arXiv:1208.4052v2 [math-ph] 9 Oct 2012

CONFORMALLY EQUIVARIANT QUANTIZATION FOR SPINNING PARTICLES

J.-P. MICHEL

Abstract. This work takes place over a conformally flat spin manifold (M, ě). We prove existence and uniqueness of the conformally equivariant quantization valued in spinor differential operators, and provide an explicit formula for it when restricted to first order operators. The Poisson algebra of symbols is realized as a space of functions on the supercotangent bundle M = T^∗M ⊕ ΠT M, endowed with a symplectic form depending on ě. It admits two different actions of the conformal Lie algebra: one tensorial and one Hamiltonian. They are intertwined by the uniquely defined conformally equivariant superization, for which an explicit formula is given. This map allows us to classify all the conformal supercharges of the spinning particle in terms of conformal Killing tensors with mixed symmetry. They are generated by the totally symmetric and skew-symmetric ones. Higher symmetries of the Dirac operator are obtained by quantization of the conformal supercharges.

1. Introduction

Whereas there exists a pseudo-classical model for the spinning particle, due to Berezin and Marinov [4], quantization is scarcely developed in that setting. We propose in this paper a natural extension of the conformally equivariant quantization for spinning particles, so that it is valued in spinor differential operators.

1.1. The prototypical example of quantization is the one of cotangent bundles T^∗M, endowed with their canonical symplectic structure. The quantum phase space H is then given by the Hilbert space of square integrable functions on M. The functions on T^∗M are expected to have a linear operator on H as quantum counterpart. In particular, we call quantization of T^∗M a linear map Q : Pol(T^∗M) → D(M), valued in differential operators, which is the inverse of a full symbol map. The algebra of polynomial fiberwise functions Pol(T^∗M), or equivalently the algebra of symmetric tensors Γ(ST M), identifies to the graded algebra of symbols associated to D(M). Via the principal symbol map, it inherits of a Poisson bracket and an Hamilonian action of vector fields, which coincide with the natural bracket and Vect(M)-action on Pol(T^∗M) ∼= Γ(ST M).

The celebrated Weyl quantization of T^∗M is characterized, if M = R^n , by its equivariance property under the action of the symplectic affine Lie algebra sp(2n, R)⋉R^n on T^∗M. Focusing rather on equivariance under a Lie algebra g acting by vector fields on M, Duval, Lecomte

2010 Mathematics Subject Classification. 17B66, 17B81, 53A30, 53D55, 58J70, 70S10, 81S10. Key words and phrases. Quantization, Conformal geometry, graded geometry, spinor differential operators, Dirac operator, higher symmetries.

I thank the Luxembourgian NRF for support via the AFR grant PDR-09-063. 1

and Ovsienko have introduced the concept of g-equivariant quantization. In particular, they prove its existence and uniqueness for g the projective [27] or the conformal Lie algebra [12], acting locally on manifolds M which are projectively or conformally flat respectively. It has been intensely developed since then, see e.g. [8].

A deep motivation to build quantizations is to obtain a correspondence between classical and quantum symmetries whenever there exists one, and an efficient way to measure the quantum anomalies else. For a free massive scalar particle on (M, ě), this amounts to determine whether the first integrals of the geodesic flow of ě, given by symmetric Killing tensors, can be quantized into differential operators commuting with the Laplacian. This has been investigated up to second order by Carter, via his ad hoc minimal quantization procedure [10]. There is no quantum anomalies in a number of examples, see e.g. [14], in particular if (M, ě) is Ricci-flat. Over a conformally flat manifold, the situation is now well-understood thanks to the conformally equivariant quantization introduced above. Indeed, the latter establishes a bijection between the classical and quantum symmetries of a free massless particle [33], i.e. between the constants of motion along the null geodesic flow, given by conformal Killing symmetric tensors, and the higher symmetries of Laplacian, studied by Eastwood [16]. Moreover, this correspondence extends to the massive case and leads ultimately to new quantum integrable systems [1, 15].

1.2. To develop the spin counterpart of the preceding picture, we suppose that (M, ě) is a spin manifold, with spinor bundle S. A quantum particle is now described by a square integrable section of S and we focus on the algebra of differential operators D(M, S) acting on such sections. Weyl quantization and conformally equivariant quantization [8] have been generalized to that setting, but with the usual algebra of symbols Pol(T^∗M) ⊗_C∞_{(M)} Γ(C l(M, ě)) as source space. We rather follow Getzler [18], which uses in addition the filtration of the Clifford bundle, to derive a supercommutative bigraded algebra of symbols from the usual one. This superalgebra identifies to the one of tensors Γ(ST M ⊗ ΛT^∗M) or equivalently to the algebra O(M) of fiberwise polynomial functions on the supercotangent bundle M = T^∗M ⊕ ΠT M, where Π denotes the reverse parity functor. This supermanifold is precisely the phase space introduced by Berezin and Marinov [4] to deal with pseudo-classical spinning particles on M. Besides, the author proved in [31] the existence of a Hamiltonian filtration on D(M, S), assigning order 2 to spinor covariant derivatives ∇_X , with X ∈ Vect(M), and order 1 to the Clifford elements γ(ξ), with ξ ∈ Ω^1(M). This filtration is compatible with the commutator of D(M, S) and induces a Poisson bracket and a new gradation on O(M). This grading stems from the identification of M with the graded manifold T^∗[2]M ⊕ T [1]M, whereas the Poisson bracket comes from the symplectic structure on M induced by the metric ě. The latter follows from a general construction, due to Rothstein in the super setting [37] and to Roytenberg in the graded setting [38]. In addition, the obtained symplectic structure on M corresponds to the one stemming from the Lagrangian of a free pseudo-classical spinning particle on (M, ě) [36, 26], so that the graded Poisson algebra O(M) is a classical counterpart to D(M, S).

This is confirmed by the geometric quantization scheme, which associates the Hilbert space of square integrable spinors to the supercotangent bundle M [31].

We name quantizations of M the linear maps Q : O(M) → D(M, S) which are the inverse of a full symbol map for the Hamiltonian filtration of D(M, S). The Weyl quantization developed by Getzler [18] and Voronov [41] is precisely of this type. In particular, it enables to quantize supercharges linear in momenta, built from Killing forms, into symmetries of the Dirac operator /D [19, 40]. However, Weyl quantization fails to quantize conformal supercharges into Dirac symmetry operators, even the simplest ones built from conformal Killing forms [2, 3].

Our aim is to build a family (Q^{λ,μ})_{λ,μ∈R} of quantizations of the supercotangent bundle which are conformally equivariant, assuming that the base manifold (M, ě) is conformally flat. Such map Q^{λ,μ} allows, for right parameters (λ, μ), to quantize all the conformal supercharges into higher symmetries of the Dirac operator, i.e. into operators D_1 ∈ D(M, S) such that /DD_1 = D_2 /D for some D_2 ∈ D(M, S). By the way, we also build a family (S^δ )_{δ∈R} of so-called conformally equivariant superizations. For the right δ, the map S^δ establishes a correspondence between conformal Killing tensors with mixed symmetry, lying in Γ(ST M ⊗ ΛT^∗M), and conformal supercharges. Applications to separability of the Dirac equation [9] and integrability of spinning particle motion [26] are expected. This work is a first step towards the study of the algebra structure of the higher symmetries of the Dirac operator [32], which should be of interest for higher spin field theories.

1.3. We detail now the content of the present paper.

In Section 2, we introduce the needed definitions for conformally equivariant quantization of M to make sense. In particular, we have to introduce the actions on its source and target space of the Lie algebra g of conformal Killing vector fields. We assume that (M, ě) is conformally flat and of signature (p, q) so that g ∼= o(p + 1, q + 1). Its action on the spinor bundle S is given by the Kosmann’s Lie derivative of spinors [25], which admits a one parameter deformation obtained by tensoring S with a real power of the determinant bundle, i.e. with a density bundle. We denote by (D^{λ,μ})_{λ,μ∈R} the family of g-modules defined by the induced deformed adjoint actions of g on D(M, S). For given weights λ, μ, the action of g on D^{λ,μ} induces two different actions on O(M). The first one is Hamiltonian and induced by the principal symbol map associated to the Hamiltonian filtration of D(M, S), it depends only on the shift δ = μ − λ and leads to the g-module denoted S^δ. It should be understood as the module of classical observables. The latter g-action does not preserve the bigradation of O(M) ∼= Γ(ST M ⊗ ΛT^∗M), but via the principal tensorial symbol map, it induces a second g-action on O(M) which does. We denote by T^δ this extra g-module, which identifies to the tensor module Γ(ST M ⊗ ΛT^∗M) up to twist by appropriate density bundles. Then, we define the conformally equivariant superization S^δ : T^δ → S^δ, inverse to a full tensorial symbol map, and the conformally equivariant quantization Q^{λ,μ} : S^δ → D^{λ,μ}, inverse to a full Hamiltonian symbol map. The name superization comes from the inclusion Pol(T^∗M) ⊂ T^0 as Vect(M)-modules, hence to each classical observable in Pol(T^∗M) corresponds via S^0 a spinning analog in S^0.

In Section 3, we introduce the building blocks of the maps S^δ and Q^{λ,μ}, which are the isometric invariant operators on T^δ. They are classifed thanks to the Weyl’s theory of invariants [42]. In addition, we compute the Casimir operators of the three g-modules T^δ, S^δ and D^{λ,μ}.

In Section 4, we prove our main theorem: existence and uniqueness of the conformally equivariant superization S^δ : T^δ → S^δ and quantization Q^{λ,μ} : S^δ → D^{λ,μ}, except for critical weights δ = μ − λ. The proof follows the one of existence and uniqueness of conformally equivariant quantization in the scalar setting [12]. The only tricky point is the diagonalization of the Casimir operator of T^δ, which proves to be equivalent to the harmonic decomposition of the polynomial space SR^n ⊗ ΛR^n . After deriving it, we discover that it was the purpose of [23]. We determine then the critical weights δ for S^δ (resp. Q^{λ,μ}). According to [34], they coincide with the weights δ for which there exists conformally invariant operators on T^δ (resp. S^δ), which strictly lowers the degree. The classification of such operators allows us to show that critical weights are positive, so that existence and uniqueness of S^δ and Q^{λ,μ} hold in the most usual case δ = μ − λ = 0.

In Section 5, we compute explicit formulæ for S^δ and Q^{λ,μ}. Following the method in the reference [13], we get local formulae for the conformally equivariant superization. Then, we obtain such formulae for the conformally equivariant quantization also, when it is valued in first order operators. After that, we derive global expressions in terms of the Levi-Civita connection of ě for both maps. Contrary to the scalar case, none of them is conformally invariant, i.e. depend only on the conformal class of ě. This is due to the fact that the symplectic form on M depends on ě and therefore the Hamiltonian g-action on S^δ also. Nevertheless, their composition Q^{λ,μ}∘S^δ leads to a conformally invariant map, which identifies to the conformally equivariant quantization valued in D^{λ,μ} that one can deduce from the general work [8].

In Section 6, we classify the symmetries of the free massless spinning particle over conformally flat manifolds. In the pseudo-classical case, they are the conformal supercharges, which generalize the symmetries of the massive particle studied in [19, 40, 26]. They arise as the conformally equivariant superization of conformal Killing hook tensors, the latter including the purely symmetric and skew-symmetric ones. After quantization, the conformal supercharges correspond to the higher symmetries of the Dirac operator, and we recover in particular the ones given by first order operators classified in [3], and used for integrability purpose in [9].

In all that paper, we work over a pseudo-Riemannian manifold (M, ě), with ě a metric of signature (p, q). That manifold is supposed to be spin and of even dimension n = p + q. We freely use the Einstein’s summation convention. The tensor products of C^∞(M)-modules are understood over the algebra C^∞(M).

2. Spinor differential operators and their symbols

In order to keep a self-contained expository, this section presents a recollection of our previous work [31]. Namely, we introduce the o(p + 1, q + 1)-modules structures of the space of differential operators acting on weighted spinors as well as the ones of its two spaces of symbols, and we compare these three modules.

2.1. The supercotangent bundle. Let E be a vector bundle over the smooth manifold M and d an integer. We denote by E[d] the N-graded manifold with base M and structural sheaf O(E[d]), which identifies to the graded sheaf of complexified sections of SE^∗ if d is even and of ΛE^∗ if d is odd. The sections of S^kE^∗, or Λ^kE^∗, receive a degree kd. Such a formalism allows to encode symmetric contravariant tensors, i.e. sections of the bundle ST M, as functions on T^∗[2]M, the order of tensors being twice the degree of corresponding functions. Analogously, the algebra of complexified differential forms Ω^C (M) is viewed as the algebra of functions on T [1]M, the degree of forms equating the one of functions.

Both types of tensors are encompassed into the algebra of functions of the supercotangent bundle of M, defined as the fiber product M = T^∗[2]M ×_M T [1]M. The gradation of its structural sheaf is given by the following subspaces, for ℓ ∈ N,

(2.1) O_{[ℓ]}(M) = ⨁ 2k+κ=ℓ O_{k,κ}(M) and O_{k,κ}(M) = Pol_k(T^∗M) ⊗_C∞_{(M)} Ω^C_κ (M),

where Pol_k(T^∗M) ∼= Γ(S^kT M) is the space of functions on T^∗M of degree k in the fiber variables and Ω^C_κ (M) is the space of complex differential forms of degree κ. Starting from a local coordinate system (x^i) on M, we can build a natural one (x^i, p_i, ξ^i) on M, with p_i identifying to the partial derivative ∂_i := ∂/∂x^i and ξ^i to the differential 1-form dx^i.

Rothstein has classified the even symplectic structures on supermanifolds in [37]. Accordingly, a symplectic structure on M is equivalent to the three following piece of data: a symplectic form on T^∗M, a metric on the vector bundle T M, i.e. a metric on M, and a compatible connection. In particular, the Rothstein results lead to the following proposition.

Proposition 2.1. [31] Let (M, ě) be a pseudo-Riemannian manifold and ℏ ∈ R. Its supercotangent bundle M = T^∗[2]M ×_M T [1]M admits an exact symplectic structure ω = dα, which reads in local natural coordinates as

(2.2) α = p_idx^i + ℏ 2i ě_{ij}ξ^id^∇ξ^j, with d^∇ the covariant differential associated to the Levi-Civita connection.

The introduction of the factor ℏ/i into the symplectic form ω deserves some explanations. First, from a physical point of view, a symplectic form should have the dimension of an action. Assigning no dimension to the odd variables ξ forces us to insert a constant with the dimension of an action in front of the ξ-term. We choose ℏ since our aim is quantization. To deal with pseudo-classical spinning particles [4, 36, 30, 26], ℏ should be replaced by a characteristic action of the studied system. Second, the symplectic form should be real. For quantization purpose, we define the real structure on M by the involution anti-automorphism

(2.3) ¯· : O(M) → O(M)

equal to the identity on coordinates. In particular, we get ξ^iξ^j = ξ̄^jξ̄^i = −ξ^iξ^j and α, ω are then real.

