arXiv:hep-th/0601106 v3 7 Nov 2006

FIAN/TD/01–06

Higher Spin Conformal Currents in Minkowski Space

O.A. Gelfond^1, E.D. Skvortsov^2 and M.A. Vasiliev^2

1Institute of System Research of Russian Academy of Sciences, Nakhimovsky prospect 36-1, 117218, Moscow, Russia

2I.E.Tamm Department of Theoretical Physics, Lebedev Physical Institute, Leninsky prospect 53, 119991, Moscow, Russia

Abstract

Using unfolded formulation of free equations for massless fields of all spins

we obtain explicit form of gauge invariant higher-spin conformal conserved

charges bilinear in 4d massless fields of arbitrary spins.

1 Introduction

In this note we give an explicit form of gauge invariant higher-spin (HS) conserved currents built of 4d massless fields of all spins. To the best of our knowledge a realization of the conformal HS currents built of massless fields of all spins in the 4d Minkowski space has not been yet available in the literature in the full generality, although some particular examples of conformal HS currents built of massless fields of lower spins s ≤ 1 were considered. In particular, x-independent HS conformal currents built of massless scalar, spinor and Maxwell field were found in [1] and x-dependent HS currents built of massless scalar and spinor were found in [2]. We extend these results in two directions: we allow (i) the constituent fields to carry any spin and (ii) explicit dependence on the space-time coordinates.

Our construction is based on the unfolded formulation of dynamical equations in the form of zero-curvature equations [3] and is analogous to the construction of HS currents [4] in the generalized space-time with matrix coordinates [5, 6, 7, 8].

2 Unfolded Massless Field Equations in 4d Minkowski space

In [3, 7] it was shown that the equations for (field strengths of) massless fields of all spins in Minkowski space can be concisely formulated in the unfolded form ∂ ∂x^{aḃ} C(w, w̄|x) + ∂^2 ∂w^a∂w̄^ḃ C(w, w̄|x) = 0 . (2.1) Here w^a and w̄^ḃ are auxiliary commuting conjugated two-component spinor coordinates (a, b = 1, 2 and ȧ, ḃ = ˙1, ˙2) and x^{aḃ} are Minkowski coordinates in twocomponent spinor notations. The two-component indices are raised and lowered as follows A^a = ε^{ab}A_b , A_a = ε_{ba}A^b , ε_{ab} = −ε_{ba} , ε_{12} = 1 (2.2) and analogously for dotted indices. The relationship with the tensor notations is based on V^{aḃ} = A^ν σ^{aḃ}_ν , (2.3) where σ^{aḃ}_ν (ν = 0, 1, 2, 3) are four Hermitian 2 × 2 matrices.

The meaning of the equation (2.1) is as follows. The fields C(w, w̄|x) are assumed to be expandable in power series in w^a and w̄^ȧ C(w, w̄|x) = ∞∑ m,n=0 C_{a1...an ȧ1...ȧm} (x)w^{a1} . . . w^{an}w̄^{ȧ1} . . . w̄^{ȧm} . (2.4) The operator N_{w,w̄} = w^a ∂ ∂w^a − w̄^ȧ ∂ ∂w̄^ȧ commutes with^{∂2}_{∂wa∂w̄ȧ} . Solutions of the equation (2.1) with fixed eigenvalues of N_{w,w̄} form invariant subspaces which describe fields of different helicities h N_{w,w̄}C(w, w̄|x) = 2hC(w, w̄|x) . (2.5) The meaning of the fields C(w, w̄|x) is as follows [7]. The holomorphic fields C(w, 0|x) = ∞∑ 2s=0 C_{a1...a2s} (x)w^{a1} · · · w^{a2s} and their complex conjugates^1 C(0, w̄|x) = ∞∑ 2s=0 C_{ȧ1...ȧ2s} (x)w̄^{ȧ1} · · · w̄^{ȧ2s} 1w^a is complex conjugated to w̄^ȧ

