Acta Math. Univ. Comenianae Vol. LXVIII, 2(1999), pp. 213–241 213

A SURVEY ON NAMBU–POISSON BRACKETS

I. VAISMAN

Abstract. The paper provides a survey of known results on geometric aspects related to Nambu-Poisson brackets.

1. Introduction

In 1973, Nambu [30] studied a dynamical system which was defined as a Hamiltonian system with respect to a ternary Poisson bracket. A few other papers on this bracket have followed at the time [3], [27]. A few years ago, Takhtajan [34] reconsidered the subject, proposed a general, algebraic definition of a Nambu- Poisson bracket of order n, and gave the basic characteristic properties of this operation. The Nambu-Poisson bracket is an intriguing operation, in spite of its rather restrictive character, which follows from the fact conjectured in [34], and proven by several authors [41] (cited by [10], and much older than [34]), [14], [1], [28], [18], [23] namely, that, locally and with respect to well chosen coordinates, any Nambu-Poisson bracket is just a Jacobian determinant as in [30]. In particular, the deformation quantization of the Nambu-Poisson bracket leads to interesting mathematical developments [10], [9]. On the other hand, the bracket inspired some generalizations of Lie-algebraic constructions (anticipated in [13]) [6], [35], [8], [14], [2], [25].

The aim of this paper is to give a survey of the subject from the point of view of geometry. In the next section, we review the basics, and present the geometric structure of Nambu-Poisson manifolds. Another section will be devoted to Nambu- Poisson-Lie groups. Finally, while we do not intend to review quantization theories, we formulate some related questions in the last section.

The paper does not contain new results. Everything in the paper is in the C^∞ category. Information on the usual Poisson manifolds may be found in [37], for instance. More general Nambu-Jacobi brackets were also studied [19], [23], [16] but, we will not discuss this subject here.

Received January 10, 1999.

1980 Mathematics Subject Classification (1991 Revision). Primary 58F05. Key words and phrases. Nambu-Poisson brackets, Nambu-Poisson tensors, Nambu-Poisson- Lie groups.

214 I. VAISMAN

Acknowledgements. The author thanks J.-P. Dufour, J. C. Marrero, P. W. Michor and N. Nakanishi for remarks on this paper. The final version was written during a stay at the Erwin Schrödinger Institute for Mathematical Physics in Vienna, Austria. I want to express here my gratitude to the ESI for its support, and to Prof. Peter Michor for his invitation there and for our discussions on the subject.

2. Nambu-Poisson Brackets

Let M^m be an m-dimensional differentiable manifold, and F(M) its algebra of real valued C^∞-functions. A Nambu-Poisson bracket or structure of order n, 3 ≤ n ≤ m (this condition is always imposed in the paper) is an internal n-ary operation on F(M), denoted by { }, which satisfies the following axioms:

(i) { } is R-multilinear and totally skew-symmetric; (ii) the Leibniz rule:

{f_1, . . . , f_{n−1}, gh} = {f_1, . . . , f_{n−1}, g}h + g{f_1, . . . , f_{n−1}, h};

(iii) the fundamental identity:

{f_1, . . . , f_{n−1}, {g_1, . . . , g_n}}= n∑ k=1 {g_1, . . . , g_{k−1}, {f_1, . . . , f_{n−1}, g_k}, g_{k+1}, . . . , g_n}.

A manifold endowed with a Nambu-Poisson bracket is a Nambu-Poisson manifold. Remember that if we use the same definition for n = 2, we get a Poisson bracket.

By (ii), { } acts on each factor as a vector field, whence it must be of the form

(2.1) {f_1, . . . , f_n} = P (df_1, . . . , df_n),

where P is a field of n-vectors on M. If such a field defines a Nambu-Poisson bracket, it is called a Nambu-Poisson tensor (field). P defines a bundle mapping

(2.2) ♯_P : T^∗M × . . . × T^∗M

n−1 times

−→ T M

given by

(2.3) ⟨β, ♯_P (α_1, . . . , α_{n−1})⟩ = P (α_1, . . . , α_{n−1}, β)

where all the arguments are covectors.

A SURVEY ON NAMBU–POISSON BRACKETS 215

In what follows, we denote an n-sequence of functions or forms, say f_1, . . . , f_n, by f_{(n)}, and, if an index k is missing, by f_{(n,k̂)}.

The next basic notion is that of the P -Hamiltonian vector field of (n − 1) functions defined by

(2.4) X_{f(n−1)} = ♯_P (df_{(n−1)}).

Then, the fundamental identity (iii) means that the Hamiltonian vector fields are derivations of the Nambu-Poisson bracket.

Another interpretation of (iii) is

(2.5) (L_{Xf(n−1)} P )(dg_1, . . . , dg_n) = 0,

where L is the Lie derivative, i.e., the Hamiltonian vector fields are infinitesimal automorphisms of the Nambu-Poisson tensor.

The fundamental identity also implies

X_{f(n−1)} X_{g(n−1)} h = n−1∑ k=1 { g_1, . . . , g_{k−1}, X_{f(n−1)} g_k, g_{k+1}, . . . , g_{n−1}, h }

+ X_{g(n−1)} X_{f(n−1)} h,

whence

(2.6) [X_{f(n−1)} , X_{g(n−1)} ] = n−1∑ k=1 X_{(g1,... ,gk−1 ,Xf(n−1) gk ,gk+1 ,... ,gn−1)}.

Therefore, the set H(P ) of all the real, finite, linear combinations of Hamiltonian vector fields is a Lie algebra. (Notice that for n ≥ 3 such a combination may not be a Hamiltonian vector field itself!)

The Nambu-Poisson tensor fields were characterized as follows by Takhtajan [34]

2.1. Theorem. The n-vector field P is a Nambu-Poisson tensor of order n (n ≥ 3) iff the natural components of P with respect to any local coordinate system x^a of M satisfy the equalities:

(2.7) n∑ k=1 [ P^{b1...bk−1ubk+1 ...bn} P^{va2 ...an−1bk} + P^{b1...bk−1vbk+1 ...bn} P^{ua2 ...an−1bk} ] = 0,

(2.8) m∑ u=1 [ P^{a1...an−1u}∂_uP^{b1 ...bn} − n∑ k=1 P^{b1 ...bk−1ubk+1 ...bn} ∂_uP^{a1...an−1bk} ] = 0.

216 I. VAISMAN

Furthermore, P is a Nambu-Poisson tensor field iff P/_U is a Nambu-Poisson tensor field, for U = {x ∈ M | P_x ≠ 0}.

Proof. Fix a point p ∈ M, and local coordinates x^i around p such that x^i(p) = 0. Then, with the Einstein summation convention, denote

P 7 = 1 n! P^{i1 ...in} ∂ ∂x^{i1}

∧ . . . ∧ ∂ ∂x^{in} , (2.9)

∂_uP = 1 n! ∂P^{i1...in} ∂x^u ∂ ∂x^{i1}

∧ . . . ∧ ∂ ∂x^{in} , (2.10)

∂P = ∂_uP ⊗ dx^u.

(2.11)

If the fundamental identity is expressed by means of (2.1), the terms which contain the second derivatives of the functions g cancel, and the identity becomes m∑ u=1 P (df_{(n−1)}, dx^u)(∂_uP )(dg_{(n)})

(2.12)

= m∑ u=1 n∑ k=1 [ P (dg_1, . . . , dg_{k−1}, dx^u, dg_{k+1}, . . . , dg_n)(∂_uP )(df_{(n−1)}, dg_k)

+ n−1∑ h=1 P (dg_1, . . . , dg_{k−1}, dx^s, dg_{k+1}, . . . , dg_n)P (df_1, . . . , df_{h−1},

∂^2f_h ∂x^s∂x^t dx^t, df_{h+1}, . . . , df_{n−1}, dg_k) ] . Now, (2.12) is always true at p if it is true in the following two cases:

a) f_i = x^{ai} , g_j = x^{bj} , b) same as in a) with the exception of f_1 = x^ux^v .

Case a) yields (2.8), and case b) yields (2.7). Finally, the restriction x^i(p) = 0 may be removed by a translation of the coordinates.

The last assertion of the theorem is an obvious consequence of (2.7), (2.8). □

Equality (2.7) is algebraic, and it is called the quadratic identity. This condition does not appear for the usual Poisson structures (n = 2). Equality (2.8) is called the differential identity, and it does not have a tensorial character. However, it is clear that if (2.7), (2.8) hold for one coordinate system at p ∈ M the fundamental identity holds hence, (2.7), (2.8) will hold in any coordinate system.

The quadratic identity is rather intriguing. For this reason, we give several equivalent expressions below. First, (2.7) is equivalent with n∑ k=1 [ {φ, f_1, . . . , f_{n−2}, g_k}{ψ, g_1, . . . , ĝ_k, . . . , g_n}

(2.13)

+ {ψ, f_1, . . . , f_{n−2}, g_k}{φ, g_1, . . . , ĝ_k, . . . , g_n} ]

A SURVEY ON NAMBU–POISSON BRACKETS 217

for arbitrary functions. Indeed, using (2.1) we see that (2.7) implies (2.13), and on the other hand (2.13) reduces to (2.7) in the case of the coordinate functions.

