^β ∧ Ē^{γ̇} σ_{ab αβ}D̄_{γ̇} δH^a + c.c. − − i 2 E^b ∧ E^a ∧ E^α ∧ E^β ( σ_{ab αβ} ( 2Λ(δ) + Λ̄(δ) ) + 1 4 σ_{c[a| αβ}σ̃_{|b]}^{γ̇γ} [D_γ , D̄_{γ̇} ]δH^c ) + c.c. + + i 16 E^b ∧ E^a ∧ E^α ∧ Ē^{β̇}(Rσ_{ab}σ̃_c − R̄σ_cσ̃_{ab})_{αβ̇} δH^c+ ∝ E^c ∧ E^b ∧ E^a . (6.4)

The conditions of that δH_4 can be expressed in terms of the variation of the 3–form potential δC_3,

δH_4 = d(δC_3) (6.5)

with δC_3 decomposed on the basic covariant 3–forms, as in Eq. (2.45), restrict the set of independent variations by [21] (DD − R̄)δU = 1 12 (DD − R̄) ( iδV + 1 2 D̄_{α̇}δκ̄^{α̇} ) . (6.6)

– 20 –

This is equivalent to δU = i 12 δV + 1 24 D̄_{α̇}δκ̄^{α̇} + i 24 D_αδν^α , (6.7)

where δν^α is an additional independent variation; this however does not contribute to (DD − R̄)δU and, hence, to the variations of supergravity potentials.

Factoring out the gauge transformations, we can write the variation δC_3, which produces (6.4) through (6.5), in the form (2.45) with [21] β_{αβγ} (δ) = 0 = β_{αβγ̇} (δ) , β_{αβ̇a}(δ) = iσ_{aαβ̇} δV (6.8) and β_{αβa}(δ) = −σ_{ab αβ}(δH^b + σ̃^{bγγ̇} D_γ δκ̄_{γ̇} ) , (6.9) β_{αab}(δ) = 1 2 ϵ_{abcd}σ^c_{αα̇}D̄^{α̇}δH^d + 1 2 σ_{ab α}^β D_βδV − i 4 σ̃_{ab}^{β̇}_{γ̇}D̄_{β̇}D_ακ̄^{γ̇} + i 4 σ_{ab α}^βD̄_{β̇} D_βκ̄^{β̇} , (6.10) β_{abc}(δ) = i 8 ϵ_{abcd} (( D̄D̄ − 1 2 R ) δH^d − c.c. ) + + 1 4 ϵ_{abcd}G^dδV + 1 8 ϵ_{abcd}σ̃^{dγ̇γ} [D_γ , D̄_{γ̇} ]δV − i 16 ϵ_{abcd}σ̃^{dγ̇γ} (( DD + 5 2 R̄ ) D̄_{γ̇} κ_γ − c.c. ) .(6.11)

The variation of the special minimal supergravity action reads δS_{SG} = 1 6 ∫ d^8ZE [ G_a δH^a + (R − R̄)iδV ] − − 1 12 ∫ d^8ZE ( RD_αδκ^α + R̄D̄_{α̇}δκ̄^{α̇} ) . (6.12)

Notice that the variations δκ^α and its complex conjugate (c.c.) result in equations D_αR = 0 and its c.c., which are satisfied identically due the minimal (Eq. (2.21)) or special minimal supergravity equations of motion (Eq. (2.49)). In the WZ_{θ̂=0} gauge (4.1)–(4.5) it is also relatively easy to check that δκ^α does not produce any independent equation for the physical fields of the interacting system. This observation allowed us to simplify the discussion in the main text by neglecting the existence δκ^α variation.

References

[1] M. B. Green and J. H. Schwarz, “Covariant Description Of Superstrings,” Phys. Lett. B 136 (1984) 367.

[2] J. Hughes and J. Polchinski, “Partially Broken Global Supersymmetry and the Superstring,” Nucl.

Phys. B 278 (1986) 147.

[3] J. Hughes, J. Liu and J. Polchinski, “Supermembranes,” Phys. Lett. B 180 (1986) 370.

[4] A. Achucarro, J. M. Evans, P. K. Townsend and D. L. Wiltshire, “Super p-Branes,” Phys. Lett. B 198 (1987) 441.

[5] L. Brink and J. H. Schwarz, “Quantum Superspace,” Phys. Lett. B 100 (1981) 310–312.

