arXiv:0905.0547v1 [math-ph] 5 May 2009

ULB-TH/09-08, Preprint ESI 2141 (2009)

A Poincaré lemma for sigma models of AKSZ type

Glenn Barnich^{a,∗} and Maxim Grigoriev^b

aPhysique Théorique et Mathématique, Université Libre de Bruxelles and International Solvay Institutes, Campus Plaine C.P. 231, B-1050 Bruxelles, Belgium

bTamm Theory Department, Lebedev Physics Institute, Leninsky prospect 53, 119991 Moscow, Russia

ABSTRACT. For a sigma model of AKSZ-type with target space a Q-manifold, we show that the cohomology in the space of local functionals of the differential associated to the BV master action is locally isomorphic to the cohomology of Q in target space. An analogous result is shown to hold for the cohomology in the space of functional multivectors. Applications in the context of the inverse problem of the calculus of variation for gauge systems are briefly discussed.

∗Research Director of the Fund for Scientific Research-FNRS (Belgium).

2 BARNICH, GRIGORIEV

Contents

1 Introduction 3

2 AKSZ construction 5 2.1 BRST differential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2 Bracket and BV master action . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.3 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Generalities on jet-spaces and local BRST cohomology 9 3.1 Horizontal complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 3.2 BRST differential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 3.3 Local BRST cohomology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 3.4 BRST cohomology for functional multivectors . . . . . . . . . . . . . . . . . . . 11

4 Local BRST cohomology for AKSZ-type sigma models 13 4.1 Cohomology of space-time part . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 4.2 Cohomology of complete differential . . . . . . . . . . . . . . . . . . . . . . . . 14 4.3 Cohomology for functional multivectors . . . . . . . . . . . . . . . . . . . . . . 16

5 Functional multivectors, symmetries and generalized Poisson structures 17 5.1 Applications of BRST cohomology for functional multivectors . . . . . . . . . . 17 5.2 Consequences for AKSZ-type sigma models . . . . . . . . . . . . . . . . . . . . 20

Acknowledgments 21

1 Introduction

The Batalin-Vilkovisky formalism has originally been devised as a means to control gauge symmetries during perturbative quantization of systems with a complicated gauge algebra [1, 2, 3, 4, 5] (see e.g. [6, 7] for reviews). In this context, some questions of physical interest, such as the classification of divergences or anomalies arising during renormalization can be efficiently reformulated in terms of “local BRST cohomology”, i.e., the cohomology groups of the antifield-dependent BRST differential in the space of local functionals^1 (see e.g. [10, 11] for reviews). On the classical level, these groups control the deformation theory for gauge systems and encode generalized global symmetries and conservations laws.

Even though the BV master action is usually constructed using an algorithmic procedure with input a classical action and a generating set of gauge symmetries, it is sometimes more natural to define a theory directly in terms of a master action. This is the case for instance for gauge field theories associated to BRST first quantized systems (see e.g. [12] for a review), such as open string field theory or higher spin gauge fields [13, 14, 15, 16].

Another class of models that falls into this category are AKSZ sigma models [17], for which the master action on the space of maps is directly constructed out of the geometrical data of the base and target manifolds. In the AKSZ case, the target space is a QP manifold, a supermanifold equipped with a graded symplectic structure and a compatible homological vector field. We will restrict ourselves here to the case where the base space is ΠT X_0, the tangent space to a manifold X_0 with shifted parity of the fibers equipped with the de Rham differential.

In the context of massless higher spin gauge fields, and in particular in the so-called unfolded formulation [18, 19, 20, 21], the focus is in a first stage on the equations of motion, whether they derive from an action principle or not. When translated in BRST language, this amounts to defining a theory through a differential which is not necessarily generated through the adjoint action of a master action in an appropriate antibracket. For the AKSZ construction, this means that one is mainly interested in the Q structure and forgets about the P structure. Such non-Lagrangian AKSZ-type sigma models are directly related to a BRST extended version of the non-linear unfolded formalism [22, 23].

In the same way as in the applications to soliton equations or quantum field theory, algebraic control on the space of maps for sigma models can be achieved in the context of the formal variational calculus, where derivatives of fields are considered as independent

1With perturbative quantum field theory in mind, one might be tempted to use the gauge fixed, onshell nilpotent BRST differential. Why it is far more transparent to fix the gauge through a canonical transformation while keeping the antifields instead of reducing to a Lagrangian submanifold when taking locality into account is explained in [8, 9].

coordinates on so-called jet-spaces and local functionals are quotients of horizontal nforms modulo exact ones (see e.g. [24, 25, 26] for reviews).

The purpose of this paper is to show that, in a coordinate neighborhood, the local BRST cohomology for Lagrangian and non-Lagrangian AKSZ-type sigma models, and thus also for BRST extended unfolded models, is isomorphic to the Q-cohomology in target space.

The result that, locally, the field theoretic BRST cohomology is isomorphic to target space cohomology can be extended to the cohomology computed in the space of functional multivector. These cohomology groups become important in the non-Lagrangian setting. For instance, they control consistent deformations and global symmetries in this context. We also show that the cohomology for higher multivectors controls weak Poisson structures and their counterparts in the Lagrangian formalism known as Lagrange structures [27, 28]. They are therefore relevant for the inverse problem of the calculus of variations applied to gauge systems.

The drastic simplification of the field theoretic cohomology is not really surprising in view of the structure of the BRST differential for AKSZ sigma models. Nevertheless, the precise isomorphism that we have established gives concrete meaning to the notion of background independence for non-Lagrangian AKSZ-type sigma models.

More interesting is the global situation with non trivial topology. In a global approach, it is known how the cohomology of the bundle of target over base space is reflected in the cohomology of the variational bicomplex [29, 24]. What one then needs to analyze is how this latter cohomology affects the so-called descent equations that are used to compute the BRST cohomology in the space of local functionals from the cohomology in the space of horizontal forms. An elementary example of this interplay has been given in the context of Einstein gravity, where the target space has non trivial topology due to the determinant condition on the metric [30]. The appropriate framework to address this global question is likely to be the C-spectral sequence by Vinogradov (see [31, 32, 33, 34] and references therein). We plan to return to the global question elsewhere.

Let us end this introduction by briefly reviewing related literature. The first AKSZ sigma model for which local BRST cohomology has been explicitly computed and shown to reduce to a cohomology problem in target space is Chern-Simons [35, 36, 37] (see also [38, 11]).

For general AKSZ sigma models, we have followed in our paper the general strategy proposed for BF theory in [39, 40] and reviewed in [10]. The proof in these papers is, however, incomplete as the contractible pairs have not been correctly identified. The correct identification has been discussed in details using Young diagrams in [41], although in a slightly different context: these authors considered the gauge part of models involving form-fields, whereas here we need to apply their results to the linear part of the antifielddependent BRST differential.

In the non-linear unfolded off-shell formalism, it has been shown in [23] that the Qcohomology in target space gives rise to interesting field theoretic invariants like actions and conserved charges (see also [22]). From this perspective, what we have shown here is in some sense the inverse statement: all field theoretic invariants which can be represented as BRST cohomology classes in the space of local functionals in the fields and their spacetime derivatives arise from Q-cohomology in the case of AKSZ type sigma models.

While completing this paper, we came across reference [42], where a reduction of the BV formalism for AKSZ sigma models to source cohomology is discussed along different lines. The assumptions underlying our main result amount to restricting the source cohomology to just the volume form. The result can then be understood as a concrete proof that, for AKSZ sigma models, this reduction does indeed occur in cohomology, or in other words, that there is a quasi-isomorphism between the classical field theoretic BV formalism and the classical BV formalism in target space. From a technical point of view, this concrete proof is possible because in the jet-space approach, there is precise algebraic control over the space of maps.