describe, respectively, selfdual (positive helicity) and antiselfdual (negative helicity) gauge invariant on-mass-shell nontrivial combinations of derivatives of massless gauge fields of all spins s = 0, 1/2, 1, . . . ∞, where w^a ∂ ∂w^a C(w, 0|x) = 2sC(w, 0|x) and w̄^ȧ ∂ ∂w̄^ȧ C(0, w̄|x) = 2sC(0, w̄|x) . These include scalar (s = 0) c(x) = C(0, 0|x) , spinor (s = 1/2)

c_a(x) = ∂ ∂w^a C(w, 0|x) | | w=0 , c̄_ȧ(x) = ∂ ∂w̄^ȧ C(0, w̄|x) | | w̄=0 , Maxwell tensor (s = 1) c_{ab}(x) = 1 2 ∂^2 ∂w^aw^b C(w, 0|x) | | |_{w=0} , c̄_{ȧḃ}(x) = 1 2 ∂^2 ∂w̄^ȧ∂w̄^ḃ C(0, w̄|x) | | |_{w̄=0} ,

Rarita-Schwinger field strength (s = 3/2) c_{abc}(x) = 1 3! ∂^3 ∂w^a∂w^b∂w^c C(w, 0|x) | | |_{w=0} , c̄_{ȧḃċ}(x) = 1 3! ∂^3 ∂w̄^ȧ∂w̄^ḃ∂w̄^ċ C(0, w̄|x) | | |_{w̄=0} ,

Weyl tensor (s = 2) c_{abcd}(x) = 1 4! ∂^4 ∂w^a∂w^b∂w^c∂w^d C(w, 0|x) | | w=0 , c̄_ȧ˙_{bċ}˙_d(x) = 1 4! ∂^3 ∂w̄^ȧ∂w̄^ḃ∂w̄^ċ∂w̄^ḋ C(0, w̄|x) | | w̄=0 , etc.

The primary fields are those contained in C(w, 0|x) and their complex conjugates C(0, w̄|x). These are lowest order gauge invariant combinations of derivatives of massless gauge fields, which turn out to be of order [s] for a spin s field and were considered by many authors (see e.g. [9]). The descendants are described by those components of C(w, w̄|x) that depend both on w and on w̄ and therefore are expressed in terms of derivatives of the primary fields by (2.1).

The dynamical HS field equations are the following consequences of (2.1) ∂ ∂x^{aḃ} ∂ ∂w_a C(w, 0|x) = 0, ∂ ∂x^{aḃ} ∂ ∂w̄˙_b C(0, w̄|x) = 0 (2.6) for s ≠ 0 and the massless Klein-Gordon equation

∂^2 ∂x^{aḃ}∂x_a˙_b c(x) = 0 (2.7)

for s = 0 scalar (for s > 0 it is a consequence of (2.6)).

Given function C(w, w̄|0) of the spinors w^a and w̄^ȧ it uniquely reconstructs a solution of the equation (2.1) by C(w, w̄|x) = exp ( −x^{aḃ} ∂^2 ∂w^a∂w̄^ḃ ) C(w, w̄|0) . Other way around, given solution of the equations (2.1) the full dependence on w and w̄ is reconstructed as follows. The Taylor expansion gives C(w, w̄|x) = exp ( w^a ∂ ∂v^a + w̄^ȧ ∂ ∂v̄^ȧ ) C(v, v̄|x) | | |_{v=v̄=0} .

For a given helicity h ≥ 0 we obtain C(w, w̄|x) = 1 (2h)! ( w^b ∂ ∂v^b )_{2h} F_h ( w^a ∂ ∂v^a w̄^ȧ ∂ ∂v̄^ȧ ) C(v, v̄|x) | | |_{v=v̄=0} ,

where the function

F_h(r) = ∞∑ n=0 (2h)!

n!(2h + n)! (r)^n is related to the regular Bessel functions I_k(x) (see, e.g., [10]) as follows r^h (2h)!

F_h(r) = I_{2h}(2r^{12} ).