Then, the expression (2.12) of the fundamental identity is the same as ⟨ ♯_P (df_{(n−1)}), ∂P (dg_{(n)}) ⟩ = n∑ k=1 (−1)^{n−k} [⟨ ♯_P (dg_{(n,k̂)}), ∂P (df_{(n−1)}, dg_k) ⟩ (2.14)

+ n−1∑ h=1 (−1)^{h+k}(Hess f_h)(♯_P (dg_{(n,k̂)}), ♯_P (df_{(n−1),ĥ)}, dg_k)) ] ,

where all f ∈ F(M), and

Hess f :=

∂^2f ∂x^s∂x^t dx^s ⊗ dx^t

is the non invariant Hessian of f.

Moreover, if ∇ is an arbitrary torsionless connection on M, (2.14) is equivalent with the same relation where the partial derivatives in ∂P and in the Hessians are replaced by ∇-covariant derivatives. This yields a tensorial expression of the fundamental identity.

Formula (2.14) also yields another invariant expression of the quadratic identity if we proceed as follows. Notice that the quadratic identity holds iff (2.14) holds for functions which have a vanishing second derivatives at the point p, except for f_1, for which we ask the vanishing of the first derivatives, while Hess f_1 = T is an arbitrary 2-covariant symmetric tensor. Accordingly, the quadratic identity is equivalent to

(2.15) n∑ k=1 (−1)^{k+1}T (♯_P (λ_{(n,k̂)}), ♯_P (μ_{(n−1,^1)}, λ_k)) = 0

for any 2-covariant, symmetric tensor T , and any covectors λ, μ.

Finally, we indicate the following equivalent form of (2.7) noticed by P. Michor [24]

(2.7^′) i(α)P ∧ i(Φ)i(β)P + i(β) ∧ i(Φ)i(α)P = 0,

∀α, β ∈ T^∗M and ∀Φ ∈ ∧^{n−2}T^∗M. Moreover, (2.7^′) is the polarization of the, once more equivalent, condition

(2.7^{′′}) i(α)P ∧ i(Φ)i(α)P = 0.

The geometric meaning of the quadratic identity will be shown in the forthcomming Theorem 2.4.

218 I. VAISMAN

A mapping φ: (M_1, P_1) → (M_2, P_2) between two Nambu-Poisson manifolds of the same order n is a Nambu-Poisson morphism if the tensor fields P_1 and P_2 are φ-related or, equivalently, ∀g_{(n)} ∈ F(M_2), one has

{g_1 ∘ φ, . . . , g_n ∘ φ}_1 = {g_1, . . . , g_n}_2.

Moreover, if φ is a diffeomorphism, the two manifolds are said to be equivalent Nambu-Poisson manifolds. The notion of a Nambu-Poisson morphism also allows us to give the following definition: a submanifold N of the Nambu-Poisson manifold (M, P ) is a Nambu-Poisson submanifold if N has a (necessarily unique) Nambu-Poisson tensor field Q of the same order as P such that the inclusion of (N, Q) in (M, P ) is a Nambu-Poisson morphism. As in the Poisson case n = 2, Q exists iff, along N, P vanishes whenever evaluated on n 1-forms one of which, at least, belongs to the annihilator space Ann(T N), and then im♯_P is a tangent distribution of N e.g., [37].

By Theorem 2.1 P is a Nambu-Poisson tensor on the manifold M iff it is such on its nonvanishing subset. The following theorem [14], [1], [28], [18], [23] establishes the local canonical structure of the Nambu-Poisson brackets around nonvanishing points, up to equivalence.

2.2. Theorem. P is a Nambu-Poisson tensor field of order n iff ∀p ∈ M where P_p ≠ 0 there are local coordinates (x^k , y^α) (k = 1, . . . , n, α = 1, . . . , m−n) around p such that

(2.16) P = ∂ ∂x^1

∧ . . . ∧ ∂ ∂x^n

on the corresponding coordinate neighborhood.

Proof. If (2.16) holds, we have P^{1...n} = 1, and the components of P which have other indices than a permutation of (1, . . . , n) vanish. It is easy to see that (2.7), (2.8) hold in this case.

The following proof of the converse result belongs to Nakanishi [28], and is modeled on Weinstein’s proof of the local structure theorem of Poisson manifolds (e.g., [40], [37]). Around p, take functions x_{(n−1)} such that X_{x(n−1)} ≠ 0, then change to local coordinates z_{(m)} where X_{x(n−1)} = ∂/∂z_1, and put x_n = z_1. Since

(2.17) {x_1, . . . , x_n} = 1,

x_{(n)} are functionally independent, and the vector fields Y_k := (−1)^{n−k}X_{x(n,k̂)} , which satisfy Y_k(x_h) = δ_{kh}, are linearly independent. Moreover, (2.6) shows that Y_k commute, and there exist local coordinates (s_k, y_α) (k = 1, . . . , n, α = 1, . . . , m − n) such that Y_k = ∂/∂s_k for all k. Furthermore, by looking at the corresponding Jacobian, we see that (x_k , y_α) also are local coordinates around p, and such that Y_k = ∂/∂x_k, and all {x_{k1} , . . . , x_{kn−1} , y_α} = 0.

A SURVEY ON NAMBU–POISSON BRACKETS 219

The following trick is to evaluate in two ways the bracket 1 2 (−1)^{k−1}{x^2_1, x_2, . . . , x_{n−1}, {x_2, . . . , x_k, x_n, y_{α1} , . . . , y_{αh} }}

where k + h = n. If we use first the fundamental identity and then the Leibniz rule we get {x_1, . . . , x_k, y_{α1} , . . . , y_{αh} }. If we use first the Leibniz rule and then the fundamental identity, we get 0. (Use (2.17) in both computations.) Similarly, we get the general result

(2.18) P^{i1...ik α1 ...αh} = {x_{i1} , . . . , x_{ik} , y_{α1} , . . . , y_{αh} } = 0.

Finally, we must compute the components of P with Greek indices only. Of course, they vanish if m < 2n. If m ≥ 2n ≥ 6, these components are again given by using (2.17), (2.18) and a two-way computation of a Nambu bracket namely,

0 = {x_1y_{α1} , x_2, . . . , x_{n−1}, {x_n, y_{α2} , . . . , y_{αn} }}

(2.19) = {y_{α1} , y_{α2} , . . . , y_{αn} } = P^{α1 ...αn} .

The results (2.17), (2.18), (2.19), with the notational change of writing the indices of the coordinates up as usual, imply (2.16). □

2.3. Remark. On the canonical coordinate neighborhood where (2.16) holds we have D := span (im ♯_P ) = span {∂/∂x^k}.

Hence, globally D is a foliation with singularities whose leaves are either points, called singular points of P , or n-dimensional submanifolds with a Nambu- Poisson bracket induced by P . (In other words, the computation of the latter is along the leaves of D).

This remark extends well known results of Poisson geometry (e.g., [37]), and it was proven in [14] and [18]. In [18] the proof is by applying the Stefan-Sussmann- Frobenius theorem to D, which is possible because D is also equal to span H(P ). We call D the canonical foliation of the Nambu-Poisson structure P . The canonical foliation is regular i.e., all the leaves are n-dimensional, iff P never vanishes, and then we will say that P is a regular Nambu-Poisson structure.

The structure theorem 2.2 allows us to find the geometric meaning of the quadratic identity (2.7), which was conjectured in [34] and proven by many authors, independently [41], [14], [1], [28], [23], [24]. We say that an n-vector field is decomposable if, ∀p ∈ M, there are V_1, . . . , V_n ∈ T_pM such that P_p = V_1 ∧ · · · ∧ V_n. (This does not mean that such a decomposition holds for global vector fields on M.) Then, we have

220 I. VAISMAN

2.4. Theorem. The quadratic identity (2.7) is equivalent with the fact that the n-vector field P is decomposable.

Proof. This is a pointwise, algebraic result, and it suffices to prove it in R^m. If P is decomposable, we use a vector basis which has V_1, . . . , V_n as its first vectors, and a straightforward inspection of (2.7) shows that this condition holds.

Conversely, if P is given at a point, and it satisfies the quadratic identity, we may extend it to a tensor field with constant components on R^m. The latter then obviously also satisfies the differential identity (2.8), and is a Nambu-Poisson tensor field on R^m. Thus, P is decomposable by Theorem 2.2. □

Purely algebraic proofs were given in [1] and [24]. In particular, in [24] the result is proven by using the classical Plücker decomposability conditions (e.g., [33, p. 42]). Namely, one first proves a lemma which tells that an n-vector P (n ≥ 3) is decomposable iff i(α)P is decomposable for all the covectors α. Then, (2.7^{′′}) is exactly the Plücker condition for i(α)P .

Another immediate consequence of Theorem 2.2 is [18]

2.5. Corollary. A Nambu-Poisson tensor field P of an even order n = 2s satisfies the condition [P, P ] = 0, where the operation is the Schouten-Nijenhuis bracket.

This corollary suggests the study of generalized Poisson structures [2], [18] defined by a (2s)-vector field P such that

(2.20) [P, P ] = 0.

The canonical expression (2.16) provides the basic example of a Nambu-Poisson bracket, which was considered in Nambu’s original paper [30] for n = 3. Namely, (2.16) means that we have

(2.21) {f_1, . . . , f_n} =

∂(f_1, . . . , f_n) ∂(x^1, . . . , x^n) . This example may be extended to a description of all the regular Nambu-Poisson structures [14], [18].