As said above, it would be interesting to extend this concrete proof to the case of non trivial topology. Concerning the quantum BV formalism, it is clear from renormalization theory that the coupling constants need to play an active role in a precise, non formal, definition of the field theoretic Δ-operator. How this can done on the level of cohomology is discussed in [43, 44].

2 AKSZ construction

2.1 BRST differential

The construction of the field theoretic BRST differential on the space of maps from differentials in base and target space is briefly recalled.

Consider two Q manifolds, i.e., supermanifolds equipped with an odd nilpotent vector field [45]. The first, called the base manifold, is denoted by X. It is equipped with a grading gh_X and its odd nilpotent vector field is denoted by d, gh_X(d) = 1. Furthermore, the existence of a volume form dμ preserved by d is also assumed. As implied by the notation, the basic example for X is the odd tangent bundle ΠT X_0 to some manifold X_0 which has a natural volume form and is equipped with the de Rham differential. We restrict ourselves to this case below. If x^μ and θ^μ are coordinates on X and the fibres of ΠT X_0 respectively, the differential and the volume form are given explicitly by d = θ^μ ∂ ∂x^μ , dμ = dx 0 . . . dx^{n−1}dθ^{n−1} . . . dθ^0 ≡ d^nxd^nθ , n = dim X_0 . (2.1)

The second supermanifold, called the target manifold, is denoted by M and equipped with another degree gh_M. The odd nilpotent vector field is denoted by Q and gh_M(Q) = 1.

Consider then the manifold of maps from X to M.^2 This space is naturally equipped with the total degree gh(A) = gh_M(A) + gh_X(A) and an odd nilpotent vector field s, gh(s) = 1. Using local coordinates x^μ, θ^μ on X and Ψ^A on M the expression for s is given by s = ∫ X d^nxd^nθ [ dΨ^A(x, θ) + Q^A(Ψ(x, θ)) ] δ δΨ^A(x, θ) . (2.2)

Vector field s can be considered as the BRST differential of a field theory on X_0 and the construction described above is the non-Lagrangian part of the AKSZ approach. Indeed, the field space, BRST differential, and ghost grading determine a gauge field theory for which the physical fields can be identified with those carrying ghost number zero, while the equations of motion, gauge symmetries, and higher structures of the gauge algebra are encoded in the BRST differential s^3.

2.2 Bracket and BV master action

The construction of the field theoretic bracket on the space of maps from a target space (odd) Poisson bracket is recalled.

In the case where the target manifold M is in addition equipped with a compatible (odd) Poisson bracket { · , · }_M and Q = {S, · }_M is generated by a master function S, i.e., a function satisfying the classical master equation^1_2 {S, S}_M = 0, one can construct a functional S on the space of maps that can be interpreted either as the BV master action or the BRST charge of the BFV Hamiltonian approach^4 of the field theory on X_0.

More precisely, let E^{AB} = { Ψ^A, Ψ^B } M be an (odd) Poisson bivector for the bracket { · , · }_M. The associated bracket on the space of maps is given by {F , G} = (−1)^{(|F |+n)n} ∫ d^nxd^nθ ( δRF δΨ^A(x, θ) E AB (Ψ(x, θ)) δG δΨ^B(x, θ) ) . (2.3)

Here F = F [Ψ], G = G[Ψ] are functionals on the space of maps. If the bracket on M carries Grassmann parity κ and ghost number k, parity and ghost number of the functional Poisson bracket are given respectively by κ + n mod 2 and k + n. There is a natural map from target space functions to functionals on the space of maps: given a target space function f one defines I(f) = ∫ X Ψ^∗f = ∫ d^nxd^nθ f(Ψ(x, θ)) , (2.4) 2More generally, one could of course consider the space of sections of a bundle over X with fibers isomorphic to M.

3See e.g. [46] for a review and [47] for further developments in the non Lagrangian context. 4The latter identification for an odd S of ghost number 1 was proposed in [48]. We follow the conventions from this reference for brackets and functional derivatives.

where Ψ^∗f is the pull-back of f on M to X by the map Ψ. The map I is compatible with the differentials in the sense that I(Qf) = sI(f) , (2.5) when the map Ψ is of compact support. Moreover, I is a homomorphism of graded Lie superalgebras I({f, g}_M) = ∫ X {I(f), I(g)} , (2.6) provided one shifts by n = dim X_0 the ghost number and the Grassmann parity for functions on M in order to make I compatible with the gradings.

If in addition the bracket { · , · }_M is non degenerate, i.e., if M is equipped with a symplectic structure E_{AB} determined by E_{AB} E^{BC} = δ^C_A and a symplectic potential V_A can be defined through E_{AB} = (∂_AV_B − (−1)^{|A||B|}∂_B V_A)(−1)^{|B|(|E|+1)}, the functional vector field induced by d is Hamiltonian. Combining this with the Hamiltonian induced by S, one obtains the functional,

S[Ψ] = ∫ d^nxd^nθ [( dΨ^A(x, θ) ) V_A(Ψ(x, θ)) + S ( Ψ(x, θ) )] , (2.7) 1 2 {S, S} = 0 , (2.8)

so that s = {S, · }. Parity and ghost number of S are |S| = |S| − n mod 2 and gh(S) = gh(S) − n. In particular, if |S| = gh(S) = 0, functional S is to be interpreted as a BV master action, while if |S| = gh(S) = 1, functional S becomes the BRST charge of a field theory on X_0.

This approach was originally proposed in [17] as a method for constructing the BV formulation of topological sigma models. Further developments can be found in [49, 48, 50, 51, 52, 53, 54] and references therein.

2.3 Examples

Some standard and not so standard examples of AKSZ sigma models are briefly reviewed.

Chern-Simons theory

The first example of an AKSZ sigma model discussed in [17] is Chern-Simons theory. It corresponds to taking M = ΠG where G is a Lie algebra equipped with an invariant non degenerate metric g_{ab}. This metric determines a non degenerate Poisson structure on ΠG. The AKSZ construction then gives the standard BV master action for the Chern-Simons theory provided one takes X_0 to be a 3-dimensional manifold.

Note that the BRST differential is well defined for X_0 of any dimension and does not require an invariant bilinear form. Such a BRST differential describes the zero-curvature equations for a G-connection and its natural gauge symmetry.

Poisson sigma model

The Poisson sigma model [55, 56] can also be formulated in the AKSZ framework [49]. As a target space, one takes M = ΠT^∗N, with N a Poisson manifold. If X^i, C_i are local coordinates on M, the QP structure is determined by { X^i, C_j } M = δ^i_j , Q = {S, · }_M , S = 1 2 C_iα^{ij}(X)C_j , where α^{ij}∂_i ∧∂_j is a Poisson bivector. The homological vector field Q defines the Poisson cohomology on M. As a spacetime, one takes a 2 dimensional manifold X_0. The associated AKSZ master action is then the standard BV master action for the Poisson sigma model.

BF theories

For BF theories, the base space is X = ΠT X_0 where X_0 is an n-dimensional manifold. The target space is M = ΠT^∗(ΠG) for even n and M = T^∗(ΠG) for odd n with its canonical odd (even) symplectic structure. Using the standard coordinates c^a, b_a on M, with gh(c^a) = 1, gh(b_a) = n − 2, the QP structure is determined by { b_a, c^b } M = δ^b_a , Q = { 1 2 b_af^a_{bc}c^bc^c, · } M . (2.9)

Note that the bracket carries ghost number 1 − n so that it induces the standard BV antibracket on the space of maps. That the associated AKSZ master action is indeed the standard master action for non-abelian BF theory follows in particular from the fact that in ghost number zero, the field content consists of 1-forms and n − 2-forms.

