arXiv:hep-th/0401080 v1 13 Jan 2004

What is geometry in quantum theory

Gennadi Sardanashvily Department of Theoretical Physics, Moscow State University, 117234 Moscow, Russia E-mail: sard@grav.phys.msu.su Web: http://webcenter.ru/∼sardan/

Giovanni Giachetta Department of Mathematics and Informatics, University of Camerino, 62032 Camerino (MC), Italy E-mail: giovanni.giachetta@unicam.it

Abstract. In this scientific preface to the first issue of International Journal of Geometric Methods in Modern Physics^1, we briefly survey some peculiarities of geometric techniques in quantum models.

Contemporary quantum theory meets an explosion of different types of quantization. Some of them (geometric quantization, deformation quantization, noncommutative geometry, topological field theory etc.) speak the language of geometry, algebraic and differential topology. We do not pretend for any comprehensive analysis of these quantization techniques, but aims to formulate and illustrate their main peculiarities. As in any survey, a selection of topics has to be done, and we apologize in advance if some relevant works are omitted.

Geometry of classical mechanics and field theory is mainly differential geometry of finitedimensional smooth manifolds, fiber bundles and Lie groups. The key point why geometry plays a prominent role in classical field theory lies in the fact that it enables one to deal with invariantly defined objects. Gauge theory has shown clearly that this is a basic physical principle. At first, a pseudo-Riemannian metric has been identified to a gravitational field in the framework of Einstein’s General Relativity. In 60-70th, one has observed that connections on a principal bundle provide the mathematical model of classical gauge potentials [1-3]. Furthermore, since the characteristic classes of principal bundles are expressed in terms of the gauge strengths, one can also describe the topological phenomena in classical gauge models [4]. Spontaneous symmetry breaking and Higgs fields have been explained in terms of reduced G-structures [5]. A gravitational field seen as a pseudo-Riemannian metric exemplifies such a Higgs field [6]. In a general setting, differential geometry of smooth fiber bundles gives the adequate mathematical formulation of classical field theory, where fields are represented by sections of fiber bundles and their dynamics is phrased in terms of jet manifolds [7]. Autonomous classical mechanics speaks the geometric language of symplectic and Poisson

1Web: http://www.worldscinet.com/ijgmmp/ijgmmp.shtml

manifolds [8-10]. Nonrelativistic time-dependent mechanics can be formulated as a particular field theory on fiber bundles over R [11].

At the same time, the standard mathematical language of quantum mechanics and perturbative field theory, except gravitation theory, has been long far from geometry. In the last twenty years, the incremental development of new physical ideas in quantum theory (including super- and BRST symmetries, geometric and deformation quantization, topological field theory, anomalies, noncommutativity, strings and branes) has called into play advanced geometric techniques, based on the deep interplay between algebra, geometry and topology.

In the framework of algebraic quantization, one associates to a classical system a certain (e.g., von Neumann, C^∗- or Op^∗-) algebra whose different representations are studied. Quantization techniques under discussion introduce something new. Namely, they can provide nonequivalent quantizations of a classical system corresponding to different values of some topological and differential invariants. For instance, a symplectic manifold X admits a set of nonequivalent star-products indexed by elements of the cohomology group H^2(X)[[λ]] [12, 13]. Thus, one may associate to a classical system different underlying quantum models. Of course, there is a question whether this ambiguity is of physical or only mathematical nature. From the mathematical viewpoint, one may propose that any quantization should be a functor between classical and quantum categories (e.g., some subcategory of Poisson manifolds on the classical side and a subcategory of C^∗-algebras on the quantum side) [14]. From the physical point of view, dequantization becomes important.

There are several examples of sui generis dequantizations. For instance, Berezin’s quantization [15] in fact is dequantization. One can also think of well-known Gelfand’s map as being dequantization of a commutative C^∗-algebra A by the algebra of continuous complex functions vanishing at infinity on the spectrum of A. This dequantization has been generalized to noncommutative unital C^∗-algebras [16, 17]. The concept of the of the strict C^∗-algebraic deformation quantization implies an appropriate dequantization when h̄ → 0 [18, 19]. In Connes’ noncommutative geometry, dequantization of the spectral triple in the case of a commutative algebra C^∞(X) is performed in order to restart the original differential geometry of a spin manifold X [20, 21]. One can also treat the method of an effective action in perturbative quantum field theory as an example how an underlying quantum model can contribute to the classical one [22, 23]. For instance, quantum models of inflationary cosmology are selected by very particular properties of observable (classical) Universe [24]. It also seems that the main criterion of selecting quantum gravitation theories is their appropriate ’dequantization’ up to low energy (quantum and classical) physics [25].

Of course, our exposition is far from covering the whole scope of International Journal of Geometric Methods in Modern Physics. For instance, we are not concerned here with quantization of geometric objects such as loop quantum gravity [25-28], strings and branes

[29-38]. It is also worth mentioning the theory of quantum information and computation which throws new lights on quantum physics [39-41]. Geometric techniques in this theory (e.g., quantum holonomy computation) are intensively developed [42, 43]. I. Let us start from familiar differential geometry. There are the following reasons why this geometry contributes to quantum theory.

(i) Most of the quantum models comes from quantization of the original classical systems and, therefore, inherits their differential geometric properties. First of all, this is the case of canonical quantization which replaces the Poisson bracket {f, f^′} of smooth functions with the bracket [ ^f, ^f^′] of Hermitian operators in a Hilbert space such that Dirac’s condition [ ^f, ^f^′] = −ih̄ ^{f, f^′} holds. Let us mention Berezin–Toeplitz quantization [15, 44, 45] and geometric quantization [10,46-48] of symplectic, Poisson and Kähler manifolds. This is also the case of quantum gauge theory whose generating functional is expressed in the classical action of gauge fields containing topological terms and anomalies [49].

(ii) Many quantum systems are considered on a smooth manifold equipped with some background geometry. As a consequence, quantum operators are often represented by differential operators which act in a pre-Hilbert space of smooth functions. A familiar example is the Schrödinger equation. The Kontsevich deformation quantization is based on the quasiisomorphism of the graded differential Lie algebra of multivector fields (endowed with the Schouten–Nijenhuis bracket and the zero differential) to that of polydifferential operators (provided with the Gerstenhaber bracket and the modified Hochschild differential) [50, 51]. It is also worth reminding perturbative quantum field theory in curved space. Firstly, the counter-terms in the energy-momentum tensor of quantum fields can contribute to the Einstein equations. This is the case of some models of inflationary cosmology, e.g., its seminal one taking into account the conformal anomaly [52]. Secondly, different counter-terms in an effective action can be computed [22, 23, 53]. In the case of Riemannian manifolds (with boundaries), the heat kernel technique is applied [54-56]. It is based on spectral properties of Laplace-type and Dirac-type operators on compact manifolds [57, 58].

(iii) In some quantum models, differential geometry is called into play as a technical tool. For instance, a suitable U(1)-principal connection is used in order to construct the operators ^f in the framework of geometric quantization. Another example is Fedosov’s deformation quantization where a symplectic connection plays a similar role [59]. Note that this application has stimulated the study of symplectic connections [60].

(iv) Geometric constructions in quantum models often generalize the classical ones, and they are build in a similar way. For example, connections on principal superbundles [61], graded principal bundles [62], and quantum principal bundles [63] are defined by means of the corresponding one-forms in the same manner as connections on smooth principal bundles with structure finite-dimensional Lie groups. II. In quantum models, one deals with infinite-dimensional smooth Banach and Hilbert manifolds and (locally trivial) Hilbert and C^∗-algebra bundles. The definition of smooth Banach (and Hilbert) manifolds follows that of finite-dimensional smooth manifolds in general, but infinite-dimensional Banach manifolds are not locally compact and paracompact [64, 65]. In particular, a Banach manifold admits the differentiable partition of unity iff its model space does. It is essential that Hilbert manifolds (but not, e.g., nuclear (Schwartz) manifolds) satisfy the inverse function theorem and, therefore, locally trivial Hilbert bundles are defined. However, they need not be bundles with a structure group.