Now, using again equation (2.1), we obtain for a field with a positive helicity h

C^h(w, w̄|x) = F_h(−w^aw̄^ḃ∂_a˙_b)C^h(w, 0|x) , (2.8)

where ∂_{aȧ} =^∂_{∂xaȧ} . Analogously, one obtains for negative helicities h < 0 C^h(w, w̄|x) = F_{|h|}(−w^aw̄^ḃ∂_a˙_b)C^h(0, w̄|x) . (2.9) This reconstructs the dependence on w and w̄.

3 Higher-Spin Conformal Currents

From the equation (2.1) it follows [7] that the field equations for massless fields of all spins are sp(8) symmetric with sp(8) being a maximal finite-dimensional subalgebra of the infinite-dimensional HS symmetry. This symmetry is conformal because sp(8) contains the 4d conformal algebra su(2, 2) as a subalgebra. The infinite set of conformal HS symmetries suggests the existence of conserved HS currents.

The HS charges in Minkowski space should have the form Q(η) = ∫ Σ^3

Ω^3(η) , (3.1)

where η denotes the HS symmetry parameters, Ω^3(η) is a on-mass-shell closed 3- form dual to the conserved current, and Σ^3 is an arbitrary 3-dimensional surface in the Minkowski space-time usually identified with the space surface R^3, i.e. the Cauchy surface for the problem.

Using the unfolded form of the massless field equations it is easy to write down explicit formulae for the conserved HS charges in 4d Minkowski space. Let us consider the following 3-form in Minkowski space M^4

Ω^3(η) = (3.2) dx_{aȧ} ∧ dx^{aċ} ∧ dx^{cȧ} η_{b1...bl}˙_{bl+1...}˙_{bt}^{α1...αs} x^{b1ė1} . . . x^{blėl} x^{el+1ḃl+1} . . . x^{etḃt} T_{cċ α1...αs el+1...et ė1...ėl} , where η_{β1...βt}^{α1...αs} are arbitrary HS symmetry parameters symmetric in lower and upper indices, and the generalized stress tensor T_{α1...αn} is also symmetric. We use notation with four-component Greek indices being equivalent to a pair of dotted and undotted two-component indices, e.g., α = a, ȧ.

The form (3.2) is closed d Ω^3(η) = 0 (3.3)

provided that the generalized stress tensor T_{α1 ...αn} (x) satisfies the conservation condition ∂ ∂x^{bḃ} T^{bḃ}_{α1...αn−2} (x) = 0 . (3.4) Indeed, taking into account that the generalized stress tensor T_{α1...αn} (x) is symmetric in its indices, (3.3) is a simple consequence of the fact that dx_{aȧ} ∧ dx^a_ċ ∧ dx_c^ȧ ∧ dx^{bḃ} ∂ ∂x^{bḃ} = 1 4 dx_{aȧ} ∧ dx^a˙_b ∧ dx_b^ȧ ∧ dx^{bḃ} ∂ ∂x^{cċ} . For the case with an equal number of dotted and undotted indices among the indices α in (3.4), it amounts to the usual conservation condition for traceless symmetric tensors which is well-known to be related to conformal HS symmetries [1]. The equation (3.4) tells us however that, in the general case, all irreducible tensors of the 4d Lorentz algebra may appear as generalized HS conserved stress tensors except for those described by purely dotted (i.e., selfdual) or purely undotted (i.e., antiselfdual) components. Note that, in the tensorial language, generalized stress tensors of integer spins are described by various traceless Lorentz tensors that have symmetry properties of Young tableaux with at most two rows. The components of T_{α1...αn} (x) that do not contribute to the conserved charge are described by various two-row rectangular Young tableaux.

The key observation is that the generalized stress tensor T^{k l}_{α1...αn} (x) = ∂ ∂y^{α1} . . . ∂ ∂y^{αn} ( C^k(y|x)C^l(iy|x) )| |_{y=0} , (3.5)

where y^α = (w^a, w̄^ȧ), satisfies the conservation condition (3.4) provided that the field C^k(y|x^{aȧ}) satisfies the 4d unfolded equation (2.1). Indeed, from (2.1) it follows ∂ ∂x^{bḃ} ∂ ∂w_b ∂ ∂w̄˙_b ( C^k(y|x)C^l(iy|x) ) = − ∂ ∂w_b ∂ ∂w̄˙_b ( C^k(y|x) ∂ ∂w^b ∂ ∂w̄^ḃ C^l(iy|x) − ( ∂ ∂w^b ∂ ∂w̄^ḃ C^k(y|x))C^l(iy|x) ) = 0 .