The symplectic form ω is of degree 2, hence (M, ω) fits also into the classification of graded symplectic manifold of degree 2, performed in [38] by Roytenberg. The Poisson bracket associated to ω lowers the degree by 2 and is completely determined, thanks to Leibniz property, by the following equalities {X, Y } = ∇_{[X,Y ]} + ℏ 2i R^k_{lij} ξ_kξ^lX^iY^j, {X, ξ} = ∇_X ξ, {ξ, ξ^′} = i ℏ ě^{−1}(ξ, ξ^′),

where X, Y ∈ Pol_1(T^∗M) identify to vector fields, ξ, ξ^′ are 1-forms on M, ě^{−1} is the metric induced by ě on T^∗M and (R^k_l)_{ij} = [∇_i, ∇_j ] are the components of its Riemann tensor.

2.2. Spinor differential operators. Let (M, ě) be a pseudo-Riemannian spin manifold of even dimension n. Its spinor bundle S satisfies EndS ∼= C l(M, ě), where C l(M, ě) is the complex Clifford bundle of (M, ě). We introduce the usual isomorphism

(2.4) γ : Ω^C (M) → Γ(C l(M, ě)),

which satisfies γ(ξ)γ(ξ^′) + γ(ξ^′)γ(ξ) = −2ě^{−1}(ξ, ξ^′) for any ξ, ξ^′ ∈ Ω^C_1 (M). The algebra D(M, S) of differential operators acting on sections of S is an algebra filtered by the order of derivations, over the subalgebra Γ(EndS) ∼= Γ(C l(M, ě)) of zeroth order operators. The latter admits also a filtration, leading to one filtration on each subspace D_k(M, S) of k^{th} order operators. Resorting to a spinor connection on S, we can then define a naive bifiltration of D(M, S) by the following subspaces, indexed by k ∈ N and κ ≤ n, D^∇_{k,κ}(M, S) = span{γ(ξ_1) · · · γ(ξ_μ)∇_{X1} · · · ∇_{Xm} | m ≤ k and μ ≤ κ}, where ξ_i pertains to Ω^C_1 (M) and ∇_{Xi} is the spinor covariant derivative, induced by the connection on S, along the vector field X_i. Such a bifiltration behaves badly with respect to the commutator, since [∇_X , ∇_Y ] is of degree 2 in γ(ξ). Moreover, it depends on the choice of connection, as ∇_X = X^i∂_i +X^iΓ^k_{ij}γ(ξ^j )γ(ξ_k). These difficulties are overcome by the following definition, introduced in [31], D_{k,κ}(M, S) = span{γ(ξ_1) · · · γ(ξ_μ)∇_{X1} · · · ∇_{Xm} | m ≤ k and 2m + μ ≤ 2k + κ}. For such a bifiltration, if A and B are two operators of orders (k, κ) and (k^′, κ^′), then their product AB is of order (k + k^′, κ + κ^′) and their commutator [A, B] splits into two terms of orders (k + k^′ − 1, κ + κ^′) and (k + k^′, κ + κ^′ − 2). Thus, the associated bigraded algebra, defined as the direct sum over (k, κ) ∈ N × �0, n� of the subspaces bigr_{k,κ}D(M, S) = D_{k,κ}(M, S)/(D_{k−1,κ}(M, S) + D_{k,κ−1}(M, S)), is a graded-commutative algebra. In addition to the usual filtration by the order of derivations, the above bifiltration allows us to introduce another one, given by the following increasing sequence

(2.5) D_{[ℓ]}(M, S) = ⋃ 2k+κ=ℓ D_{k,κ}(M, S). Thus, ∇_X and γ(ξ)γ(ξ^′) are considered of same order. This filtration is compatible with the commutator so that the associated graded algebra grD(M, S) is endowed with a Poisson bracket of degree −2. In consequence, it is referred thereafter as the Hamiltonian filtration.

Proposition 2.2. [31] We get the following isomorphisms bigrD(M, S) ∼= O(M) ∼= Γ(ST M ⊗ ΛT^∗M), grD(M, S) ∼= O(M), of respectively bigraded algebras and graded Poisson algebras.

Accordingly, we introduce the Hamiltonian principal symbol maps defined by the following projections,

(2.6) σ_ℓ : D_{[ℓ]}(M, S) → O_{[ℓ]}(M),

which are normalized by σ_2(∇_{∂i} ) = p_i and σ_1(γ(ξ^i)) = (_ℏ 2i )_{1/2} ξ^i to satisfy the usual relations:

(2.7) σ_ℓ(A)σ_ℓ′ (B) = σ_{ℓ+ℓ}′ (AB) and {σ_ℓ(A), σ_ℓ′ (B)} = σ_{ℓ+ℓ}′_{−2}([A, B]),

for all differential operators A, B of Hamiltonian orders ℓ and ℓ^′.

By definition |Λ|^λ := |Λ^{top}T^∗M|^{⊗λ} is the trivial line bundle of λ-densities, the 1-densities being the natural objects for integration. Resorting to a pseudo-Hermitian inner product ⟨·, ·⟩_S on S, we obtain then a pairing between sections of S ⊗ |Λ|^λ and S ⊗ |Λ|^μ if λ + μ = 1. Consequently, the adjoint of an operator D between the latter vector bundles is defined by

(2.8) ∫ M ⟨ϕ, Dψ⟩_S = ∫ M ⟨D^tϕ, ψ⟩_S , for all compactly supported sections ϕ, ψ of S⊗|Λ|^λ. We choose the map γ, introduced in (2.4), such that it intertwines the conjugation on M and the adjoint operation on Γ(C l(M, ě)).

2.3. The conformal Lie algebra g. Let (M, ě) be a pseudo-Riemannian manifold of signature (p, q). A conformal Killing vector field on M is a vector field X whose Lie derivative action preserves the direction of the metric, i.e. L_X ě is proportional to ě. By definition, (M, ě) is conformally flat if ě = F η locally, where F is a positive function and η is the flat metric of same signature (p, q). Then, the Lie algebra g of local conformal Killing vector fields of (M, ě) is of maximal dimension and identifies to o(p + 1, q + 1). On (R^{p,q} , F η), the Lie algebra g ∼= o(p + 1, q + 1) of conformal Killing vector fields is given explicitly, in terms of its generators, by

X_i = ∂_i, X_{ij} = x_i∂_j − x_j∂_i, X_0 = x^i∂_i,

(2.9) X̄_i = x_jx^j ∂_i − 2x_ix^j∂_j ,

for i, j = 1, . . . , n, the indices being lowered using η. The latter vector fields provide the local realization of g on (M, ě), endowed with a |1|-gradation via the polynomial degree of the coefficients. With respect to the metric η, g_{−1} is the Lie subalgebra of translations, g_0 splits into the Lie subalgebra o(p, q) of rotations and its center, generated by the Euler vector field X_0, and g_1 is the subspace of conformal inversions. We denote the Lie algebra of isometries by e(p, q) := o(p, q) ⋉ g_{−1}, and the one of similitudes by ce(p, q) := RX_0 ⋉ e(p, q).

2.4. The g-module of tensorial symbols T^δ. Let us remind that any vector field X on M admits a canonical lift to the linear frame bundle via its first order jet (∂_iX^j). This leads to an action of Vect(M) by Lie derivatives on any associated bundle, e.g. ℓ^λ_X = X^i∂_i + λ∂_iX^i on λ-densities. The tensor bundle ST M ⊗ ΛT^∗M is also associated to the principal frame bundle, therefore it admits an action of Vect(M) by Lie derivatives. Under the identification of the latter tensors with functions on the supercotangent bundle M, the Lie derivative is given by the following lift of Vect(M) to M

(2.10) Vect(M) ∋ X → X̂ := X^i∂_i + (∂_iX^j )(ξ^i∂_ξj − p_j∂_{pi} ),

where (x^i, p_i, ξ^i) denotes a local natural coordinate system on M and (∂_i, ∂_{pi} , ∂_ξi ) are the corresponding partial derivatives. Clearly, this Vect(M)-action preserves the bigradation of the tensor algebra Γ(ST M ⊗ ΛT^∗M).

Definition 2.3. We denote by T^δ the vector bundle ⨁ κ≤n ST M ⊗ Λ^κT^∗_C M ⊗ |Λ|^{δ− κ}n . The bigraded module of sections T^δ = Γ(T^δ ) is endowed with the natural action of X ∈ Vect(M), given on the κ-component by L^δ_X = X̂ ⊗ Id + Id ⊗ ℓ^{δ−κ/n}_X . The elements of T^δ will be referred to as tensorial symbols.

The usual space of symbol of D(M, S) is its graded algebra for the filtration by the order of derivations. It identifies to Pol(T^∗M) ⊗ Γ(C l(M, ě)). The ideal of Clifford relations in the tensor bundle is stable under conformal transformations, hence we get an action of the Lie algebra g of conformal Killing vector fields on Γ(C l(M, ě)). This action preserves the filtration of Γ(C l(M, g)) and the corresponding action on its associated graded algebra Ω^C (M) is easily identified. This leads to the following proposition, justifying the introduction of T^δ.

Proposition 2.4. Let (M, ě) be a pseudo-Riemannian manifold and Σ := ξ^i∂_ξi be the Euler vector field of T [1]M. We get an isomorphism of g-modules

Id ⊗ |vol_ě|^{Σn} γ : T^δ → Γ(ST M ⊗ |Λ|^δ ) ⊗ Γ(C l(M, ě)),

which depends only on the conformal class of ě.

2.5. The g-module of Hamiltonian symbols S^δ. In contradistinction with the cotangent bundle case, the natural lift (2.10) of Vect(M) by Lie derivatives do not lead to Hamiltonian vector fields on M. Besides, the preservation of the potential 1-form α, see (2.2), is not a strong enough condition to determine a unique lift of X ∈ Vect(M) to M. In [31], we ask in addition for preservation of the direction of the 1-form β = ě_{ij}ξ^idx^j . Both conditions can be satisfied only for vector fields X ∈ g, in that case they fix a unique lift g ∋ X → X̃ := X̂ + Σ n + ℏ 2i ( R^k_{lij} ξ_kξ^lX^j + ∇_i(∂_{[l}X_{k]})ξ^kξ^l ) ∂_{pi} , the brackets denoting skew-symmetrization. The action of X̃ clearly preserves the gradation O(M) = ⨁ ℓ∈N O_{[ℓ]}(M) defined in (2.1).

Definition 2.5. We denote by S^δ the graded g-module O(M) ⊗ Γ(|Λ|^δ ) of Hamiltonian symbols, where the action of X ∈ g is given by

L^δ_X = X̃ ⊗ Id + Id ⊗ ℓ^δ_X ,

and the gradation is inherited from the one on O(M).

For 2k + κ = ℓ, the spaces S^δ_{k,κ} := O_{k,κ}(M) ⊗ Γ(|Λ|^δ ) provide a gradation of the homogeneous component S^δ_{[ℓ]} := O_{[ℓ]}(M) ⊗ Γ(|Λ|^δ) along the decomposition (2.1) of the latter space. But only the associated increasing filtration by the p-degree, (2.11) S^δ_{ℓ−n2 ,n} ⊂ S^δ_{ℓ−n2 ,n} ⊕ S^δ_{ℓ+1−n2 ,n−1} ⊂ · · · ⊂ S^δ_{[ℓ]}, is preserved by the g-action L^δ (by convention, if an index is not a natural integer then we get the null space). Accordingly, we can define the associated graded g-module grS^δ, which turns to be isomorphic to T^δ. The principal tensorial symbol maps are defined by the usual projections, and resorting to grS^δ ∼= T^δ, they read as

(2.12) ε_{k,κ} : ⨁ j≤k,(n−κ)/2 S^δ_{k−j,κ+2j} → T^δ_{k,κ}.

2.6. The g-module of spinor differential operators D^{λ,μ}. Concerning Lie derivatives, the case of the spinor bundle is more involved than for natural bundles like T M. Following Kosmann, we choose L_X = ∇_X +γ(dX^♭)/4 as Lie derivative [25], with X^♭ the 1-form deduced from X by the metric ě. This formula gives a representation of Lie algebras only if restricted to conformal Killing vector fields X ∈ g. We introduce L^λ_X := L_X ⊗ Id + Id ⊗ ℓ^λ_X , the induced Lie derivative on Γ(S ⊗ |Λ|^λ).

Definition 2.6. We denote by D^{λ,μ} the g-module D(M; S ⊗ |Λ|^λ, S ⊗ |Λ|^μ) of differential operators. The action of g on one of its element A is given by the following Lie derivative L^{λ,μ}_X A = L^μ_X A − AL^λ_X . The bifiltration on the underlying space of D^{λ,μ} turns to be preserved by the above g-action L^{λ,μ}. Hence it induces g-modules structure on bigrD^{λ,μ}, grD^{λ,μ} and on the usual symbol space Γ(ST M ⊗ |Λ|^{μ−λ}) ⊗ Γ(C l(M, g)). We compare them below.

Proposition 2.7. For δ = μ−λ, we have the following isomorphisms of (bi)graded g-modules: grD^{λ,μ} ∼= S^δ and bigrD^{λ,μ} ∼= grS^δ ∼= T^δ ∼= Γ(ST M ⊗ |Λ|^{μ−λ}) ⊗ Γ(C l(M, g)).

2.7. Explicit formulæ for actions of g. We restrict here to the local model (R^{p,q} , F η) of a conformally flat manifold to provide explicit formulæ for L^{λ,μ}_X , L^δ_X and L^δ_X . The supercotangent bundle admits then natural cartesian coordinates (x^i, p_i, ξ^i) which transform tensorially, p_i identifying to ∂_i and ξ^i to dx^i. The potential 1-form α of M is written in terms of such coordinates in equation (2.2). By definition, it reads simply as α = p̃_idx^i +^ℏ_{2i} η_{ij}ξ̃^idξ̃^j in Darboux coordinates (x^i, p̃_i, ξ̃^i). We deduce that (ξ̃^i) form an orthonormal frame of T^∗M and that p̃_i = p_i + (ℏ/2i)Γ^k_{ij} ξ^jξ_k. In terms of spinor differential operators, these coordinates satisfy p_i = σ_2(∇_i) and γ(ξ^i)γ(ξ^j ) + γ(ξ^j )γ(ξ^i) = −2F^{−1}η^{ij} , whereas p̃_i = σ_2(∂_i) and γ(ξ̃^i)γ(ξ̃^j ) + γ(ξ̃^j )γ(ξ̃^i) = −2η^{ij} . Using both coordinate systems, we introduce a linear isomorphism,

F : T^δ −→ S^δ

(2.13) P^{i1...ik} j_1...j_κ (x) ξ j_1 . . . ξj_κ p i_1 . . . pi_k −→ |volη| κ n P^{i1...ik}_{j1...jκ} (x) ξ̃^{j1} . . . ξ̃^{jκ}p̃_{i1} . . . p̃_{ik} , where vol_η is the canonical volume form dx^1 ∧ . . . ∧ dx^n attached to the metric η. Remark that |vol_η|^{1/n}ξ̃^i = |vol_ě|^{1/n}ξ^i, where vol_ě is the volume form associated to the metric ě = F η. In addition, we introduce another linear isomorphism, the normal ordering, N : S^δ −→ D^{λ,μ} (2.14) P^{i1...ik} j_1...j_κ (x)ξ̃ j_1 . . . ξ̃j_κ p̃ i_1 . . . p̃i_k −→ P i_1...i_k j_1...j_κ (x) γ̃^{j1} √ 2 . . . γ̃^{jκ} √ 2 ℏ i ∂_{i1} . . . ℏ i ∂_{ik} , where γ̃^j denotes γ(ξ̃^j ) and δ = μ − λ.