2.6. Theorem. A regular Nambu-Poisson structure of order n on a differentiable manifold M^mis the same thing as a regular n-dimensional foliation S of M, and a bracket operation defined by the formula

(2.22) d_S f_1 ∧ . . . ∧ d_S f_n = {f_1, . . . , f_n}ω,

where ω is an S-leafwise volume form, and d_S is differentiation along the leaves of S.

Proof. First, let M^m be a differentiable manifold endowed with a regular ndimensional foliation S, and an S-leafwise volume form ω. (E.g., see [26] for

A SURVEY ON NAMBU–POISSON BRACKETS 221

foliation theory.) Then, the bracket defined by (2.22) is a regular Nambu-Poisson bracket. Indeed, if x^{(n)} are local coordinates along the leaves of S, and if

ω = φd_S x^1 ∧ . . . ∧ d_S x^n,

we get the local expression

(2.23) {f_1, . . . , f_n} = 1 φ ∂(f_1, . . . , f_n) ∂(x^1, . . . , x^n) . Then, the change of the local coordinates

x̃^1 = ∫ φdx^1, x̃^2 = x^2, . . . , x^n = x^n

leads to (2.21) in the new coordinates x̃^{(n)}.

In particular, notice from the proof above that any formula of the type (2.23) defines a regular Nambu-Poisson bracket.

Now, conversely, if P is a regular Nambu-Poisson structure on M, we take S to be the canonical foliation of P , and choose the leafwise volume form ω such that i(P )ω = 1. Then, we see that (2.22) holds by applying to it the operator i(P ). Clearly, the chosen volume form is the only possible one. □

Following is a number of other interesting facts relevant to Nambu-Poisson structures.

2.7. Remarks. (i) [15]. A decomposable n-vector field P is a Nambu-Poisson tensor iff the distribution D = span (im♯_P ) is involutive on the set of the non singular points of P .

(ii) [34]. If we have a Nambu-Poisson bracket of order n > 2, and keep p of its arguments fixed, we get a Nambu-Poisson bracket of order n − p (a Poisson bracket if n − p = 2), and, conversely [15], if the result of an arbitrary fixed choice of p arguments (p = 1, . . . , n − 2) always yields a Nambu-Poisson tensor, P is a Nambu-Poisson tensor.

(iii) If (M_a, P_a) are Nambu-Poisson manifolds of order n_a ≥ 3 (a = 1, 2), then (M_1 × M_2, P_1 ∧ P_2) is a Nambu-Poisson manifold of order n_1 + n_2. iv). If P is a Nambu-Poisson tensor on a manifold M, so is fP for any function f ∈ C^∞(M). In particular, this implies that (2.7) is equivalent to

(2.7^′) P^{i1...in−1 k}P^{j1...jn} = n∑ h=1 P^{j1 ...jh−1 kjh+1 ...jn} P^{i1...in−1jh} .

Concerning the first remark, we already know that D is involutive whenever P is Nambu-Poisson (Remark 2.3). On the other hand, since for P = V_1 ∧ · · · ∧ V_n,

222 I. VAISMAN

D = span {V_1, . . . , V_n}, if D is involutive, we have P = (∂/∂x_1) ∧ · · · ∧ (∂/∂x_n) in some well chosen local coordinates on a neighborhood of x ∈ M where P_x ≠ 0 (Frobenious Theorem). Then, the corresponding bracket takes the form (2.23), and it is a Nambu-Poisson bracket.

The direct part of the second remark follows by checking the axioms. For the converse, it suffices to take p = 1, and check by a computation that if (2.7), (2.8) hold for i(df)P , ∀f ∈ C^∞(M), they also hold for P itself.

The third remark is an immediate consequence of (2.16).

The last remark follows by putting P under the form (2.16), and using the proof of Theorem 2.6. Then, (2.7^′) is the coordinate expression of the fact that fP satisfies the fundamental identity ∀f ∈ C^∞(M). (It is obvious that (2.7^′) implies (2.7).) For arbitrary functions (2.7^′) yields

{f_1, . . . , f_{n−1}, f}{g_1, . . . , g_n}

(2.7^{′′}) = n∑ h=1 {g_1, . . . , g_{h−1}, f, g_{h+1}, . . . , g_n}{f_1, . . . , f_{n−1}, g_h}.

The structure theorem 2.2 was used by Dufour and Zung [11], and by Nakanishi [29] in order to characterize Nambu-Poisson manifolds by means of differential forms, which are better suited for calculus than the multivectors. Namely, if ω is a volume form on the manifold M^m, for every n-vector P there exists a corresponding (m − n)-form ϖ := i(P )ω, and the result proven in [11] is that P is a Nambu-Poisson tensor iff

(2.24) (i(A)ϖ) ∧ ϖ = 0, (i(A)ϖ) ∧ dϖ = 0,

for any (m − n − 1)-vector A. In [11], a differential form ϖ which satisfies (2.24) is called a Nambu co-form. In [29] it is shown that ϖ is a Nambu co-form iff it is decomposable and integrable i.e., dϖ = θ ∧ ϖ for some 1-form θ.

On R^m, any constant, decomposable n-vector field k^{i1 ...in} is a Nambu-Poisson tensor, since it satisfies both the quadratic and the differential identities. If we use Remark 2.7(ii) for this Nambu-Poisson tensor k, and keep as a fixed function (1/2)

∑_m j=1(x^j )^2, we get a new Nambu-Poisson tensor, of order n − 1, with the natural components

(2.25) P^{i1 ...in−1} = m∑ j=1 k^{i1 ...in−1 j} x^j .

A Nambu-Poisson structure defined on R^m by a tensor whose natural components are linear functions of x^j is called a linear Nambu-Poisson structure, and (2.25) gives the basic example [6]. Linear Nambu-Poisson structures are a

A SURVEY ON NAMBU–POISSON BRACKETS 223

generalization of the Lie-Poisson structures of Lie coalgebras (e.g., [37]). Accordingly, a definition and study of n-Lie algebras is suggested [13], [34], [35], [8], [14], [25], [23]. More precisely, a n-Lie algebra (called Fillipov algebra in [15]) is a vector space endowed with an internal, n-ary, skew symmetric bracket which satisfies the fundamental identity of a Nambu-Poisson bracket. (Different notions of n-Lie algebras were studied in [17] and [25].) By looking at brackets of linear functions, it easily follows that a linear Nambu-Poisson structure of order n on R^m induces a n-Lie algebra structure on the dual of R^m [34]. The converse may not be true since the structure constants of a general n-Lie algebra may form a non decomposable n-vector.

For instance, if m = n + 1 we may take k in (2.25) to be the canonical volume tensor of R^{n+1}, and we get the linear Nambu-Poisson structure of order n discussed in [6]. The corresponding n-Lie algebra is the vector space R^{n+1} endowed with the operation of a vector product of n vectors (the determinant which has the coordinates of the vectors, and the canonical, positive, orthonormal basis as its columns [5]). Another definition of this operation, denoted by ×, is

(2.26) v_1 × . . . × v_n = ∗(v_1 ∧ . . . ∧ v_n),

where ∗ is the Hodge star operator of the canonical Euclidean metric of R^{n+1}. It is also easy to see that the canonical foliation of the linear Nambu-Poisson structure of R^{n+1} defined above has the origin as a 0-dimensional leaf, and the spheres with center at the origin as n-dimensional leaves. (For n = 2, this is the dual of the Lie algebra o(3) with its well known Lie-Poisson structure.)

Of course, we may replace R^m by any vector space , with linear coordinates, in the definition of a linear Nambu-Poisson structure. Then, as in the case of Poisson structures [40], we notice that, if (M, P ) is a Nambu-Poisson manifold, and if p ∈ M is a singular point of P (i.e., P (p) = 0), the linear part of the Taylor development of P at p defines a linear Nambu-Poisson structure on T_pM, and a corresponding n-Lie algebra structure on T^∗_p M, which are independent of the choice of the local coordinates at p. This linear Nambu-Poisson structure of T_pM should be regarded as the linear approximation of P at p, and P is linearizable at p if P is equivalent with its linear approximation on some neighbourhood of p.

The linear Nambu-Poisson tensors are completely determined by Dufour and Zung in [11] (see also [23] and [15]), and the result is

2.8. Theorem. For any linear Nambu-Poisson structure P of order n on the linear space V^m there exists a basis of V such that the tensor P is of one of the following types.

224 I. VAISMAN

Type I:

P = r+1∑ j=1 ±x_j ∂ ∂x_1

∧ · · · ∧ ∂ ∂x_{j−1} ∧ ∂ ∂x_{j+1}

∧ · · · ∧ ∂ ∂x_{n+1} + s∑ j=1 ±x_{n+j+1} ∂ ∂x_1

∧ · · · ∧ ∂ ∂x_{r+j} ∧ ∂ ∂x_{r+j+2}

∧ · · · ∧ ∂ ∂x_{n+1} ,

with −1 ≤ r ≤ n, 0 ≤ s ≤ min(m − n − 1, n − r);

Type II: P = ∂ ∂x_1

∧ · · · ∧ ∂ ∂x_{n−1} ∧ (^m∑

i,j=n

a^i_j x_i ∂ ∂x_j ) . In the proof of Theorem 2.8 an essential role is played by the following results of linear geometry (Lemma 3.2 and Theorem 3.1 of [11], Lemma 1 of [15])

2.9. Lemma. (i) Let P_1, P_2 be decomposable n-vectors of a linear space V such that P_1 + P_2 is also decomposable and let D_1, D_2 be the subspaces spaned by the factors of P_1, P_2, respectively. Then dim (P_1 ∩ P_2) ≥ n − 1.