Hamiltonian BFV systems with vanishing Hamiltonian

Let us take as M the extended phase space of the Hamiltonian BFV formulation of a first class constrained system [57, 58, 59] (see also [60]). Such a system is described by a phase space M, with coordinates Ψ^A and a symplectic structure with potential V_A, an associated non degenerate Poisson structure { · , · }_M, a BRST charge Ω and a BRST invariant Hamiltonian H. The associated BV formulation is governed by a master action that can be directly constructed out of Ω and H [61, 62, 63, 64]. It was shown in [48] that, in the case of vanishing Hamiltonian H, it is an AKSZ sigma model with target space the symplectic manifold M, target space differential generated by the BRST charge, Q = {Ω, · } and base space X_0 a “time” line. The master action can be written as S = ∫ dtdθ [( dΨ^A(t, θ) ) V_A(Ψ(t, θ)) + Ω ( Ψ(t, θ) )] , (2.10)

where d = θ^∂_{∂t} . From this point of view, a general AKSZ sigma model appears simply as a multi-dimensional generalization of this example.

The original BFV formulation has been constructed with quantization in mind. Another class of AKSZ-type sigma models can be associated with such quantum systems. More precisely, the target space Q-structure is determined by the BRST operator and the operator superalgebra of the quantum constrained system. The typical example is given by higher spin fields as background fields for a quantized scalar particle [65].

3 Generalities on jet-spaces and local BRST cohomology

3.1 Horizontal complex

The definition of local functions, the horizontal complex and of local functionals are recalled.

Consider a graded vector space F with coordinates z^α, α = 1, . . . , m. They include both “fields” and antifields. The Z grading is denoted by gh (“ghost number”). For simplicity we assume here that the Grassmann parity, denoted by | · | is just gh modulo 2. Consider further the space X_0 ∼= R^n (“spacetime”) with coordinates x^μ, and the jet-bundle associated to F × X_0^π→ X_0, with coordinates x^μ, z^α_{(μ)}. Local functions are functions of x^μ and z^α_{(μ)} that depend on the derivatives z^α_{(μ)} up to some finite order^5, where gh(x^μ) = 0, gh(z^α_{(μ)}) = gh(z^α) and |z^α_{(μ)}| = |z^α|. The complex Ω^{∗,∗} of horizontal forms ω = ω(x, dx, [z]) involves forms in dx^μ with coefficients that are local functions. As by now standard, we identify dx^μ with θ^μ which are taken to anticommute with the odd elements among z^α_{(μ)}. The horizontal differential is d_H = θ^μ∂_μ where the total derivative is defined by ∂_μ = ∂ ∂x^μ + z α μ ∂ ∂z^α + · · · = ∂ ∂x^μ + z α μ(ν) ∂^S ∂z^α_{(ν)} . (3.1)

We assume that horizontal forms can be decomposed into field/antifield independent and dependent parts, ω = ω(x, θ, 0) + ^ω(x, θ, [z]). The complex involving the latter is denoted by ^Ω^{∗,∗}. A standard result (see e.g. [24, 25, 26]) is that the cohomology of this

5We follow the conventions of [24] for multi-indices and their summation. A summary can be found for instance in Appendix A of [66].

complex is trivial in form degrees less than n,

H^k(d_H , ^Ω) = 0, for 0 ⩽ k < n. (3.2)

The space of local functionals ^F^∗ is then defined as the quotient space ^Ω^{∗,n}/ d_H ^Ω^{∗,n−1}. The projection from a representative ω^{g,n} ∈ ^Ω^{g,n} to an element of the quotient space is often denoted by the integral sign, ^F^g ∋ [ω^{g,n}] = ∫ ω^{g,n}. (3.3) Euler Lagrange derivatives^6 are defined by δω^{g.n} δz^α = ∂ω^{g,n} ∂z^α − ∂^μ ∂ω^{g,n} ∂z^α_μ + · · · = (−) |μ|∂_{(μ)} ∂^S ω^{g,n} ∂z^α_{(μ)} . (3.4)

A crucial property is that ∫ ω^{g,n} = 0 ⇐⇒ δω^{g.n} δz^α = 0. (3.5)

3.2 BRST differential

The definition of the field theoretic BRST differential is given.

The BRST differential s is an odd, nilpotent evolutionary^7 vector field, i.e., a vector field of the form

s = ∂_{(μ)}S^α ∂^S ∂z^α_{(μ)} (3.6)

with S^α local functions and gh(s) = 1, s^2 = 0. It follows that [s, ∂_μ] = 0 = [s, d_H ], where the bracket denotes the graded commutator. For later purposes, note that an evolutionary vector field is entirely defined through its action on the undifferentiated fields, sz^α = S^α, and the requirement that it commutes with the total derivative ∂_μ.

3.3 Local BRST cohomology

The definition of BRST cohomology in the space of local functionals is given and standard ways to compute it are sketched.

Several cohomology groups can then be considered. For instance, the cohomology of s in the space of local functions or in the space of horizontal forms. As mentioned in the introduction, especially interesting in view of applications in classical and quantum Lagrangian gauge field theories are the so-called local BRST cohomology groups,

6Unless otherwise specified, all derivatives are left derivatives. 7See e.g. [24, 25, 26] for detailed discussions of vector fields on jet-bundles.

i.e., the cohomology of s in the space of local functionals, H^∗(s, ^F). By definition of local functionals, H^∗(s, ^F) ∼= H^{∗,n}(s|d_H , ^Ω). The latter group is defined by sω^{g,n} + d_H ω^{g+1,n−1} = 0, ω^{g,n} ∼ ω^{g,n} + sη^{g−1,n} + d_H η^{g,n−1}, (3.7) with ω, η ∈ ^Ω. Using (3.2), one then finds that H^{g,n}(s|d_H , ^Ω) ∼= H^{g+n}(~s, ^Ω) where ~s = s + d_H and the grading is the sum of the ghost number and the form degree. This statement summarizes the content of the so-called “descent equations” which provide a standard way to compute H^∗(s, ^F) out of H^∗(s, ^Ω) (see e.g. [67, 11]).

As usual, actual computations can be considerably simplified by using appropriate spectral sequences. An example that we will use below and was used in [10] is the following. Consider for instance as grading the homogeneity in the fields/antifields, i.e., the eigenvalues of the operator H = z^α_{(ν)} ∂^S ∂z^α_{(ν)} . The space of field/antifield dependent

forms decomposes as ^Ω^{∗,∗} = ⊕_{h ⩾ 1} ^Ω^{∗,∗}_h . If s contains only terms of non negative grading, s = ∑ h ⩾ 0 sh, then the cohomology groups are controlled by ⊕h ⩾ 1H

∗(s_0, ^Ω_h) and ⊕_{h ⩾ 1}H^∗(s_0, F_h) respectively.

More precisely, let V be either one of the spaces ^Ω or ^F. The cohomology H(s, V ) is easily shown to be determined by elements [A_m] ∈ H(s_0, V_m) that can be completed,

A^m = A_m + B_{m+1} + B_{m+2} + · · · , sA^m = 0, (3.8)

for some B_{m+1}, B_{m+2} . . . with B_i ∈ V_i, where such an element is trivial if it is s-exact in V , A^m ∼ A^m + sC, C ∈ V. (3.9) More involved gradings than simply homogeneity might be more appropriate. We briefly comment on this below.

3.4 BRST cohomology for functional multivectors

It is shown how the introduction of canonical momenta allows one to generalize local BRST cohomology to functional multivector fields.

Another cohomology group that is usually considered is the commutator cohomology of s in the space of evolutionary vector fields. The space of evolutionary vector fields is known to be isomorphic to the space of functional univectors (see e.g. [26]). More generally, one can then consider the cohomology of s in the space of graded symmetric or skew-symmetric functional multivectors. Graded skew-symmetric functional multivectors equipped with a functional version of the Schouten-Nijenhuis bracket (also called BV antibracket) are well known and extensively used for studying the Hamiltonian structures of evolution equations. In the graded symmetric case, the bracket is a functional version of the canonical graded Poisson bracket (also called BFV Poisson bracket).