Proposition 2.8. The maps F and N are isomorphisms of ce(p, q)-modules, and are right inverses of respectively the symbol maps ε_{k,κ} on T^δ_{k,κ}, see (2.12), and (_ℏ i )_{ℓ/2} σ_ℓ on S^δ_{[ℓ]}, see (2.6). Moreover, for any X ∈ g, we have

F^{−1}L^δ_X F = L^δ_X − ℏ 2i ξ_kξ^j(∂_i∂_j X^k)∂_{pi} , (2.15)

(N F)^{−1}L^{λ,μ}_X N F = F^{−1}L^δ_X F + ℏ 4i (∂_j ∂_kX^i) ( −2p_i∂_{pj} + χ^j_i ) ∂_{pk} − ℏ i λ∂_j (∂_iX^i)∂_{pj} , (2.16)

where χ^j_i = ξ^j ∂_ξi − ξ_i∂_{ξj} +^1_2 ∂_{ξj} ∂_ξi .

The explicit expressions of the actions L^δ_X and L^{λ,μ}_X for all X ∈ g, are deduced from the Lie derivatives L^δ_X , given below for X a generator of g, cf. (2.9), L^δ_{Xi} = ∂_i, L^δ_{Xij} = x_i∂_j − x_j∂_i − (p_i∂_pj − p_j∂_pi ) + ξ_i∂_ξj − ξ_j ∂_ξi , (2.17) L^δ_{X0} = x^i∂_i − p_i∂_{pi} + δn, L^δ_{X̄i} = (x_j x^j∂_i − 2x_ix^j ∂_j) + (−2p_ix_j ∂_{pj} + 2x_ip_j∂_{pj} + 2p_kx^k∂_pi ) +2x_jξ^j ∂_ξi − 2ξ_ix^k∂_ξk − 2nδx_i. 2.8. Definitions of the g-equivariant superization and quantization. The supercotangent bundle (M, ω) of (M, ě) proves to be the phase space for a classical spinning particle on (M, ě) [4, 36, 31]. The Hamiltonian action of g turns its space of functions O(M) into the g-module S^δ, with δ = 0. It can be interpreted as the space of classical observables for a spinning particle, whereas the space of quantum observables of such a particle is known to be the space of differential operators acting on spinors, or more precisely the g-module D^{λ,μ} for λ = μ =^1_2 . This justifies the name quantization in the following definition.

Definition 2.9. Let λ, μ ∈ R and δ = μ − λ. A conformally equivariant quantization is an isomorphism of g-modules, Q^{λ,μ} : S^δ → D^{λ,μ}, which is a right inverse of the principal Hamiltonian symbol maps defined in (2.6): σ_ℓ ∘ Q^{λ,μ} = (_ℏ i )_{ℓ/2} Id on S^δ_{[ℓ]} for all integers ℓ.

Moreover, Q^{λ,μ} preserves the usual filtration by the order of derivations.

Such a quantization extends the geometric quantization of the supercotangent bundle obtained in [31], which is also conformally equivariant but defined only on symbols of Hamiltonian degree at most 2. Moreover, Q^{λ,λ} gives rise to a deformation quantization of S^0, the star-product being defined as usual by pull-back of the product on D^{λ,λ} via Q^{λ,λ}. Notice that Fedosov’s deformation quantization of symplectic supermanifolds has been investigated in [7].

Regarding T^δ, this is a g-module of geometric significance, defined as a twist by densities of the tensorial Vect(M)-module Γ(ST M ⊗ ΛT^∗R^n ). If δ = 0, it contains Pol(T^∗M) as a submodule, which can be interpreted as the algebra of classical observables for a (nonspinning) particule on (M, ě), so that the following map deserves the name superization.

Definition 2.10. A conformally equivariant superization is an isomorphism of g-modules, S^δ : T^δ → S^δ, which preserves the Hamiltonian gradation (2.1) and the filtration by the pdegree (2.11). Moreover, it is a right inverse of the principal tensorial symbol maps defined in (2.12): ε_{k,κ} ∘ S^δ = Id on T^δ_{k,κ} for all integers k and κ ≤ n.

Let E = p_i∂_{pi} and Σ = ξ^i∂_ξi be the Euler operators of the vector bundles T^∗M and T [1]M. By proposition 2.4, the map Q^{λ,μ} ∘ S^δ ∘ ((ℏ/i)^{−E} ⊗ ( √ 2)^Σγ^{−1}) is a g-module morphism Γ(ST M ⊗ |Λ|^δ ) ⊗ Γ(EndS) → D(M; S ⊗ |Λ|^λ, S ⊗ |Λ|^μ), which is a right inverse of the usual principal symbol maps. Consequently, it gives a gequvariant quantization in the sense of [8].

3. Invariant differential operators on the supercotangent bundle

In all this section we work over the local model (R^{p,q} , F η) of a conformally flat manifold, so that we get global actions of the Lie algebras e(p, q) ≤ ce(p, q) ≤ g on T^δ. They integrate into actions of the corresponding Lie groups: E(p, q) of isometries of the metric η, CE(p, q) of conformal affine transformations and G := O(p + 1, q + 1) which acts only locally. Up to the isomorphisms F and N , defined in (2.13) and (2.14), conformally equivariant superizations and quantizations are given by ce(p, q)-equivariant endomorphisms of the tensorial symbol space T^δ = Γ(T^δ ). We study here their building blocks.

Definition 3.1. We denote by D^{δ,δ′} (M) the space of differential operators on M, endowed with the natural local G-action on operators from T^δ to T^{δ′} . For H a Lie subgroup of G, the subspace of (locally) H-invariant differential operators is denoted by D^{δ,δ′} (M)^H .

As G-modules, we have D^{δ,δ′} (M) ∼= D(R^n ; T^δ , T^{δ′} ). Regarding this identification, we name fiberwise operators those linear operators which act only along the fibers of the tensor bundle T.

3.1. Euclidean invariants. The superspace R^{2n|p,q} , m = p + q, is endowed with a canonical Poisson bivector Π = ∑_n a=1 ∂_a ∧ ∂_{a+n} + ∑_{2n+p} a=2n+1 ∂a ∧ ∂a − ∑_{2n+m} a=2n+p+1 ∂a ∧ ∂a in a cartesian

coordinate system (x^a)_{a=1,...,2n+m}. The (super) Heisenberg Lie algebra h(2n|p, q) and the orthosymplectic Lie algebra spo(2n|p, q) are defined as Lie subalgebras of the Poisson algebra of polynomial functions over R^{2n|p,q} . Namely, the first one is given by the constant and linear functions, and the second one by the quadratic one. For m = 0, we recover the usual definitions of the Heisenberg and symplectic Lie algebras, and spo(0|p, q) identifies to the orthogonal Lie algebra o(p, q).

Resorting to Weyl theory of invariants [42], we get below a slight generalization of the Howe duality between the Lie algebras o(p, q) and spo(2|1, 1) in spo(2n|n, n), n = p + q. See e.g. [24, 28] for more informations on the latter dual pair. As before, we denote by (x^i, p_i, ξ^i) the natural cartesian coordinates on M and by (∂_i, ∂_{pi} , ∂_ξi ) the associated derivatives.

Proposition 3.2. Let E = p_i∂_{pi} , Σ = ξ^i∂_ξi and δ ∈ R. The subalgebra of isometry invariant differential operators on M satisfies D^{δ,δ}(M)^{E(p,q)} ∼= U(spo(2|1, 1) ⋉ h(2|1, 1)) for n ≥ 3. For all n, it is generated by the fiberwise operators

(3.1)

R = η^{ij}p_ip_j , E = E +^n_2 , T = η_{ij}∂_{pi} ∂_{pj} , Σ = Σ −^n_2 , Q = ξ^ip_i, δ = η_{ij} ξ^i∂_{pj} , δ^∗ = η^{ij} p_i∂_ξj , Q^∗ = ∂_ξi ∂_{pi} , generating the Lie algebra spo(2|1, 1), and by the differential operators

(3.2) G = η^{ij} p_i∂_j , D = ∂_i∂_{pi} , L = η^{ij} ∂_i∂_j , d = ξ^i∂_i, d^∗ = η^{ij} ∂_ξi ∂_j , generating the Lie algebra h(2|1, 1).

Proof. We resort to Weyl quantization of T^∗M which is spo(4n|n, n)⋉h(4n|2p, 2q)-equivariant. It establishes a correspondence between the e(p, q)-invariants of D^{δ,δ}(M) and of Pol(T^∗M), which admits (x^i, x̂_i, p_i, p̂^i, ξ^i, ξ̂_i) as generators. Regarding the action of e(p, q) on M, given by (2.17), the e(p, q)-invariants of Pol(T^∗M) reduce to the o(p, q)-invariant polynomials on the space (R^n )^∗ × (R^n )^∗ × R^n × ΠR^n × (ΠR^n )^∗ with coordinates (x̂_i, p_i, p̂^i, ξ^i, ξ̂_i). By the Weyl theorem [42, theorem 2.9.A, p.53] these invariants split into even and odd invariants: the even ones are generated by the 15 scalar products between these five types of coordinates, and the odd ones are constructed from the determinant and are not invariant under the group O(p, q). So we are left with the even invariants. The two squares of odd variables ξ and ξ̂ vanish and only 13 non-vanishing scalar products remain. The 8 ones without the variable x̂ can be identified to a basis of the quadratic polynomials on T^∗R^{1|1} , while the five other ones can be identify to a basis of those of degrees 0 and 1. They correspond by Weyl quantization to the 8 operators (3.1) and the 5 operators (3.2) respectively. By equivariance property of Weyl quantization we get that the operators (3.1) generate the Lie algebra spo(2|1, 1), the operators (3.2) generate the Lie algebra h(2|1, 1), and together they generate the algebra of even e(p, q)-invariants, or equivalently of E(p, q)-invariants, in D^{δ,δ}(M).

Assuming n ≥ 3, we get d(x̂^ix̂_i)∧d(x̂^ip_i)∧. . .∧d(ξ^iξ̂_i) ≠ 0. Thus the 13 obtained operators are algebraically independent and D^{δ,δ}(M)^{E(p,q)} is then isomorphic to the enveloping algebra U(spo(2|1, 1) ⋉ h(2|1, 1)). □

All of the 13 operators in (3.1) and (3.2) identify to well-known operators on tensors. The three operators R, E, T , restricted to Γ(ST R^n ), correspond to the metric, the Euler operator and the trace. Together with G, D, L, which generalize the gradient, the divergence and the Laplacian, they have been introduced in [12, 13] as building blocks of the conformally equivariant quantization of cotangent bundles. The operator Σ is the Euler operator on Γ(ΛT^∗R^n ) and the remaining operators square to zero and identify to well-known (co-)differentials. Indeed, d, d^∗ are the usual de Rham (co-)differentials on Γ(ΛT^∗R^n ) and δ, δ^∗ are Koszul type (co- )differentials on the whole space Γ(ST R^n ⊗ ΛT^∗R^n ). As for Q, Q^∗, they are (co-)differentials introduced by Manin to give a cohomological description of the Berezinian [29]. Notice that Q is also a function on M: this is the principal symbol of the Dirac operator. The notation Q is borrowed from physics where it plays the role of a supercharge [19]. Let us mention that similar algebras of invariant operators on tensor (and spinors) have been investigated in [20, 21, 22], over a background (M, ě) of constant curvature.

The bold operators with a ∗-exponent lower the degree in ξ by one, while the other ones rise it by one. The next proposition shows that, indeed, δ^∗, Q^∗ are the codifferentials of δ, Q.

Proposition 3.3. On T^δ, the operators^1_{E+Σ} δδ^∗,^1_{E+Σ} δ^∗δ and^1_{n+E−Σ} Q^∗Q,^1_{n+E−Σ} QQ^∗ are two pairs of complementary projections, which lead to the decompositions

T^δ = ker δ ⊕ ker δ^∗ and T^δ = ker Q ⊕ ker Q^∗.

Moreover, we have ker δ = imδ, ker δ^∗ = imδ^∗ = δ^∗ ker δ and ker Q = imQ, ker Q^∗ = imQ^∗ = Q^∗ ker Q.

Proof. A straightforward computation leads to [δ^∗, δ] = E + Σ, hence^1_{E+Σ} δδ^∗ is a projection whose complementary projection is^1_{E+Σ} δ^∗δ. Hence, we have ker^1_{E+Σ} δδ^∗ = im^1_{E+Σ} δ^∗δ and a complementary space in T^δ is provided by im^1_{E+Σ} δδ^∗ = ker^1_{E+Σ} δ^∗δ.

We compute now the latter four spaces. Using the above commutation relation, we first get that δ^∗δδ^∗ = (E + Σ)δ^∗. The equalities of their kernels and of their images imply that ker^1_{E+Σ} δδ^∗ = ker δ^∗ and im^1_{E+Σ} δ^∗δ = imδ^∗. Similarly, we have δδ^∗δ = (E + Σ)δ, which leads to im^1_{E+Σ} δδ^∗ = imδ and ker^1_{E+Σ} δ^∗δ = ker δ. Combining all these equalities, we deduce the results concerning δ, δ^∗ as well as the announced decomposition of T^δ. The case of Q, Q^∗ is analogous. □

3.2. Conformal invariants. The e(p, q) action on T^δ is independent of δ, hence the subspace of e(p, q)-invariants in D^{δ,δ′} (M) identifies to the previously determined one in D^{δ,δ}(M). In contradistinction, the action of the dilation vector field depends on the shift of weight δ^′ − δ. It turns out that all the e(p, q)-invariant generators are also ce(p, q)-invariants for the shift indicated in (3.3). Moreover, the fiberwise operators are automatically invariant under conformal inversions. The situation for the 13 generators of D^{δ,δ′} (M)^{E(p,q)} is sum up in the following table,

(3.3) values of n(δ^′ − δ) −2 −1 0 1 2 ce(p, q)-invariant operators T δ, Q^∗ E, D, Σ Q, δ^∗, d, d^∗ R, G, L g-invariant operators T δ, Q^∗ E, Σ Q, δ^∗ R

Restricting now to δ = δ^′, we deduce that any CE(p, q)-invariant operator is obtained from arbitrary powers of the operators E, D, Σ and monomials of the form (3.4) R^rQ^α(δ^∗)^βd^γ (d^∗)^{γ′} G^gL^lδ^{β′} (Q^∗)^{α′} T^t, where 2r + 2g + 2l + α + β + γ + γ^′ − β^′ − α^′ − 2t = 0 and the exponents of odd operators are equal to 0 or 1, since they have null square. From the table (3.3) we deduce that the fiberwise G-invariant operators are of the same form but do not involve any of the 5 operators in (3.2). In fact, they exhaust all the G-invariant differential operators on M. The proof is similar to the one concerning differential operators acting on contravariant symmetric tensors Γ(ST R^n ), provided in [11, Lemma 3.3]. Therefore, we get the following result.