(i) Infinite-dimensional Kähler manifolds provide an important example of Hilbert manifolds [66]. In particular, the projective Hilbert space of complex rays in a Hilbert space E is such a Kähler manifold. This is the space the pure states of a C^∗-algebra A associated to the same irreducible representation π of A in a Hilbert space E [67]. Therefore, it plays a prominent role in many quantum models. For instance, it has been suggested to consider a loop in the projective Hilbert space, instead of a parameter space, in order to describe Berry’s phase [68, 69]. We have already mentioned the dequantization procedure which represents a unital C^∗-algebra by a Poisson algebra of complex smooth functions on a projective Hilbert space [16].

(ii) Gauge theory on a principal bundle P → X with a structure compact semisimple matrix Lie group G over an oriented compact smooth manifold X also provides an example of Hilbert manifolds. Namely, the Sobolev k-completions G_k, G_k and G^0_k of the gauge group, the effective gauge group, and the pointed gauge group, respectively, are infinite-dimensional Lie groups, while the Sobolev completion C_k of the space of principal connections and that C_k of irreducible connections are a Hilbert manifold and its dense open subset, respectively [70]. If k > dim X/2 + 1, the orbit space M_k = C_k/G_{k+1} of principal connections is a smooth Hilbert manifold, and C_k → M_k is a principal bundle with the structure Lie group G_{k+1}. The quotient C_k/G^0_{k+1} is also a smooth Hilbert manifold, whereas M_k = C_k/G_{k+1} falls into a countable union of Hilbert manifolds [71, 72]. For instance, if the principal bundle C_k → M_k is not trivial, one meets the well-known Gribov ambiguity [73]. It is also interesting that connections on the G-principal bundle P × C → X × C restart the BRST transformations of the geometric sector of the Donaldson theory [74] and those by Witten [75].

(iii) A Hilbert bundle over a smooth finite-dimensional manifold X is a particular locally trivial continuous field of Hilbert spaces in [67]. Conversely, one can think of any locally trivial continuous fields of Hilbert spaces and C^∗-algebras as being topological fiber bundles.

Given a Hilbert space E, let B ⊂ B(E) be some C^∗-algebra of bounded operators in E. The following fact reflects the nonequivalence of Schrödinger and Heisenberg quantum pictures. There is the obstruction to the existence of associated (topological) Hilbert and C^∗-algebra bundles E → X and B → X with the typical fibers E and B, respectively. Firstly, transition functions of E define those of B, but the latter need not be continuous, unless B is the algebra of compact operators in E. Secondly, transition functions of B need not give rise to transition functions of E. This obstruction is characterized by the Dixmier–Douady class of B in the Čech cohomology group H 3(X, Z). There is the similar obstruction to the U(1)-extension of structure groups of principal bundles [76, 77]. One also meets the Dixmier–Douady class as the obstruction to a bundle gerbe being trivial [78].

(iv) There is a problem in the definition of a connection on C^∗-algebra bundles which comes from the fact that a C^∗-algebra (e.g., any commutative C^∗-algebra) need not admit nonzero bounded derivations. An unbounded derivation of a C^∗-algebra A obeying certain conditions is an infinitesimal generator of a strongly (but not uniformly) continuous oneparameter group of automorphisms of A [79]. Therefore, one may introduce a connection on a C^∗-algebra bundle in terms of parallel transport curves and operators, but not their infinitesimal generators [80]. Moreover, a representation of A does not imply necessarily a unitary representation of its strongly (not uniformly) continuous one-parameter group of automorphisms. In contrast, connections on a Hilbert bundle over a smooth manifold can be defined both as particular first order differential operators on the module of its sections [81] and a parallel displacement along paths lifted from the base [82].

(v) Instantwise geometric quantization of time-dependent mechanics is phrased in terms of Hilbert bundles over R [46, 83]. Holonomy operators in a Hilbert bundle with a structure finite-dimensional Lie group are well known to describe the non-Abelian geometric phase phenomena [84]. At present, holonomy operators in Hilbert bundles attract special attention in connection with quantum computation and control theory [42, 43, 85].

III.

Geometry in quantum systems speaks mainly the algebraic language of rings, modules and sheaves due to the fact that the basic ingredients in the differential calculus and differential geometry on smooth manifolds (except nonlinear differential operators) can be restarted in a pure algebraic way.

(i) Any smooth real manifold X is homeomorphic to the real spectrum of the R-ring C^∞(X) of smooth real functions on X provided with the Gelfand topology [86, 87]. Furthermore, the sheaf C^∞_X of germs of f ∈ C^∞(X) on this topological space fixes a unique smooth manifold structure on X such that it is the sheaf of smooth functions on X. The pair (X, C^∞_X ) exemplifies a local-ringed space. A sheaf R on a topological space X is said to be a local-ringed space if its stalk R_x at each point x ∈ X is a local commutative ring [88]. One can associate to any commutative ring A the particular local-ringed space, called an affine scheme, on the spectrum Spec A of A endowed with the Zariski topology [89]. Furthermore, one can assign the following algebraic variety to any commutative finitely generated K-ring A over an algebraically closed field K. Given a ring K[x] of polynomials with coefficients in K, let us consider the epimorphism ϕ : K[x] → A defined by the equalities ϕ(x_i) = a_i, where a_i are generating elements of A. Zeros of polynomials in Ker ϕ make up an algebraic variety V whose coordinate ring K_V is exactly A. The subvarieties of V constitute the system of closed sets of the Zariski topology on V [90]. Every affine variety V in turn yields the affine scheme SpecK_V such that there is one-to-one correspondence between the points of SpecK_V and the irreducible subvarieties of V. For instance, complex algebraic varieties have a structure of complex analytic manifolds.

(ii) Given a (connected) compact topological space X and the ring C^0 (X) of continuous complex functions on X, the well-known Serre–Swan theorem [91] states that a C^0 (X)- module is finitely generated projective iff it is isomorphic to the module of sections of some (topological) vector bundle over X. Moreover, this isomorphism is a categorial equivalence [92], and its variant takes place if X is locally compact [93]. If X is a compact smooth manifold, there is the similar isomorphism of a finitely generated projective C^∞(X)-modules on X to the modules of sections of some smooth vector bundle over X [94], and this is also true if X is not necessarily compact. A variant of the Serre–Swan theorem for Hilbert modules over noncommutative C^∗-algebras holds [95].

(iii) Let K be a commutative ring, A a commutative K-ring, and P , Q some A-modules. The K-linear Q-valued differential operators on P can be defined [87, 96, 97]. The representative objects of the functors Q → Diff_s(P, Q) are the jet modules J^sP of P . Using the first order jet module J^1P , one also restarts the notion of a connection on a A-module P [81, 98]. Such a connection assigns to each derivation τ ∈ dA of a K-ring A a first order P -valued differential operator ∇_τ on P obeying the Leibniz rule ∇_τ (ap) = τ (a)p + a∇_τ (p). For instance, if P is a C^∞(X)-module of sections of a smooth vector bundle Y → X, we come to the familiar notions of a linear differential operator on Y , the jets of sections of Y → X and a linear connection on Y → X. Similarly, connections on local-ringed spaces are introduced [81]. In supergeometry, connections on graded modules over a graded commutative ring and graded local-ringed spaces are defined [61]. In noncommutative geometry, different definitions of a differential operator on modules over a noncommutative ring have been suggested [99-101]. Roughly speaking, the difficulty lies in the fact that, if ∂ is a derivation of a noncommutative K-ring A, the product a∂, a ∈ A, need not be so. There are also different definitions of a connection on modules over a noncommutative ring [102, 103].

(iv) Let K be a commutative ring, A a (commutative or noncommutative) K-ring, and Z(A) the center of A. Derivations of A make up a Lie K-algebra dA. Let us consider the Chevalley–Eilenberg complex of K-multilinear morphisms of dA to A, seen as a dA-module [10, 104]. Its subcomplex O^∗(dA, d) of Z(A)-multilinear morphisms is a graded differential algebra, called the Chevalley–Eilenberg differential calculus over A. It contains the universal differential calculus O^∗A generated by elements da, a ∈ A. If A is the R-ring C^∞(X) of smooth real functions on a smooth manifold X, the module dC^∞(X) of its derivations is the Lie algebra of vector fields on X and the Chevalley–Eilenberg differential calculus over C^∞(X) is exactly the algebra of exterior forms on a manifold X where the Chevalley– Eilenberg coboundary operator d coincides with the exterior differential, i.e., O^∗(dC^∞(X), d) is the familiar de Rham complex. In a general setting, one therefore can think of elements of the Chevalley–Eilenberg differential calculus O^k (dA, d) over an algebra A as being differential forms over A. Similarly, the Chevalley–Eilenberg differential calculus over a graded commutative ring is constructed [104]. IV. As was mentioned above, homology and cohomology of spaces and algebraic structures often play a role of sui generis hidden quantization parameters which can characterize nonequivalent quantizations.

