gr-qc/9906059 v2 25 Jul 1999

Noncommutative Geometry for Pedestrians^�

J. Madore Laboratoire de Physique Théorique Université de Paris-Sud, Bâtiment 211, F-91405 Orsay

Max-Planck-Institut für Physik Föhringer Ring 6, D-80805 München

Abstract

A short historical review is made of some recent literature in the field of noncommutative geometry, especially the efforts to add a gravitational field to noncommutative models of space-time and to use it as an ultraviolet regulator. An extensive bibliography has been added containing reference to recent review articles as well as to part of the original literature.

LMU-TPW 99-11

�Lecure given at the International School of Gravitation, Erice: 16th Course: ‘Classical and Quantum Non-Locality’.

1 Introduction

To control the divergences which from the very beginning had plagued quantum electrodynamics, Heisenberg already in the 1930’s proposed to replace the space-time continuum by a lattice structure. A lattice however breaks Lorentz invariance and can hardly be considered as fundamental. It was Snyder [201, 202] who first had the idea of using a noncommutative structure at small length scales to introduce an effective cut-off in field theory similar to a lattice but at the same time maintaining Lorentz invariance. His suggestion came however just at the time when the renormalization program finally successfully became an effective if rather ad hoc prescription for predicting numbers from the theory of quantum electrodynamics and it was for the most part ignored. Some time later von Neumann introduced the term ‘noncommutative geometry’ to refer in general to a geometry in which an algebra of functions is replaced by a noncommutative algebra. As in the quantization of classical phase-space, coordinates are replaced by generators of the algebra [60]. Since these do not commute they cannot be simultaneously diagonalized and the space disappears. One can argue [148] that, just as Bohr cells replace classicalphase-space points, the appropriate intuitive notion to replace a ‘point’ is a Planck cell of dimension given by the Planck area. If a coherent description could be found for the structure of space-time which were pointless on small length scales, then the ultraviolet divergences of quantum field theory could be eliminated. In fact the elimination of these divergences is equivalent to coarsegraining the structure of space-time over small length scales; if an ultraviolet cut-off Λ is used then the theory does not see length scales smaller than Λ^{−1}. When a physicist calculates a Feynman diagram he is forced to place a cut-off Λ on the momentum variables in the integrands. This means that he renounces any interest in regions of space-time of volume less than Λ^{−4}. As Λ becomes larger and larger the forbidden region becomes smaller and smaller but it can never be made to vanish. There is a fundamental length scale, much larger than the Planck length, below which the notion of a point is of no practical importance. The simplest and most elegant, if certainly not the only, way of introducing such a scale in a Lorentz-invariant way is through the introduction of noncommuting space-time ‘coordinates’.

As a simple illustration of how a ‘space’ can be ‘discrete’ in some sense and still covariant under the action of a continuous symmetry group one can consider the ordinary round 2-sphere, which has acting on it the rotational group SO_3. As a simple example of a lattice structure one can consider two points on the sphere, for example the north and south poles. One immediately notices of course that by choosing the two points one has broken the rotational invariance. It can be restored at the expense of commutativity. The set of functions on the two points can be identified with the algebra of diagonal 2 × 2 matrices, each of the two entries on the diagonal corresponding to a possible value of a function at one of the two points. Now an action of a group on the lattice is equivalent to an action of the group on the matrices and there can obviously be no non-trivial action of the group SO_3 on the algebra of diagonal 2 × 2 matrices. However if one extends the algebra to the noncommutative algebra of all 2 × 2 matrices one recovers the invariance. The two points, so to speak, have been smeared out over the surface of a sphere; they are replaced by two cells. An ‘observable’ is an hermitian 2 × 2 matrix and has therefore two real eigenvalues, which are its values on the two cells. Although what we have just done has nothing to do with Planck’s constant it is similar to the procedure of replacing a classical spin which can take two values by a quantum spin of total spin 1/2. Only the latter is invariant under the rotation group. By replacing the spin 1/2 by arbitrary spin s one can describe a ‘lattice structure’ of n = 2s + 1 points in an SO_3-invariant manner. The algebra becomes then the algebra M_n of n × n complex matrices and there are n cells of area 2πk̄ with n ≃ Vol(S^2) 2πk̄ . In general, a static, closed surface in a fuzzy space-time as we define it can only have a finite number of modes and will be described by some finitedimensional algebra [90, 92, 94, 95, 96]. Graded extensions of some of these algebras have also been constructed [97, 98]. Although we are interested in a matrix version of surfaces primarily as a model of an eventual noncommutative theory of gravity they have a certain interest in other, closely related, domain of physics. We have seen, for example, that without the differential calculus the fuzzy sphere is basically just an approximation to a classical spin r by a quantum spin r with ~ in lieu of k̄. It has been extended in various directions under various names and for various reasons [17, 58, 105, 22]. In order to explain the finite entropy of a black hole it has been conjectured, for example by ’t Hooft [207], that the horizon has a structure of a fuzzy 2-sphere since the latter has a finite number of ‘points’ and yet has an SO_3-invariant geometry. The horizon of a black hole might be a unique situation in which one can actually ‘see’ the cellular structure of space.