Proposition 3.4. The algebra of conformal invariants D^{δ,δ}(M)^G is generated by (3.5) E, Σ, RT, QQ^∗, δ^∗δ, Qδ, δ^∗Q^∗. Moreover, E is in the center and E, Σ, RT, QQ^∗ + δ^∗δ generate an abelian subalgebra.

Proof. As conformal invariants operators are all fiberwise, they coincide with the CE(p, q)- invariant fiberwise operators. We deduce from equation (3.4) that they are generated by E, Σ and R^rQ^α(δ^∗)^β δ^{β′} (Q^∗)^{α′} T^t for 2r + α + β − β^′ − α^′ − 2t = 0. Since the exponents of odd operators are equal to 0 or 1, we obtain the announced generators in (3.5), plus RδQ^∗ and Qδ^∗T .

We trivially check that E is in the center and that Σ commute to RT , QQ^∗ and δ^∗δ. A direct computation shows that^1_2 [RT, QQ^∗] = −^1_2 [RT, δ^∗δ] = [QQ^∗, δ^∗δ] = RδQ^∗ − Qδ^∗T . Therefore, E, Σ, RT, QQ^∗ + δ^∗δ generate a commutative algebra. Moreover, the sum of the three commutators of [RT, QQ^∗] with RT , QQ^∗, δ^∗δ, leads to RδQ^∗ + Qδ^∗T , hence the seven operators given in (3.5) generate indeed D^{δ,δ}(M)^G. □

3.3. Three Casimir operators. Given a representation ρ : g → End(V ), we remind that the Killing form B of g induces a particular g-invariant operator on V , called the Casimir operator. It is defined by C_ρ = B^{αβ}ρ(X_α)ρ(X_β ), where B^{αβ} is the inverse of the Gram matrix of the Killing form in the basis (X_α) of g. Hence, for each of the three representations of g on T^δ, S^δ and D^{λ,μ}, we get a Casimir operator. We can pull back the ones of S^δ and D^{λ,μ} to T^δ, via the isomorphisms F and N defined in (2.13) and (2.14) respectively. We get then ce(p, q)-invariant operators on T^δ, which can be written in terms of the generators listed in (3.1) and (3.2). The Casimir operator of T^δ being g-invariant it can more specifically be written in terms of the operators in (3.5).

Proposition 3.5. Let δ = μ − λ. The three g-modules T^δ, S^δ and D^{λ,μ} admit Casimir operators. After pull-back by the local isomorphisms F and N , they read on T^δ respectively as, C_T = Ĉ + Σ(Σ − n) + 2(QQ^∗ + δ^∗δ) − 2E,

(3.6)

C_S = C_T + 2 ℏ i dδ, C_D = C_T + ℏ i ( GT − 2 ( E + nλ + 1 2 ) D + 2dδ + d^∗δ + dQ^∗ + 1 2 d^∗Q^∗ ) , where Ĉ = RT + [1 + n(δ − 1) − E] E − n^2δ(δ − 1) is the Casimir operator of the g-module Γ(ST R^n ⊗ |Λ|^δ), obtained in [12].

Proof. To compute this three Casimir operators, we use the basis of g introduce in (2.9) and the computation of the Gram matrix of the Killing form performed in [12], which leads to

C_ρ = 1 2 η^{ik}η^{jl}ρ(X_{ij} )ρ(X_{kl}) − ρ(X_0)^2 − 1 2 η^{ij} ρ(X_i)ρ(X̄_j ) − 1 2 η^{ij} ρ(X̄_i)ρ(X_j ), for any representation ρ of g. Replacing ρ by successively the three representations L^δ , L^δ and L^{λ,μ} and resorting to the given explicit expressions of the actions of the generators (2.9) of g leads to the result, after straightforward but rather lengthy computations. □

4. Main results

We work on a spin manifold (M, ě) of dimension n and signature (p, q), that is assumed to be conformally flat except in section 4.1.

4.1. Irreducible decomposition of the tensorial symbol bundle. Since the O(p, q)- invariant operators introduced in (3.1) are fiberwise, they generalize to arbitrary pseudo- Riemannian manifold (M, ě), up to replacing the metric η by ě. Their commutation relations, given in (A.4), remain the same.

In the case of usual differential operators, the symbols are sections of the vector bundle ST M. The decomposition of the latter into O(p, q)-homogeneous irreducible bundles stems from the harmonic decomposition of its fibers, isomorphic to SR^n . It coincides with the decomposition of SR^n into joint eigenspaces of the O(p, q)-invariant operators E and RT . For weighted spinor differential operators, the space of tensorial symbols is T^δ = Γ(T^δ ), cf. definition 2.3. The decomposition of T^δ into O(p, q)-homogeneous irreducible bundles relies then on the one of its fibers, SR^n ⊗ Λ(R^n )^∗, into irreducible representations of O(p, q). This generalization of harmonic decomposition has been carried out in [23]. We recover it here independently as the decomposition into joint eigenspaces of the commuting O(p, q)-invariant operators E, Σ, RT, QQ^∗ +δ^∗δ, obtained in proposition 3.4. To take into account the weight δ, we rather regard these bundles as CO(p, q)-homogeneous ones. Resorting to previous notation, we introduce the projection Π_0 : ker T^2 → ker T , explicitly given by Id −^1_{4n+2E} RT , and the operator Q_0 = Π_0 ∘ Q.

Theorem 4.1. The vector bundle T^δ admits an irreducible decomposition into CO(p, q)- homogeneous bundles, which correspond in terms of modules of sections to the decomposition (4.1) T^δ = ⨁ k∈N,κ≤n ⨁ s≤[k/2] ⨁ α,β∈{0,1} T^δ_{k,κ,s;αβ}, where (4.2) T^δ_{k,κ,s;αβ} = R^s(Q_0)^α(δ^∗)^β ( T^δ_{k−2s,κ−α+β} ⋂ (ker T ∩ ker δ ∩ ker Q^∗) ) . Those modules are g-stable and form eigenspaces of the Casimir operator C_T with eigenvalues (4.3) γ_{k,κ,s; ab} = γ̂_{k,s} + κ(κ − n) + 2(α + β − 1)(k − 2s) + 2(β − α)κ + 2α(n − 2β), where γ̂_{k,s} = 2s[n + 2(k − s − 1)] + 2k[1 + n(δ − 1) − k] − n^2δ(δ − 1) is the eigenvalue of the Casimir operator Ĉ, see (3.6). The multiplicity in the decomposition (4.1) is at most two, the only isomorphic modules occurring via (4.4) T^δ_{k,κ,s;10}^{δ∗Q∗} // T^δ_{k,κ−2,s;01}, Qδ kk and T^{δk,κ,s;00}

Q_0δ^∗T // T^δ_{k,κ,s−1;11}, RδQ^∗ kk for all k, κ, s such that source and target spaces are well-defined.

Proof. We first obtain the decomposition (4.1) as the decomposition of T^δ into joint eigenspaces for the four commuting operators E, Σ, RT, QQ^∗ +δ^∗δ. The first three ones lead to a straightforward generalization of the usual harmonic decomposition,

T^δ = ⨁ k,κ,s R^s ( T^δ_{k,κ} ∩ ker T ) .

It remains then to decompose the space ker T into eigenspaces of QQ^∗ + δ^∗δ. This is tricky since RT , δ^∗δ and QQ^∗ do not commute. The proposition 3.3 states that^1_{E+Σ} δδ^∗ is a projection on ker δ along δ^∗ ker δ. Since [T, δδ^∗] = 2δQ^∗, the latter projection preserves the space ker Q^∗ ∩ ker T , but not ker T . The decomposition (4.1) relies then on the equality ker T = ⨁ α=0,1(Q0) α ker T ∩ ker Q^∗. To get it, we use the identity ker Q^∗ ∩ ker T = Q^∗ ker T , deduced from proposition 3.3, and we prove that there exists an operator A such that following exact sequence is split

(4.5) 0 // ker Q^∗ ∩ ker T // ker T^{AQ∗} // Q^∗ ker T

Q_0 ii // 0.

The table (A.5) leads to the equality Q^∗Q_0 = (n+E −Σ)−^1_{(n+2(E−1))} δ^∗_0δ on Q^∗ ker T , so that it defines an automorphism of this space. In consequence, this operator admits an inverse A, satisfying AQ^∗Q_0 = Id on Q^∗ ker T . This proves (4.1).

Straightforward computations lead to the eigenvalues of the Casimir operator C_T on the spaces T^δ_{k,κ,s;αβ}. Restricted to such a space, the eight generators of the fiberwise O(p, q)- invariant operators, defined in (3.1), are either null or have zero kernel. Since O(p, q) is semi-simple and T^δ_{k,κ,s;αβ} is a finite dimensional C^∞(M)-module, the latter is the module of sections of an O(p, q)-homogeneous irreducible bundle on M. Clearly, this is also a CO(p, q)- homogeneous bundle. As the modules T^δ_{k,κ,s;αβ} are joint eigenspaces for the four operators E, Σ, RT, QQ^∗ +δ^∗δ, the only isomorphisms between them come from the remaining fiberwise CO(p, q)-invariant operators listed in Proposition 3.4. The isomorphisms (4.4) follow. □

Notice that the modules of zero degree in the odd variables are of the form T^δ_{k,0,s;01}. The eigenvalue of the Casimir operator C_T on them reduces as expected to the one of Ĉ.

4.2. Classification of conformally invariant operators on T^δ. In paragraph 3.2, we have determined all the conformal invariant differential operators acting on T^δ, over the local model (R^{p,q} , F η). We turn now to those which are not necessarily differential. It is proved in [27] that an operator Γ(S^kT R^n ) → Γ(S^lT R^n ), with k, l ∈ N, is local if it is invariant under translations and dilation. This result extends straightforwadly to operators acting from T^δ to T^{δ′} , meaning that ce(p, q)-invariant operators are differential if restricted to functions of bounded degree in p. However, they are not necessarily differential on the whole space T^δ, like the operator (E + 1)^{−1}. This does not impact the proof of proposition 3.2 and such operators are generated by the e(p, q)-invariant operators given in (3.1) and (3.2). To determine those which are g-invariant is more tricky, there exist indeed non fiberwise g-invariant operators.

To classify them, we restrict ourselves to irreducible homogeneous bundles. According to the previous paragraph, we have the following commutative diagram of g-modules (4.6) T^δ_{k,κ,s;αβ} δ^α(Q^∗)^β T^s fflffl

// T^{δ′}_{k′,κ′,s′;α′β′}

T^{δ0}_{k0,κ0,0;00} // T^{δ′0}_{k′0,κ′0,0;00}

R^{s′} (Q_0)^{α′} (δ^∗)^{β′} OO

for well-chosen indices on the bottom part. The vertical arrows being isomorphisms, the general classification of conformally invariant operators acting on T^δ boils down to the one on its irreducible pieces of the form T^δ_{k,κ,0;00}. They are given by certain linear combinations of ce(p, q)-invariant operators of the type

(4.7) d^{γ′}_0 (d^∗_0)^γ G^g_0L^ℓ_0D^d_0,

where the indexes 0 and 0 denote respectively the restriction and corestriction to ker T and to ker T ∩ ker Q^∗ ∩ ker δ. We determine all such g-invariant operators below. Using their equivalent description as morphisms of generalized Verma modules, their classification can also be derived from the general statements in [5, 6].

Theorem 4.2. Let k, k^′ be non-negative integers, 0 ≤ κ, κ^′ ≤ n, δ, δ^′ ∈ R, and let us define j = n(δ^′ − δ). The space of conformally invariant operators D(T^δ_{k,κ,0;00}, T^{δ′}_k′_{,κ}′_{,0;00})^G over (R^{p,q} , F η) is either trivial or of dimension 1, generated by

• D^d_0 if k^′ − k = −d, κ^′ = κ, j = 0 and δ = 1 +^{2k−d}_n , • G^g_0 if k^′ − k = g, κ^′ = κ, j = 2g and δ = −^g_n , • L_ℓ if k^′ = k, κ^′ = κ, j = 2ℓ and δ =^1_2 +^{k−ℓ}_n , • d_0 if k^′ = k, κ^′ − κ = 1, j = 1 and δ =^{k+κ}_n , • d^∗_0 if k^′ = k, κ^′ − κ = −1, j = 1 and δ = 1 +^{k−κ}_n , where the operator L_ℓ is of the form ∑ γ=0,1 aε,jd ε 0(d^∗_0)^ε ∑_ℓ j=0 G^j_0L^{ℓ−ε−j}_0 D^j_0 for certain coefficients a_{ε,j} ∈ R. If n is even, we get also

• d_0L_ℓ if κ = n/2 + ℓ, k^′ = k, κ^′ − κ = 1, j = 2ℓ + 1 and δ =^1_2 +^{k−ℓ}_n , • d^∗_0L_ℓ if κ = n/2 − ℓ, k^′ = k, κ^′ − κ = −1, j = 2ℓ + 1 and δ =^1_2 +^{k−ℓ}_n . • d_0d^∗_0 if κ = n/2 + 1, k^′ = k, κ^′ = κ, j = 2 and δ =^1_2 +^{k−1}_n , • d^∗_0d_0 if κ = n/2 − 1, k^′ = k, κ^′ = κ, j = 2 and δ =^1_2 +^{k−1}_n .

Proof. We follow the proof given by the author in [34], in the case of the cotangent bundle. Let A ∈ D(T^δ_{k,κ,0;00}, T^{δ′}_k′_{,κ}′_{,0;00})^G. According to (4.7), it is of the form A = d^{γ′}_0 (d^∗_0)^γ G^g_0L_ℓD^d_0 for a certain operator L_ℓ satisfying L_ℓ = a_{ε,j}d^ε_0(d^∗_0)^εG^j_0L^{ℓ−ε−j}_0 D^j_0, where g, d, ℓ are integers, γ, γ^′ = 0, 1, and a_{ε,j} are reals indexed by ε = 0, 1 and j = 0, . . . , ℓ. Moreover, we can ask for a_{0,0} ≠ 0 so that ℓ is optimal.

We reduce now further the expression of A by its invariance under conformal inversions. The action of X̄_i on the powers of the five operators entering into A is computed in the appendix, it follows that

(4.8) [A, L^∗_{X̄i} ] ∈ E_D∂_{pi} ⊕ Π_0p_iE_G ⊕ E_d∗ Π_0∂_ξi ⊕ Π_0ξ_iE_d ⊕ ∂_iE_L,

where Π_0 is the projection onto the space ker T ∩ker Q^∗ ∩ker δ, and E_G, E_D, E_L, E_d, E_d∗ are vector spaces generated by the five operators d_0, d^∗_0, G_0, D_0, L_0. The independence of the monomials in A with different powers of L_0 together with the vanishing of the five components of [A, L^∗_{X̄i} ] lead then to the result. E.g. the vanishing of the component in E_D∂_{pi} of the higher degree term in L_0 of [A, L^∗_{Xi} ] reads as

[D^d_0, L^∗_{Xi} ] = 0,

and from the relations (A.3) we deduce that necessarily δ = 1 +^{2k−d−1}_n if d ≠ 0. Along the same reasoning we get that: G^g_0, d^{γ′}_0 and (d^∗_0)^γ are g-invariant. Therefore, we have δ +^{2l}_n =^{1−g}_n if g ≠ 0, δ +^{2(ℓ+g)}_n = 1 +^{k−κ}_n if γ = 1 and δ +^{2(ℓ+g)+γ}_n =^{k+κ}_n if γ^′ = 1. As the operator A is g-invariant, the same holds for L_ℓ. Since the component in ∂_iE_L of the higher degree term in L_0 of [L_ℓ, L^∗_{Xi} ] vanishes, equations (A.3) lead us to δ =^1_2 +^{k−ℓ}_n if ℓ ≠ 0. Then, straightforward but lengthy computations show that there exist unique reals a_{ε,j} such that L_ℓ is conformally invariant.