(ii) Let P_α, where α runs in a set A, be an arbitrary family of decomposable n-vectors of a linear space V such that every sum P_{α1} + P_{α2} is also decomposable, and let D_α be the subspaces spaned by the factors of P_α, respectively. Then either dim (∩_{α∈A}D_α) ≥ n − 1 or dim ( ∑ α∈A D_α) = n + 1.

Based on Theorem 2.8, Dufour and Zung prove several linearization theorems, and we refer the reader to [11] for these theorems.

3. Nambu-Poisson-Lie Groups

Nambu-Poisson-Lie groups as defined below were discussed in [38] and, independently, in [15], where a complete description of the multiplicative Nambu-Poisson tensor fields on a Lie group is given. In this section we reproduce the relevant part of our preprint [38], and refer the reader to [15] for general structural results.

Since Poisson-Lie groups play an important role in Poisson geometry (e.g., [37]), we are motivated to discuss similarly defined Nambu-Poisson-Lie groups. These cannot be defined by the demand that the multiplication is a Nambu-Poisson morphism since the direct sum of Nambu-Poisson tensors is not Nambu-Poisson (it is not decomposable). But, it makes sense to say that a Nambu-Poisson tensor P endows the Lie group G with the structure of a Nambu-Poisson-Lie group if P is a multiplicative tensor field i.e. (e.g., [37]), ∀g_1, g_2 ∈ G, one has

(3.1) P_{g1 g2} = L_g∗_1 P_{g2} + R_g∗_2 P_{g1} ,

where L and R denote left and right translations in G, respectively.

A SURVEY ON NAMBU–POISSON BRACKETS 225

The multiplicativity of P implies P_e = 0, where e is the unit of G. Moreover, if G is connected, P is multiplicative iff P_e = 0, and the Lie derivative L_X P is a left (right) invariant tensor field whenever X is left (right) invariant (e.g., [37]). As an immediate consequence it follows that the Nambu-Poisson-Lie group structures on the additive Lie group R^m are exactly the linear Nambu-Poisson structures of R^m.

From (3.1), it follows that the set

G_0 := {g ∈ G | P_g = 0}

is a closed subgroup. Indeed, (3.1) shows that if g_1.g_2 ∈ G_0, the product g_1g_2 ∈ G_0. Furthermore, if g ∈ G_0, then

0 = P_e = P_{gg}−1 = L_g∗ P_g−1 ,

hence g^{−1} ∈ G_0.

In order to give another characterization of Nambu-Poisson-Lie groups, we generalize a bracket of 1-forms, which plays a fundamental role in Poisson geometry (e.g., [37]), to Nambu-Poisson manifolds.

The natural extension of the bracket of 1-forms to Nambu-Poisson structures of order n on M^m is defined as follows

{α_1, . . . , α_n} = d(P (α_{(n)})) + n∑ k=1 (−1)^{n+k}i(♯_P (α_{(n,k̂)}))dα_k

(3.2)

= n∑ k=1 (−1)^{n+k}L_{♯P (αn,k̂ )}α_k − (n − 1)d(P (α_{(n)})),

where α_k (k = 1, . . . , n) are 1-forms on M. The equality of the two expressions of the new bracket follows by using the classical relation L_X = di(X) + i(X)d. The bracket (3.2) will be called the Nambu-Poisson form-bracket, and we have

3.1. Proposition. The Nambu-Poisson form-bracket satisfies the following properties:

(i) the form-bracket is totally skew-symmetric; (ii) ∀f_{(n)} ∈ F(M), one has

(3.3) {df_1, . . . , df_n} = d{f_1, . . . , f_n};

(iii) for any 1-forms α_{(n)}, and ∀f ∈ F(M) one has

(3.4) {fα_1, α_2, . . . , α_n} = f{α_1, α_2, . . . , α_n} + P (df, α_2, . . . , α_n)α_1.

(iv) ∀f_{(n−1)} ∈ F(M) and for any 1-form α one has

(3.5) {df_1, . . . , df_{n−1}, α} = L_{Xf(n−1)} α.

226 I. VAISMAN

Proof. (i) is obvious. (ii) and (iii) follow from the first expression of (3.2). (iv) is a consequence of the first expression (3.2) and of the commutativity of d and L. □

Of course, in view of the skew symmetry formulas corresponding to (3.4), (3.5) may be used if the factor f and, respectively, the 1-form α appear at another factor of the bracket.

It would be nice if the form-bracket would also satisfy the fundamental identity of Nambu-Poisson brackets. This happens for n = 2 but, generally, we only have the following weaker result

3.2. Proposition. The Hamiltonian vector fields act as derivations of the form-bracket by the Lie derivative operation.

Proof. Suppose that the required property holds for the 1-forms α_{(n)} i.e.,

(3.6) L_{Xf(n−1)} {α_1, α_2, . . . , α_n} = n∑ k=1 {α_1, α_2, . . . , α_{k−1}, L_{Xf(n−1)} α_k, . . . , α_n}.

Then, a straightforward computation which uses (3.4) and (2.5) shows that L_{Xf(n−1)} also acts as a derivation of the bracket {fα_1, α_2, . . . , α_n}, ∀f ∈ F(M).

This remark shows that the proposition is true if the result holds for a bracket of the form {dg_1, . . . , dg_n}, ∀g_k ∈ F(M). We see that this happens by applying (3.3), and the fundamental identity for functions, since we have

L_{Xf(n−1)} {dg_1, . . . , dg_n} = L_{Xf(n−1)} d{g_1, . . . , g_n} = dL_{Xf(n−1)} {g_1, . . . , g_n}. □

The relation between (3.6) and the fundamental identity for 1-forms is given by (3.5). Moreover, since locally any closed form is an exact form, we see that the fundamental identity

{β_1, . . . , β_{n−1}, {α_1, . . . , α_n}}

(3.7) = n∑ k=1 {α_1, . . . , α_{k−1}, {β_1, . . . , β_{n−1}, α_k}, α_{k+1}, . . . , α_n}

holds whenever the 1-forms β are closed.

Another remark is that, since (3.5) expresses a Lie derivative, it defines a representation of the Lie algebra H(P ) of the real, finite, linear combinations of Hamiltonian vector fields on the space ∧^1M of the 1-forms on M, and Theorem 3.2 tells us that this representation is by derivations of the form-bracket.

Now, coming back to Nambu-Poisson-Lie groups, we can extend the following result of Dazord and Sondaz [7]

A SURVEY ON NAMBU–POISSON BRACKETS 227

3.3. Theorem. If G is a connected Lie group endowed with a Nambu-Poisson tensor field P which vanishes at the unit e of G, then (G, P ) is a Nambu-Poisson- Lie group iff the P -bracket of any n left (right) invariant 1-forms of G is a left (right) invariant 1-form.

Proof. The same proof as in the Poisson case (e.g., [37]) holds. Namely, the evaluation of the Lie derivative via (3.2) yields

(3.8) (L_Y {α_1, . . . , α_n})(X) = Y ((L_X P )(α_{(n)}))

for any left invariant vector field X, right invariant vector field Y , and left invariant 1-forms α_{(n)}. (Same if left and right are interchanged.) Hence, the condition of the theorem is equivalent with the fact that L_X P is left invariant if X is left invariant. □

Some other basic properties of Poisson-Lie groups also have a straightforward generalization. First of all, since P_e = 0 for a Nambu-Poisson-Lie group G with unit e, and Nambu-Poisson tensor P , the linear approximation of P at e defines a linear Nambu-Poisson structure on the Lie algebra G of G, and a dual n-Lie algebra structure on the dual space G^∗. As for n = 2, a compatibility relation between the Lie bracket and the linear Nambu-Poisson structure of G exists.

First, following [22], let us consider the intrinsic derivative π_e := d_eP : G → ∧^nG defined by

(3.9) π_e(X)(α_{(n)}) = (Lˇ_X P )_e(α_{(n)}),

where α_{(n)} ∈ G^∗, X ∈ G, and X̌ is any vector field on G with the value X at e. Then we have

3.4. Theorem. (i) The bracket of the dual n-Lie algebra structure of G^∗ is the dual of the mapping π_e, and it has each of the following expressions

[α_1, . . . , α_n] = d_e(P (α̌_{(n)})) = π^∗_e (α_{(n)})

(3.10) = {ᾱ_1, . . . , ᾱ_n}_e = {α̃_1, . . . , α̃_n}_e,

where α_{(n)} ∈ G^∗, α̌_{(n)} are 1-forms on G which are equal to α_{(n)} at e, and ᾱ_{(n)}, α̃_{(n)} are the left and right invariant 1-forms, respectively, defined by α_{(n)}.

(ii) The mapping π_e is a ∧^nG-valued 1-cocycle of G with respect to the adjoint representation

ad X(Y_1 ∧ . . . ∧ Y_n) = n∑ k=1 Y_1 ∧ . . . Y_{k−1} ∧ [X, Y_k]_G ∧ Y_{k+1} ∧ . . . ∧ Y_n,

(X, Y_{(n)} ∈ G).