Note that the conserved currents built of HS fields according to (3.5) contain higher derivatives. This is in agreement with the analysis of [11] as well as with the general property of HS theories that their interactions contain higher derivatives [12, 13].

4 Examples

In this section we consider some examples of conserved currents resulting from the general construction.

In terms of two-component fields, the dynamical equations (2.6), (2.7) on the (anti)selfdual components c_{a1a2...a2s} (x) and c̄_{ȧ1ȧ2...ȧ2s} (x) read ∂^{a1ȧ1} c_{a1a2...a2s} = 0, ∂^{a1ȧ1}c̄_{ȧ1ȧ2...ȧ2s} = 0. (4.1) These equations imply that space-time derivatives of the field strengths are symmetric in dotted and undotted indices separately.

The straightforward substitution of (2.8), (2.9) into (3.5) gives the generalized stress tensor that contains p derivatives acting on spin-s selfdual and spin-s^′ antiselfdual constituent fields T^{s,s′,p|k,l} a(2s+p),ȧ(2s^′+p) = j=p∑ j=0 (−)^j (2s)!(2s + p)!(2s^′)!(2s^′ + p)!

(2s + j)!(p − j)!(2s^′ + p − j)!j! ∂_{aȧ(j)}c^k_{a(2s)}∂_{aȧ(p−j)}c̄^l_{ȧ(2s}′_) , (4.2) where we use notation ∂_{aȧ(k)} ≡ ∂^k ∂x^{aȧ} . . . ∂x^{aȧ} , (4.3)

and the indices denoted by the same letter are assumed to be symmetrized (with the convention that the symmetrization is a projector, i.e. the repeated symmetrization leaves a symmetrized tensor unchanged). Analogously one can construct selfdual- selfdual T^{s,s′,p|k,l} a(2s+2s^′+p),ȧ(p) and antiselfdual-antiselfdual T s,s^′,p|k,l a(p),ȧ(2s+2s^′+p) generalized stress

tensors.

The generalized irreducible angular momentum tensors obtained from (3.2) have the form M^{s,s′,p|m,m′,n|k,l} a(2s+p−m+m^′−n),ȧ(2s^′+p+m−m^′−n) = (4.4) = T^{s,s′,p|k,l} a(2s+p−m−n)b(m)c(n),ȧ(2s^′+p−m^′−n)ḃ(m^′ )ċ(n)x b(m) ȧ(m)x ḃ(m′) a(m^′ )x cċ(n) , (4.5)

with x^{b(m)}_{ȧ(m)} ≡ m x^b_ȧ ... x^b_ȧ. For the particular case of fields of equal spins, we obtain the generalized stress tensors T^{s,s,p|k,l} a(2s+p),ȧ(2s+p) = j=p∑ j=0 (−)^j ((2s)!)^2((2s + p)!)^2 (2s + j)!(p − j)!(2s + p − j)!j!

∂_{aȧ(j)}c^k_{a(2s)}(x)∂_{aȧ(p−j)}c̄^l_{ȧ(2s)} (4.6)

and T^{s,s,p|k,l} a(4s+p),ȧ(p), T s,s,p|k,l a(p),ȧ(4s+p) corresponding to rank 2s+p symmetric traceless tensors T^{s,s,p|k,l} μ(2s+p) in the tensor notation.