(i) First of all, let us mention the abstract de Rham theorem [105] and, as its corollary, the homomorphism H^∗(X, Z) → H^∗(X) of the Čech cohomology of a smooth manifold X to the de Rham cohomology of exterior forms on X. For instance, the Chern classes c_i ∈ H^{2i}(X, Z) of a U(n)-principal bundle P → X are represented by the de Rham cohomology classes of certain characteristic exterior forms P_{2i}(F_A) on X expressed in the strength two-form F_A of a principal connection A on P → X [4]. The Chern class c_2 of a complex line bundle plays a prominent role in many quantization schemes, e.g., geometric quantization. Conversely, given a principal bundle P → X with a structure Lie group G, the Weil homomorphism associates to any invariant polynomial I_k on the Lie algebra of G a closed exterior form P_{2k}(F_A) on X whose de Rham cohomology class is independent of the choice of a connection A on P . Furthermore, given another principal connection A^′ on P , the global transgression formula

P_{2k}(F_A) − P_{2k}(F_A′ ) = dS_{2k−1}(A, A^′)

defines the secondary characteristic form S_{2k−1}(A, A^′). In particular, if P_{2k} is the characteristic Chern form, then S_{2k−1}(A, A^′) is the familiar Chern–Simons (2k − 1)-form utilized in many models of topological field theory [74, 106] and (gauge and BRST) anomalies [49].

(ii) The well-known index theorem establishes the equality of the index of an elliptic operator on a fiber bundle to its topological index expressed in terms of the characteristic forms of the Chern character, Todd and Euler classes. Note that the classical index theorem deals with linear elliptic operators on compact manifolds. They are Fredholm operators. In order to generalize the index theorem to noncompact manifolds, one either imposes conditions sufficient to force operators to be the Fredholm ones or considers the operators which are no longer Fredholm, but their index can be interpreted as a real number by some kind of averaging procedure [107]. The index problem for nonlinear elliptic operators has also been discussed [108]. From the physical viewpoint, the index theorem has shown that topological invariants can be expressed in terms of functional analysis, e.g., functional integrals in field models [74, 109]. The following model is quite illustrative. Given two circles s, s^′ ∈ R^3, their linking number obeys the well-known integral formula

L(s, s^′) = (4π)^{−1} ∫ s dx^i ∫ s^′ dy^j ε_{ijk} ∂_k[ ∑ r (x^r − y^r)^2]^{−1/2}.

This formula is generalized to compact homologically trivial surfaces of dimensions p and n − p − 1 in R^n. Let us now consider the topological field theory of a p-form B and a (n − p − 1)-form A on a compact oriented n-dimensional manifold Z (without boundary). Its action is S(A, B) = ∫ Z B ∧ dA. It is invariant under adding an exact form either to A or B. Then the linking number of compact homologically trivial surfaces M and N of dimensions p and n − p − 1, respectively, can be given by the functional integral L(M, N) = i^{−1} ∫ μ(A, B) exp(iS(A, B)) by the appropriate choice of the measure μ(A, B) on the moduli space of fields A and B [110]. This is the simplest example of abelian and non-Abelian topological BF theories of antisymmetric tensor fields [111]. For instance, polynomial invariants of knots are obtained in three-dimensional versions of BF theory [112], where a knot K = ∂Σ_K is represented by a (classical) observable γ^{(ΣK ,K,x0)} = ∫ Σ_K B ∧ A + 1 2 ∮ x<y∈K [A(x)B(y) − B(x)A(y)].

A non-Abelian BF theory also serves as a dual model for Yang–Mills theory [113].

(iii) Several important characteristics come from geometry and topology of moduli spaces. They are exemplified by Donaldson and Seiberg–Witten invariants. Given an SU(2)-principal bundle P → X over a compact four-dimensional manifold X, we have the SU(2)-principal bundle (P × C)/G → X × M, where the appropriate Sobolev completion is assumed. By the Künneth formula its second Chern class c_2 ∈ H^4(X × M) is decomposed into the terms c_{i,4−i} ∈ H^i(X) ⊗ H^{4−i}(M), i = 0, . . . , 4, which provide the map^m× H_2(X; Z) → H^{2m}(M, Q) via the cup product in H^{2m}(M, Q). This map yields an injection of the polynomial algebra on H_2(X; Z) to H^{even}(M, Q). Evaluated on the homology cycle [M] ∈ H_∗(M, Q) of the module space M of irreducible instantones, these polynomials are the Donaldson polynomials [114]. Expressed in the strength of a connection on the irreducible orbit space M, they are the differential Donaldson invariants of a four-dimensional manifold X. Similarly, let X be an oriented compact four-dimensional Riemannian manifold provided with a spin^c structure, S → X the corresponding positive spinor bundle, and L → X the associated complex line bundle. Let S be an appropriate Sobolev completion of the irreducible configuration space of connections on L → X and sections of S → X, except the zero section. Given the Sobolev completions G and G^0 of the U(1)-gauge group and its pointed subgroup, respectively, we have the U(1)-principal bundle S/G^0 → S/G. The Seiberg–Witten invariant is defined as the cup-product^d⌣ c_1 of the first Chern class of this bindle evaluated on the homology class the module space M_ϕ of solutions of the perturbed Seiberg–Witten equations (d = dim M_ϕ/2) [115].

(iv) Geometric quantization of a symplectic manifold (X, Ω) is affected by the following ambiguity. Firstly, the equivalence classes of admissible connections on a prequantization bundle (whose curvature obeys the prequantization condition R = iΩ) are indexed by the set of homomorphisms of the homotopy group π_1(X) of X to U(1) [116, 117]. Secondly, there are nonequivalent bundles of half-forms over X in general and, consequently, the nonequivalent quantization bundles [48]. This ambiguity leads to nonequivalent quantizations.

(v) The cohomology analysis gives a rather complete picture of deformation quantization of symplectic manifolds. Let K be a commutative ring and K[[λ]] the ring of formal series in a real parameter λ. Recall that, given an associative (resp. Lie) algebra A over a commutative ring K, its Gerstenhaber deformation [118] is an associative (resp. Lie) K[[λ]]-algebra A such that A/λA ≈ A. The multiplication in A reads a ⋆ b = a ∘ b + ∞∑ r=1 λ^rC_r(a, b) where ∘ is the original associative (resp. Lie) product and C_r are 2-cochains of the Hochschild (resp. Chevalley–Eilenberg) complex of A. The obstruction to the existence of a deformation of A lies in the third Hochschild (resp. Chevalley–Eilenberg) cohomology group. Let now A = C^∞ (X) be the ring of complex smooth functions on a smooth manifold X. One considers its associative deformations A where the cochains C_r are bidifferential operators of finite order. The multidifferential cochains make up a subcomplex of the Hochschild complex of A, and its cohomology equals the space of multi-vector fields on X [119]. If C^∞ (X) is provided with the standard Fréchet topology of compact convergence for all derivatives, one can consider its continuos deformation. The corresponding subcomplex of the Hochschild complex of A is proved to have the same cohomology as the differential one [120]. Let now X be a symplectic manifold, and let A = C^∞ (X) be the Poisson algebra. Since the Poisson bracket is a bidifferential operator of order (1,1), one has studied the similar deformations of A where the cochains C_r are differential operators of order (1,1) with no constant term. The cohomology of the corresponding subcomplex of the Chevalley–Eilenberg complex of A equals the de Rham cohomology H^∗(X) of X [121]. The equivalence classes of Poisson deformations of the Poisson bracket on a symplectic manifold X are parametrized by H^2(X)[[λ]]. A starproduct on a Poisson manifold is defined as an associative deformation of C^∞ (X) such that C_1(f, f^′) − C_1(f^′, f) is the Poisson bracket. The existence of a star product on an arbitrary symplectic manifold has been proved in [122], and this is true for any regular Poisson manifold [123, 124]. Moreover, any star-product on a symplectic manifold is equivalent to Fedosov’s one, and its equivalence classes are parametrized by H^2(X)[[λ]] [12, 13].