– 21 –

[6] J. A. de Azcarraga and J. Lukierski, “Supersymmetric Particles with Internal Symmetries and Central Charges,” Phys. Lett. B 113 (1982) 170–174; “Supersymmetric Particles In N=2 Superspace: Phase Space Variables And Hamiltonian Dynamics,” Phys. Rev. D 28 (1983) 1337.

[7] E. Bergshoeff and P. K. Townsend, “Super D-branes,” Nucl. Phys. B 490 (1997) 145–162 [hep-th/9611173].

[8] E. Bergshoeff, E. Sezgin and P.K. Townsend, Supermembranes and eleven-dimensional supergravity, Phys. Lett. B189, 75 (1987); Properties of the eleven–dimentional supermembrane theory, Ann. Phys. (NY) 185, 330 (1988).

[9] W. Siegel, “Hidden Local Supersymmetry in the Supersymmetric Particle Action,” Phys. Lett. B 128 (1983) 397.

[10] M. T. Grisaru, P. S. Howe, L. Mezincescu, B. Nilsson and P. K. Townsend, “N=2 Superstrings in a Supergravity Background,” Phys. Lett. B 162 (1985) 116.

[11] A. Achucarro, J. P. Gauntlett, K. Itoh and P. K. Townsend, World volume supersymmetry from space-time supersymmetry of the four–dimensional supermembrane, Nucl. Phys. B314, 129–157 (1989).

[12] M. J. Duff, R. R. Khuri and J. X. Lu, “String solitons,” Phys. Rept. 259, 213 (1995) [hep-th/9412184];

[13] K. S. Stelle, “BPS branes in supergravity,” hep-th/9803116. in: High Energy Physics and Cosmology 1997 (Eds: E. Gava et al.), The ICTP Series in Theoretical Physics, Vol. 14, Singapore, World Scientific, 1998, pp. 29-127 [hep-th/9803116].

[14] E. Bergshoeff, R. Kallosh, T. Ortin and G. Papadopoulos, “Kappa symmetry, supersymmetry and intersecting branes,” Nucl. Phys. B 502 (1997) 149 [hep-th/9705040].

[15] I. A. Bandos, J. A. De Azcarraga and J. M. Izquierdo, “Supergravity interacting with bosonic p-branes and local supersymmetry,” Phys. Rev. D 65 (2002) 105010 [hep-th/0112207].

[16] D. V. Volkov and V. P. Akulov, “Possible universal neutrino interaction,” JETP Lett. 16, 438 (1972);

“Is the Neutrino a Goldstone Particle?” Phys. Lett. B 46, 109 (1973).

[17] Igor A. Bandos, José A. de Azcárraga, José M. Izquierdo and Jerzy Lukierski, “D = 4 supergravity dynamically coupled to a massless superparticle in a superfield Lagrangian approach,” Phys. Rev. D67 (2003) 065003 [hep-th/0207139].

[18] I. A. Bandos and J. M. Isidro,“D=4 supergravity dynamically coupled to superstring in a superfield Lagrangian approach,” Phys. Rev. D 69, 085009 (2004) [hep-th/0308102].

[19] I. A. Bandos and J. A. de Azcárraga, “Dirac equation for the supermembrane in a background with fluxes from a component description of the D = 11 supergravity-supermembrane interacting system,” JHEP 0509, 064 (2005) [arXiv:hep-th/0507197].

[20] M. Huebscher, P. Meessen and T. Ortin, “Domain walls and instantons in N=1, d=4 supergravity,” JHEP 1006, 001 (2010) [arXiv:0912.3672 [hep-th]].

[21] I. A. Bandos and C. Meliveo, “Three form potential in (special) minimal supergravity superspace and supermembrane supercurrent,” J. Phys. Conf. Ser. 343 (2012) 012012 [arXiv:1107.3232 [hep-th]].

[22] I. A. Bandos and C. Meliveo, “Superfield equations for the interacting system of D=4 N=1 supermembrane and scalar multiplet,” Nucl. Phys. B849, 1–27 (2011) [arXiv:1011.1818 [hep-th]].

[23] M. T. Grisaru and W. Siegel, “Supergraphity. Part 1. Background Field Formalism,” Nucl. Phys. B 187 (1981) 149.

– 22 –

[24] S. J. Gates, Jr. and W. Siegel, “Variant Superfield Representations,” Nucl. Phys. B 187 (1981) 389.