Let us consider some lower-spin examples. A spin-0 massless scalar field c^k(x) satisfies the Klein-Gordon equation

∂^μ∂_μc^k(x) = 0, (4.7)

equivalent to (2.7). The HS totally symmetric conserved currents built of higher derivatives of the scalar field [1, 2] are T^{0,0,p|k,l} a(p),ȧ(p) = j=p∑ j=0 (−)^j { p! (p − j)!j! }_2 ∂_{aȧ(j)}c^k(x)∂_{aȧ(p−j)}c^l(x) . (4.8) For the particular cases of p = 1 and p = 2 we obtain the electric current

J^{k,l}_{a,ȧ} = ∂_{aȧ}c^lc^k − ∂_{aȧ}c^kc^l (4.9)

and the improved stress tensor T^{0,0,2|k,l} aa,ȧȧ = c k∂_{aȧ}∂_{aȧ}c^l − 4∂_{aȧ}c^k∂_{aȧ}c^l + ∂_{aȧ}∂_{aȧ}c^kc^l , (4.10)

which is symmetric in the (discarded) color indices. In tensor notation, these have the form J^{k,l}_μ = c^k∂_μc^l − c^l∂_μc^k (4.11) and T_{μν} = ∂_μc∂_ν c − 1 2 c∂_{μν} c − 1 4 η_{μν} ∂_λc∂^λc . (4.12)

A spin-^1_2 field ψ(x) satisfying the massless Dirac equation γ_μ∂^μψ(x) = 0 is described by c_a(x) and c̄_ȧ(x) that satisfy (4.1). Neglecting the color indices, the electric current T^12^{, 1}2^{,0} and stress tensor T^12^{, 1}2^{,1} are

T^{12 , 12 ,0}_{a,ȧ} = c_ac̄_ȧ , (4.13)

T^{12 , 12 ,1}_{a(2),ȧ(2)} = 2 ( c_a∂_{aȧ}c̄_ȧ − ∂_{aȧ}c_ac̄_ȧ ) . (4.14)

A supercurrent, which mixes spin-0 and spin-^1_2 fields, is given by T^12^{,0,1},

T^{12 ,0,1}_{aa,ȧ} = 2c_a∂_{aȧ}c − ∂_{aȧ}c_ac (4.15)

and its complex conjugate.

A massless spin-1 field, can be described by a gauge invariant field strength satisfying the Maxwell equations

∂^μF_{μν} = 0 , ∂_{[ρ}F_{μν]} = 0 . (4.16)

In terms of two-component spinors, F_{μν} is described by c_{aa} and c̄_{ȧȧ}, while the Maxwell equations have the form (4.1).

The stress tensor T_{μν} = −F_μ^σF_{σν} + 1 4 η_{μν} F^2 (4.17)

is described by T^{1,1,0} T^{1,1,0}_{aa,ȧȧ} = 4c_{aa}c̄_{ȧȧ} . (4.18) Analogously to the scalar field case, there exist totally symmetric HS conserved currents built of higher derivatives of the spin-1 field strength [1]. These are the generalized stress tensors T^{1,1,p}.

With the aid of the stress tensor T_{μν} one can construct an angular momentum tensor M_{μ,νλ} = T_{μν} x_λ − T_{μλ}x_ν (4.19)

in the case of spin-0 the corresponding spinor-tensors are M^{0,0,2|1,0,0}_{a,ȧ(3)} , M^{0,0,2|0,1,0}_{a(3),ȧ} and M^{0,0,2|0,0,1} a,ȧ . A massless spin-2 field describes the linearized gravity. The linearized gauge invariant combinations of derivatives of a linearized metric tensor are given by the linearized Riemann tensor. Its trace part is zero by virtue of Einstein equations. The nonzero traceless part is called Weyl tensor H_{μνλρ}. As a consequence of Einstein equations, the Weyl tensor satisfies differential restrictions by virtue of Bianchi identities. In terms of two-component spinors Weyl tensor is described by the selfdual component c_{abcd}(x) and antiselfdual component c̄_ȧ˙_{bċ}˙_d(x). The consequences of Einstein equations have the form (4.1).