(vi) Let us also mention BRST cohomology, called into play in order to describe constrained symplectic systems [125-127]. Let (Z, Ω) be a symplectic manifold endowed with a Hamiltonian action of a Lie group G, ^J the corresponding momentum mapping of Z to the Lie coalgebra g^∗ of G, and N = ^J^{−1}(0) a regular constraint surface. The classical BRST complex is defined as the bicomplex

B^{n,m} =^n∧ g^∗ ⊗^m∧ g ⊗ C^∞(Z),

where the n- and m-gradings are the ghost and antighost degrees, respectively. The differential δ : B^{∗,∗} → B^{∗+1,∗} is the coboundary operator of the Chevalley–Eilenberg cohomology of g with coefficients in the g-module g ⊗ C^∞(Z), while ∂ : B^{∗,∗} → B^{∗,∗−1} is the Koszul boundary operator. The total differential d = δ + 2∂ is the classical BRST operator. The algebra B is provided with the super Poisson bracket {, }, and there exists an element Θ of B, called the BRST charge, such that d = {Θ, .}. The BRST cohomology is defined as the cohomology of d. The BRST complex has been built for constrained Poisson systems [128] and time-dependent Hamiltonian systems with Lagrangian constraints [129] as an extension of the Koszul–Tate complex of constraints through introduction of ghosts. Quantum BRST cohomology has been studied in the framework of geometric [130] and deformation [131] quantization. In field theory, BRST transformations are the particular generalized supersymmetry transformations of first order (depending on jets of ghosts) whose infinitesimal generator (the BRST operator) is nilpotent. In the framework of the Lagrangian fieldantifield formalism on a base space X [132, 133], one considers the bicomplex of horizontal (local in the terminology of [132]) exterior forms on the infinite order jet space of fields, ghosts and anti-fields with respect to the BRST operator s and the horizontal differential d_H . In particular, it is essential for applications that relative (s modulo d_H ) cohomology of this bicomplex in the maximal form-degree n = dim X are related to the cohomology of the total BRST operator s + d_H via the descent equation. Stated for a contractible base space X, this relation can be extended to an arbitrary manifold X due to the fact that the cohomology of d_H equals the de Rham cohomology of X [134]. V. Contemporary quantum models appeal to a number of new algebraic structures and the associated geometric techniques.

(i) For instance, SUSY models deal with graded manifolds and different types of supermanifolds, namely, H^∞-, G^∞-, GH^∞-, G-supermanifolds over (finite) Grassmann algebras, R^∞- and R-supermanifolds over Arens–Michael algebras of Grassmann origin and the corresponding types of DeWitt supermanifolds [61, 135, 136]. Their geometries are phrased in terms of graded local-ringed spaces. Note that one usually considers supervector bundles over G-supermanifolds. Firstly, the category of these supervector bundles is equivalent to the category of locally free sheaves of finite rank (in contrast, e.g., with GH^∞-supermanifolds). Secondly, derivations of the structure sheaf of a G-supermanifold constitute a locally free sheaf (this is not the case, e.g., of G^∞-supermanifolds). Moreover, this sheaf is again a structure sheaf of some G-superbundle (in contrast with graded manifolds). At the same time, most of the quantum models uses graded manifolds. They are not supermanifolds, though there is the correspondence between graded manifolds and DeWitt H^∞-supermanifolds. By virtue of the well-known Batchelor theorem, the structure ring of any graded manifold with a body manifold Z is isomorphic to the graded ring A_E of sections of some exterior bundle ∧E → Z. In physical models, this isomorphism holds fixed from the beginning as a rule and, in fact, by geometry of a graded manifold is meant the geometry of the graded ring A_E . For instance, the familiar differential calculus in graded exterior forms is the graded Chevalley–Eilenberg differential calculus over such a ring.

(ii) Noncommutative geometry is mainly developed as a generalization of the calculus in commutative rings of smooth functions [20, 103, 137]. In a general setting, any noncommutative K-ring A over a commutative ring K can be called into play. One can consider the above mentioned Chevalley–Eilenberg differential calculus O^∗A over A, differential operators and connections on A-modules (but not their jets). If the derivation K-module dA is a finite projective module with respect to the center of A, one can treat the triple (A, dA, O^∗A) as a noncommutative space. For instance, this is the case of the matrix geometry, where A is the algebra of finite matrices, and of the quantum phase space, where A is a finite-dimensional CCR algebra. Noncommutative field theory also can be treated in this manner [138, 139], though the bracket of space coordinates [x^μ, x^ν ] = iθ^{μν} in this theory is also restarted from Moyal’s star product x^μ ⋆x^ν [138, 140]. A different linear coordinate product [x^μ, x^ν ] = ic^{μν}_λ x^λ comes from Connes’ noncommutative geometry [141]. In Connes’ noncommutative geometry, the more deep analogy to the case of commutative smooth function rings leads to the notion of a spectral triple (A, E, D) [20, 142]. It is given by an involutive subalgebra A ⊂ B(E) of bounded operators on a Hilbert space E and an (unbounded) self-adjoint operator D in E such that the resolvent (D − λ)^{−1}, λ ∈ C \ R is a compact operator and [D, A] ⊂ B(E). Furthermore, one assigns to elements ϕ = a_0da_1 · · · da_k of the universal differential calculus (O^∗A, d) over A the operators π(ϕ) = a_0[D, a_1] · · · [D, a_k ] in E. This however fails to be a representation of the differential algebra O^∗A because π(ϕ) = 0 does not imply π(dϕ) = 0. The appropriate quotient O^∗A ∋ ϕ → [ϕ] ∈ O^∗_D together with the differential δ[ϕ] = [dϕ] overcomes this difficulty, though π([ϕ]) is not an operator in E. The (O^∗_D, δ) is called the Connes–de Rham complex. Note that other variants of spectral data, besides a spectral triple, are also discussed [143]. The algebra C^∞(X) and the Dirac operator D on a compact manifold X exemplifies Connes’ commutative geometry [20, 21]. Spectral triples have been studied for noncommutative tori, the Moyal deformations of R^n, noncommutative spheres 2-,3- and 4-spheres [144, 145], and quantum Heisenberg manifolds [146]. It is essential that, since the universal differential calculus over a unital commutative algebra A is a direct summand (not as a differential algebra) of the Hochschild homology of A [147], the differential calculus O^∗A over A in Connes’ noncommutative geometry is generated by the Hochschild cycles of A so that the representation π of Hochschild boundaries b vanishes.

(iii) Formalism of groupoids provides the above mentioned categorial C^∗-algebraic deformation quantization of some class of Poisson manifolds [14, 148]. A groupoid is a small category whose morphisms are invertible [149, 150]. For instance, given an action of a group G on a set X on the right, the product G = X × G is brought into the action groupoid, where a pair ((x, g), (x^′, g^′)) is composable iff x^′ = xg, the inversion (x, g)^{−1} := (xg, g^{−1}), the partial multiplication (x, g)(xg, g^′) := (x, gg^′), the range r((x, g)) := (x, 1_G), and the domain l((x, g)) := (xg, 1_G). The unit space G^0 = r(G) = l(G) of this groupoid is naturally identified to X. Any group bundle Y → X (e.g., a vector bundle) is a groupoid whose elements make up composable pairs iff they belong to the same fiber, and whose unit space is the set of unit elements of fibers of Y → X. Let A → G^0 be an Abelian group bundle over the unit space G^0 of a groupoid G. The pair (G, A) together with a homomorphism G → Iso A is called the G-module bundle. One can associate to any G-module bundle a cochain complex C^∗(G, A). Let A be a G-module bundle in groups U(1). The key point is that, similarly to the case of a locally compact group [67], one can associate a C^∗-algebra A_{G,σ} to any locally compact groupoid G provided with a Haar system by means of the choice of a two-cocycle σ ∈ C^2(G, A) [149]. The algebras A_{G,σ} and A_{G,σ}′ are isomorphic if σ and σ^′ are cohomology equivalent. If G is an r-discrete groupoid, any measure λ of total mass 1 on its unit space G^0 induces a state of the C^∗-algebra A_{G,σ}. Moreover, it is the KMS state if a measure λ satisfies a certain cohomological condition. A Lie groupoid is a groupoid for which G and