More precisely, for each field z^α one introduces the “momenta” π_α with |π_α| = |z^α| and gh(π_α) = −gh(z^α) in the graded symmetric case and the “antifields” z^∗_α with |z^∗_α| = |z^α| + 1 and gh(z^∗_α) = −gh(z^α) + 1, with the natural extensions for the derivatives of momenta and antifields. The horizontal complex is then extended to include either the momenta or the antifields and their derivatives. We introduce a subscript E to denote elements of the extended complex. A graded symmetric (skew-symmetric) functional kvector is then a local functional of homogeneity k in the momenta (antifields) and their derivative. There is a map from functional multivectors ∫ ω^{g,n}_E = ∫ d^nx f^g_E to evolutionary vector fields on the extended complex defined through^8 {∫ d^nx f^g_E, · } E = −∂_{(μ)} δ^Rf^g_E δπ_α ∂^S ∂z^{α(μ)} + (−1)

|α|(π_α ⇄ z^α) . (3.10)

Using multiple integrations by parts and (3.5), it is then easy to see that this map induces a well defined even (odd) graded Lie bracket in the space of functional multivectors.

The BRST differential s itself is then the evolutionary vector field generated by the univector

Ω_0 = − ∫ d^nx S^απ_α, 1 2 { Ω_0, Ω_0 } E = 0, gh(Ω_0) = 1 . (3.11)

The action of the BRST differential in the space of functional multivectors is then simply the adjoint action of Ω_0 s_E ∫ ω^{g,n}_E = { Ω_0, ∫ ω^{g,n}_E } E . (3.12)

In the space of functional univectors, this action is isomorphic to the commutator action of s in the space of evolutionary vector fields.

Given a functional k-vector represented by a local functional V_E it determines a well defined graded-symmetric k-multilinear operation on the space of local functionals of the original (non-extended) complex in a standard way. This can be expressed using the socalled derived bracket^9: if F_1, . . . , F_k are local functionals of the non-extended complex, identified as π-independent functionals of the extended complex, then

V (F_1, . . . , F_k) = 1 k! { . . . { {V_E, F_1}_E , F_2}_E , . . . F_k } E . (3.13)

This operation is well-defined on local functionals and gives a local functional of the non-extended complex as can be easily seen by counting homogeneity in π.

For instance, a functional bivector Ω_1 of unit parity and unit ghost number satisfying 1 2 {Ω_1, Ω_1}_E = 0 corresponds to a functional antibracket. The cocycle condition s_EΩ_1 = 0 then means that the bracket is s-invariant, i.e., that s differentiates the antibracket.

8We write down the formulas explicitly only for the symmetric case. The skew-symmetric case can be obtained by substituting π_α with z^∗_α and changing the sign-factors appropriately.

9See e.g. [68] for more details on derived brackets.

4 Local BRST cohomology for AKSZ-type sigma models

4.1 Cohomology of space-time part

The cohomology of the space-time part of the BRST differential for AKSZ-type sigma models is derived by using results available in the literature.

The coefficients of Ψ^A(x, θ) in an expansion as series in θ^μ constitute the field/antifield content of AKSZ-type sigma models. z^α ≡ (Ψ^A, Ψ^A_μ , . . . , Ψ^A_{μ1...μk} , . . . , Ψ^A_{μ1,...μn} ), (4.1) The z^α thus consist of “formfields”, a set of fields/antifields which are completely skewsymmetric^{10} in the spacetime indices, Ψ^A_{μ1...μk} = Ψ^A_{[μ1...μk]} and contain all possible form degrees, k = 0, . . . , n. Furthermore, we assign gh(Ψ^A_{μ1...μk} ) = gh(Ψ^A) − k. In the jetspace context, we can introduce an object analogous to the map Ψ^A(x, θ), the “complete ladder fields” in the terminology of [69, 10],

~Ψ^A =^n ∑ k=0 Ψ^A_k , Ψ^A_k = 1 k! Ψ^A_{μ1...μk} θ^{μ1} . . . θ^{μk} , (4.2) where Ψ^A_0 ≡ Ψ^A.

We refer to the first term in the BRST differential (2.2) involving the de Rham differential d as the spacetime part and denote it by s_0. When translated^{11} in the jet-space context, we have s_0 ~Ψ^A = −d_H ~Ψ^A, or, more explicitly,

s_0Ψ^A = 0, s_0Ψ^A_{μ1...μk} = −(−)^{A+k−1}k ∂_{[μ1} Ψ^A_{μ2...μk ]}, (4.3)

which can be summarized by ~s_0 ~Ψ^A = 0 . (4.4)

As discussed in detail in the proof of theorem 3.1 of [41], the idea is to decompose the form fields and their derivatives ∂_{ν1} . . . ∂_{νm} Ψ^A_{μ1...μk} into irreducible tensors under the general linear group GL(n). One then finds that all the field variables form contractible pairs except for the undifferentiated Ψ^A. Compared to the situation considered in [41] no curvatures remain because the last formfield Ψ^A_{μ1...μn} is of maximal degree n. The cohomology H(s_0, ^Ω) can thus be described by functions of Ψ^A, x^μ, θ^μ alone, H(s_0, ^Ω) ∼= {λ(x, θ, Ψ^A)}, (4.5) where λ(x, θ, Ψ^A) contains no field independent terms, λ(x, θ, 0) = 0.

10We use round (square) brackets to denote normalized (skew)-symmetrization. 11To simplify notations in this section, we redefine the BRST differential by an overall factor (−1)^n and change the sign of the term in s involving d. This can be achieved by the transformation θ^μ → −θ^μ.

The analysis of the descent equations is then standard. In the present case, it is presented in [69, 10, 41] (see also section 14 of [11]). Using the ordinary Poincaré lemma on the base space, one finds H(s_0, ^F) ∼= {ν(~Ψ^A)|_n}, (4.6) where ν denotes a polynomial in its arguments without constant term, while |_n means that one should restrict oneself to the form of top degree n in an expansion according to form degree. This cohomology is isomorphic to the cohomology of s_0 in the space ^Ω^{∗,0}_{x=0} of x-independent zero forms H(s_0, ^F) ∼= H(s_0, ^Ω^{∗,0}_{x=0}), (4.7)

since H(s_0, ^Ω^{∗,0}_{x=0}) ∼= {ν(Ψ^A)}.

4.2 Cohomology of complete differential

The main result that the field theoretic BRST cohomology in the space of local functionals is locally isomorphic to the target space cohomology is derived.

The full BRST differential for AKSZ-type sigma models acts according to

~s~Ψ^A = Q^A(~Ψ), (4.8)

In particular, in form degree zero, one finds that the BRST differential acts on the fields Ψ^A according to sΨ^A = Q^A(Ψ) , (4.9)

and is thus entirely determined through the homological vector field Q in the target space M. We now assume that there is a grading H according to which (i) the space of horizontal forms is bounded from below, (ii) the spacetime part is in lowest degree 0 and all other terms are of higher degree, s = ∑ h ⩾ 0 sh with s0 = −dH . This is the case for instance

for Chern-Simons theory when the grading is simply homogeneity in the fields/antifields.

Introducing the notation s^R = ∑ h ⩾ 1 sh we have s

RΨ^A = Q^A since s_0Ψ^A = 0.

The action of the BRST differential on the remaining fields contained in Ψ^A_k , k ⩾ 1 is then determined by the same Q^A by expanding (4.8) according to higher form degrees, s^RΨ^A_k = Q^A(~Ψ) | |_k and taking into account (4.4). Explicitly

s^RΨ^A_1 = Ψ^B_1 ∂Q^A ∂Ψ^B (Ψ), (4.10)

s^RΨ^A_2 = Ψ^B_2 ∂Q^A ∂Ψ^B (Ψ) + 1 2 Ψ^{B1}_1 Ψ^{B2}_1 ∂Q^A ∂Ψ^{B2} ∂Ψ^{B1} (Ψ), (4.11) . .