If n is odd, the five values found for δ are incompatible two by two, so only one of the five exponents can be non zero. If n is even, the values of δ for two non-vanishing exponents among γ, γ^′, ℓ can be compatible for constrained value of κ. The result follows. □

The theorem being of local nature and depending only of the conformal class of the metric, it extends straightforwardly to conformally flat manifolds (M, ě). The local expressions of the g-invariant operators remain the same if we choose a conformal coordinate system, but to obtain their covariant formulæ is a non trivial task.

4.3. Existence and uniqueness of the g-equivariant quantization and superization. In the seminal paper [12], existence and uniqueness of the conformally equivariant quantization of cotangent bundles was proved, resorting to diagonalization of the Casimir operators of the modules of differential operators and of their symbols. Thanks to theorem 4.1, we can apply the same method to prove existence and uniqueness of equivariant superization and quantization of supercotangent bundles, introduced in definitions 2.9 and 2.10. This is our main result.

Theorem 4.3. Let (M, ě) be a conformally flat manifold. There exist two sets I^S, I^Q ⊂ Q such that:

(1) conformally equivariant superization S^δ : T^δ → S^δ, exists and is unique if δ ∉ I^S, (2) conformally equivariant quantization Q^{λ,μ} : S^δ → D^{λ,μ}, exists and is unique if δ ∉ I^Q.

Moreover, if λ + μ = 1, the quantization intertwines conjugation (2.3) and adjoint operation (2.8), namely Q^{λ,μ}(¯·) = Q^{λ,μ}(·)^t.

Proof. The two results can be proved in the same way, following [12]. We focus on the second one, as we will provide a stronger statement for superization in theorem 5.1.

Existence and uniqueness of Q^{λ,μ} is a result of local nature so that we can work over the local conformal model (R^{p,q} , F η), with F a positive function. We denote by ~C_S = F ∘C_S ∘F^{−1} the Casimir operator of S^δ and by ~C_D = N ∘ F ∘ C_D ∘ F^{−1} ∘ N^{−1} the one of D^{λ,μ}. They are computed in proposition 3.5. If a conformally equivariant quantization Q^{λ,μ} exists then it intertwines the two former Casimir operators, i.e. Q^{λ,μ} ∘ ~C_S = ~C_D ∘ Q^{λ,μ}. As a consequence, each eigenvector of ~C_S is mapped by Q^{λ,μ} to an eigenvector of C̃_D of same eigenvalue and same principal symbol.

Lemma 4.4. Let k be a positive integer and N be an operator on T^δ which lowers by one the degree in p. For δ ∈ R out of a finite subset of Q, to each eigenvector P_k ∈ T^δ_{k,κ,s;αβ} of C_T corresponds a unique eigenvector of C_T + N of the form P_k + P with P of degree less than k.

Proof. We use the notation of the lemma’s statement. By hypothesis, we have the equality (C_T + N)(P_k + P ) = γ(P_k + P ) for γ a real number. This implies that γ = γ_{k,κ,s;αβ}, the eigenvalue of C_T on T^δ_{k,κ,s;αβ}, and P = P_{k−1} + . . . + P_0 with P_l of degree l in p, satisfying NP_l = (γ_{k,κ,s;αβ} − C_T)P_{l−1}. Then, P is uniquely determined by P_k, as soon as γ_{k,κ,s;αβ} is disctinct of the eigenvalues of C_T on ⨁ 0≤l≤k−1 T δ l . In view of their expressions (4.3), this is true except for a finite number of rational values of δ. □

The lemma can be applied to the Casimir operators C_S and C_D. Starting with an eigenvector P_k of C_T we get unique eigenvectors P^S and P^D of C_S and C_D. In consequence, a conformally equivariant quantization should satisfy Q^{λ,μ} : F(P^S) → N ∘ F(P^D). Since the Casimir operator C_T is diagonalizable on the natural symbol space T^δ, this specifies a unique quantization map, which turns out to be a g-equivariant quantization.

Let λ + μ = 1. As the linear map N intertwines conjugation and the adjoint operation, the map P → Q^{λ,μ}(P̄ )^t is a right inverse to the principal symbol map σ on homogeneous symbols. Moreover, we easily check that the actions of g on S^δ and D^{λ,μ} commute with the conjugation when they are pulled-back to T^δ. Consequently, the map defined above is a g-equivariant quantization and by uniqueness it is equal to Q^{λ,μ}. We deduce that Q^{λ,μ} intertwines conjugation and adjoint operation. □

This theorem extends to the supercotangent bundle the main result of [12], giving existence and uniqueness of the conformally equivariant quantization on the cotangent bundle. If δ /∈ I^S ∪ I^Q, we can compose the two previous maps and get existence and uniqueness of a g-equivariant map T^δ → D^{λ,μ} which is a right inverse of the usual symbol map. As explained in Paragraph 2.8, this gives a particular instance of the general result in [8] about AHS-equivariant quantization.

The significance of the subsets of exceptional values of the weight δ in the context of equivariant quantization has been revealed in [34], following previous results in [39]. They correspond to the existence of g-invariant operators on the initial module, which are not fiberwise. The proof in [34] generalizes straightforwardly to this context.

Theorem 4.5. [34] The g-equivariant superization exists and is unique on T^δ_{k,κ,s;αβ} if and only if there is no non-trivial g-invariant operator from this module to ⨁ 1≤ℓ<k T δ k−ℓ,κ+2ℓ. The g-equivariant quantization exists and is unique on S^δ_{k,κ,s;αβ} if and only if there is no non-trivial g-invariant operator from this module to ⨁_{0 ≤ ℓ < k} 0 ≤ ℓ^′ ≤ ℓ, κ S^δ_{k−ℓ,κ−2ℓ}′ . From the Theorem 4.2, providing the classification of conformally invariant operators on T^δ, we easily deduce the following corollary.

Corollary 4.6. The subsets of critical values I^S and I^Q for the conformally equivariant superization and quantization are included into^1_n N^∗ .

5. Explicit formulæ for the g-equivariant quantization and superization

5.1. Local formulæ. To write down explicit local formulæ for the maps S^δ and Q^{λ,μ}, we restrict to the local model (R^{p,q} , F η). Thus, we can use the Euclidean invariants (for the metric η) classified in section 3. The obtained formulæ being the only conformally equivariant ones, they are globally defined as a whole on arbitrary conformally flat manifolds (M, ě), but their building blocks are only locally defined, as they require the flat metric η.

The superization is easier to deal with, and we obtain an explicit formula for it on any component T^δ_{k,κ,s;αβ} of T^δ. We write the formula in a shape which illustrates Theorem 4.5. As previously, the 0 index denotes restriction and corestriction of operators to the space ker T and Π_0 is the projection onto that space.

Theorem 5.1. The conformally equivariant superization exists on T^δ_{k,κ,s;αβ} if and only if δ /∈ I^S_{k,κ,s;αβ}, given below. Then it is unique, and reads as

S^δ = F ∘ ( Id + ℏ i c_d × [ dδ + c_D R^sQδ(D + 1 k + κ − nδ dQ^∗)T^s + c_G R^{s−1}Qδ(G_0 + 1 k + κ − nδ dδ^∗_0)T^s ]) . Denoting by ρ_{k,s} = ∏_s s^′=1 2s

′(n + 2(k − 2s + s^′ − 1)) the eigenvalue of R^sT^s on T^δ_{k,κ,s} and by a_{k,s} =^{n+2(k−s)} n+2(k−s+1) an auxiliary factor, we have

(5.1) c_d = −^1_{k+κ+1−nδ} , c_D =^1 (2(k−s−1)+n(1−δ))ρ_{k,s} a_{k,s} , c_G =^{2s} (2s−nδ)ρ_{k,s} .

The non-existence cases δ ∈ I^S_{k,κ,s;αβ} correspond to the existence of g-invariant operators with source space T^δ_{k,κ,s;αβ}. They are classified below

(5.2) δ g − invariant operator source space T^δ_{k,κ,s;αβ} k+κ+1 n [dδ + c_D . . . + c_G . . .] αβ ≠ 10, κ ≤ (n − 2), 1 ≤ k 2s n R^{s−1}Qδ(G_0 +^1_{k+κ−nδ} dδ^∗_0)T^s α = 0, 1 ≤ s, κ ≤ (n − 2)

1 +^{2(k−s−1)}_n R^sQδ(D +^1_{k+κ−nδ} dQ^∗)T^s β = 1, κ ≤ (n − 2), 2 ≤ k k+κ n R^sQδdQ^∗T^s αβ = 11, 1 ≤ κ ≤ (n − 1), 2 ≤ k R^{s−1}Qδdδ^∗T^s αβ = 00, 1 ≤ s, 1 ≤ κ ≤ (n − 1) Proof. The g-equivariance of S^δ reads as S^δ ∘ L^δ_X = L^δ_X ∘ S^δ for all X ∈ g. As F is a section of the principal tensorial symbol map ε_{k,κ} which is ce(p, q)-invariant, we have S^δ = F ∘ (Id + N) with N a ce(p, q)-invariant operator from T^δ_{k,κ,s;αβ} to ⨁ 1≤ℓ<k T δ k−ℓ,κ+2ℓ. In view of the form (3.4) of those invariant operators, N is a linear combination of the following linearly independent operators dδ, R^sQδDT^s, R^{s−1}QδG_0T^s R^sQδdQ^∗T^s, R^{s−1}Qδdδ^∗_0T^s. Indeed, there is no ce(p, q)-invariant operator lowering the degree in ξ by 4, and above are all those which lower the degree in ξ by 2 and rise the degree in p by one.

Using the comparison (2.15) between the action of g on S^δ and T^δ, the g-equivariance of S^δ reads then as

(5.3) [N, L^δ_{X̄i} ] = −2 ℏ i ξ_iδ, for all i = 1, . . . , n. The actions of the conformal inversion X̄_i on the operators G, D, d, d^∗ are given in (A.2). From them and the conformal invariance of R^sT^s, Qδ, we deduce that, on T^δ_{k,κ,s}, [dδ, L^δ_{X̄i} ] = 2(k + κ + 1 − nδ)ξ_iδ + 2 ρ_{k,s} R^sQδ∂_{pi} T^s + 4s ρ_{k,s} R^sQδp_iT^s, [ R^sQδDT^s, L^δ_{X̄i} ] = 2(2(k − s − 1) + n(1 − δ))R^sQδ∂_{pi} T^s + 2R^sQδξ_iQ^∗T^s, [ R^{s−1}QδG_0T^s, L^δ_{X̄i} ] = 2(2s − nδ)R^{s−1}QδΠ_0p_iT^s − 2R^{s−1}Qδξ_iδ^∗T^s. The result follows then from the relation R∂_{pi} T^s + 2sp_iT^s = 2sΠ_0p_iT^s + (a_{k,s})^{−1}R∂_{pi} T^s. □

The conformally equivariant superization admits also a global formula on T^δ given below, as a drawback it does not allow to link easily the critical weights with conformally invariant operators.

Proposition 5.2. On T^δ, the conformally equivariant superization is given by

(5.4) S^δ = F ∘ ( Id + ℏ i C_d [ dδ + Qδ(nδD − G T )C_G ]) , where

(5.5) { (C_d)^{−1} = −(E + Σ − nδ), (C_G)^{−1} = RT + nδ ( 2(E − 1) + n(1 − δ) ) , { D = D +^1_{E+Σ+1−nδ} dQ^∗, G = G +^1_{E+Σ+1−nδ} dδ^∗.

Proof. Taking advantage of the proof of the previous theorem, we just have to show that N = ℏ i C_d [ dδ + Qδ(nδD − G T )C_G ] , satisfies the relation (5.3). This follows from the next computations on T^δ, relying again on (A.2) and the conformal invariance of Qδ, [dδ, L¯_{Xi} ] = 2(E + Σ − nδ)ξ_iδ + Qδ∂_{pi} , [QδD , L¯_{Xi} ] = 2Qδ ( ∂_{pi} (2(E − 1) + n(1 − δ)) − p_iT ) , [QδG T, L¯_{Xi} ] = 2Qδ ( − nδp_iT + ∂_{pi} RT ) . □

We turn now to the conformally equivariant quantization. Explicit computations are much harder and we restrict ourselves to S^δ_{≤1}, the space of symbols of first order in p.

Theorem 5.3. Let λ, μ ∈ R such that μ − λ = δ. For nδ ≠ 1, . . . , n + 1, there exists a unique conformally equivariant quantization Q^{λ,μ} : S^δ_{≤1} → D^{λ,μ}_1 , which reads as

(5.6) Q^{λ,μ} = N ∘ F ∘ ( Id + ℏ i [ c_D(Σ) D + c_δ(Σ) d^∗δ + c_d(Σ) dQ^∗ + c_∗(Σ) d^∗Q^∗ ]) ∘ F^{−1},

the coefficients depending on the odd Euler operator Σ = ξ^i∂_ξi as follows

(5.7) c_D(Σ) =^{2nλ+1} 2n(1−δ)+2 , c_δ(Σ) =^{n(1−δ−2λ)} (Σ−n(1−δ))(2n(1−δ)+2) , c_d(Σ) = −^{n(1−δ−2λ)} (Σ−nδ)(2n(1−δ)+2) , c_∗(Σ) =^1_{4(Σ−n(1−δ))} .

The remaining critical cases, nδ = 1, . . . n + 1, correspond to the existence of a g-invariant operator on certain subspaces T^δ_{1,κ,0;αβ} as below (5.8)

δ g − invariant operator source space T^δ_{1,κ,0;αβ} λ s.t. Q^{λ,λ+δ} exists 1 n dQ^∗ κ = 1, α = 1 λ =^{n−1}_{2n}

d^∗δ κ = n − 1, αβ = 01 λ =^{n−1}_{2n} ℓ n , dQ^∗ κ = ℓ, α = 1 none 2 ≤ ℓ ≤ n d^∗δ κ = n − ℓ, αβ = 01 none d^∗Q^∗ κ = n − ℓ + 2, αβ = 10 none n+1 n D +^1_{Σ−n−1} dQ^∗ −^1_{Σ+1} d^∗δ κ = 0, . . . , n λ =^{−1}_{2n}

For the two critical values δ =^1_n ,^{n+1}_n , the quantization Q^{λ,λ+δ} exists for a unique value of λ and is given by, respectively,

Q^{n−12n , n+12n} = N ∘ F ∘ ( Id + ℏ i [ c_D(Σ) D + c_∗(Σ) d^∗Q^∗ ]) ∘ F^{−1},

Q^{−12n , 2n+12n} = N ∘ F ∘ ( Id + ℏ i [ c_δ(Σ) d^∗δ + c_d(Σ) dQ^∗ + c_∗(Σ) d^∗Q^∗ ]) ∘ F^{−1}.