G^0 are smooth manifolds, the inversion and partial multiplication are smooth, while r and l are fibered manifolds. Since a Lie groupoid admits a Haar system, one can assign to it a C^∗-algebra A_G. This assignment is functorial if certain classes of morphisms of Lie groupoids and C^∗-algebras (isomorphism classes of regular bibundles and those of Hilbert bimodules, respectively) are considered [148]. A Lie groupoid is called symplectic if it is a symplectic manifold (G, Ω) such that the multiplication relation (x, y) → (xy, x, y) is a Lagrangian submanifold of the symplectic manifold (G × G × G, Ω ⊖ Ω ⊖ Ω) [151]. A Poisson manifold P is called integrable if there exists a symplectic groupoid G(P ) over P . It is unique up to an isomorphism. Integrable Poisson manifolds subject to a certain class morphisms (isomorphism classes of regular dual pairs) make up a suitable category Ps [148]. Since the groupoid G(P ) is l- and l-simple connected, one considers the category LGc of Lie groupoids possessing this property. Any Lie groupoid yields an associated Lie algebroid L(G) which is the restriction to G^0 of the vertical tangent bundle of the fibration r : G → G^0 [150]. Sections of L(G) make up a real Lie algebra compatible with the anchor map L(G) → T G^0. The key point is that, similarly to the dual of a Lie algebra, the dual L^∗(G) of L(G) is a Poisson manifold in a canonical way. Then the assignment G → L^∗(G) is a functor LGc → Ps [148]. Let LPs denote its image. One can show that Q : L^∗(G) → A_G is a functor from the category LPs to the above mentioned category of C^∗-algebras [14]. It is a desired functorial quantization. This functor is equivariant under the Morita equivalence of Poisson manifolds in LGc [152] and that of C^∗-algebras [153]. This property fails if the functor Q is extended to the category Ps. In this case, the natural codomain of Q is the category KK whose objects are separable C^∗-algebras and morphisms are Kasparov’s KK-groups [154]. Furthermore, the functorial quantization L^∗(G) → A_G is amplified into the above mentioned strict quantization of A_G by an appropriate continuous field of C^∗-algebras over R [14]. Connes’ tangent groupoid provides an example of such strict quantization [19, 155].

(iv) Hopf algebras and, in particular, quantum groups make a contribution to many quantum theories [63, 156, 157]. At the same time, the development of differential calculus and differential geometry over these algebras has met difficulties. Given a (complex or real) Hopf algebra H = (H, m, Δ, ε, S), one introduces the first order differential calculus (henceforth FODC) (O^1, d) over H as for a noncommutative algebra. It is said to be leftcovariant if O^1 possesses the structure of a left H-comodule Δ_l : O^1 → H ⊗ O^1 such that Δ_i(adb) = Δ(a)(Id ⊗ d)Δ(b), a, b ∈ H [156]. By virtue of Woronowicz’s theorem [158], left-covariant FODCs are classified by right ideals

R = {x ∈ Ker ε : S(x_1)dx_2 = 0)

of H contained in the kernel of its counit. The linear subspace

T = {t ∈ H^∗ : t(1) = 0, t(R) = 0} of the dual H^∗ is the quantum (enveloping) Lie algebra (quantum tangent space [159]) associated to the left-covariant FODC (O^1, d) (see [100] for a general construction of the enveloping algebra for a noncommutative FODC). A problem lies in the definition of vector fields as a sum a^iu_i of invariant vector fields u_i(a) = a_1t_i(a_2) [160] because they satisfy the deformed Leibniz rule deduced from the formula

t_i(ab) = t_i(a)ε(b) + ∑ i f_{ij} (a)t_j (b), where (t_i) is a basis for T and f_{ij} are functionals on H. One can model the vector fields obeying such a Leibniz rule by the so called Cartan pairs [101]. These are elements u of the right H-dual O_R of O^1 together with the morphisms ^u : H ∋ a →= u(da) ∈ H which obey the relations ^(bu)(a) = b^u(a), ^u(ba) = ^u(b)a + ^(ub)(a). Note that the standard FODC given by the kernel of the product A ⊗ A → A in a noncommutative algebra A is not applied to a commutative algebra because it does not provide the equality adb = (db)a, a, b ∈ A. The similar commutative FODC deals with a certain quotient A ⊗ A/μ^2 [97]. Another problem of geometry of Hopf algebras is the notion of a quantum principal bundle [63, 161, 162]. In the case of Lie groups, there are two equivalent definitions of a smooth principal bundle, which is both a set of trivial bundles glued together by means of transition functions and a bundle provided with the canonical action of a structure group on the right. In the case of quantum groups, these two notions of a principal bundle are not matched, unless the base is a smooth manifold [163, 164]. The first definition of a quantum principal bundle repeats the classical one and makes use of the notion of a trivial quantum bundle, a covering of a quantum space (e.g., by a family of nonintersecting closed ideals), and its reconstruction from local pieces [165] which, however, is not always possible [166]. The second definition of a quantum principal bundle is algebraic [63, 167]. Let H be a bialgebra and P a right H-comodule algebra with respect to the coaction β : P → P ⊗ H. Let M = {p ∈ P : β(p) = p ⊗ 1_H } be its invariant subalgebra. The triple (P, H, β) is called a quantum principal bundle if the map ver : P ⊗_M P ∋ (p ⊗_M q) → pβ(q) ∈ P ⊗ H is a linear isomorphisms. This condition, called the Hopf–Galois condition, is a key point of this algebraic definition of a quantum principal bundle. By some reasons, one can think of it as being a sui generis local trivialization. In particular, let π : P → H be a Hopf-algebra surjection and β := (Id ⊗ π)Δ. If the product map m : Ker ε|_M ⊗ P → Ker π is a surjection, then (P, H, β) is a quantum principal bundle [63]. Many examples of a quantum principal bundle come from this fact.

(v) Finally, one of the main point of Tamarkin’s proof of the formality theorem in deformation quantization is that, for any algebra A over a field characteristic zero, its cohomological Hochschild complex and its Hochschild cohomology are algebras for the same operad. This observation has been the starting point of ’operad renaissance’ [168, 169]. Monoidal categories provide numerous examples of algebras for operads. Furthermore, homotopy monoidal categories lead to the notion of a homotopy monoidal algebra for an operad. In a general setting, one considers homotopy algebras and weakened algebraic structures where, e.g., a product operation is associative up to homotopy [170]. Their well-known examples are A_∞- spaces and A_∞-algebras [171]. At the same time, the formality theorem is also applied to quantization of several algebro-geometric structures such as algebraic varieties [50, 172].

References

[1] H. Loos, The range of gauge fields, Nucl. Phys. 72 (1965) 677–691.

[2] T. Wu and C. Yang, Concept of nonintegrable phase factors and global formulation of gauge fields, Phys. Rev. D 12 (1975), 3845–3857.

[3] M. Daniel and C. Viallet, The geometrical setting of gauge theories of the Yang-Mills type, Reviews of Modern Physics 52 (1980) 175-197.

[4] T. Eguchi, P. Gilkey and A. Hanson, Gravitation, gauge theories and differential geometry, Phys. Rep. (1980) 213-293.

[5] L. Nikolova and V. Rizov, Geometrical approach to the reduction of gauge theories with spontaneous broken symmetries, Rep. Math. Phys. 20 (1984) 287-301.

[6] D. Ivanenko and G. Sardanashvily, The gauge treatment of gravity, Phys. Rep. 94 (1983) 1-47.

[7] G. Giachetta, L. Mangiarotti and G. Sardanashvily, New Lagrangian and Hamiltonian Methods in Field Theory (World Scientific, Singapore, 1997).

[8] R. Abraham and J. Marsden, Foundations of Mechanics, Second Edition (Benjamin/Cummings Publ. Comp., London, 1978).

[9] P. Libermann and C-M. Marle, Symplectic Geometry and Analitical Mechanics (D.Reidel Publishing Company, Dordrecht, 1987).

[10] I. Vaisman, Lectures on the Geometry of Poisson Manifolds (Birkhäuser Verlag, Basel, 1994).