It then follows that H^{g+n}(~s, ^Ω) ∼= H^g(s, ^Ω^{∗,0}_{x=0}) because ~s acts on ~Ψ^A in exactly the same way as s acts on Ψ^A, so that the problem of completion and non triviality of the completed cocyles as discussed at the end of section 3.3 is exactly the same in both spaces. Furthermore, on the one hand H^g(s, ^F) ∼= H^{g+n}(~s, ^Ω) and on the other hand H^g(s, ^Ω^{∗,0}_{x=0}) ∼= H^g(Q).

We have thus shown

Proposition 4.1. The local BRST cohomology H(s, ^F) is locally isomorphic to the target space cohomology H(Q), H^g(s, ^F) ∼= H^{g−n}(Q). (4.12) where H^g(Q) ∋ [Θ^g_{αg} (Ψ^A)] ←→ [Θ^g_{αg} (~Ψ^A)|_n] ∈ H^{g−n}(s, ^F), (4.13)

with [Θ^g_{αg} (Ψ^A)] denoting representatives of H^g(Q).

Remarks:

(i) By identifying integrals of functions evaluated for maps of compact support with the algebraic version of local functionals, one can consider the map I defined in (2.4) as a map from functions on target space to local functionals. The proposition can then be reformulated by the statement that I, for AKSZ-type sigma models, is locally an isomorphism in cohomology or, more precisely, a quasi-isomorphism of differential complexes in the case without bracket and a quasi-isomorphism of differential graded Lie algebras in the case with bracket.

(ii) In the case of the 1-dimensional AKSZ sigma models associated with Hamiltonian BFV systems with vanishing Hamiltonian, Proposition 4.1 states that the Poisson algebra of Hamiltonian BRST cohomology and the antibracket algebra of Lagrangian BV cohomology in the space of local functionals are locally isomorphic, as originally derived in [70].

(iii) Because of the expansion in homogeneity, the cohomology of Q is computed in the space of formal power series without constant terms. Depending on the problem at hand, other gradings or spaces might be more relevant . Suppose for instance that one would like to establish a similar result for H(Q) with Q acting on the space of smooth functions on M and that one would like to allow for a linear part in Q. This can be done by choosing as grading the operator counting the number of derivatives of the fields, i.e., the eigenvalues of the operator N_∂ = |μ|z^α_{(μ)} ∂ ∂z^α_{(μ)} = z α μ ∂ ∂z^α_μ + 2z α μ_1μ_2 ∂^S ∂z^α_{μ1μ2} + . . . , where |μ| denotes the number of indices contained in the multi-index (μ). In this case, the assumptions imply that s = s_0 + s_1 where s_1 = −d_H is now the spacetime part, while s_0 is determined by formulas (4.9) and (4.8). By a similar reasoning, one can then prove the isomorphism (4.12) for smooth functions on M, with Q involving a linear term, if one restricts oneself from the outset to the space of local functions that have a degree N_∂ that is bounded from above.

(iv) The BRST extension [47, 22, 71] of the unfolded linear equations[72, 18, 73, 23] developed originally in the context of higher spin gauge fields is almost of the above form. Indeed, in this case, there are also only complete ladder fields but instead of (4.8), one has more generally ~s~Ψ^A = Q^i(x^μ, θ^μ, Ψ^A_{μ1,...μk} ). (4.14) In some cases, this BRST differential can be seen as the linearization of some nonlinear AKSZ differential around a particular solution that brings the explicit dependence on x, θ [65].

To highest order 1 in N_∂ , the isomorphism (4.12) then still holds, but the problem of completion and non triviality is now much more involved. It would be interesting to compute the BRST cohomology in the space of local functionals for this more general case along these lines. We plan to return to this question elsewhere.

4.3 Cohomology for functional multivectors

The isomorphism of field theoretic cohomology with target space cohomology is extended to the case of the BRST differential acting in the space of functional mulitvectors by showing that the latter is again of AKSZ-type.

In order to discuss the cohomology in the space of graded symmetric (skew-symmetric) functional multivectors, one introduces the conjugate momenta π^{μ1...μk}_A (antifields Ψ^{∗μ1...μk}_A ) and considers the functional

Ω_0 = − ∫ d^nx n∑ k=0 1 k! sΨ^A_{μ1...μk} π^{μ1...μk}_A . (4.15) In the AKSZ setting, it is then natural to combine the momenta (antifields) into superfields ~Π_A in such a way that (4.15) takes the form

Ω_0 = − ∫ d^nxd^nθ s~Ψ^A ~Π_A = − ∫ d^nxd^nθ [ − d_H ~Ψ^A ~Π_A + Q^A(~Ψ)~Π_A ] . (4.16)

Explicitly, one has

~Π_A =^n ∑ k=0 Π^{n−k}_A , Π^{n−k}_A = (−)^{n+k(|A|+1)} k!(n − k)! π^{μ1...μk} A ϵ_{μ1...μk νk+1...νn} θ^{νk+1} . . . θ^{νn} , (4.17) where |A| is a shortcut for |Ψ^A|. For the adjoint action of Ω_0 one then finds

s~Ψ = −d_H ~Ψ + Q^A(~Ψ) , s~Π_A = −d_H ~Π_A − (−1)^{|A|} ∂Q^B ∂Ψ^A (

~Ψ)~Π_B . (4.18)

The BRST differential (4.18) is then again of AKSZ-type. The associated target space is given by the (odd) cotangent bundle (Π)T^∗M, with canonical (odd) Poisson structure { Π_B , Ψ^A } (Π)T^∗M = −δ A B , gh(Π_A) = −gh(Ψ^A) + n , (4.19)

and homological vector field

Q_E = { − Q^AΠ_A, · } (Π)T^∗M = Q A ∂ ∂Ψ^A − (−1) |A| ∂Q^B ∂Ψ^A Π^B ∂ ∂Π_A . (4.20)

Furthermore, in terms of the map Π_A(x, θ), the canonical Poisson bracket can be identified with a Poisson bracket of the form (2.3).

It then follows from Proposition 4.1 that the BRST cohomology in the space of functional multivectors is locally isomorphic to the cohomology of Q_E , or, more precisely, that the map I_E , sending the target space multivectors to functional multivectors according to I_E : f_E → ∫ X d^nxd^nθf_E , (4.21)

where f_E ∈ A_E, with A_E denoting the space of functions on the target space (Π)T^∗M, is locally a quasi-isomorphism of differential graded Lie algebras.

Finally, as an illustration, we note that expression (2.3) of the bracket on the space of maps can be interpreted as an explicit realization of the map I_E for (skew)-symmetric 2-vectors, when identifying algebraic local functionals with integrals of target space functions evaluated for maps of compact support.

5 Functional multivectors, symmetries and generalized Poisson structures

5.1 Applications of BRST cohomology for functional multivectors

It is pointed out that BRST cohomology in the space of functional multivectors is relevant for classifying global symmetries of the equations of motion and weak Poisson or Lagrange structures.

Consider a gauge theory for which a Lagrangian does not exist or is not (yet) specified. Such a theory can still be described in terms of a BRST differential s that is not necessarily generated by a master action in an appropriate antibracket. As pointed out in [47], consistent deformations of such theories are then controlled by the adjoint cohomology of s in the space of evolutionary vector fields, or in other words, by H^1_1 (s_E , F_E).

The identification of the cohomology groups controlling global symmetries requires some care. To fix ideas, let us first consider the case of partial differential equations of motion of Cauchy-Kovalevskaya type, as considered for instance in [25, 26], for which s reduces to the so-called Koszul resolution [74, 75, 76] of the surface defined by the equations in jet-space. In this case, it is straightforward to check that H^0_1 (s_E, F_E) coincides with the usual definition of equivalence classes of symmetries of the equations of motion, i.e., evolutionary vector fields that leave the equations of motion invariant quotiented by such vector fields that vanish when the equations of motion hold.