Proof. The proofs are exactly the same as for n = 2; see [22] or Chapter 10 of [37]. We repeat them briefly here.

228 I. VAISMAN

(i) By the definition of a dual mapping, and since P_e = 0, we have ⟨ π^∗_e (α_{(n)}), X ⟩ = π_e(X)(α_{(n)}) = (Lˇ_X P )_e(α_{(n)}) = X(P (α̌_{(n)})) = ⟨ d_e(P (α̌_{(n)}), X ⟩ , and this differential clearly is the n-Lie algebra structure of the linear approximation of P at e. This justifies the first two equality signs of (3.10). The remaining part of (3.10) follows from:

{ᾱ_1, . . . , ᾱ_n}_e(X)^{(3.2)}= X(P (ᾱ_{(n)})) + n∑ k=1 (−1)^{n+k}(dᾱ_k)_e(♯_P (α_{(n,k̂)}), X)

= X(P (ᾱ_{(n)})) − n∑ k=1 (−1)^{n+k}(L_{X̃}ᾱ_k)_e(♯_P (α_{(n,k̂)}))

+ n∑ k=1 ♯_P (α_{(n,k̂)})_e(ᾱ_k(X̃)) = X(P (ᾱ_{(n)}),

where X̃ is the right invariant vector field defined by X, and we used the equalities P_e = 0, L_{X̃}ᾱ_k = 0.

(ii) The fact that π_e is a 1-cocycle means that we have

(3.11) ad X(π_e(Y )) − ad Y (π_e(X)) − π_e([X, Y ]_G ) = 0,

where X, Y ∈ G. We always use the notation with bars and tildes for left and right invariant objects on Lie groups as we did above. Then, it follows that

ad X(π_e(Y )) = d ds / s=0 Ad exp(sX)((L¯_Y P )_e) = (L¯_X L¯_Y P )_e,

and (3.11) is a consequence of this result. □

Now we get the relation announced earlier:

3.5. Corollary. ∀α_{(n)} ∈ G^∗ and ∀X, Y ∈ G the following relation holds ⟨ [α_1, . . . , α_n], [X, Y ]_G ⟩ = n∑ k=1 (⟨ [α_1, . . . , α_{k−1}, coad_X α_k, α_{k+1}, . . . , α_n], Y ⟩ (3.12) − ⟨ [α_1, . . . , α_{k−1}, coad_Y α_k, α_{k+1}, . . . , α_n], X ⟩) . Proof. The result is nothing but a reformulation of the cocycle condition (3.11). □

In agreement with Corollary 3.5, we will define a Nambu-Poisson-Lie algebra as a Lie algebra with a linear Nambu-Poisson structure which satisfies (3.12).

A SURVEY ON NAMBU–POISSON BRACKETS 229

The question is: given a Nambu-Poisson-Lie algebra G, is it possible to integrate it to a Nambu-Poisson-Lie group? In the updated version [39] of [38] we show that the general answer is no, even if the definition of a Nambu-Poisson-Lie algebra is changed by adding one more necessary condition which is implied by [15]. A corresponding negative example on the unitary Lie algebra u(2) will be quoted later on.

But, some of the results known for n = 2 still hold. If G is connected and simply connected, for any 1-cocycle π_e as in Theorem 3.4(ii), there exists a unique multiplicative n-vector field P on G, called the integral field of π_e such that d_eP is the given cocycle. Indeed, for the given cocycle π_e,

π_g (X_g) := Ad g(π_e(L_g−1∗ X_g)) (g ∈ G, X_g ∈ T_gG)

defines a ∧^nG-valued 1-form π on G which satisfies the equivariance condition L^∗_g π = (Ad g) ∘ π. This implies that dπ = 0, and, since G is connected and simply connected, π = dP for a unique n-vector field P on G, which can be seen to be multiplicative [22], [37]. If this field is Nambu-Poisson, we are done. But, this final part is more complicated than for n = 2 since it involves the quadratic identity (2.7), and the non-tensorial differential identity (2.8). We only have

3.6. Proposition. If G is a Nambu-Poisson-Lie algebra of even order n, the integral field P of the dual cocycle π_e of the linear Nambu-Poisson structure of G, on the connected, simply connected Lie group G which integrates G, is a multiplicative generalized Poisson structure on G.

Proof. The same proof as for n = 2 [22], [37] shows that the Schouten-Nijenhuis bracket [P, P ] = 0. Indeed, since P is multiplicative, so is [P, P ] and, in particular, [P, P ]_e = 0. Furthermore, since n is even, P_e = 0, and using the coordinate expression of the Schouten-Nijenhuis bracket [37], we have

d_e[P, P ](X) = 2[P, Lˇ_X P ]_e

(3.13) = 2 (2n − 1)!n!(n − 1)!

δ^{k1 ...k2n−1}

i_1 ...i_nj_2 ...j_n

∂P^{i1...in} ∂x^u ( ξ^v

∂P^{uj2 ...jn} ∂x^v ) ∂ x^{k1}

∧ · · · ∧ ∂ ∂x^{k2n−1} / e , where X = ξ^v (∂/∂x^v)/_e. Now, ξ^v (∂P^{j1...jn} /∂x^v) are the coordinates of the nvector (d_eP )(X) of the linear approximation of P at e. Hence, the result of (3.13) is the algebraic Schouten-Nijenhuis bracket [d_eP, d_eP ]_G (e.g., [37]), which is zero by Corollary 2.5. The conclusion is that d_e[P, P ] = 0. But, a multiplicative tensor field with a vanishing intrinsic derivative at e is identically 0 [22], [37]. Hence, [P, P ] = 0. □

Theorem 3.4 also allows us to get a result on subgroups just as in the Poisson case. A Lie subgroup H of a Nambu-Poisson-Lie group (G, P ) will be called a

230 I. VAISMAN

Nambu-Poisson-Lie subgroup if H has a (necessarily unique) multiplicative Nambu-Poisson tensor Q such that (H, Q) is a Nambu-Poisson submanifold of (G, P ). If H is connected, it is a Nambu-Poisson-Lie subgroup of (G, P ) iff Ann(H), where H is the Lie algebra of H, is an ideal in (G^∗, [., . . . , .]). By this we mean that the bracket (3.10) is in Ann(H) whenever one of the arguments (at least) is in Ann(H). The proof is the same as for n = 2 e.g., [37].

Furthermore, if (H, Q) is a Nambu-Poisson-Lie subgroup of (G, P ), the homogeneous space M = G/H inherits a Nambu-Poisson structure S of the same order as P, Q such that the natural projection p: (G, P ) → (M, S) is a Nambu-Poisson morphism. This holds since the brackets {f_1 ∘ p, . . . , f_n ∘ p}_P are constant along the fibers of p, which is easy to check using (3.1). (E.g., see Proposition 10.30 in [37] for the case n = 2.) Moreover, as a consequence of (3.1), the natural left action of G on M satisfies the multiplicativity condition

(3.1^′) S_{g(x)} = φ_g∗ (S_x) + φ^x_∗ (P_g ),

where φ_g (x) = φ^x(g) = g(x) for g ∈ G, x ∈ M, and φ_g : M → M, φ^∗ : G → M. Accordingly, any action of a Nambu-Poisson-Lie group (G, P ) on a Nambu-Poisson manifold (M, S) which satisfies (3.1^′) will be called a Nambu-Poisson action. If G is connected, one has the same infinitesimal characteristic properties of Nambu- Poisson actions as in the Poisson case e.g., Proposition 10.27 in [37]. In particular, that ∀X ∈ G, L_{XM} S = −[(d_eP )(X)]_M , where e is the unit of G, and the index M denotes the infinitesimal action on M.

Now, we give a number of examples of non commutative Nambu-Poisson-Lie groups.

A first example is that of the 3-dimensional solvable Lie group

(3.14) G_3 := x 0 y 0 x z 0 0 1

, x, y, z ∈ R, x ≠ 0 .

The left invariant forms of this group are dx/x, dy/x, dz/x, and if we look for a Nambu tensor of the form

(3.15) P = f(x) ∂ ∂x ∧ ∂ ∂y ∧ ∂ ∂z such that {dx/x, dy/x, dz/x} is left-invariant, and f(1) = 0, we see that f = x(x^2 − 1)/2 does the job. The corresponding Nambu-Poisson-Lie algebra is R^3 with the linear Nambu structure x^1(∂/∂x^1) ∧ (∂/∂x^2) ∧ (∂/∂x^3).

The next example is that of the generalized Heisenberg group

(3.16) H(1, p) :=

Id_p X Z 0 1 y 0 0 1 ,

A SURVEY ON NAMBU–POISSON BRACKETS 231

where X =^t(x_1 . . . x_p), Z =^t(z_1 . . . z_p). The left invariant 1-forms of this group are (3.17) dx_1, . . . , dx_p, dy, dz_1 − x_1dy, . . . , dz_p − x_pdy, and (3.18) P = y ∂ ∂x_1 ∧ ∂ ∂z_1 ∧ ∂ ∂y makes H(1, p) into a Nambu-Poisson-Lie group. Indeed, it vanishes at the unit, and it follows easily that the brackets of the left invariant 1-forms are left invariant. The corresponding Nambu-Poisson-Lie algebra is R^{2p+1} with the same Nambu tensor (3.18).