[11] L. Mangiarotti and G. Sardanashvily, Gauge Mechanics (World Scientific, Singapore, 1998).

[12] R. Nest and B. Tsygan, Algebraic index theorem for families, Adv. Math. 113 (1995) 151-205.

[13] S. Gutt and J. Rawnsley, Equivalence of star products on a symplectic manifold; an introduction to Deligne’s Čech cohomology classes, J. Geom. Phys. 29 (1999) 347-392.

[14] N. Landsman, Quantization as a functor, In: Quantization, Poisson brackets and beyond (Manchester, 2001), Contemp. Math. 315 (Amer. Math. Soc., Providence, RI, 2002) 9-24.

[15] M. Engliš, Berezin quantization and reproducing kernels of complex domains, Trans.

Amer. Math. Soc. 348 (1996) 411.

[16] R. Cirelli, A. Manià and L. Pizzocchero, A functional representation for noncommutative C^∗-algebras, Rev. Math. Phys. 6 (1994) 675-697.

[17] K. Kawamura, Infinitesimal Takesaki duality of Hamiltonian vector fields on a symplectic manifold, Rev. Math. Phys. 12 (2000) 1669-1688.

[18] M. Rieffel, Questions on quantization, In: Operator algebras and operator theory (Shanghai, 1997), Contemp. Math. 228 ( Amer. Math. Soc., Providence, RI, 1998) 315–326

[19] N. Landsman and B. Ramazan, Quiantization of Poisson algebras associated to Lie algebroids, In: Groupoids in Analysis, Geometry, and Physics (Boulder, CO, 1999), Contemp. Math. 282 (Amer. Math. Soc., Providence, RI, 2001) 159-192.

[20] A. Connes, Noncommutative Geometry (Academic Press, New York, 1994).

[21] A. Rennie, Commutative geometries are spin manifolds, Rev. Math. Phys. 13 (2001) 409-464.

[22] N. Birrell and P. Davies, Quantum Fields in Curved Space (Cambridge Univ. Press, Cambridge, 1984).

[23] A. Barvinsky and G. Vilkovisky, The generalized Schwinger–DeWitt technique in gauge theories and quantum gravity, Phys. Rep. 119 (1985) 1-74.

[24] A. Linde, Inflationary cosmology and creation of matter in the Universe, Class. Quant.

Grav. 18 (2001) 3275-3285.

[25] A. Ashtekar, S. Fairhurst and J. Willis, Quantum gravity, shadow states and quantum mechanics, Class. Quant. Grav. 20 (2003) 1031-1061.

[26] A. Ashtekar and J. Lewandowski, Quantum theory of geometry. I: Area operators, Class. Quant. Grav. 14 (1997) A55-81.

[27] A. Ashtekar, D. Marolf, J. Mourão and T. Thiemann, Constructing Hamiltonian quantum theories from path integrals in a diffeomorphism-invariant context, Class. Quantum Grav. 17 (2000), 4919–4940.

[28] C. Fleischhack, On the Gribov problem for generalized connections, Commun. Math.

Phys. 234 (2003) 423-454.

[29] C. Gómez and R. Hernández, Fields, strings and branes, In: Quantum cohomology (Cetraro, 1997), Lecture Notes in Math. 1776 (Springer, Berlin, 2002) 39-191.

[30] A. Tseytlin, Sigma model approach to string theory effective actions with tachyons.

Strings, branes, and M-theory, J. Math. Phys. 42 (2001) 2854-2871. [31] C. Angelantonj and A. Sagnotti, Open strings, Phys. Rep. 371 (2002) 1-150. [32] S. Förste, Strings, branes and extra dimensions, Fortschr. Phys. 50 (2002) 221-403. [33] T. Asakawa, S. Sugimoto and S. Terashima, D-branes, matrix theory and K-homology, J. High Energy Phys. (2002) No. 3, pp.034.

[34] O. Lechtenfeld, A.D. Popov and U. Uhlmann, Exact solutions of Berkovits’ string field theory, Nuclear Phys. B 637 (2002) 119-142.

[35] K. Kapustin and D. Orlov, Vertex algebras, mirror symmetry, and D-branes: the case of complex tori, Commun. Math. Phys. 233 (2003) 79-136.

[36] B. Craps, M. Gaberdiel and J. Harvey, Monstrous branes. Commun. Math. Phys. 234 (2003) 229-251.

[37] G. Meusburger and K.-H. Rehren, Algebraic quantization of closed bodonic string, Commun. Math. Phys. 237 (2003) 69-68.

[38] A. Cattaneo, J. Fröhlich and B. Pedrini, Topological field theory interpretation of string topology, Commun. Math. Phys. 240 (2003) 397-421.

[39] M. Nielsen and I. Chuang, Quantum Computation and Quantum Information (Cambr.

Univ. Press, Cambridge, 2000).

[40] M. Keyl, Fundamentals of quantum information theory, Phys. Rep. 369 (2002) 431– 548.

[41] A. Galindo and M. Martín-Delgado, Information and computation: classical and quantum aspects, Rev. Modern Phys. 74 (2002) 347–423.

[42] K. Fujii, Note on coherent states and adiabatic connections, curvatures. J. Math. Phys.

41 (2000) 4406–4412.

[43] J. Pachos and P. Zanardy, Quantum holonomies for quantum computing, Int. J. Mod.

Phys. B 15 (2001) 1257-1258.

[44] J. Rawnsley, M. Cahen and S. Gutt, Quantization of Kähler manifolds I: geometric interpretation of Berezin’s quantization, J. Geom. Phys. 7 (1990) 45-62.

[45] M. Bordemann, E. Meinrenken and M. Schlichenmaier, Toeplitz Quantization of Kähler manifolds and gl(N), N → ∞ limits, Commun. Math. Phys. 165 (1994) 281- 296.

[46] J. Śniatycki, Geometric Quantization and Quantum Mechanics (Springer, Berlin, 1980).

[47] N. Woodhouse, Geometric Quantization, Second Edition (Clarendon Press, Oxford, 1992).

[48] A. Echeverría Enríquez, M. Muñoz Lecanda, N. Román Roy and C. Victoria-Monge, Mathematical foundations of geometric quantization, Extracta Math. 13 (1998) 135- 238.

[49] R. Bertlmann, Anomalies in Quantum Field Theory (Clarendon Press, Oxford, 1996).

[50] M. Kontsevich, Deformation quantization of algebraic varieties, Lett. Math. Phys. 65 (2001) 271-294.

[51] V. Hinich, Tamarkin’s proof of Kontsevich formality theorem, Forum. Math. 15 (2003) 591-614.

[52] A. Starobinsky, A new type of isotropic cosmological models without singularity, Phys.

Lett. B 91 (1980) 99-102.

[53] P. Pronin and K. Stepanyantz, One-loop background calculations in the general field theory, In: Gravity, Particles and Space-Time (World Scientific, Singapore, 1996) 441- 469.

[54] I. Moss and W. Naylor, Diagrams for heat kernel expansions, Class. Quant. Grav. 16 (1999) 2611–2624.

[55] I. Avramidy, Heat kernel approach in quantum field theory, Nuclear Phys. B. Proc.

Suppl. 104 (2002) 3-32.

[56] S. Fulling, Systematics of the relationship between vacuum energy calculations and heat-kernel coefficients, J. Phys. A 36 (2003) 6857–6873.

[57] P. Gilkey, Invariance Theory, the Heat Equations and the Atiyah–Singer Index Theorem (CRC Press, Boca Raton, 1995).

[58] G. Esposito, Dirac Operators and Spectral Geometry, Cambridge Lect. Notes in Physics 12 (Cambr. Univ. Press, Cambridge, 1998).

[59] B. Fedosov, A simple geometrical construction of deformation quantization, J. Diff.

Geom 40 (1994) 213-238.

[60] I. Gelfand and V. Retakh, Fedosov manifolds, Adv. Math. 136 (1998) 104-140. [61] C. Bartocci, U. Bruzzo and D. Hernández Ruipérez, The Geometry of Supermanifolds (Kluwer Academic Publ., Dordrecht, 1991).

[62] T. Stavracou, Theory of connections on graded principal bundles, Rev. Math. Phys.

10 (1998) 47.