In the case of variational equations of motions, with non trivial relations between the equations and their derivatives (“Noether identities”), there is a well defined concept of a proper solution to the BV master equation. In this case, H^0_1 (s_E , F_E) is given by equivalence classes of equations of motion symmetries quotiented not only by the ones vanishing when the equations of motion hold, but in addition by all non trivial gauge symmetries (see e.g. [11]).

In the non variational case, H^0_1 (s_E , F_E) is again given by the quotient space of equations of motion symmetries modulo evolutionary vector fields that vanish when the equations of motion hold and modulo the non trivial gauge symmetries encoded in s. The question is then whether the latter include all the non trivial gauge symmetries, which in turn hinges on an appropriate non-variational version of properness for the BRST differential s. The precise definition of this concept is beyond the scope of the present work^{12}. In what follows we simply assume that all the gauge symmetries and reducibility relations between the equations and between the gauge generators are accounted for by the BRST differential.

Given a BRST differential s, another natural question is whether the gauge theory determined by s admits a Lagrangian or Hamiltonian description. In the case of nongauge systems, this question is known as the inverse problem of the calculus of variations. In the BRST context, it translates into the question of existence of a generator for s in an appropriate bracket that is usually assumed non degenerate. One can distinguish two cases. In the Lagrangian or BV case, the bracket^{13} for the fields z^α is an odd graded bracket of ghost number 1, while the canonical generator, the solution of the BV master equation, is even of ghost number 0. In the Hamiltonian BFV case, the Poisson bracket is even of ghost number 0, while the canonical generator, the BRST charge, is odd of ghost number 1. When s is proper in the sense discussed above, this question is equivalent to the question whether the equations it encodes are variational in the Lagrangian case or whether the constraints it describes are first class (“co-isotropic”) in the Hamiltonian case.

Let us for definiteness restrict ourselves to the case of an odd bracket on the space of

12In the finite-dimensional setting an appropriate notion of properness was proposed in [28]. Its generalization to the local field theory setting is not entirely straightforward.

13In the space of local functionals, these brackets are of the Gelfand-Dickey-Dorfman type [77],[25], see also [70] for the current context.

fields and hence to the Lagrangian BV picture. The question of existence of a Lagrangian for a gauge theory can be adressed using the notion of Lagrange structure [28], which is the Lagrangian counterpart of a possibly weak and degenerate Poisson structure of the Hamiltonian formalism [27]. In the BRST theory terms the Lagrange structure can be represented [28] as a strong homotopy Schouten algebra structure (see e.g. [68, 78]).

In local field theory, such a structure can be defined as a collection of n-ary functional multivectors satisfying appropriate compatibility conditions including, in particular, the Jacobi identity for the bracket induced in s_E -cohomology. More concretely, it can be defined as a deformation of (3.11) by terms of higher order in π_α, Ω = Ω_0 + Ω_1 + Ω_2 + . . . with gh(Ω) = 1, where Ω_k denotes a local functional that is homogeneous of degree k +1 in π_α and their derivatives. As usual, the compatibility conditions are combined into the master equation^{14}

1 2 {Ω, Ω}_E = 0 ⇐⇒ s_E Ω_1 = 0 , 1 2 {Ω_1, Ω_1}_E + s_E Ω_2 = 0 , {Ω_1, Ω_2}_E + s_E Ω_3 = 0 , . . (5.1)

Two such deformations Ω and Ω^′ are considered equivalent if there exists a local functional Ξ = ∑ k ⩾ 1 Ξk such that Ω

′ = exp {Ω_0, · }_E Ξ, where Ξ_k is homogeneous of degree k + 1 in π_α.

In particular, non trivial first order Lagrange structures are controlled by H^1_2 (s_E, ^F_E), the cohomology of s_E in the space of functional bivectors of ghost number 1, while the second equation on the right of (5.1) encodes the Jacobi identity satisfied in BRST cohomology.

In the standard deformation approach for gauge theories [80, 81, 82], it is crucial to take due care of locality since otherwise the deformation theory is trivial in the sense that all first order deformations extend to complete deformations. This is also true for Lagrange or weak and degenerate Poisson structures. More precisely, the classification result in [28] stating that all the Lagrange structures are trivial in the finite dimensional case will not generally hold once field theoretic locality is taken into account.

As defined above, a Lagrange structure is an equivalence class [Ω] of deformations of Ω_0 in the space of functional multivectors. This is consistent with the point of view adopted in [47] that being Lagrangian or not is a property of equivalence classes of equations of motion under addition/elimination of generalized auxiliary fields, because generalized auxiliary fields correspond to contractible pairs for s_E.

14This is the local field theory version of the master equation considered in [28, 27]. Master equations of this type have first appeared in [79].

5.2 Consequences for AKSZ-type sigma models

As a direct consequence of the main result, the classification of Lagrange or weak Poisson structures simplifies to a target space problem for AKSZ-type sigma models.

As we have seen, locally, the BRST cohomology of AKSZ-type sigma models originates from the target space cohomology, both for standard local functionals and for functional multivectors. It then follows from standard deformation theory arguments that Lagrange or weak Poisson structures for these models can be entirely discussed in the target space, or in other words, that one can consistently get rid of the space-time derivatives and of the higher forms in the Lagrange/Poisson structure of these models.

Indeed, for Ω satisfying (5.1), the term Ω_1 quadratic in π_α and their derivatives can for instance be written as Ω_1 = I_E(ω_1) + s_E Ξ_1 for some ω_1 ∈ A_E and Ξ_1 ∈ ^F_E. By exponentiating the transformation generated by Ξ_1 one arrives at an equivalent Ω with the same Ω_0 but Ω_1 = I_E (ω_1). At the next order, one finds s_EΩ_2 +^1_2 I_E {ω_1, ω_1}_{(Π)T} ∗_M = 0. A standard reasoning involving contractible pairs implies that Ω_2 = I_E (ω_2) + s_E Ξ_2 with Q_E ω_2 +^1_2 {ω_1, ω_1}_{(Π)T} ∗_M = 0 and again, through exponentiation, one arrives at an equivalent Ω such that Ω_2 = I(ω_2). Going on in this way for the higher orders, one ends up with an equivalent Ω of the form

Ω = Ω_0 + I_E (ω) = Ω_0 + ∫ X d^nxd^nθ (ω_1 + ω_2 + . . .) . (5.2)

Here ω_k ∈ A_E is a polynomial of order k + 1 in the momenta π_A. It follows that ω = −Q^Aπ_A + ∑ k ⩾ 1 ωk satisfies the target space master equation 1 2 {ω, ω}_{(Π)T} ∗_M = 0 . (5.3)

Finally, for the sake of illustration, let us consider Chern-Simons theory based on a simple Lie algebra. In this case, the target space of the extended model is the (n|n)- dimensional supermanifold M = ΠT^∗G with coordinates c^a, gh(c^a) = 1 and π_a, gh(π_a) = 2 and QP structure determined by { π_a, c^b } M = −δ^b_a , Q_E = − { 1 2 c^ac^bf^c_{ab}π_c, · } M . (5.4)

The cohomology of Q_E can be identified with the Lie algebra cohomology of G with coefficients in polynomials in π_a.

For a simple Lie algebra G, this cohomology is given by the algebra generated by the primitive elements, which are at least cubic in c^a, tensored with the invariant polynomials in π_a. The cohomology in the space of elements linear in π_a is empty and one concludes that the Chern-Simons theory is rigid and does not have nontrivial symmetries at the level of the equations of motion.