It is well-known that there is a conserved current called Bel-Robinson tensor [14], [15] that is bilinear in Weyl tensor. In terms of tensors, it has the form T_{μνλρ} = H_{μσνη} H_λ^σ_ρ^η +^∗H_{μσνη}^∗H_λ^σ_ρ^η, (4.20) where the Hodge star ∗ denotes the dualization by virtue of the Levi-Civita tensor ε_{μνλρ}. In terms of two component spinors the Bel-Robinson tensor is described by T^{2,2,0}, having the simple form

T^{2,2,0}_{a(4),ȧ(4)} = (4!)^2c_{a(4)}c̄_{ȧ(4)} . (4.21)

Higher symmetric generalized strength tensors built of the Weyl tensor are given by the formula (4.6) with s = 2.

5 Conclusion

Although the obtained list of conserved currents is infinite it does not reproduce some of the expected symmetry generators and as such is incomplete. This is not surprising because even ordinary conserved currents like stress tensor and electric charge for higher spins are not in the presented class of gauge invariant currents. Indeed, it is well-known that the energy-momentum conservation in gravity is described in terms of gauge non-invariant pseudo-tensor [17] which, however gives rise to gauge invariant total energy and momentum conservation laws at the level of free fields. The same happens for all higher spins [11, 18, 19]. The reason is simply that the gauge invariant tensors C(w, w̄|x) contain at least s derivatives of a spin-s gauge potential and therefore can only appear in the conserved currents which themselves carry sufficiently high spins.

The system of higher spin fields of all spins is sp(8) invariant. [5, 7]. The pattern of the symmetry parameters and corresponding conserved currents in twocomponent spinor notations is as follows: generalized translations have symmetry parameters η^{aȧ}, η^{aa}, η^{ȧȧ} and conserved currents T^{k,l}_{a,ȧȧȧ}, T^{k,l}_{aaa,ȧ}, T^{k,l}_{aa,ȧȧ}. Generalized Lorentz boosts and dilatation have symmetry parameters η_b^a, η˙_b^a, η_b^ȧ, η˙_b^ȧ and conserved currents T^{k,l}_{aa,ȧḃ}x^{bḃ}, T^{k,l}_{aab,ȧ}x^{bḃ}, T^{k,l}_{a,ȧȧḃ}x^{bḃ}, T^{k,l}_{ab,ȧȧ}x^{bḃ}. Generalized special conformal transformations have symmetry parameters η_{bb}, η_b˙_b, η˙_b˙_b and conserved currents T^{k,l}_{a,ȧḃḃ}x^{bḃ}x^{bḃ}, T^{k,l}_{ab,ȧḃ}x^{bḃ}x^{bḃ}, T^{k,l}_{abb,ȧ}x^{bḃ}x^{bḃ}. The list of generators of this type (which includes the generators of the usual conformal algebra su(2, 2) ⊂ sp(8)) that can be constructed in terms of invariant higher spin tensors is quite short T^{k,l}_{aa,ȧȧ} = c^k∂_{aȧ}∂_{aȧ}c^l − 4∂_{aȧ}c^k∂_{aȧ}c^l + ∂_{aȧ}∂_{aȧ}c^kc^l ; 4c_{aa}c̄_{ȧȧ} ; 2 ( c_a∂_{aȧ}c̄_ȧ − ∂_{aȧ}c_ac̄_ȧ ) , (5.1) T^{k,l}_{aaa,ȧ} = 2 ( c_a∂_{aȧ}c̄_ȧ − ∂_{aȧ}c_ac̄_ȧ ) ; 6c^k_{aaa}c̄^l_ȧ , (5.2)

T^{k,l}_{a,ȧȧȧ} = 6c̄^l_{ȧȧȧ}c^k_a ; 6c̄^l_{ȧȧ}∂_{aȧ}c^k − 2∂_{aȧ}c̄^l_{ȧȧ}c^k (5.3)

and obviously incomplete because the sp(8) symmetry mixes fields of all spins while the generators (5.1), (5.2) and (5.3) do not contain higher spin fields at all. It remains to be investigated whether it is possible to complete the list of higher spin conserved currents presented in this paper by the higher spin pseudotensors which may not be gauge invariant but allow for the construction of invariant conserved charges.