[63] S. Majid, A Quantum Group Primer (Cambr. Univ. Press, Cambridge, 2002). [64] I. Vaisman, Cohomology and Differential Forms (Marcel Dekker, Inc., New York, 1973). [65] S. Lang, Differential and Riemannian Manifolds, Gradutate Texts in Math. 160 (Springer, New York, 1995).

[66] J. Mujica, Complex Analysis in Banach Spaces (North-Holland, Amsterdam, 1986). [67] J. Dixmier, C^∗-Algebras (North-Holland, Amsterdam, 1977).

[68] J. Anandan and Y. Aharonov, Geometric quantum phase and angles, Phys. Rev. D 38 (1988) 1863-1870.

[69] A. Bohm and A. Mostafazadeh, The relation between the Berry and the Anandan– Ahoronov connections for U(N) bundles, J. Math. Phys. 35 (1994) 1463-1470.

[70] P. Mitter and C. Viallet, On the bundle of connections and the gauge orbit manifold in Yang–Mills theory, Commun. Math. Phys. 79 (1981) 457-472.

[71] W. Kondracki and P. Sadowski, Geometric structure on the orbit space of gauge connections, J. Geom. Phys. 3 (1986) 421-434.

[72] G. Rudolph, M. Schmidt and I. Volobuev, On the gauge orbit space stratification: a review, J. Phys. A 35 (2002) R1–R50.

[73] I. Singer, Some remarks on the Gribov ambiguity, Commun. Math. Phys. 60 (1978) 7-12.

[74] D. Birmingham, M. Blau, M. Rakowski and G. Thompson, Topological field theory, Phys. Rep. 209 (1991) 129-340.

[75] E. Witten, Topological quantum field theory, Commun. Math. Phys. 117 (1988) 353- 386.

[76] J.-L. Brylinski, Loop spaces, Characteristic Classes and Geometric Quantization (Birkhäuser, Boston, 1993).

[77] A. Carey, D. Crowley and M. Murray, Principal bundles and the Dixmier-Doudy class, Commun. Math. Phys. 193 (1998) 171-196.

[78] P. Bouwknegt, A. Carey, V. Mathai, M. Murray and D. Stevenson, Twisted K-theory and K-theory of bundle gerbes, Commun. Math. Phys. 228 (2002) 17-45.

[79] O. Bratteli and D. Robinson, Unbounded derivations of C^∗-algebras, Commun. Math.

Phys. 42 (1975) 253-268.

[80] M. Asorey, J. Cariñena and M. Paramion, Quantum evolution as a parallel transport, J. Math. Phys. 23 (1982) 1451-1458.

[81] L. Mangiarotti and G. Sardanashvily, Connections in Classical and Quantum Field Theory (World Scientific, Singapore, 2000).

[82] B. Iliev, Fiber bundle formulation of nonrelativistic quantum mechanics: I-III, J. Phys.

A 34 (2001) 4887-4950.

[83] G. Giachetta, L. Mangiarotti and G. Sardanashvily, Covariant geometric quantization of nonrelativistic time-dependent mechanics, J. Math. Phys 43 (2002) 56-68.

[84] A. Bohm, A. Mostafazadeh, H. Koizumi, Q. Niu and J. Zwanziger, The Geometric Phase in Quantum Systems (Springer, Berlin, 2003).

[85] G. Giachetta, L. Mangiarotti and G. Sardanashvily, Nonadiabatic holonomy operators in classical and quantum completely integrable systems, J. Math. Phys 45 (2004) 76- 86. [86] M. Atiyah and I. Macdonald, Introduction to Commutative Algebra (Addison-Wesley, London, 1969).

[87] Jet Nestruev (A. Astashov, A. Bocharov, S. Duzhin, A. Sossinsky, A. Vinogradov and M. Vinogradov), Smooth Manifolds and Observables, Graduate Texts in Math. 220 (Springe, New York, 2003).

[88] B. Tennison, Sheaf Theory (Cambridge Univ. Press, Cambridge, 1975). [89] K. Ueno, Algebraic Geometry 1. From Algebraic Varieties to Schemes, Transl. Math.

Monographs 185 (Amer. Math. Soc., Providence, RI, 1999). [90] I. Shafarevich, Basic Algebraic Geometry (Springer, Berlin, 1974). [91] R. Swan, Vector bundles and projective modules, Trans. Amer. Math. Soc. 105 (1962) 264-277.

[92] M. Karoubi, K-Theory. An Introduction (Springer, Berlin, 1978). [93] A. Rennie, Smoothness and locality for nonunital spectral triples, K-Theory 28 (2003) 127-165.

[94] J. Várilly and J. Gracia-Bondía, Connes’ noncommutative differential geometry and the Standard Model, J. Geom. Phys. 12 (1993) 223-301.

[95] K. Kawamura, Serre–Swan theorem for noncommutative C^∗-algebras, J. Geom. Phys.

48 (2003) 275-296.

[96] A. Grothendieck, Eléments de Géométrie Algébrique IV, Publ. Math. 32 (IHES, Paris, 1967).

[97] I. Krasil’shchik, V. Lychagin and A. Vinogradov, Geometry of Jet Spaces and Nonlinear Partial Differential Equations (Gordon and Breach, Glasgow, 1985).

[98] J. Koszul, Lectures on Fiber Bundles and Differential Geometry (Tata University, Bombay, 1960).

[99] M. Dubois-Violette and T. Masson, On the first-order operators on bimodules, Lett.

Math. Phys. 37 (1996) 467-474.

[100] V. Lunts and A. Rosenberg, Differential operators on noncommutative rings, Selecta Mathematica, New Series 3 (1997) 335-359.

[101] A. Borowiec, Vector fields and differential operators: Noncommutative case, Cech. J.

Phys. 47 (1997) 1093-1100.

[102] M. Dubois-Violette and P. Michor, Connections on central bimodules in noncommutative differential geometry, J. Geom. Phys. 20 (1996) 218-232.

[103] G. Landi, An Introduction to Noncommutative Spaces and their Geometries, Lect.

Notes in Physics, New series m: Monographs 51 (Springer, Berlin, 1997). [104] D. Fuks, Cohomology of Infinite-Dimensional Lie Algebras (Consultants Bureau, New York, 1986).

[105] F. Hirzebruch, Topological Methods in Algebraic Geometry (Springer, Berlin, 1966). [106] S. Hu, Lecture Notes on Chern-Simons-Witten Theory (World Scientific, River Edge, NJ, 2001).

[107] J. Roe, An index theorem on open manifolds. I, J. Diff. Geom. 27 (1988) 87-113. [108] R. Palais, Foundations of Global Nonlinear Analysis (W.A. Benjamin, New York, 1968) [109] E. Witten, Index of Dirac operators, In: Quantum Fields and Strings: A course for Mathematicians (Amer. Math. Soc., Providence, RI, 1999) 475-496.

[110] G. Horowitz and M. Srednicki, A quantum field theoretic description of linking numbers and their generalization, Commun. Math. Phys. 130 (1990) 83-94.

[111] R. Szabo, Topological field theory and quantum holonomy representations of motion groups, Ann. Phys. 280 (2000) 163-208.

[112] A. Cattaneo, Abelian BF theories and knot invariants, Commun. Math. Phys. 189 (1997) 795-828.

[113] A. Cattaneo, P. Cotta-Ramusino, F. Fucito, M.Martellini, M. Rinaldi, A. Tanzini and M. Zeni, Four-dimensional Yang–Mils theory as a deformation of topological BF theory, Commun. Math. Phys. 197 (1998) 571-621.

[114] S. Donaldson and P. Kronheimer, The Geometry of Four-Manifolds (Claredon, Oxford, 1990).

[115] J. Moore, Lectures on Seiberg–Witten Invariants (Springer, Berlin, 2001).

[116] B. Kostant, Quantization and unitary representation, In: Lectures in Modern Analysis and Applications III, Lect. Notes in Mathematics, 170 (Springer, Berlin, 1970) p. 87-208.

[117] I. McKenna and K. Wan, The role of the connection in geometric quantization, J.

Math. Phys. 25 (1984) 1798-1803.

[118] M. Gestenhaber, on the deformation of rings and algebras, Ann. Math. 79 (1964) 59-103.

[119] J. Vey, Déformation du crochet de Poisson sur une variété symplectique, Comment.

Math. Helv. 50 (1975) 421-454.