The cohomology in the space of elements quadratic in π_a is given by the invariants g^{ab}π_aπ_b, with g^{ab} the inverse of the Killing form, tensored with the algebra of primitive elements. First order Lagrange structures are classified by ghost number one local functionals of the extended model that are quadratic in the π. Using the isomorphism, these can be represented by ghost number 4 target space functions quadratic in π_a, i.e., by g^{ab}π_aπ_b. There is thus only one non trivial cohomology class and hence only one nontrivial first order Lagrange structure. It trivially extends to higher orders and obviously coincides with the usual one, i.e., the standard BV antibracket of the AKSZ description.

Acknowledgements

The authors thank X. Bekaert and F. Brandt for useful discussions. This work has been initiated during a stay at the Erwin Schrödinger International Institute for Mathematical Physics and is supported in parts by the Fund for Scientific Research-FNRS (Belgium), the International Solvay Institutes, by the Belgian Federal Science Policy Office through the Interuniversity Attraction Pole P6/11 and by IISN-Belgium. The work of M.G. is supported by the RFBR grant 08-01-00737 and the LSS grant 1615.2008.2.

References

[1] I. A. Batalin and G. A. Vilkovisky, “Gauge algebra and quantization,” Phys. Lett.

B102 (1981) 27–31.

[2] I. A. Batalin and G. A. Vilkovisky, “Feynman rules for reducible gauge theories,” Phys. Lett. B120 (1983) 166–170.

[3] I. A. Batalin and G. A. Vilkovisky, “Quantization of gauge theories with linearly dependent generators,” Phys. Rev. D28 (1983) 2567–2582.

[4] I. A. Batalin and G. A. Vilkovisky, “Closure of the gauge algebra, generalized Lie equations and Feynman rules,” Nucl. Phys. B234 (1984) 106–124.

[5] I. A. Batalin and G. A. Vilkovisky, “Existence theorem for gauge algebra,” J. Math.

Phys. 26 (1985) 172–184.

[6] M. Henneaux and C. Teitelboim, Quantization of Gauge Systems. Princeton University Press, 1992.

[7] J. Gomis, J. París, and S. Samuel, “Antibracket, antifields and gauge theory quantization,” Phys. Rept. 259 (1995) 1–145, hep-th/9412228.

[8] G. Barnich, M. Henneaux, T. Hurth, and K. Skenderis, “Cohomological analysis of gauge-fixed gauge theories,” Phys. Lett. B492 (2000) 376–384,

hep-th/9910201.

[9] G. Barnich, T. Hurth, and K. Skenderis, “Comments on the gauge fixed BRST cohomology and the quantum Noether method,” Phys. Lett. B588 (2004) 111–118,

hep-th/0306127.

[10] O. Piguet and S. P. Sorella, “Algebraic renormalization: Perturbative renormalization, symmetries and anomalies,” Lect. Notes Phys. M28 (1995) 1–134.

[11] G. Barnich, F. Brandt, and M. Henneaux, “Local BRST cohomology in gauge theories,” Phys. Rept. 338 (2000) 439–569, hep-th/0002245.

[12] G. Barnich and M. Grigoriev, “Hamiltonian BRST and Batalin-Vilkovisky formalisms for second quantization of gauge theories,” Commun. Math. Phys. 254 (2005) 581–601, hep-th/0310083.

[13] C. B. Thorn, “String field theory,” Phys. Rept. 175 (1989) 1–101.

[14] S. Ouvry and J. Stern, “Gauge fields of any spin and symmetry,” Phys. Lett. B177 (1986) 335.

[15] A. K. H. Bengtsson, “A unified action for higher spin gauge bosons from covariant string theory,” Phys. Lett. B182 (1986) 321.

[16] M. Henneaux and C. Teitelboim, First and second quantized point particles of any spin, ch. 9, pp. 113–152. Quantum mechanics of fundamental systems 2, Centro de Estudios Científicos de Santiago. Plenum Press, 1987.

[17] M. Alexandrov, M. Kontsevich, A. Schwartz, and O. Zaboronsky, “The geometry of the master equation and topological quantum field theory,” Int. J. Mod. Phys. A12 (1997) 1405–1430, hep-th/9502010.

[18] M. A. Vasiliev, “Consistent equations for interacting massless fields of all spins in the first order in curvatures,” Annals Phys. 190 (1989) 59–106.

[19] M. A. Vasiliev, “Consistent equation for interacting gauge fields of all spins in (3+1)-dimensions,” Phys. Lett. B243 (1990) 378–382.

[20] M. A. Vasiliev, “More on equations of motion for interacting massless fields of all spins in (3+1)-dimensions,” Phys. Lett. B285 (1992) 225–234.

[21] M. A. Vasiliev, “Nonlinear equations for symmetric massless higher spin fields in (a)dS(d),” Phys. Lett. B567 (2003) 139–151, hep-th/0304049.

[22] G. Barnich and M. Grigoriev, “BRST extension of the non-linear unfolded formalism,” Annals Univ. Craiova 16 part II (2006) 46–57, hep-th/0504119.

[23] M. A. Vasiliev, “Actions, charges and off-shell fields in the unfolded dynamics approach,” Int. J. Geom. Meth. Mod. Phys. 3 (2006) 37–80, hep-th/0504090.

[24] I. Anderson, “The variational bicomplex,” tech. rep., Formal Geometry and Mathematical Physics, Department of Mathematics, Utah State University, 1989.

[25] L. Dickey, Soliton Equations and Hamiltonian Systems, vol. 12 of Advanced Series in Mathematical Physics. World Scientific, Singapore, 1991.

[26] P. Olver, Applications of Lie Groups to Differential Equations. Springer Verlag, New York, 2nd ed., 1993. 1st ed., 1986.

[27] S. L. Lyakhovich and A. A. Sharapov, “BRST theory without Hamiltonian and Lagrangian,” hep-th/0411247.

[28] P. O. Kazinski, S. L. Lyakhovich, and A. A. Sharapov, “Lagrange structure and quantization,” JHEP 07 (2005) 076, hep-th/0506093.

[29] I. Anderson, “Introduction to the variational bicomplex,” in Mathematical Aspects of Classical Field Theory, M. Gotay, J. Marsden, and V. Moncrief, eds., vol. 132 of Contemporary Mathematics, pp. 51–73. Amer. Math. Soc., 1992.

[30] G. Barnich, F. Brandt, and M. Henneaux, “Local BRST cohomology in Einstein Yang-Mills theory,” Nucl. Phys. B455 (1995) 357–408, hep-th/9505173.

[31] A. Vinogradov, “On the algebra-geometric foundations of Lagrangian field theory,” Sov. Math. Dokl. 18 (1977) 1200.

[32] A. Vinogradov, “A spectral sequence associated with a nonlinear differential equation and algebra-geometric foundations of Lagrangian field theory with constraints,” Sov. Math. Dokl. 19 (1978) 144.

[33] A. Vinogradov, “The C-spectral sequence, Lagrangian formalism, and conservation laws. I. The linear theory. II. The non linear theory,” J. Math. Anal. 100 (1984) 1.

[34] A. Vinogradov, Cohomological Analysis of Partial Differential Equations and Secondary Calculus, vol. 204 of Translations of Mathematical Monographs. AMS, 2001.

[35] F. Delduc, C. Lucchesi, O. Piguet, and S. P. Sorella, “Exact scale invariance of the Chern-Simons theory in the Landau gauge,” Nucl. Phys. B346 (1990) 313–328.

[36] A. Blasi, O. Piguet, and S. P. Sorella, “Landau gauge and finiteness,” Nucl. Phys.

B356 (1991) 154–162.

[37] C. Lucchesi and O. Piguet, “Local supersymmetry of the Chern-Simons theory and finiteness,” Nucl. Phys. B381 (1992) 281–300.

[38] G. Barnich, F. Brandt, and M. Henneaux, “Local BRST cohomology in the antifield formalism. I. General theorems,” Commun. Math. Phys. 174 (1995) 57–92, hep-th/9405109.