It is to be stressed that we shall here modify the structure of Minkowski space-time but maintain covariance under the action of the Poincaré group. A fuzzy space-time looks then like a solid which has a homogeneous distribution of dislocations but no disclinations. We can pursue this solid-state analogy and think of the ordinary Minkowski coordinates as macroscopic order parameters obtained by coarse-graining over scales less than the fundamental scale. They break down and must be replaced by elements of some noncommutative algebra when one considers phenomena on these scales. It might be argued that since we have made space-time ‘noncommutative’ we ought to do the same with the Poincaré group. This logic leads naturally to the notion of a q-deformed Poincaré (or Lorentz) group which act on a very particular noncommutative version of Minkowski space called q-Minkowski space [141, 142, 28, 10, 30]. The idea of a q-deformation goes back to Sylvester [200]. It was taken up later by Weyl [212] and Schwinger [197] to produce a finite version of quantum mechanics.

It has also been argued, for conceptual as well as practical, numerical reasons, that a lattice version of space-time or of space is quite satisfactory if one uses a random lattice structure or graph. The most widely used and successful modification of space-time is in fact what is called the lattice approximation. From this point of view the Lorentz group is a classical invariance group and is not valid at the microscopic level. Historically the first attempt to make a finite approximation to a curved manifold was due to Regge and this developed into what is now known as the Regge calculus. The idea is based on the fact that the Euler number of a surface can be expressed as an integral of the gaussian curvature. If one applies this to a flat cone with a smooth vertex then one finds a relation between the defect angle and the mean curvature of the vertex. The latter is encoded in the former. In recent years there has been a burst of activity in this direction, inspired by numerical and theoretical calculations of critical exponents of phase transitions on random surfaces. One chooses a random triangulation of a surface with triangles of constant fixed length, the lattice parameter. If a given point is the vertex of exactly six triangles then the curvature at the point is flat; if there are less than six the curvature is positive; it there are more than six the curvature is negative. Non-integer values of curvature appear through statistical fluctuation. Attempts have been made to generalize this idea to three dimensions using tetrahedra instead of triangles and indeed also to four dimensions, with euclidean signature. The main problem, apart from considerations of the physical relevance of a theory of euclidean gravity, is that of a proper identification of the curvature invariants as a combination of defect angles. On the other hand some authors have investigated random lattices from the point of view of noncommutative geometry. For an introduction to the lattice theory of gravity from these two different points of view we refer to the books by Ambjørn & Jonsson [5] and by Landi [136]. Compare also the loop-space approach to quantum gravity [11, 82, 7].

One typically replaces the four Minkowski coordinates x^μ by four generators q^μ of a noncommutative algebra which satisfy commutation relations of the form

[q^μ, q^ν] = ik̄q^{μν} . (1.1)

The parameter k̄ is a fundamental area scale which we shall suppose to be of the order of the Planck area: k̄ ≃ μ^{−2}_P = G~. There is however no need for this assumption; the experimental bounds would be much larger. Equation (1.1) contains little information about the algebra. If the right-hand side does not vanish it states that at least some of the q^μ do not commute. It states also that it is possible to identify the original coordinates with the generators q^μ in the limit k̄ → 0:

lim_{k̄→0} q^μ = x^μ. (1.2)

For mathematical simplicity we shall suppose this to be the case although one could include a singular ‘renormalization constant’ Z and replace (1.2) by an equation of the form lim_{k̄→0} q^μ = Z x^μ. (1.3)

If, as we shall argue, gravity acts as a universal regulator for ultraviolet divergences then one could reasonably expect the limit k̄ → 0 to be a singular limit.