[25] B. A. Ovrut and D. Waldram, “Membranes and three form supergravity,” Nucl. Phys. B506, 236-266 (1997). [hep-th/9704045]

[26] J. Wess and J. Bagger, Supersymmetry and Supergravity, Princeton University Press, 1992.

[27] A. Aurilia, D. Christodoulou and F. Legovini, “A Classical Interpretation of the Bag Model for Hadrons,” Phys. Lett. B 73 (1978) 429.

[28] V.I. Ogievetski, E. Sokatchev, “Equation Of Motion For The Axial Gravitational Superfield”, Sov.J.Nucl.Phys. 32, 589 (1980) [Yad.Fiz.32:1142-1151,1980].

[29] 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.

[30] M. J. Duff and P. van Nieuwenhuizen, “Quantum Inequivalence of Different Field Representations,” Phys. Lett. B 94 (1980) 179.

[31] J. D. Brown and C. Teitelboim, “Neutralization of the Cosmological Constant by Membrane Creation,” Nucl. Phys. B 297 (1988) 787.

[32] M. Gogberashvili, “Our world as an expanding shell,” Europhys. Lett. 49 (2000) 396–399 [hep-ph/9812365].

[33] M. Mars, J. M. M. Senovilla and R. Vera, “Signature change on the brane,” Phys. Rev. Lett. 86 (2001) 4219 [gr-qc/0012099]; “Lorentzian and signature changing branes,” Phys. Rev. D 76 (2007) 044029 [arXiv:0705.3380 [hep-th]]; Phys. Rev. D 77 (2008) 027501 [arXiv:0710.0820 [gr-qc]].

[34] S. Ansoldi, A. Aurilia, R. Balbinot and E. Spallucci, “Classical and quantum shell dynamics, and vacuum decay,” Class. Quant. Grav. 14 (1997) 2727 [gr-qc/9706081]; N. Deruelle and T. Dolezel, “Brane versus shell cosmologies in Einstein and Einstein-Gauss-Bonnet theories,” Phys. Rev. D 62 (2000) 103502 [gr-qc/0004021]; S. Ansoldi and L. Sindoni, “Shell-mediated tunnelling between (anti-)de Sitter vacua,” Phys. Rev. D 76, 064020 (2007) [arXiv:0704.1073 [gr-qc]].

[35] S. M. Kuzenko and S. A. McCarthy, “On the component structure of N = 1 supersymmetric nonlinear electrodynamics,” JHEP 0505, 012 (2005) [arXiv:hep-th/0501172].

[36] J. Wess and B. Zumino, “Superfield Lagrangian for Supergravity,” Phys. Lett. B74, 51 (1978).

[37] V.I. Ogievetsky and E. Sokatchev, Phys. Lett. B79, 222 (1978), Sov. J. Nucl. Phys. 28, 840 (1978);

31, 424 (1980); 32, 447 (1980).

[38] W. Siegel, “Solution To Constraints In Wess-Zumino Supergravity Formalism,” Nucl. Phys. B 142, 301 (1978).

[39] J. Wess, B. Zumino, “Superspace Formulation of Supergravity,” Phys. Lett. B66, 361-364 (1977).

[40] J. A. De Azcarraga and P. K. Townsend, Superspace Geometry And Classification Of Supersymmetric Extended Objects, Phys. Rev. Lett. 62 (1989) 2579.

[41] J. A. de Azcarraga, J. P. Gauntlett, J. M. Izquierdo and P. K. Townsend, “Topological Extensions of the Supersymmetry Algebra for Extended Objects,” Phys. Rev. Lett. 63 (1989) 2443-2446.

[42] J.A. de Azcárraga and J.M. Izquierdo, Lie groups, Lie algebras, cohomology and some applications in physics, Camb. Univ. Press., 1995.

[43] Z. Komargodski and N. Seiberg, From Linear SUSY to Constrained Superfields, JHEP 0909:066, 2009 [arXiv:0907.2441 [hep-th]].

– 23 –

[44] S. M. Kuzenko, “Variant supercurrent multiplets,” JHEP 1004, 022 (2010). [arXiv:1002.4932 [hep-th]]; “Variant supercurrents and Noether procedure,” Eur. Phys. J. C71, 1513 (2011). [arXiv:1008.1877 [hep-th]].

[45] S. Ferrara and B. Zumino, “Transformation Properties of the Supercurrent,” Nucl. Phys. B87, 207 (1975).

– 24 –