[39] C. Lucchesi, O. Piguet, and S. P. Sorella, “Renormalization and finiteness of topological BF theories,” Nucl. Phys. B395 (1993) 325–353, hep-th/9208047.

[40] O. Piguet and S. P. Sorella, “On the finiteness of the BRS modulo d cocycles,” Nucl. Phys. B381 (1992) 373–393, hep-th/9302122.

[41] M. Henneaux and B. Knaepen, “The Wess-Zumino consistency condition for p-form gauge theories,” Nucl. Phys. B548 (1999) 491, hep-th/9812140.

[42] F. Bonechi, P. Mnev, and M. Zabzine, “Finite dimensional AKSZ-BV theories,”

0903.0995.

[43] G. Barnich, “On the quantum Batalin-Vilkovisky formalism and the renormalization of non linear symmetries,” JHEP 03 (1999) 010,

hep-th/9807210.

[44] G. Barnich, “Classical and quantum aspects of the extended antifield formalism,” Annals Univ. Craiova 10 part II (2000) 1–93, hep-th/0011120.

[45] A. S. Schwarz, “Semiclassical approximation in Batalin-Vilkovisky formalism,” Commun. Math. Phys. 158 (1993) 373–396, hep-th/9210115.

[46] M. Henneaux and C. Teitelboim, “Quantization of Gauge Systems,”. Princeton, USA: Univ. Pr. (1992) 520 p.

[47] G. Barnich, M. Grigoriev, A. Semikhatov, and I. Tipunin, “Parent field theory and unfolding in BRST first-quantized terms,” Commun. Math. Phys. 260 (2005) 147–181, hep-th/0406192.

[48] M. A. Grigoriev and P. H. Damgaard, “Superfield BRST charge and the master action,” Phys. Lett. B474 (2000) 323–330, hep-th/9911092.

[49] A. S. Cattaneo and G. Felder, “A path integral approach to the Kontsevich quantization formula,” Commun. Math. Phys. 212 (2000) 591–611,

math/9902090.

[50] I. Batalin and R. Marnelius, “Superfield algorithms for topological field theories,” in “Multiple facets of quantization and supersymmetry”, M. Olshanetsky and A. Vainshtein, eds., pp. 233–251. World Scientific, 2002. hep-th/0110140.

[51] I. Batalin and R. Marnelius, “Generalized Poisson sigma models,” Phys. Lett. B512 (2001) 225–229, hep-th/0105190.

[52] A. S. Cattaneo and G. Felder, “On the AKSZ formulation of the Poisson sigma model,” Lett. Math. Phys. 56 (2001) 163–179, math.qa/0102108.

[53] J.-S. Park, “Topological open p-branes,” hep-th/0012141.

[54] D. Roytenberg, “On the structure of graded symplectic supermanifolds and courant algebroids,” math.sg/0203110.

[55] N. Ikeda, “Two-dimensional gravity and nonlinear gauge theory,” Ann. Phys. 235 (1994) 435–464, hep-th/9312059.

[56] P. Schaller and T. Strobl, “Poisson structure induced (topological) field theories,” Mod. Phys. Lett. A9 (1994) 3129–3136, hep-th/9405110.

[57] E. S. Fradkin and G. A. Vilkovisky, “Quantization of relativistic systems with constraints,” Phys. Lett. B55 (1975) 224.

[58] I. A. Batalin and G. A. Vilkovisky, “Relativistic S matrix of dynamical systems with boson and fermion constraints,” Phys. Lett. B69 (1977) 309–312.

[59] E. S. Fradkin and T. E. Fradkina, “Quantization of relativistic systems with boson and fermion first and second class constraints,” Phys. Lett. B72 (1978) 343.

[60] M. Henneaux, “Hamiltonian form of the path integral for theories with a gauge freedom,” Phys. Rept. 126 (1985) 1–66.

[61] I. Batalin and E. Fradkin, “Operatorial quantization of dynamical systems subject to constraints. A further study of the construction,” Ann. Inst. Henri Poincare (Phys. Theor.) 49 (1988) 145–214.

[62] W. Siegel, “Batalin-Vilkovisky from Hamiltonian BRST,” Int. J. Mod. Phys. A4 (1989) 3951.

[63] C. Batlle, J. Gomis, J. París, and J. Roca, “Lagrangian and Hamiltonian BRST formalisms,” Phys. Lett. B224 (1989) 288.

[64] J. M. L. Fisch and M. Henneaux, “Antibracket - antifield formalism for constrained Hamiltonian systems,” Phys. Lett. B226 (1989) 80.

[65] M. Grigoriev, “Off-shell gauge fields from BRST quantization,”

hep-th/0605089.

[66] G. Barnich and F. Brandt, “Covariant theory of asymptotic symmetries, conservation laws and central charges,” Nucl. Phys. B633 (2002) 3–82,

hep-th/0111246.

[67] M. Dubois-Violette, M. Talon, and C. M. Viallet, “BRS algebras: Analysis of the consistency equations in gauge theory,” Commun. Math. Phys. 102 (1985) 105.

[68] T. Voronov, “Higher derived brackets and homotopy algebras,”

math.QA/0304038.

[69] M. Carvalho, L. C. Q. Vilar, C. A. G. Sasaki, and S. P. Sorella, “BRS cohomology of zero curvature systems: I. The complete ladder case,” J. Math. Phys. 37 (1996) 5310–5324, hep-th/9509047.

[70] G. Barnich and M. Henneaux, “Isomorphisms between the Batalin-Vilkovisky antibracket and the Poisson bracket,” J. Math. Phys. 37 (1996) 5273–5296,

hep-th/9601124.

[71] G. Barnich and M. Grigoriev, “Parent form for higher spin fields on anti-de Sitter space,” JHEP 08 (2006) 013, hep-th/0602166.

[72] M. A. Vasiliev, “Equations of motion of interacting massless fields of all spins as a free differential algebra,” Phys. Lett. B209 (1988) 491–497.

[73] M. A. Vasiliev, “Unfolded representation for relativistic equations in (2+1) anti-De Sitter space,” Class. Quant. Grav. 11 (1994) 649–664.

[74] J. M. L. Fisch, M. Henneaux, J. Stasheff, and C. Teitelboim, “Existence, uniqueness and cohomology of the classical BRST charge with ghosts of ghosts,” Commun. Math. Phys. 120 (1989) 379.

[75] J. M. L. Fisch and M. Henneaux, “Homological perturbation theory and the algebraic structure of the antifield - antibracket formalism for gauge theories,” Commun. Math. Phys. 128 (1990) 627.

[76] M. Henneaux, “Space-time locality of the BRST formalism,” Commun. Math.

Phys. 140 (1991) 1–14.

[77] I. M. Gel’fand and I. Y. Dorfman, “Hamiltonian operators and algebraic structures related to them,” Functional Analysis and Its Applications 13 (10, 1979) 248–262.

[78] T. Voronov and H. Khudaverdian, “Higher poisson brackets and differential forms,”

math-ph/0808.3406.

[79] I. A. Batalin and I. V. Tyutin, “An infinite algebra of quantum Dirac brackets,” Nucl. Phys. B381 (1992) 619–640.

[80] G. Barnich and M. Henneaux, “Consistent couplings between fields with a gauge freedom and deformations of the master equation,” Phys. Lett. B311 (1993) 123–129, hep-th/9304057.

[81] M. Henneaux, “Consistent interactions between gauge fields: The cohomological approach,” in Secondary Calculus and Cohomological Physics, A. V. M. Henneaux, J. Krasil’shchik, ed., vol. 219 of Contemporary Mathematics, pp. 93–109. American Mathematical Society, 1997. hep-th/9712226.

[82] J. Stasheff, “Deformation theory and the Batalin-Vilkovisky master equation,”

q-alg/9702012.