Let A_{k̄} be the algebra generated in some sense by the elements q^μ. We shall be here working on a formal level so that one can think of A_{k̄} as an algebra of polynomials in the q^μ although we shall implicitly suppose that there are enough elements to generate smooth functions on space-time in the commutative limit. Since we have identified the generators as hermitian operators on some Hilbert space we can identify A_{k̄} as a subalgebra of the algebra of all operators on the Hilbert space. We have added the subscript k̄ to underline the dependence on this parameter but of course the commutation relations (1.1) do not determine the structure of A_{k̄}, We in fact conjecture that every possible gravitational field can be considered as the commutative limit of a noncommutative equivalent and that the latter is strongly restricted if not determined by the structure of the algebra A_{k̄}. We must have then a large number of algebras A_{k̄} for each value of k̄.

Interest in Snyder’s idea was revived much later when mathematicians, notably Connes [42] and Woronowicz [214, 215], succeeded in generalizing the notion of differential structure to noncommutative geometry. Just as it is possible to give many differential structures to a given topological space it is possible to define many differential calculi over a given algebra. We shall use the term ‘noncommutative geometry’ to mean ‘noncommutative differential geometry’ in the sense of Connes. Along with the introduction of a generalized integral [50] this permits one in principle to define the action of a Yang-Mills field on a large class of noncommutative geometries.

One of the more obvious applications was to the study of a modified form of Kaluza-Klein theory in which the hidden dimensions were replaced by noncommutative structures [145, 146, 67]. In simple models gravity could also be defined [146, 147] although it was not until much later [171, 69, 117] that the technical problems involved in the definition of this field were to be to a certain extent overcome. Soon even a formulation of the standard model of the electroweak forces could be given [48]. A simultaneous development was a revival [161, 52, 145] of the idea of Snyder that geometry at the Planck scale would not necessarily be described by a differential manifold.

One of the advantages of noncommutative geometry is that smooth, finite examples [148] can be constructed which are invariant under the action of a continuous symmetry group. Such models necessarily have a minimal length associated to them and quantum field theory on them is necessarily finite [90, 92, 94, 24]. In general this minimal length is usually considered to be in some way or another associated with the gravitational field. The possibility which we shall consider here is that the mechanism by which this works is through the introduction of noncommuting ‘coordinates’. This idea has been developed by several authors [103, 148, 62, 124, 73, 123, 31] from several points of view since the original work of Snyder. It is the left-hand arrow of the diagram Ak̄ ⇐= Ω^∗(Ak̄) ⇓ ⇑ Cut-off Gravity

(1.4)

The A_{k̄} is a noncommutative algebra and the index k̄ indicates the area scale below which the noncommutativity is relevant; this would normally be taken to be the Planck area.

The top arrow is a mathematical triviality; the Ω^∗(A_{k̄}) is a second algebra which contains A_{k̄} and is what gives a differential structure to it just as the algebra of de Rham differential forms gives a differential structure to a smooth manifold. There is an associated differential d, which satisfies the relation d^2 = 0. The couple (Ω^∗(A), d) is known as a differential calculus over the algebra A. The algebra A is what in ordinary geometry would determine the set of points one is considering, with possibly an additional topological or measure theoretic structure. The differential calculus is what gives an additional differential structure or a notion of smoothness. On a commutative algebra of functions on a lattice, for example, it would determine the number of nearest neighbours and therefore the dimension. The idea of extending the notion of a differential to noncommutative algebras is due to Connes [42, 45, 48, 49] who proposed a definition based on a formal analogy with an identity in ordinary geometry involving the Dirac operator /D. Let ψ be a Dirac spinor and f a smooth function. Then one can write iγ^αe_αfψ = /D(fψ) − f/Dψ. Here e_α is the Pfaffian derivative with respect to an orthonormal moving frame θ^α. This equation can be written γ^αe_αf = −i[/D, f] and it is clear that if one makes the replacement γ^α → θ^α then on the right-hand side one has the de Rham differential. Inspired by this fact, one defines a differential in the noncommutative case by the formula df = i[F, f] where now f belongs to a noncommutative algebra A with a representation on a Hilbert space H and F is an operator on H with spectral properties which make it look like a Dirac operator. The triple (A, F, H) is called a spectral triple. It is inspired by the K-cycle introduced by Atiyah [9] to define a dual to K-theory [8]. The simplest example is obtained by choosing A = C ⊕ C acting on C^2 by left multiplication and F = ( 0 1 1 0 ) . The 1-forms are then off-diagonal 2 × 2 complex matrices. The differential is extended to them using the same formula as above but with a bracket which is an anticommutator instead of a commutator. Since F^2 = 1 it is immediate that d^2 = 0. The algebra A of this example can be considered as the algebra of functions on 2 points and the differential can be identified with the finitedifference operator.