A third example is that of the direct product G = H(1, 1) × R_+, where R_+ is the multiplicative group of the positive real numbers t. The left invariant 1-forms of the group are those given by (3.17), and dt/t. The tensor

(3.19) P = t(ln t) ∂ ∂y ∧ ∂ ∂z ∧ ∂ ∂t makes G into a Nambu-Poisson-Lie group for the same reasons as in the previous examples. The corresponding Nambu-Poisson-Lie algebra is R^4 with the linear Nambu structure

(3.20) P = x_4 ∂ ∂x_2 ∧ ∂ ∂x_3 ∧ ∂ ∂x_4 . We may notice that if (G_1, P ) is a Nambu-Poisson-Lie group, and G_2 is any other Lie group, fP , where f ∈ C^∞(G_2, is a Nambu-Poisson-Lie structure on G_1 × G_2.

The next example is that of a Nambu-Poisson-Lie algebra. Consider the unitary Lie algebra u(2) with the basis

X_1 = √ −1 2 ( 1 0 0 1 ) , X_2 = √ −1 2 ( 0 1 1 0 ) , X_3 = 1 2 ( 0 1 −1 0 ) , X_4 = √ −1 2 ( 1 0 0 −1 ) . Then, the linear Nambu tensor

(3.21) P = x_1 ∂ ∂x_2 ∧ ∂ ∂x_3 ∧ ∂ ∂x_4

yields a Nambu-Poisson-Lie algebra structure. Indeed, straightforward computations show that (3.12) is satisfied. In a new version of [38], we show that this

232 I. VAISMAN

structure does not come from a Nambu-Poisson-Lie group. Namely, the structure theory of [15] implies that if (3.21) commes from a Nambu-Poisson-Lie group structure Λ of U(2) then

R_g−1_∗Λ = θ(g) ∂ ∂x^2 ∧ ∂ ∂x^3 ∧ ∂ ∂x^4

(∀g ∈ U(2)),

where θ comes from an additive character of the circle subgroup S^1 of U(2) hence, θ = 0.

In principle, all the Nambu-Poisson-Lie algebras can be determined from the Dufour-Zung classification of the linear Nambu structures [11] by looking for Lie algebras structure constants which, together with the canonical structures of [11], satisfy the condition (3.12).

Proposition 3.6 might suggest looking for examples of Nambu-Poisson-Lie groups by first looking for (2p)-vector fields P on a Lie group G which are multiplicative, and satisfy the Schouten-Nijenhuis bracket condition [P, P ] = 0. For this purpose, the technique of the generalized Yang-Baxter equation

(3.22) (ad X)[r, r]_G = 0 (X ∈ G, r ∈ ∧^{2p}G),

used for n = 2 (e.g., [20], [37]) may be extended. But, since the 2p-vector field to be considered is P = r̄ − r̃ [37] (remember that bar and tilde denote the left and right invariant corresponding tensor field, respectively), it is not clear whether we can get a decomposable tensor P .

On the other hand, we should look for decomposable solutions of the classical Yang-Baxter equation

(3.23) [r, r] = 0 (r ∈ ∧^{2p}G)

for another reason too. Namely, The left (right) invariant field generated by such a solution could give us left (right) invariant Nambu-Poisson structures on the Lie group G. General questions on left invariant Nambu-Poisson structures on Lie groups are studied in [29].

We end this section by indicating the method used in [15] for the construction of the Nambu-Poisson-Lie groups. It consists in looking at the sum and the intersection of the subspaces V_g ⊆ G spaned by the factors of the decomposable n-vectors R_g−1_∗P_g , ∀g ∈ G, and showing that these provide an ideal H of dimension n, n − 1 or n + 1 in G. (The result follows from the multiplicativity of P and the use of Lemma 2.9.) Accordingly, the multiplicative n-vector fields on G are given by acting on the left invariant n-vector defined by H via multiplication by a function φ, wedge product by a vector field X, and interior product by a 1-form α, respectively, with well determined properties described in [15]. In particular, it turns out that the simple Lie groups do not admit multiplicative Nambu-Poisson

A SURVEY ON NAMBU–POISSON BRACKETS 233

tensors P of order n ≥ 3, and, if G = G_1 × · · · × G_s is semisimple with simple factors G_i (i = 1, . . . , s), the only multiplicative Nambu-Poisson tensors on G are wedge products of “contravariant volumes” on a part of the factors with either multiplicative Poisson bivectors or multiplicative vector fields on other factors.

4. Questions on Quantization

The quantization of the Nambu-Poisson bracket was considered from the very first paper [30], and it was discussed by many authors [3], [34], [6], [10], [9], etc. This section is not a survey of the quoted references but, a preliminary discussion about possible approaches to geometric and deformation quantization of Nambu- Poisson brackets.

We consider the Kostant-Souriau geometric quantization [21], [32] first. The prequantization of a symplectic manifold M is defined by a canonical lifting of the Hamiltonian vector field X_f of an observable i.e., a function f ∈ F(M), to the total space of a principal C^∗-bundle p: L^∗ → M (C^∗ = C\{0}) or, equivalently, a circle bundle. The lifting is defined by introducing a Hermitian metric h, and a Hermitian connection ∇ on the associated complex line bundle L. Namely, ∇ decomposes the tangent bundle of L^∗ into a horizontal and a vertical part. The horizontal component of the prequantization lift f̂ of X_f will be the ∇-horizontal lift of X_f , and the vertical component of f̂ will be the infinitesimal right translation defined on the fibers of L^∗ by the values of 2π √ −1f along the trajectory of X_f which starts at the base point of the fiber. (The factor 2π √ −1 is explained by technical reasons.) It is shown [21] that f̂ is determined by the conditions

(4.1) p_∗(f̂) = X_f , α(f̂) = −2π √ −1f,

where α is the connection form of ∇ on L^∗.

Furthermore [21], f̂ can be reinterpreted as a linear operator on the space Γ(L) of the global cross sections of L given by

(4.2) f̂(σ) = ∇_{Xf} σ + 2π √ −1fσ (σ ∈ Γ(L)),

and the operator f̂ of (4.2) is called the prequantization of f. Iff the curvature form Ω of ∇ satisfies the condition

(4.3) Ω(X_f , X_g) = −2π √ −1ω(X_f , X_g) (f, g ∈ F(M)),

where ω is the symplectic form of M, the prequantization operators satisfy the celebrated Dirac commutation condition

(4.4) ^{f, g} = [f̂, ĝ] := f̂ ∘ ĝ − ĝ ∘ f̂.

234 I. VAISMAN

Then, if L is tensorized by the line bundle D of half-densities (or half-forms) on M, the Hermitian metric h yields a pre-Hilbert scalar product on the space Γ_c(L ⊗ D) of the cross sections with compact support of the tensor product L ⊗ D, by integration along M. The new prequantization operators f̌ := f̂ ⊗ Id + Id ⊗ L_{Xf} are anti-Hermitian with respect to this product (e.g., [42] or the brief survey [36]).

In the case of a Nambu-Poisson manifold (M^m, P ) of order n, a Hamiltonian vector field is defined by n − 1 functions f_{(n−1)} ∈ F(M). Since ♯_P as defined by (2.3) is multilinear, rather than linear, we may follow [8], [28], and introduce the non associative, non commutative, real algebra O(M) = ∧^{n−1}_R F with the product

(4.5) f_{(n−1)} ×_O g_{(n−1)} = n−1∑ k=1 g_1 ∧ . . . ∧ g_{k−1} ∧ X_{f(n−1)} g_k ∧ g_{k+1} ∧ . . . ∧ g_{n−1}.

Then, taking the Hamiltonian vector field extends to a R-linear mapping ham : O(M) → H(P ) (also denoted by ham (A) = X_A, A ∈ O(M)), where the Lie algebra H(P ) is that defined in Section 2. Furthermore, in view of (2.6), we have

(4.6) ham (f_{(n−1)} ×_O g_{(n−1)}) = [ham (f_{(n−1)}), ham (g_{(n−1)})],

and from (4.6) we get

X_{(f(n−1) ×O g(n−1) +g(n−1) ×O f(n−1) )} = 0.

Accordingly, if we agree to say that A ∈ O(M) is a Casimir “function” of P if X_A = 0, it follows that the bracket (4.5) induces a bracket on S(M) := O(M)/{Casimir “functions”} which makes S(M) into a Lie algebra isomorphic to H(P ) [28].

Since ×_O is not skew symmetric, we consider the bracket

[A, B]_O := 1 2 (A ×_O B − B ×_O A),

and we will say that (O(M), [ ]_O) is the algebra of the multi-observables of the Nambu-Poisson manifold (M, P ). It may be seen as a central extension of H(P ) by the Casimir “functions” of P . For n = 2, this is just the Poisson algebra (F(M), {}), and the described construction generalizes the situation which exists in symplectic and Poisson geometry.

In spite of the fact that (O(M), [ ]_O) is not a Lie algebra for n > 2, it is handy to use the terminology of Lie algebra theory whenever the definitions there naturally extend to our situation. In particular, via the mapping ham, O(M) has a representation on F(M), and we may speak of F(M)-valued cochains and their coboundary ∂, where ∂^2 is not necessarily 0.

A SURVEY ON NAMBU–POISSON BRACKETS 235

Now, any 1-cochain Q: O(M) → F(M) allows us to define the prequantization of the observable A ∈ O(M) as being the operator

(4.7) Â(σ) := ∇_{XA} σ + 2π √ −1Q(A)σ,

where ∇ and σ are as in formula (4.2).