It is unique on S^δ (T^δ_{1,κ,0;αβ}), up to prospective g-invariant operators on that space, obtained from the list above via the superization S^δ.

Proof. The g-equivariance of Q^{λ,μ} reads as Q^{λ,μ} ∘ L^δ_X = L^{λ,μ}_X ∘ Q^{λ,μ} for all X ∈ g. As N and F are sections of the principal Hamiltonian and tensorial symbol maps which are ce(p, q)-invariant, we have Q^{λ,μ} = N ∘ F ∘ (Id + N) with N a ce(p, q)-invariant operator from T^δ_{1,κ,0;αβ} to ⨁ κ^′<κ+2 T δ 0,κ^′ . In view of the form (3.4) of those invariant operators, N is a linear

combination of the following linearly independent operators, D, d^∗δ, dQ^∗, d^∗Q^∗, as all the other ones carry at least two derivations in the p variables, or do not lower the Hamiltonian order, like dδ. In consequence, Q^{λ,μ} is of the form specified by (5.6).

Using the comparisons (2.15) and (2.16) between the action of g on T^δ, S^δ and D^{λ,μ}, the g-equivariance of Q^{λ,μ} reads then as

(5.9) [N, L^δ_{X̄i} ] = ℏ i ( 2nλ∂_{pi} + ξ^iQ^∗ − δ∂_{ξi} + 1 2 ∂_{ξi} Q^∗ ) , for all i = 1, . . . , n. From the computations (A.2) in appendix we deduce the following equalities in T^δ_{1,κ}, [ d^∗δ, L^δ_{X̄i} ] = 2(Σ − n(1 − δ))(δ∂_ξi − ∂_pi ), [ dQ^∗, L^δ_{X̄i} ] = 2(Σ − nδ)ξ_iQ^∗, [ d^∗Q^∗, L^δ_{X̄i} ] = 2(−Σ + n(1 − δ))∂_ξi Q^∗, [ D, L^δ_{X̄i} ] = 2δ∂_ξi − 2ξ_iQ^∗ + 2n(1 − δ)∂_pi . By substitution in the g-equivariance condition (5.9), this determines a unique operator N, as specified by (5.7). The remaining statements of the theorem easily follow. □

Remark 5.4. From the table (5.2), we deduce that the conformally equivariant superization S^δ exists on each source space of the g-invariant operators listed in (5.8). Consequently, they can be transported as g-invariant operators on S^δ, in accordance with theorem 4.5.

Remark 5.5. Each of the g-invariant operators in tables (5.2) and (5.8) can be restricted and corestricted as an operator: T^δ_{k,κ,s;αβ} → T^δ_k′_{,κ}′_{,s}′_{;α}′_β′ . Using the fiberwise invariant operators like in expression (4.7), it corresponds to one of the g-invariant operator entering the classification of Theorem 4.2. For table (5.2), they are respectively d_0, G_0, D_0, d_0 and for table (5.8) d_0, d^∗_0, d_0, d^∗_0, d^∗_0, D_0.

5.2. Covariant formulæ and the curved case. We would like now to devise formulæ in covariant terms for the equivariant superization and quantization and extend them over arbitrary conformal manifolds. In [13], this was done in a conformally invariant fashion for the conformally equivariant quantization of cotangent bundles. The situation here is more involved, and only the composition Q^{λ,μ} ∘ S^δ admits a conformally invariant prolongation.

Starting with a pseudo-Riemannian spin manifold (M, ě) endowed with the Levi-Civita connection, we get covariant derivations on all associated bundles to the principal bundle of spin frames. For X ∈ Vect(M), we denote by ∇^λ_X the one acting on Γ(S ⊗ |Λ|^λ), and by ∂^∇_X the one acting on T^δ = Γ(T^δ ). The latter derivative should be interpreted as the horizontal covariant derivative on the supercotangent bundle M. It allows to generalize the 13 invariant operators introduced in Proposition 3.2 as global operators over any pseudo- Riemannian manifold (M, ě), replacing the flat metric η by ě and the derivatives ∂_i by the covariant ones ∂^∇_i . Their commutation relations remain the same than in the flat case, see (A.4), except between the five ones containing covariant derivatives. Accordingly, we denote them with a superscript ∇,

(5.10) G^∇ = ě^{ij}p_i∂^∇_j , D^∇ = ∂_{pi} ∂^∇_i , L^∇ = ∂^∇_i ě^{ij} ∂^∇_j , d^∇ = ξ^i∂^∇_i , d^{∗∇} = ě^{ij} ∂_ξi ∂^∇_j .

With such a modification, the formulæ (5.4) and (5.6) provide covariant expressions which are proved to coincide, in the conformally flat case, with the conformally equivariant superization and quantization, respectively.

Proposition 5.6. Let (M, ě) be a pseudo-Riemannian spin manifold, P ∈ T^δ, P_1 ∈ S^δ_1 and λ, μ ∈ R such that μ − λ = δ. Using notation of (5.5) and (5.7), we define the applications

(5.11) S^δ_∇(P ) = |vol_ě|^{Σn} ( P + ℏ i C_d [ d^∇δ + Qδ(nδD^∇ − G^∇ T )C_G ] P )

and Q^{λ,μ}_∇ (P_1) = ℏ i( √ 2)^Σ γ(P^i_1)∇^λ_i + ℏ i( √ 2)^Σ γ ( c_D(Σ) D^∇P_1 + c_δ(Σ) d^{∗∇}δP_1 + c_d(Σ) d^∇Q^∗P_1 + c_∗(Σ) d^{∗∇}Q^∗P_1 ) . (5.12)

These maps coincide with, respectively, the conformally equivariant superization and quantization if (M, ě) is conformally flat.

Proof. Let (M, ě) be a conformally flat manifold and x a point in M. We prove that S^δ_∇(P ) and S^δ(P ) are equal at x. By conformal flatness of ě, there exists a neighborhood of x and conformal coordinates such that ě_{ij} = F η_{ij} for F a positive function and η the flat metric. Moreover, up to a conformal change of coordinates we can assume that all the first derivatives of F at x vanish. This is a classical result, which can be derived from the infinitesimal action of inversions L¯_{Xi} η = −4x_iη. Using such a coordinate system, we can write down both S^δ_∇(P ) and S^δ(P ) at x. They coincide since the covariant formula (5.11) involves only first order derivations. The same argument applies for the quantization maps. □

Theorem 5.7. Let (M, ě) be a pseudo-Riemannian spin manifold, P ∈ T^δ_1 and λ, μ ∈ R such that μ − λ = δ. The following map

Q^{λ,μ}_∇ (P ) = ℏ i( √ 2)^Σ

|vol_ě|^{Σn} γ(P^i)∇^λ_i + ℏ i( √ 2)^Σ

|vol_ě|^{Σn} γ ( c_0 d^∇δP + c_1 D^∇P + c_2 d^{∗∇}δP + c_3 d^∇Q^∗P + c_4 d^{∗∇}Q^∗P ) , is conformally invariant, i.e. depends only on the conformal class of the metric ě, if and only if the real coefficients c_0, c_1, c_2, c_3, c_4 are such that Q^{λ,μ}_∇ is equal to the composition Q^{λ,μ}_∇ ∘ S^δ_∇. But neither S^δ_∇ nor Q^{λ,μ}_∇ are conformally invariant.

Proof. We suppose that ě and ě̂ are two metrics conformally related through ě̂ = F ě, with F a positive function on M. The Christoffel symbols of their Levi-Civita connections satisfy

Γ̂^k_{ij} − Γ^k_{ij} = 1 2F ( F_iδ^k_j + F_j δ^k_i − F^kě_{ij} ) , where F_i = ∂_iF and F^k = ě^{ik}∂_iF . From the usual expressions of the spinor and the horizontal covariant derivatives in terms of Christoffel symbols, we deduce

^∇^λ_j − ∇^λ_j = − 1 8F [γ_j , γ^i]F_i − nλ 2F F_j , ∂^{^∇}_i − ∂^∇_i = 1 2F ( F_iE + F_kp_i∂_{pk} − F^j p_j∂_pi ) − 1 2F ( F_kξ^k∂_ξi − F^j ξ_i∂_ξj ) − nδ 2F F_i, the latter acting on T^δ. From the conformal invariance of |vol_ě|^Σn γ, and of δ, Q^∗ as operators from T^δ to T^{δ−1/n}, we deduce the expression of each of the six terms involved in the map Q^{λ,μ}_{^∇} − Q^{λ,μ}_∇ :

|vol_ě|^{Σn} γ(P^j )( ^∇^λ_j − ∇^λ_j ) = −|vol_ě|^{Σn} γ ( [ δξ^i − 1 2 ξ^iQ^∗ + 1 2 δ∂_{ξi} + 1 4 Q^∗∂_{ξi} + nλ∂_{pi} ] P ) F_i 2F ,

c_0 ( d^{^∇} − d^∇ ) δ = c_0 ( (Σ − nδ)ξ^iδ ) F_i 2F , c_1 ( D^{^∇} − D^∇ ) = c_1 ( δ∂_{ξi} − ξ^iQ^∗ + n(1 − δ)∂_{pi} ) F_i 2F , c_2 ( d^{∗ ^∇} − d^{∗∇} ) δ = c_2 ((Σ − n(1 − δ))δ∂_{ξi} ) F_i 2F , c_3 ( d^{^∇} − d^∇ ) Q^∗ = c_3 ( (Σ − nδ)ξ^iQ^∗ ) F_i 2F , c_4 ( d^{∗ ^∇} − d^{∗∇} ) Q^∗ = c_4 ( (Σ − n(1 − δ))Q^∗∂_ξi ) F_i 2F . The first equality holds for all P ∈ T^δ_1 whereas the other ones should be understood as equality of operators acting on T^δ_1. The equality Q^{λ,μ}_{^∇} (P ) − Q^{λ,μ}_∇ (P ) = 0, for all P ∈ T^δ_1, is then equivalent to a linear system in the five coefficients entering the definition of Q^{λ,μ}_∇ . Solving this system leads exactly to Q^{λ,μ}_∇ = Q^{λ,μ}_∇ ∘ S^δ_∇, as wanted.

Since c_0 = c_d(Σ) =^{−1}_{Σ−nδ} , the preceding computations lead to

S^δ_{^∇}(P ) = F^{Σ/2} ( S^δ_∇(P ) − ℏ i F_j 2F ξ^j δP ) , and then neither S^δ_∇ nor Q^{λ,μ}_∇ are conformally invariant. □

Let A be a first order differential operator acting on the tensor bundle ST M ⊗ΛT^∗M, for (M, ě) a conformally flat manifold. Then, g-equivariance of A implies its conformal invariance, whenever the g-actions are the natural ones on tensors [17]. But the Hamiltonian action is not of this type, as seen in (2.15). This explains the lack of conformal invariance of the conformally equivariant superization.

6. Symmetries of spinning particles

We classify all the symmetries of free massless spinning particles over conformally flat manifolds, both in the classical and quantum cases. They arise via the conformally equivariant superization and quantization of conformal Killing hook tensors, that we introduce over an arbitrary pseudo-Riemannian manifold.

6.1. Reminder on the non-spinning case. A classical particle on a pseudo-Riemannian manifold (M, ě) admits the cotangent bundle T^∗M as phase space. In the free case, its motion is described as the Hamiltonian flow of R = ě^{ij}p_ip_j , which projects onto the geodesic flow of (M, ě). The symmetries, or conserved quantities, of such a system are the functions

K ∈ Pol(T^∗M) which Poisson commute with R. If the particle is in addition massless, it moves along the null cone, characterized by R = 0. Then, the symmetries are functions K which are required to Poisson commute with R on the null cone, i.e. such that {R, K} ∈ (R) where (R) denotes the ideal generated by R in Pol(T^∗M). Moreover, the functions in (R) are considered as trivial symmetries since they vanish on the null cone. Through the identification of symmetric tensors Γ(ST M) and functions Pol(T^∗M), we get the following classical result, where T denotes the operator ě_{ij} ∂_{pi} ∂_{pj} and Π_0 the projection on traceless tensors.

Proposition 6.1. The symmetries of a free massless particle on (M, ě) are given by conformal Killing symmetric tensors. The latter are symmetric tensors K of order k ∈ N, characterized by one of the three equivalent conditions {R, K} ∈ (R) and T K = 0, Π_0G^∇K = 0, Π_0∇_{(i0} K_{i1···ik)} = 0, where the round brackets denote symmetrization.

Roughly speaking, a quantum massless free particle is given by an harmonic function of the conformal Laplacian Δ = ∇_iě^{ij} ∇_j +^{n−2}_{4(n−1)} Scal, where Scal denotes the scalar curvature. The latter is a conformally invariant operator if considered as an element of the space D^{λ,μ} := D(M; |Λ|^λ, |Λ|^μ) for λ =^{n−2}_{2n} , μ =^{n+2}_{2n} . Following Eastwood, we introduce higher symmetries of Δ.

Definition 6.2. Let λ =^{n−2}_{2n} , μ =^{n+2}_{2n} and let (Δ) = {AΔ| A ∈ D^{μ,λ}} be the left ideal generated by the conformal Laplacian in D^{λ,λ}. A higher symmetry of Δ is a class of differential operators [D_1] ∈ D^{λ,λ}/(Δ), such that ΔD_1 = D_2Δ, for some D_2 ∈ D^{μ,μ}.

Such symmetries preserve the kernel of Δ and are quantum analogs of the conformal Killing symmetric tensors. Indeed, denoting by K_0 the space of conformal Killing symmetric tensors and by A_0 the space of higher symmetries of Δ, we have the following theorem.

Theorem 6.3. [16, 33] Let (M, ě) be a conformally flat manifold. The conformally equivariant quantization descends to an isomorphism of g-modules Q^{λ,λ} : K_0 → A_0, mapping conformal Killing symmetric tensors to higher symmetries of Δ.

6.2. Conformal Killing hook tensors. We call hook tensors the tensors whose symmetry is described by a hook Young diagram. They correspond to elements in the tensor algebra T^0 and are referred as (k, κ)-tensors if they lie in T^0_{k,κ}. Thus, (k, 0)-tensors are symmetric and (0, κ)-tensors are skew-symmetric. We define in this section the notion of conformal Killing hook tensors, so that it generalizes both conformal Killing symmetric tensors and conformal Killing forms, defined in the usual way below.

Definition 6.4. A skew-symmetric tensor η of order κ is conformal Killing, if it satisfies

∇_X η = 1 κ + 1 ⟨X, dη⟩ + 1 n − κ + 1 X^♭ ∧ d^∗η, for all X ∈ Vect(M). Moreover, d^∗ and d denote the de Rham (co-)differentials, and X^♭ is the dual 1-form of X through the metric ě.