[120] F. Nadaud, On continuous and differential Hochschild cohomology, Lett. Math.

Physics. 47 (1999) 85-95.

[121] A. Lichnerowicz, Cohomologie 1-différentiable des algèbres de Lie attachées á une variétśymplectique ou de contact, J. Math. Pures Appl. 53 (1974) 459-483.

[122] M. DeWilde and P. Lecomte, Existence of star-products and of formal deformations of the Poisson Lie algebra of arbitrary symplectic manifold, Lett. Math. Phys. 7 (1983) 487-496.

[123] M. Masmoudi, Tangential formal deformations of the Poisson bracket and tangential star product on a regular Poisson manifold, J. Geom. Phys. 9 (1992) 155-171.

[124] B. Fedosov, Deformation Quantization and Index Theory (Akademie Verlag, Berlin, 1996).

[125] B. Kostant and S. Sternberg, Symplectic reduction, BRS cohomology, and infinitedimensional Clifford algebras, Ann. Phys. 176 (1987) 49-113.

[126] M. Henneaux and C. Teitelboim, BRST cohomology in classical mechanics, Commun.

Math. Phys. 115 (1988) 213-230.

[127] J. Fish, M. Henneaux, J. Stashhef and C. Teitelboim, Existence, uniqueness and cohomology of the classical BRST charge with ghosts of ghosts, Commun. Math. Phys. 120 (1989) 379-407.

[128] T. Kimura, Generalized classical BRST cohomology and reduction of Poisson manifolds, Commun. Math. Phys. 151 (1993) 155-182.

[129] L. Mangiarotti and G. Sardanashvily, Constraints in Hamiltonian time-dependent mechanics, J. Math. Phys. 41 (2000) 2858-2867.

[130] G. Tuynman, Geometric quantization of BRST charge, Commun. Math. Phys. 150 (1992) 237-265.

[131] M. Bordeman, H.-C. Herbig and S. Waldmann, BRST cohomology and phase space reduction in deformation quantization, Commun. Math. Phys. 210 (2000) 107-144.

[132] G. Barnich, F. Brandt and M. Henneaux, Local BRST cohomology in gauge theory, Phys. Rep. 338 (2000) 439-569.

[133] F. Brandt, Jet coordinates for local BRST cohomology, Lett. Math. Phys. 55 (2001) 149-159.

[134] G. Giachetta, L. Mangiarotti and G. Sardanashvily, Iterated BRST cohomology, Lett.

Math. Phys. 53 (2000) 143-156.

[135] C. Bartocci, U. Bruzzo, D. Hernández Ruipérez and V. Pestov, Foundations of supermanifold theory: the axiomatic approach, Diff. Geom. Appl. 3 (1993) 135-155.

[136] U. Bruzzo and V. Pestov, On the structure of DeWitt supermanifolds, J. Geom. Phys.

30 (1999) 147-168.

[137] J. Gracia-Bondía, J. Várilly and H. Figueroa, Elements of Noncommutative Geometry (Birkhauser, Boston, 2001).

[138] M. Douglas and N. Nekrasov, Noncommutative field theory, Rev. Mod. Phys 73 (2001) 977-1029.

[139] A. Polychronakos, The Seiberg–Witten map and topology, Ann. Phys. 301 (2002) 174-183.

[140] Guang-Hong Chen and Yong-Shi Wu, On gauge invariance of noncommutative Chern– Simons theories, Nucl. Phys. B 628 (2002) 473-485.

[141] J. Gracia-Bondía, F. Lizzi, G. Marmo and P. Vitale, Infinitely many star products to play with J. High Energy Phys. (2002) No. 4, pp. 026.

[142] A. Connes, A short survey of noncommutative geometry, J. Math. Phys. 41 (2000) 3832-3866.

[143] J. Fröhlich, O. Grandjean and A. Recknagel, Supersymmetric quantum theory and noncommutative geometry, Commun. Math. Phys. 203 (1999) 117-184.

[144] A. Connes and M. Dubois-Violette, Noncommutative finite-dimensional manifolds. I.

Spherical manifolds and related examles, Comm. Math. Phys. 230 (2002) 539-579.

[145] P.S. Chakraborty and A. Pla, Spectral triples and associated Connes–de Rham complex for the quantum SU(2) and the quantum sphere, Commun. Math. Phys. 240 (2003) 447-456.

[146] P.S. Chakraborty and K.B. Sinha, Geometry on the quantum Heisenberg manifold, J.

Funct. Anal. 203 (2003) 425–452.

[147] J. Loday, Cyclic Homology, Fundamental Principles of Mathematical Sciences 301 (Springer, Berlin, 1992).

[148] N. Landsman, Operator algebras and Poisson lanifolds associated to groupoids, Commun. Math. Phys. 222 (2001) 97-116.

[149] J. Renault, A Groupoid Approach to C^∗-algebras, Lect. Notes Math. 793 (Springer, Berlin, 1980).

[150] K. Mackenzie, Lie Groupoids and Lie Algebroids in Differential Geometry (Cambr.

Univ. Press, Cambridge, 1987).

[151] S. Bates and A. Weinstein, Lectures on the Geometry of Quantization, Berkeley Math.

Lect. Notes 8 (Amer. Math. Soc., Providence, RI, 1997).

[152] P. Xu, Morita equivalence of Poisson manifolds,Commun. Math. Phys. 142 (1991) 493-509.

[153] M. Rieffel, Morita equivalence for C^∗-algebras and W^∗-algebras, J. Pure Appl. Alg. 5 (1974) 51-96.

[154] B. Blackadar, K-Theory for Operator Algebras, Second Edition (Cambr. Univ. Press, Cambridge, 1999).

[155] J. Cariñena, J. Clemente-Callardo, E. Follana, J. Gracia–Bondía, A. Riveri and J.

Várilly, Connes’ tangent groupoid and strict quantization, J. Geom. Phys. 32 (1999) 79-96.

[156] A. Klimyk and K. Schmüdgen, Quantum Groups and their Representations, Texts and Monographs in Physics (Springer, Berlin, 1997).

[157] S. Majid, Quantum groups and noncommutative geometry, J. Math. Phys. 41 (2000) 3892-3942.

[158] S. Woronowicz, Differential calculus on compact matrix pseudogroups (quantum groups), Commun. Math. Phys. 122 (1989) 125-170.

[159] I. Heckenberger and S. Kolb, Differential calculus on quantum homogeneous spaces, Lett. Math. Phys. 63 (2003) 255-264.

[160] P. Aschieri and P. Schupp, Vector fields on quantum groups, Int. J. Mod. Phys. A 11 (1996) 1077-1100.

[161] T. Brzeziński and S. Majid, Quantum geometry of algebra factorisations and coalgebra bundles, Comm. Math. Phys. 213 (2000) 491–521.

[162] D. Calow and R. Matthes, Connections on locally trivial quantum principal fibre bundles, J. Geom. Phys. 41 (2002) 114-165.

[163] M. Pflaum, Quantum groups on fibre bundles, Commun. Math. Phys. 166 (1994) 279-315.

[164] M. Durdević, Geometry of quantum principal bundles I, Commun. Math. Phys. 175 (1996) 457-520.

[165] R. Budzyński and W. Kondracki, Quantum principal fiber bundles: topological aspects. Rep. Math. Phys. 37 (1996) 368-385.

[166] D. Calow and R. Matthes, Covering and gluing of algebras and differential algebras, J. Geom. Phys. 32 (2000) 364-396.

[167] T. Brzeziński and S. Majid, Coalgebra bundles, Comm. Math. Phys. 191 (1998) 467- 492.

[168] M. Kontsevich, Operads and motives of deformation quantization, Lett. Math. Phys.

48 (1999) 35-72.

[169] M. Markl, S. Shnider and J. Stasheff, Operads in Algebra, Topology and Physics, Math.

Surveys and Monographs 96 (Amer. Math. Soc., Providence, RI, 2002). [170] T. Leinster, Homotopy algebras for operads, E-print arXiv: math.QA/0002180. [171] J. Stasheff, Homotopy associativity of H-spaces. I, II, Trans. Amer. Math. Soc. 108 (1963) 275-312.

[172] A. Yekutieli, The continuous Hochschild cochain complex of a scheme, Canad. J. Math.

54 (2002) 1319–1337