The geometric meaning of Â on the principal bundle L^∗ is similar to that of f̂ of (4.1), and we get

4.1. Theorem. Let (M, P ) be a Nambu-Poisson manifold, and let Q be a 1-cochain of O(M). Then, if ∂Q satisfies the condition

(∂Q)(A, B) := X_A(Q(B)) − X_B (Q(A)) − Q([A, B]_O)

(4.8) = −2π √ −1λ(X_A, X_B) (∀A, B ∈ O(M)),

for some closed 2-form λ which represents an integral cohomology class of M, then there exists a complex line bundle L on M, endowed with a Hermitian metric and connection, such that the operators (4.7) satisfy the Dirac commutation condition

(4.9) ^[A, B]_O = [Â, B̂] := Â ∘ B̂ − B̂ ∘ Â.

Conversely, if such a bundle exists, Q satisfies the condition (4.8).

Proof. For an arbitrary L and ∇ as at the beginning of this section, formula (4.7) leads to the following commutation relation: ^ [A, B]_O = Â ∘ B̂ − B̂ ∘ Â + 2π √ −1((∂Q)(A, B)

(4.10) + 1 2π √ −1 Ω(X_A, X_B )),

where Ω is the curvature 2-form of ∇. Hence, if (4.9) holds, we have (4.8) for λ = Ω. This is the last assertion of the theorem. The first part follows from (4.10) again. Indeed, if we have (4.8) with the integral form λ, it is well known that there exists a bundle L with a Hermitian connection ∇ such that 2π √ −1λ is the curvature of ∇ (e.g., [21]). Using these L and ∇, we get the desired result. □

4.2. Remark. If P is regular on an open, dense subset N of M, it is enough to quantize the restriction of the multi-observables to N. Thus, we might concentrate on the study of the quantization of regular Nambu-Poisson manifolds M, which have the simple structure described in Theorem 2.6. (For n = 2, this structure is not so simple, however.) Then, for geometric quantization, it suffices to use only connections and forms along the leaves of the canonical foliation S of P , and replace Theorem 4.1 by the S-leafwise version of the same theorem.

236 I. VAISMAN

For the clarification of this remark, see the case of the Poisson manifolds in [37].

4.3. Remark. The prequantization operators (4.7) act on the complex, linear space Γ(L). But, it is again possible to tensorize by the halfdensities, and get anti-Hermitian operators on a pre-Hilbert space Γ(L ⊗ D) as described earlier for the classical case.

A cochain Q which satisfies the hypothesis of Theorem 4.1, or of its leafwise version, will be called a quantifier of the Nambu-Poisson manifold (M, P ). The prequantization problem reduces to that of finding good quantifiers but, we have no method to find them. For n = 2, the tautological quantifier Q(f) = f (f ∈ F) leads to the classical geometric quantization. For n ≥ 2,

(4.11) Q(A) = α(X_A) (A ∈ O(M)),

where α is a 1-form on M, defines a quantifier. For it, we have (∂Q)(A, B) = dα(X_A, X_B ), and we may use the trivial bundle L with the connection defined by the connection form −2π √ −1α as a prequantization bundle. This yields Â = X_A, which is a trivial quantization, while what we need is a non trivial quantization.

It is to be noted that if Q is a 1-cocycle i.e., ∂Q = 0, we obtain a prequantization which satisfies the Dirac condition on the trivial complex line bundle over M.

Following is an exaple of a 1-cochain on O(M) which shows the basic difficulty in finding a quantifier. Namely, let Y_1, . . . , Y_{n−2} be arbitrary vector fields on M, and put

(4.12) Q(f_{(n−1)}) = det(f_{(n−1)}, Y_1f_{(n−1)}, . . . , Y_{n−2}f_{(n−1)}),

where the (n−1)-dimensional vectors included are the columns of the determinant. Then, the properties of a determinant show that Q extends to a well defined 1-cochain of O, and we get

(∂Q)(f_{(n−1)}, g_{(n−1)}) = n−1∑ k=1 (−1)^k[det(U_g; f_{(n−1,k̂)}, Y_1f_{(n−1,k̂)}, . . . , Y_{n−2}f_{(n−1,k̂)})

− det(U_f ; g_{(n−1,k̂)}, Y_1g_{(n−1,k̂)}, . . . , Y_{n−2}g_{(n−1,k̂)})] + Q([f_{(n−1)}, g_{(n−1)}]_O),

where, U_f is the operation of adding at the top of each column of the remaining matrix 0 on the first column, and [X_{f(n−1)} , Y_{k−1}]g_k on the k^{th} column, and U_g is similar but with the roles of f and g interchanged. The 1-cochain Q of (4.12) is a generalization of the tautological quantifier of the Poisson case but, it is not a quantifier for n ≥ 3 since (∂Q)(f_{(n−1)}, g_{(n−1)}) depends on the functions and not just on the corresponding Hamiltonian vector fields.

One possible way to avoid this difficulty is restrict prequantization to a subalgeba of O(M), in the spirit of the second step, quantization, in classical geometric quantization theory. For instance, let S be the subalgebra of the elements

A SURVEY ON NAMBU–POISSON BRACKETS 237

A ∈ O(M) such that [Y_i, X_A] = 0, ∀i = 1, . . . , n − 2, and let C be an Abelian subalgebra of S. Then, the expression of ∂Q given above shows that the restriction of Q to C is a cocycle on this latter subalgebra, and Q/_C allows us to do geometric prequantization on the trivial complex line bundle. A second way out of the mentioned difficulty would be to conveniently change the definition of the bracket [ ]_O.

Now, let us refer to deformation quantization. It was shown by Dito, Flato, Sternheimer and Takhtajan [9], [10] that the deformation quantization of Nambu- Poisson brackets of order n ≥ 3 should be done via a preliminary Abelian deformation of the usual product of functions. Again, it suffices to study only regular Nambu-Poisson brackets i.e., brackets defined by a Jacobian determinant (see Section 2). The basic remark [10] is that a Jacobian determinant defines a Nambu-Poisson bracket because the usual product of functions satisfies the following properties: a) associativity, b) commutativity, c) distributivity, d) the Leibniz rule of derivation. Hence, any deformation of the usual product which continues to satisfy a), b), c), d) allows us to define a deformed Jacobian which is a Nambu-Poisson bracket on the deformed algebra of C^∞-functions on M. (In [31] the authors claim the non-existence of a Nambu-Poisson deformation quantization on C^∞(M) itself.)

In a different formulation, let (M, P ) be a regular Nambu-Poisson manifold of order n ≥ 3, which has the bracket defined by formula (2.22). Assume that there exists an embedding of complex, linear spaces

(4.13) ι : F(M, C) → A_ν := F(M, C)[[ν]],

where F(M, C) is the algebra of complex valued, differentiable functions on M, ν is a parameter, and A_ν is the linear space of formal power series, endowed with a product ∗_ν which makes it an associative, commutative algebra. The product ∗_ν of A_ν is called an Abelian product deformation, and ∀f, g ∈ F(M, C) one defines the star product f ∗_ν g := ι(f) ∗_ν ι(g). Assume also that the Lie algebra χ(M) of the vector fields on M has a representation ρ by derivations of (A_ν , ∗_ν ) Then, we can define A_ν -valued forms, and their ∗_ν -exterior product and ρ-exterior differential d_ρ by extending the classical definitions. Now, if we write (2.22) for these new operations, we get

(4.14) d_{ρS} (ιf_1) ∧ . . . ∧ d_{ρS} (ιf_n) = {f_1, . . . , f_n}_ν (ιω),

where ιω is defined by

(ιω)(X_1, . . . , X_n) = ι(ω(X_1, . . . , X_n)).

The bracket {f_1, . . . , f_n}_ν is the quantum deformation of {f_1, . . . , f_n}, and it satisfies the properties of a Nambu-Poisson bracket (i.e., (i), (ii), (iii) of Section 2).

238 I. VAISMAN

In [9], [10], the authors propose a construction of an Abelian product ∗_ν , which leads to a quantum deformation of a Nambu-Poisson bracket called Zariski quantization. For this theory we refer the reader to the quoted original papers.

Here, we modify a construction used in symplectic deformation quantization [4], [12] in order to get a deformation of the Nambu-Poisson bracket if the algebra F(M, C) is embedded into a larger algebra F̃(M, C) first, and the space Ã_ν := F̃(M, C)[[ν]] of formal power series is used. This construction is not an answer to the deformation quantization problem since the obtained ∗_ν -product of functions is a power series with coefficients which may not be functions. It is an example of a general, commutative, product deformation process, associated with a fixed Riemannian metric g on the Nambu-Poisson manifold (M, P ).