We would like to characterize the space of conformal Killing forms as the kernel of a conformally invariant operator. In addition to the invariant operators introduced in table (A.1) and their curved analogs (5.10), we resort to the conformally invariant projections Π_0 : T^δ → ⨁ k,κ T^δ_{k,κ,0;00} and Π_{01} : T^δ → ⨁ k,κ T^δ_{k,κ,0;01}. The images of both projections are respectively equal to the space ker δ ∩ ker Q^∗ ∩ ker T and its image by δ^∗.

Proposition 6.5. The operator Π_0 ∘ G^∇ : T^{− 1}n → T^1n is conformally invariant and satisfies δ^∗Π_0G^∇ = Π_{01}G^∇δ^∗. On the space ker T ∩ ker Q^∗ ∩ ker δ, it is equal to

(6.1) Π_0 ∘ G^∇ = G^∇ − 1 E + Σ δ^∗d^∇ − 1 n + E − Σ Qd^{∗∇} − 1 n + 2E − 4 RD^∇, and it vanishes else, i.e. on all the spaces T^{− 1n}_{k,κ,s;αβ} with s ≠ 0 or αβ ≠ 00. The kernel of Π_{01}G^∇δ^∗ restricted to T^{− 1n}_{0,κ,0;00} is the space of conformal Killing κ-forms.

Proof. The operator Π_0 ∘ G^∇ is g-invariant in the conformally flat case, as proved in theorem 4.2. Moreover, it is the composition of the Levi-Civita covariant derivative with the projection on some irreducible homogeneous subbundle, so that, by Fegan’s work [17], it is invariant by a conformal change of metric over a general manifold (M, ě).

Since G^∇ commutes with δ^∗, the equality δ^∗Π_0 = Π_{01}δ^∗ leads to δ^∗Π_0G^∇ = Π_{01}G^∇δ^∗. Moreover, G^∇ commutes with R and Q, so that the vanishing of Π_0 ∘ G^∇ on T^{− 1n}_{k,κ,s;αβ} if s ≠ 0 or αβ ≠ 00 is obvious. In the remaining case, the expression of Π_0 ∘ G^∇ follows from the vanishing of its composition with T , Q^∗ and δ. The coefficients are computed thanks to the table (A.4) of commutation relations.

From proposition 3.3, we deduce the equality ker δ^∗ ∩ ker δ = {0}. Therefore the kernel of Π_{01}G^∇δ^∗ on T^{− 1n}_{0,κ,0;00} is equal to the one of Π_0 ∘ G^∇. Let η ∈ T^{− 1n}_{0,κ,0;00}, and X ∈ Vect(M). We get

ě_{ij} X^i∂_{pj} (Π_0 ∘ G^∇η) = ∇_X η − 1 E + Σ X^i∂_ξi d^∇η − 1 n + E − Σ ě_{ij}X^iξ^jd^{∗∇}η. Since d^{∗∇} and d^∇ identify to de Rham (co-)differentials on differential forms, η has to be a conformal Killing form to lie in the kernel of Π_0 ∘ G^∇. As X is arbitrary, the converse statement clearly holds. □

Definition 6.6. Let k ∈ N^∗ and κ ∈ �0, n�. A conformal Killing hook tensor of degree (k, κ) is an element in ker T ∩ ker Q^∗ ∩ δ^∗ = ⨁ k,κ T^0_{k,κ,0;01}, which lies in the kernel of Π_{01} ∘ G^∇.

From the proposition 6.1, we deduce that conformal Killing (k, 0)-tensors are usual conformal Killing symmetric tensors of order k. The proposition 6.5 shows that conformal Killing (1, κ − 1)-tensors identify to conformal Killing κ-forms through the operator δ^∗. Therefore, the latter definition extends both notions. As it is the kernel of a first order operator, the space K := ker(Π_{01} ∘ G^∇) of conformal Killing hook tensors is a subalgebra of T^0.

6.3. Pseudo-classical spinning particles. The phase space of a spinning particle on a pseudo-Riemannian manifold (M, ě) is its supercotangent bundle (M, ω), the spin being represented by a quadratic function in the Grassmann variables, S = S_{ij} ξ^iξ^j. It automatically transforms in the right way under the action of the orthogonal group. This Hamiltonian model is equivalent to the well-known Lagrangian one developed in [4], it is the classical counterpart of the quantum description of spinning particles as spinor fields [31]. In the free case, the equations of motion of the particle are again given by the Hamiltonian flow of R. Denoting by x the parameterized trajectory, we get in particular

∇_ẋẋ^i = − 1 2 ě^{il}(R^a_{bkl}ξ_aξ^b)ẋ^k, ∇_ẋξ^a = 0, where (R^a_{bkl}) denote the components of the Riemann tensor. The second equation shows that the spin is parallely transported, whereas the first one is an analog of Papapetrou’s equation [35], which generalizes the geodesic equation for an extended object with spin. The deviation from geodesic motion is due to a coupling between the curvature and the spin. Generally, the particle’s spin is spacelike, that is expressed by p_iξ^i = 0. See [36, 26] for further informations.

The classical counterpart of the Dirac operator is its principal Hamiltonian symbol, given by Q = p_iξ^i, which Poisson squares to R = {Q, Q}. Thus, all symmetries of the Hamiltonian flow of Q are also symmetries for the one of R. Following [19], we call them supercharges.

Definition 6.7. A supercharge is an element K of O(M) such that {Q, K} = 0. A conformal supercharge is an element K of O(M) such that {Q, K} ∈ (Q, R), where (Q, R) is the ideal in O(M) generated by Q and R.

Among the conformal supercharges stand all the elements in the ideal (Q, R), which are considered as trivial supercharges since they vanish if Q = 0 = R. Consequently, the relevant space of conformal supercharges is the Poisson algebra SC := {K ∈ O(M)|{Q, K} ∈ (Q, R)}/(Q, R), which identifies to a symplectic reduction of the Poisson algebra O(M).

We classify below all the conformal supercharges in a close spirit to proposition 6.1. This generalize [19, 40], where supercharges are built from Killing forms.

Theorem 6.8. If (M, ě) is a conformally flat manifold, the conformally equivariant superization induces an isomorphism of g-modules (6.2) S^0 : K −→ SC, mapping conformal Killing hook tensors to conformal supercharges. On general manifolds, for K ∈ K, we have the following equivalence (6.3) S^0_∇(K) ∈ SC ⇐⇒ Π_{01}(d^∇)^2K = 0. This condition reads explicitly as: Π_{01} ( ξ^kξ^lW^a_{bkl}p_a∂_{pb} K ) = 0, with W the Weyl tensor.

Proof. Let K ∈ T^0. If K factorizes through R or Q, then so does S^0_∇(K) according to (5.11) and we get a trivial symmetry. Hence, according to the decomposition (4.2), we get that K ∈ ker T ∩ ker Q^∗. We compute

{Q, S^0_∇(K)} = ( d^∇ − i ℏ δ^∗ ) ∘ ( Id − ℏ i 1 E + Σ d^∇δ ) (K) + H, = − i ℏ δ^∗K + ( d^∇ + 1 E + Σ δ^∗d^∇δ − ℏ i 1 E + Σ

(d^∇)^2δ ) (K) + H, (6.4) = − i ℏ δ^∗K + δ E + Σ ( G^∇ − d^∇δ^∗ − ℏ i (d^∇)^2 ) (K) + H, with H ∈ (R, Q). By the proposition 3.3, we have imδ ∩ imδ^∗ = {0}. Therefore, S^0_∇(K) is a conformal supercharge if and only if δ^∗K ∈ (R, Q) and δ ( G^∇ −d^∇δ^∗ −^ℏ_i (d^∇)^2 ) (K) ∈ (R, Q). In view of the commutation relations given in table (A.4), the first equation reads as δ^∗K = 0, which is automatic if K ∈ K. Assuming that δ^∗K = 0, the second equation is equivalent to Π_{01}G^∇K =^ℏ_i Π_{01}(d^∇)^2K. In the conformally flat case the right hand side vanishes, and we get the announced isomorphism (6.2). For a general metric ě, we deduce the equivalence (6.3) for K ∈ K. More precisely, the equation Π_{01}(d^∇)^2K = 0 reduces to Π_{01} ∘ ( ξ^kξ^lR^a_{bkl}p_a∂_{pb} ) (K) = 0 and thanks to the projection Π_{01}, all the traces of the Riemann tensor can be removed, leading to the Weyl tensor. The latter vanishes in the conformally flat case. □

6.4. Symmetries of the Dirac operator. The Dirac operator /D is conformally invariant if viewed as an operator in D^{λ,μ} for λ =^{n−1}_{2n} and μ =^{n+1}_{2n} . We introduce its higher symmetries following the Laplacian case.

Definition 6.9. Let λ =^{n−1}_{2n} , μ =^{n+1}_{2n} and let ( /D) = {A /D| A ∈ D^{μ,λ}} be the left ideal generated by the Dirac operator in D^{λ,λ}. A higher symmetry of /D is a class of differential operators [D_1] ∈ D^{λ,λ}/( /D), such that /DD_1 = D_2 /D, for some D_2 ∈ D^{μ,μ}.

We denote by A the algebra of higher symmetries of /D, it is recovered as the kernel of the following conformally invariant operator QHS : D^{λ,λ}/( /D) → D^{λ,μ}/( /D) [D] → [ /DD] (6.5)

where QHS stands for Quantum Higher Symmetries. In the space D^{λ,μ}/( /D), the class [ /DD] is clearly equal to the one of the commutator[ /D, D]. Hence, using the grading (2.1) on S^δ and the corresponding order (2.5) on D^{λ,μ}, we deduce from the property (2.7) of the principal Hamiltonian symbol maps that

(6.6) D^{λ,λ}_{[k]} /( /D) σ_k fflffl

QHS // D^{λ,μ}_{[k+1]}/( /D) σ_{k+1} fflffl S^0_{[k]}/(Q, R)_{{Q,·}} // S^{1n}_{[k+1]}/(Q, R) is a commutative diagram of g-modules. Thus, we have that σ_k(D) ∈ K if D is a higher symmetry of /D. In particular, those of first order have a conformal Killing form as principal symbol, through the operator δ^∗. They have all been classified by Benn and Kreiss [3], and turn to be given by the conformally equivariant quantization. More generally, the latter leads us to the classification of all higher symmetries, like for the Laplacian.

Theorem 6.10. Let λ =^{n−1}_{2n} , μ =^{n+1}_{2n} and (M, ě) be a conformally flat manifold. We have the following isomorphisms of g-modules Q^{λ,λ} : SC → A and Q^{λ,λ} ∘ S^0 : K → A which establish a corespondence between conformal Killing hook tensors, conformal supercharges and higher symmetries of /D. Those of first order are given by

Q^{λ,λ} ∘ S^0(δ^∗K) = ℏ i( √ 2)^κ ( ě^{ij}γ(K_i)∇^λ_j − 1 2κ γ(d^∇K) ) + n(κ − n) + 2 2(n + 1)(κ − n) γ ( d^{∗∇}K ) , where κ runs over 0, . . . , n − 1 and K runs over the space of conformal Killing κ + 1-forms.

Proof. The idea of the proof is to use the conformally equivariant quantization to identify the kernel A of the operator QHS, see (6.5), to the one of {Q, ·} on S^0/(Q, R), which is SC (cf. diagram (6.8)). We will need the three following lemmas.

Lemma 6.11. The ideal (Q, R) is stable by the conformally equivariant superizations S^0 and S^1n . Moreover, we have Q^{λ,λ} ((Q, R)) = ( /D) and there exists a conformally equivariant quantization Q^{λ,μ} such that Q^{λ,μ} ((Q, R)) = ( /D).

Proof. The explicit formula (5.4) leads directly to the result for the superizations. Let λ^′ = λ, μ. According to corollary 4.6, the conformally equivariant quantizations Q^{λ,λ} and Q^{μ,λ′} exist and are unique. The conformal invariance of /D ∈ D^{λ,μ} ensures that P Q → Q^{μ,λ′} (P ) /D ∈ D^{λ,λ′} defines a conformally equivariant map on (Q). Easy computations prove that it conformally extends to (Q, R) via S^0(P R) → Q^{μ,λ′} (P Q) /D for P /∈ (Q). If λ^′ = λ this map coincides with Q^{λ,λ} by uniqueness. If λ^′ = μ, this defines a conformally equivariant quantization on (Q, R), which can be extended to S^1n = (Q, R) ⊕ ker Q^∗ ∩ ker T . Indeed, the only obstructions to existence of Q^{λ,μ} are given by the conformally invariant operators GT and GδQ^∗ which vanishes on ker Q^∗ ∩ ker T . The obtained factorization formulæ for Q^{λ,λ} and Q^{λ,μ} lead to the result. □

According to the preceding lemma, the quotient spaces T^δ/(Q, R) inherit a g-module structure from the one of T^δ.

Lemma 6.12. Let A : T^0/(Q, R) → T^1n /(Q, R) be a conformally invariant operator. Then, except maybe on T^0_{,0} ≃ C^∞(M), the operator A is proportional to a linear combination of δ^∗ and Π_{01}Gδ, where Π_{01} is the projection onto ker δ^∗ ∩ (ker Q^∗ ∩ ker T ).

Proof. Notice that, as g-modules, T^0/(Q, R) ≃ ker Q^∗ ∩ ker T splits into ker δ ⊕ ker δ^∗ by proposition 3.3. We easily deduce from theorem 4.2 that there is a unique g-invariant operator with source space ker δ ∩ ker Q^∗ ∩ ker T = ⨁ k,κ T^0_{k,κ,0;00}, given by δ^∗, and a unique one with source space ker δ^∗ ∩ ker Q^∗ ∩ ker T = ⨁ k,κ T^0_{k,κ,0;01}, given by Π_{01}Gδ. □

According to lemma 6.11, the superizations S^0, S^1n descend to the quotient spaces S^δ : T^δ/(Q, R) → S^δ/(Q, R) for δ = 0, 1/n. We get a similar result for the quantizations Q^{λ,λ′} : S^δ/(Q, R) → D^{λ,λ′} /( /D) for λ^′ = λ + δ and δ = 0, 1/n.

Lemma 6.13. The operator A defined by the following commutative diagram

(6.7) S^0/(Q, R)^{{Q,·}} // S^1n /(Q, R)

T^0/(Q, R)

S^0 OO

A // T^1_n /(Q, R)

S^1n OO

satisfies A = −^i_ℏ δ^∗ + Π_{01}Gδ.