Finally let us note that the formula for conformal HS currents presented in this paper is analogous to the formula of [4, 16] for conserved HS currents in the tendimensional space-time M_4 suggested for the description of 4d massless HS fields in [5, 7, 8]. In fact, the expression (3.5) for T^{k l}_{α1...αn} (y|x^{aȧ}) is the reduction to the Minkowski space of the generalized stress tensor [4] T^{k l}_{α1...αn} (y|X^{αβ}), where X^{αβ} are symmetric matrix coordinates of M_4. The conservation condition (3.4) is also the reduction of the conservation condition in M_4. The explicit relationship between the two constructions, which requires an appropriate integration over a noncontractible cycle in M_4 remains to be elaborated, however.

Acknowledgments

The work was supported in part by grants RFBR No. 05-02-17654, LSS No. 1578.2003-2 and INTAS No. 03-51-6346.

References

[1] D. Anselmi, Class. Quant. Grav. 17 (2000) 1383, hep-th/9906167. [2] S.E. Konstein, M.A. Vasiliev and V.N. Zaikin, JHEP 0012 (2000) 018,

hep-th/0010239.

[3] M.A. Vasiliev, Phys. Let. B209 (1988) 491, Ann. of Phys. 190 (1989) 59. [4] M.A. Vasiliev, Russ. Phys. J. 45 (2002) 670 (Izv. Vuzov, Fizica 45 (2002) N7 23), hep-th/0204167.

[5] C.Fronsdal, Massless Particles, Ortosymplectic Symmetry and Another Type of Kaluza-Klein Theory, Preprint UCLA/85/TEP/10, in Essays on Supersymmetry, Reidel, 1986 (Mathematical Physics Studies, v.8);

[6] Bandos, J.Lukierski and D.Sorokin, Phys. Rev. D61 (2000) 045002,

hep-th/9904109.

[7] M.A. Vasiliev, Phys. Rev. D66 (2002) 066006, hep-th/0106149. [8] M.A. Vasiliev,“Relativity, Causality, Locality, Quantization and Duality in the Sp(2M) Invariant Generalized Space-Time”, hep-th/0111119.

[9] S. Weinberg, Phys. Rev. 133 (1964) B1318.

[10] H.Beitman and A.Erdelyi, “Higher transcendental functions”, New-York Toronto London MC Graw-Hill Book Company, inc. (1953).

[11] S. Deser and A. Waldron, “Stress and Strain: T^{μν} of Higher Spin Gauge Fields”, BRX-TH-535 (2004), hep-th/0403059.

[12] A.K. Bengtsson, I. Bengtsson and L. Brink, Nucl. Phys. B227 (1983)31, 41;

F.A. Berends, G.J. Burgers and H. van Dam, Z. Phys. C24 (1984) 247; Nucl.

Phys. B260 (1985) 295;

A.K.H. Bengtsson and I. Bengtsson, Class. Quant. Grav. 3 (1986) 927. [13] E. S. Fradkin and M. A. Vasiliev, Phys. Lett. B189 (1987) 89, Nucl. Phys.

B291 (1987) 141.

[14] L. Bel, CR Acad. Sci. Paris 247 (1958) 1094, 248 (1959) 1297;

I. Robinson, unpublished Kings College Lectures (1958) , Class. Quant. Grav. 14 (1997) 4331.

[15] S. Deser, Gen. Rel. Grav. 8 (1977) 573; in Gravitation and Geometry, W.

Rindler and A. Trautman, eds. (Bibliopolis 1987); S. Deser and Z. Yang, Class. Quant. Grav. 7 (1990) 1491.

[16] O. A. Gelfond, M. A. Vasiliev, Theor.Math.Phys. 145 N1 (2005) 35,

hep-th/0304020.

[17] L.D. Landau and E.M. Lifshitz, The classical theory of fields (Addison-Wesley, Reading, MA, 1962) 2nd ed.

[18] S. Deser and J.M. McCarthy, Class. Quant. Grav. 7 (1990) L119. [19] R.A. Arnowitt and S. Deser, Nucl. Phys. 49 (1963) 163.