Let us introduce the associative, commutative algebra

(4.15) F̃(M, C) = ⊕^∞_{i=0}Γ ⊙^i T^∗_c M,

where Γ ⊙^i T^∗_c M is the space of symmetric, i-covariant, complex tensor fields, any particular element of F̃(M, C) consists of a finite sum of terms, and the product in the algebra (4.15) is the symmetric tensor product ⊙. As in [4], [12], we define a Weyl-Moyal product of power series

(4.16) a_u = ∞∑ k=0 ∑ i ν^ka^i_{(u)k} ∈ Ã_ν = F̃(M, C)[[ν]] (u = 1, 2)

by the formula

(4.17) a_1 ∗_ν a_2 = ∞∑ p=0 ν^p p! (∂^pa_1, ∂^pa_2)_g ,

where the algebraic derivative ∂ is defined on each term of the series (4.16) as the operator ∂ : ⊙^i T^∗_c M → Hom (⊙^{i−1}T^∗_c M, T^∗_c M) given by

(∂t)(X_1, . . . , X_{i−1})(Y ) := t(Y, X_1, . . . , X_{i−1}),

t ∈ ⊙^iT^∗_c M, and all the arguments are tangent vectors. Of course, ∂^p is the iteration of ∂. Finally, ( , )_g is the scalar product induced by g. (In the symplectic case, there was a symplectic scalar product instead.) Here, the symmetry of g ensures that formula (4.17) defines the structure of an associative, commutative algebra on Ã_ν .

Furthermore, the action of any vector field X on M as a directional derivative of functions extends to Ã_ν by means of the covariant derivative ∇_X of the tensor fields with respect to the Riemannian connection of g. This action is a representation ρ by derivations. Accordingly, the Nambu-Poisson bracket P gets deformed to a Nambu-Poisson bracket on Ã_ν .

A SURVEY ON NAMBU–POISSON BRACKETS 239

Now, we have to consider an embedding ι: F(M, C) → Ã_ν e.g., the gradiental deformation

(4.18) ι(f) = f + ∞∑ i=1 ν^i i! (⊙^idf) (f ∈ F(M, C)),

then put f ∗_ν k := (ιf) ∗_ν (ιk) (f, k ∈ F(M, C)),

as given by (4.17).

Then, we might look at the “semi-classical approximation” i.e., take only the term i = 1 in (4.18). This yields

(4.19) f ∗_ν k = fk + ν(fdk + kdf) + ν^2(df ⊙ dk) + ν^3(df, dk)_g .

The result is a polynomial deformation of the product which has symmetric tensor fields as coefficients. This product is commutative, and associative, since it is a restriction of ∗_ν . Then, if we define {f_1, . . . , f_n}_ν by formula (4.14) interpreted on Ã_ν , we get a polynomial deformation of the P -bracket of functions {f_1, . . . , f_n}, with symmetric tensor fields as coefficients, which satisfies all the axioms of a Nambu-Poisson bracket.

If, instead of (4.19), we take the star product

(4.20) f ∗_λ k := fk + λ(df, dk)_g ,

where λ = ν^3 is the new deformation parameter, this product is also commutative, but it is associative only in the semi-classical approximation i.e., up to terms in λ^k with k ≥ 2. Indeed, (4.20) implies

(f ∗_λ k) ∗_λ l = fkl + λ[f(dk, dl)_g + k(dl, df)_g

(4.21) + l(df, dk)_g ] + λ^2(dl, d(df, dk)_g )_g ,

which justifies the previous assertion.

References

1. Alekseevsky D. and Guha P., On Decomposability of Nambu-Poisson Tensor, Acta Math.

Univ. Commenianae 65 (1996), 1–10.

2. de Azcárraga J. A., Perelomov A. M. and Pérez Bueno J. C., New generalized Poisson structures, J. Phys. A. Math. Gen. 29 (1996), 151–157.

3. Bayen F. and Flato M., Remarks concerning Nambu’s generalized mechanics, Phys. Rev. D 11 (1975), 3049–3053.

4. Bayen F., Flato M., Fronsdal C., Lichnerowicz A. and Sternheimer D., Deformation Theory and Quantization, Annals of Physics 111 (1978), 61–110, 111–152.

5. Berger M., Geometry, I., Universitext, Springer, Berlin, 1987.

240 I. VAISMAN

6. Chatterjee R. and Takhtajan L., Aspects of Classical and Quantum Mechanics, Lett. Math.

Phys. 37 (1996), 475–482.

7. Dazord P. and Sondaz D., Groupes de Poisson Affines, Symplectic Geometry, Groupoids and Integrable Systems, Séminaire Sud-Rhodanien de Géométrie à Berkeley, 1989 (P. Dazord and A. Weinstein, eds.), MSRI Publ. 20, Springer, Berlin-New York, 1991, pp. 99–128.

8. Daletskii Y. L. and Takhtajan L. A., Leibniz and Lie algebra structures for Nambu algebra, Lett. in Math. Phys. 39 (1997), 127–141.

9. Dito G. and Flato M., Generalized Abelian Deformations: Application to Nambu Mechanics, Lett. Math. Phys. 39 (1997), 107–125.

10. Dito G., Flato M., Sternheimer D. and Takhtajan L., Deformation quantization and Nambu Mechanics, Comm. in Math. Phys. 183 (1997), 1–22.

11. Dufour J.-P. and Zung N. T., Linearization of Nambu structures. Compositio Mathematica, (to appear).

12. Fedosov B. V., A simple geometrical construction of deformation quantization, J. Diff. Geometry 40 (1994), 213–238.

13. Filippov V. T., n-ary Lie algebras, Russian Sibirskii Math. J. 24 (1985), 126–140. 14. Gautheron Ph., Some remarks concerning Nambu mechanics, Lett. in Math. Phys. 37 (1996), 103–116.

15. Grabowski J. and Marmo G., On Filippov algebroids and multiplicative Nambu-Poisson structures, Preprint DG/9902127, Diff. Geom. Appl., (to appear).

16. , Remarks on Nambu-Poisson and Nambu-Jacobi brackets, Preprint DG/9902128. 17. Hanlon P. and Wachs M., On Lie k-algebras, Adv. in Math. 113 (1995), 206–236. 18. Ibáñez R., de León M., Marrero J. C. and de Diego D. M., Dynamics of generalized Poisson and Nambu-Poisson brackets, J. of Math. Physics 38 (1997), 2332–2344.

19. Ibáñez R., de León M., Marrero J. C. and Padrón E., Nambu-Jacobi and generalized Jacobi manifolds, preprint, 1997.

20. Kosmann-Schwarzbach Y., Groupes de Lie Poisson quasitriangulaires, Géométrie Symplectique et Mécanique, Proceedings, 1988 (C. Albert, ed.); Lecture Notes in Math., vol. 1416, Springer, Berlin, 1990, pp. 161–167.

21. Kostant B., Quantization and unitary representations, Lecture Notes in Modern Analysis and Applications III (C. T. Tamm, ed.); Lect. Notes in Math., vol. 170, Springer, Berlin, 1970, pp. 87–207.

22. Lu J.-H. and Weinstein A., Poisson-Lie groups, dressing transformations and Bruhat decompositions, J. Diff. Geometry 31 (1990), 501–526.

23. Marmo G., Vilasi G. and Vinogradov A. M., The local structure of n-Poisson and n-Jacobi manifolds, J. Geom. Physics 25 (1998), 141–182.

24. Michor P. W. and Vaisman I., A Note on n-ary Poisson Brackets, Preprint DG/990117. 25. Michor P. W. and Vinogradov A. M., n-ary Lie and associative algebras, Rend. Sem. Mat.

Torino 53 (1996), 373–392.

26. Molino P., Riemannian Foliations., Progress in Math. 73 (1988), Birkhäuser, Basel. 27. Mukunda N. and Sudarshan E., Relations between Nambu and Hamiltonian mechanics, Phys. Rev. D 13 (1976), 2846–2850.

28. Nakanishi N., On Nambu-Poisson Manifolds, Reviews in Mathematical Physics 10 (1998), 499–510.

29. , Nambu-Poisson Tensors on Lie Groups, Preprint.

30. Nambu Y., Generalized Hamiltonian Mechanics, Phys. Rev. D 7 (1973), 2405–2412. 31. Sahoo D. and Valsakumar M. C., Nonexistence of Quantum Nambu Mechanics, Modern Physics Lett. A 9 (1994), 2727–2732.

32. Souriau J. M., Structures des systèmes dynamique, Dunod, Paris, 1969. 33. Shafarevich I. R., Basic algebraic geometry. 1: Varieties in projective space, Springer-Verlag, Berlin, 1994.

34. Takhtajan L., On Foundations of Generalized Nambu Mechanics, Comm. Math. Phys. 160 (1994), 295–315.

A SURVEY ON NAMBU–POISSON BRACKETS 241

35. , A higher order analog of the Chevalley-Eilenberg complex and the deformation theory of n-gebras, St. Petersburg Math. J. 6 (1995), 429–438.

36. Vaisman I., Basic ideas of geometric quantization, Rend. Sem. Mat. Torino 37 (1979), 31–41. 37. Lectures on the Geometry of Poisson Manifolds, Progress in Math., vol. 118, Birkhäuser, Basel, 1994.

38. , Nambu-Lie Groups, Preprint, Univ. Haifa, Israel.

39. , Nambu-Lie Groups, Preprint DG/9812064; J. of Lie Theory 10 (2000), (to appear). 40. Weinstein A., The local structure of Poisson manifolds, J. Diff. Geometry 18 (1983), 523–557. 41. Weitzenbök R., Invariantentheorie, P. Noordhoff, Gröningen, 1923.

42. Woodhouse N., Geometric Quantization, Clarendon Press, Oxford, 1980, (second ed. 1992).

I. Vaisman, Department of Mathematics, University of Haifa; e-mail: vaisman@math.haifa.ac.il