Proof. We have to prove that {Q, S^0(K)} − S^1n (AK) ∈ (Q, R) for K ∈ ker Q^∗ ∩ ker T . By proposition 3.3, the latter space splits into ker δ ⊕ ker δ^∗ and lead to two cases. As (M, ě) is conformally flat, we can deduce from the computation (6.4) that {Q, S^0(K)}−(^i_ℏ δ^∗ +d)(K) ∈ (Q, R) in the first case K ∈ ker δ, and that {Q, S^0_∇(K)} −^1_{E+Σ} δGK ∈ (Q, R) in the second case K ∈ ker δ^∗. Moreover, by proposition 3.3, the projection on ker δ^∗ reads as^1_{E+Σ} δ^∗δ, hence we get^1_{E+Σ} δGK − Π_{01}GδK ∈ (Q, R) if K ∈ ker δ^∗. The formula (5.4) giving the superization allows then to conclude in both cases. □

We are now ready to prove the theorem. According to lemma 6.11, we get the following commutative diagram of g-modules

(6.8) D^{λ,λ}/( /D)^{QHS} // D^{λ,μ}/( /D)

S^0/(Q, R) Q^{λ,λ} OO

CHS // S^1_n /(Q, R) Q^{λ,μ} OO

T^0/(Q, R)

S^0 OO

A // T^1_n /(Q, R)

S^1n OO

where CHS and A are conformally invariant operators. The diagram (6.6) leads to CHS = {Q, ·} + B, where B does not rise the Hamiltonian degree, contrary to {Q, ·} which rises it by one. By lemma 6.12 we know the form of A and together with lemma 6.13 we deduce that the only possibility is CHS = {Q, ·} and A = −^i_ℏ δ^∗ + Π_{01}Gδ.

The kernel of A is exactly the space K, the one of {Q, ·} is SC and the one of QHS is A. Moreover, the latter diagram proves that they are related by S^0 and Q^{λ,λ}. The formula (5.12) of the quantization Q^{λ,λ} ends the proof. □

Acknowledgements. It is a pleasure to acknowledge Christian Duval for his essential guidance in our investigation of geometric and conformally equivariant quantizations of (M, dα). Special thanks are due to Valentin Ovsienko for his constant interest in this work and to Josef Šilhan for discussions on higher symmetries of the Dirac operator.

Appendix A.

We collect here informations on the 13 generators of the E(p, q)-invariant operators on D(M) introduced in Proposition 3.2.

A.1. In the following table we recall their definitions together with their interpretation as operators on Γ(ST M ⊗ ΛT^∗M), in the flat case (M, ě) = (R^{p,q} , η).

(A.1)

R = η^{ij} p_ip_j metric D = ∂_{pi} ∂_i divergence E = p_i∂_{pi} even Euler operator G = η^{ij} p_i∂_j gradient T = η_{ij} ∂_{pi} ∂_{pj} trace L = η^{ij} ∂_i∂_j Laplacian Σ = ξ^i∂_ξi odd Euler operator δ = η_{ij} ξ^i∂_{pj} Koszul differential d = ξ^i∂_i de Rham differential δ^∗ = η^{ij} p_i∂_ξj Koszul codifferential d^∗ = ∂_ξi ∂_i de Rham codifferential Q = p_iξ^i Berezin differential or symbol of /D Q^∗ = ∂_ξi ∂_{pi} Berezin codifferential

A.2. We compute the action of the inversion X̄_i, see (2.9), on the five generators of h(2|1, 1) viewed as operators A : T^δ → T^{δ′} with δ^′ chosen according to the table (3.3). Explicitly, this action reads as [A, L^∗_{X̄i} ] := AL^δ_{X̄i} − L^{δ′}_{X̄i} A and we get [ D, L^δ_{X̄i} ] = 2 ( 2E + n(1 − δ) ) ∂_{pi} − 2p_iT + 2δ∂_ξi − 2ξ_iQ^∗, [ G, L^∗_{X̄i} ] = −2nδp_i + 2R∂_{pi} + 2Q∂_ξi − 2ξ_iδ^∗, [ L, L^∗_{X̄i} ] = 2 ( 2E + n(1 − 2δ) ) ∂_i + 4G∂_{pi} − 4p_iD + 4d∂_ξi − 4ξ_id^∗, (A.2) [ d, L^∗_{X̄i} ] = 2 ( E + Σ − 1 − nδ ) ξ_i + 2Q∂_{pi} − 2p_iδ, [ d^∗, L^∗_{X̄i} ] = 2 ( E − Σ − 1 + n(1 − δ) ) ∂_ξi − 2p_iQ^∗ + 2δ^∗∂_{pi} . We introduce Π_0, the conformally invariant projection on ker T ∩ ker Q^∗ ∩ ker δ, and denote by an index 0 the five generators of h(2|1, 1) restricted and corestricted to that space. Then, the action of the inversion X̄_i on their powers, acting on T^δ_{k,κ,0;00}, reads as [ D^d_0, L^δ_{X̄i} ] = 2d ( 2k − d + n(1 − δ) ) ∂_{pi} D^{d−1}_0 , [ G^g_0, L^∗_{X̄i} ] = −2g ( g + nδ ) Π_0p_iG^{g−1}_0 , [ L^ℓ_0, L^∗_{X̄i} ] = 2ℓ (( 2(k − ℓ) + n(1 − 2δ) ) ∂_i + 4 ( G∂_{pi} + d∂_ξi − p_iD − ξ_id^∗ )) L^{ℓ−1}_0 ,

(A.3) [ d_0, L^∗_{X̄i} ] = 2 ( k + κ − nδ ) Π_0ξ_i, [ d^∗_0, L^∗_{X̄i} ] = 2 ( k − κ + n(1 − δ) ) Π_0∂_ξi .

A.3. Recall that E = E +^n_2 , and Σ = Σ −^n_2 . We sum up all the commutation relations between the previous 13 operators, they generate the super Lie algebra spo(2|1, 1) ⋉ h(2|1, 1). (A.4) R E T Σ δ δ^∗ Q Q^∗ D G L d d^∗ R 0 −2R −4E 0 −2Q 0 0 −2δ^∗ −2G 0 0 0 0 E 2R 0 2T 0 −δ δ^∗ Q −Q^∗ −D G 0 0 0 T 4E −2T 0 0 0 2Q^∗ 2δ 0 0 2D 0 0 0 Σ 0 0 0 0 δ −δ^∗ Q −Q^∗ 0 0 0 d −d^∗ δ 2Q δ 0 −δ 0 E + Σ 0 T 0 d 0 0 D δ^∗ 0 −δ^∗ −2Q^∗ δ^∗ E + Σ 0 R 0 d^∗ 0 0 G 0 Q 0 −Q −2δ −Q 0 R 0 E − Σ −d 0 0 0 G Q^∗ 2δ^∗ Q^∗ 0 Q^∗ T 0 E − Σ 0 0 d^∗ 0 D 0 D 2G D 0 0 0 d^∗ d 0 0 L 0 0 0 G 0 −G −2D 0 −d 0 0 −d^∗ −L 0 0 0 0 L 0 0 0 0 0 0 0 0 0 0 0 0 0 d 0 0 0 −d 0 G 0 D 0 0 0 0 L d^∗ 0 0 0 d^∗ D 0 G 0 0 0 0 L 0

We denote by a zero index the operators δ^∗, δ, Q, Q^∗ restricted and corestricted to the kernel of the operator T . They satisfy the following commutation relations: (A.5)

[·, ·] Q_0 δ^∗_0 δ_0 Q^∗_0 Q_0 0 0 −4cQ_0δ_0 (n + E − Σ) − 4cδ^∗_0δ_0 δ^∗_0 0 0 Σ + E − 4cQ_0Q^∗_0 −4cδ^∗_0Q^∗_0 δ_0 −4cQ_0δ_0 Σ + E − 4cQ_0Q^∗_0 0 0 Q^∗_0 (n + E − Σ) − 4cδ^∗_0δ_0 −4cδ^∗_0Q^∗_0 0 0 where c =^1_{2(n+2(E−1))} comes from the coefficient of RT in Π_0, but with E − 1 instead of E as the commutation with δ or Q^∗ lowers by 1 the degree in p.

References

[1] Á. Ballesteros, A. Enciso, F. J. Herranz, O. Ragnisco, and D. Riglioni. Quantum mechanics on spaces of nonconstant curvature: The oscillator problem and superintegrability. Ann. Phys., 326(8):2053 – 2073, 2011.

[2] I. M. Benn and Philip Charlton. Dirac symmetry operators from conformal killing - yano tensors. Class.

Quant. Grav., 14(5):1037, 1997.

[3] I. M. Benn and J. M. Kress. First-order Dirac symmetry operators. Class. Quant. Grav., 21(2):427, 2004. [4] F. A. Berezin and M. S. Marinov. Particle spin dynamics as the grassmann variant of classical mechanics.

Ann. Phys., 104:336–362, April 1977.

[5] B. D. Boe and D. H. Collingwood. A comparison theory for the structure of induced representations. J.

Algebra, 94(2):511–545, 1985.

[6] B. D. Boe and D. H. Collingwood. A comparison theory for the structure of induced representations. II.

Math. Z., 190(1):1–11, 1985.

[7] M. Bordemann. The deformation quantization of certain super-Poisson brackets and BRST cohomology.

In Conférence Moshé Flato 1999, Vol. II (Dijon), volume 22 of Math. Phys. Stud., pages 45–68. Kluwer Acad. Publ., Dordrecht, 2000.

[8] A. Čap and J. Šilhan. Equivariant quantizations for AHS-structures. Adv. Math., 224(4):1717 – 1734, 2010.

[9] M. Cariglia, P. Krtouš, and D. Kubizňák. Dirac equation in Kerr-NUT-(A)dS spacetimes: Intrinsic characterization of separability in all dimensions. Phys. Rev. D, 84:024008, Jul 2011.

[10] B. Carter. Killing tensor quantum numbers and conserved currents in curved space. Phys. Rev. D (3), 16(12):3395–3414, 1977.

[11] C. Duval, A. M. El Gradechi, and V. Yu. Ovsienko. Projectively and conformally invariant star-products.

Comm. Math. Phys., 244(1):3–27, 2004.

[12] C. Duval, P. B. A. Lecomte, and V. Yu. Ovsienko. Conformally equivariant quantization: existence and uniqueness. Ann. Inst. Fourier (Grenoble), 49(6):1999–2029, 1999.

[13] C. Duval and V. Yu. Ovsienko. Conformally equivariant quantum Hamiltonians. Selecta Math. (N.S.), 7(3):291–320, 2001.

[14] C. Duval and G. Valent. Quantum integrability of quadratic Killing tensors. J. Math. Phys., 46(5):053516, 22, 2005.

[15] C. Duval and G. Valent. A new integrable system on the sphere and conformally equivariant quantization.

J. Geom. Phys., 61(8):1329 – 1347, 2011.

[16] M. G. Eastwood. Higher symmetries of the Laplacian. Ann. of Math. (2), 161(3):1645–1665, 2005. [17] H. D. Fegan. Conformally invariant first order differential operators. Quart. J. Math. Oxford (2), 27(107):371–378, 1976.

[18] E. Getzler. Pseudodifferential operators on supermanifolds and the Atiyah-Singer index theorem. Comm.

Math. Phys., 92(2):163–178, 1983.

[19] G. W. Gibbons, R. H. Rietdijk, and J. W. van Holten. SUSY in the sky. Nucl. Phys. B, 404(1-2):42–64, 1993.

[20] K. Hallowell and A. Waldron. Constant curvature algebras and higher spin action generating functions.

Nucl. Phys. B, 724:453, 2005.

[21] K. Hallowell and A. Waldron. The symmetric tensor Lichnerowicz algebra and a novel associative Fourier- Jacobi algebra. SIGMA, 3:Paper 089, 12, 2007.

[22] K. Hallowell and A. Waldron. Supersymmetric quantum mechanics and super-Lichnerowicz algebras.

Comm. Math. Phys., 278(3):775–801, 2008.

[23] Y. Homma. Spinor-valued and Clifford algebra-valued harmonic polynomials. J. Geom. Phys., 37(3):201– 215, 2001.

[24] R. Howe. Remarks on classical invariant theory. Trans. Amer. Math. Soc., 313(2):539–570, 1989. Erratum Trans. Amer. Math. Soc., 318(2): 823, 1990.

[25] Y. Kosmann. Dérivées de Lie des spineurs. Ann. Mat. Pura Appl. (4), 91:317–395, 1972. [26] D. Kubizňák and M. Cariglia. Integrability of spinning particle motion in higher-dimensional rotating black hole spacetimes. Phys. Rev. Lett., 108:051104, 2012.

[27] P. B. A. Lecomte and V. Yu. Ovsienko. Projectively equivariant symbol calculus. Lett. Math. Phys., 49(3):173–196, 1999.

[28] D. Lu and R. Howe. The dual pair (Op,q , OSp_{2,2}) and Maxwell’s equations. pages 105–133, 2010. [29] Yu. I. Manin. Gauge field theory and complex geometry, volume 289 of Grundlehren der Mathematischen Wissenschaften [Fundamental Principles of Mathematical Sciences]. Springer-Verlag, Berlin, 1988. Translated from the Russian by N. Koblitz and J. R. King.

[30] J.-P. Michel. Quantification conformément équivariante des fibrés supercotangents. PhD thesis, Université Aix-Marseille II, 2009. Electronically available as tel-00425576.

[31] J.-P. Michel. Conformal geometry of the supercotangent and spinor bundles. Comm. Math. Phys., 312(2):303–336, 2012.

[32] J.-P. Michel and J. Šilhan. Higher symmetries of the Dirac operator. In preparation, 2013. [33] J.-Ph. Michel. Higher symmetries of Laplacian via quantization. arXiv:1107.5840, 2011. [34] J.-Ph. Michel. Conformally equivariant quantization - a complete classification. SIGMA, 8:Paper 022, 2012.

[35] A. Papapetrou. Spinning test-particles in general relativity. I. Proc. Roy. Soc. London. Ser. A., 209:248– 258, 1951.

[36] F. Ravndal. Supersymmetric Dirac particles in external fields. Phys. Rev. D (3), 21(10):2823–2832, 1980. [37] M. Rothstein. The structure of supersymplectic supermanifolds. In Differential geometric methods in theoretical physics (Rapallo, 1990), volume 375 of Lecture Notes in Phys., pages 331–343. Springer, Berlin, 1991.

[38] D. Roytenberg. On the structure of graded symplectic supermanifolds and Courant algebroids. In Quantization, Poisson brackets and beyond (Manchester, 2001), volume 315 of Contemp. Math., pages 169–185. Amer. Math. Soc., Providence, RI, 2002.

[39] J. Šilhan. Conformally invariant quantization - towards complete classification. Preprint, 2009. [40] M. Tanimoto. The role of Killing-Yano tensors in supersymmetric mechanics on a curved manifold. Nucl.

Phys. B, 442(3):549–560, 1995.

[41] F. F. Voronov. Quantization on supermanifolds and an analytic proof of the Atiyah-Singer index theorem.

In Current problems in mathematics. Newest results, Vol. 38 (Russian), Itogi Nauki i Tekhniki, pages 3–118, 186. Akad. Nauk SSSR Vsesoyuz. Inst. Nauchn. i Tekhn. Inform., Moscow, 1990. Translated in J. Soviet Math. 64 (1993), no. 4, 993–1069.

[42] H. Weyl. The classical groups. Princeton Landmarks in Mathematics. Princeton University Press, Princeton, NJ, 1997. Their invariants and representations, Fifteenth printing, Princeton Paperbacks.

University of Luxembourg, Campus Kirchberg, Mathematics Research Unit, 6, rue Richard Coudenhove-Kalergi, L-1359 Luxembourg City, Grand Duchy of Luxembourg E-mail address: jean-philippe.michel@uni.lu