One can argue [59, 156, 152], not completely successfully, that each gravitational field is the unique ‘shadow’ in the limit k̄ → 0 of some differential structure over some noncommutative algebra. This would define the righthand arrow of the diagram. A hand-waving argument can be given [21, 154] which allows one to think of the noncommutative structure of space-time as being due to quantum fluctuations of the light-cone in ordinary 4-dimensional space-time. This relies on the existence of quantum gravitational fluctuations. A purely classical argument based on the formation of black-holes has been also given [62]. In both cases the classical gravitational field is to be considered as regularizing the ultraviolet divergences through the introduction of the noncommutative structure of space-time. This can be strengthened as the conjecture that the classical gravitational field and the noncommutative nature of space-time are two aspects of the same thing. If the gravitational field is quantized then presumably the light-cone will fluctuate and any two points with a space-like separation would have a time-like separation on a time scale of the order of the Planck time, in which case the corresponding operators would no longer commute. So even in flat space-time quantum fluctuations of the gravitational field could be expected to introduce a non-locality in the theory. This is one possible source of noncommutative geometry on the order of the Planck scale. The composition of the three arrows in (1.4) is an expression of an old idea, due to Pauli, that perturbative ultraviolet divergences will somehow be regularized by the gravitational field [57, 107]. We refer to Garay [84] for a recent review.

One example from which one can seek inspiration in looking for examples of noncommutative geometries is quantized phase space, which had been already studied from a noncommutative point of view by Dirac [60]. The minimal length in this case is given by the Heisenberg uncertainty relations or by modifications thereof [124]. In fact in order to explain the supposed Zitterbewegung of the electron Schrödinger [193] had proposed to mix position space with momentum space in order to obtain a set of center-of-mass coordinates which did not commute. This idea has inspired many of the recent attempts to introduce minimal lengths. We refer to [73, 123] for examples which are in one way or another connected to noncommutative geometry. Another concept from quantum mechanics which is useful in concrete applications is that of a coherent state. This was first used in a finite noncommutative geometry by Grosse & Prešnajder [91] and later applied [123, 33, 39] to the calculation of propagators on infinite noncommutative geometries, which now become regular 2-point functions and yield finite vacuum fluctuations. Although efforts have been made in this direction [39] these fluctuations have not been satisfactorily included as a source of the gravitational field, even in some ‘quasi-commutative’ approximation. If this were done then the missing arrow in (1.4) could be drawn. The difficulty is partly due to the lack of tractable noncommutative versions of curved spaces.

The fundamental open problem of the noncommutative theory of gravity concerns of course the relation it might have to a future quantum theory of gravity either directly or via the theory of ‘strings’ and ‘membranes’. But there are more immediate technical problems which have not received a satisfactory answer. We shall mention the problem of the definition of the curvature. It is not certain that the ordinary definition of curvature taken directly from differential geometry is the quantity which is most useful in the noncommutative theory. Cyclic homology groups have been proposed by Connes as the appropriate generalization to noncommutative geometry of topological invariants; the definition of other, non-topological, invariants in not clear. It is not in fact even obvious that one should attempt to define curvature invariants.

There is an interesting theory of gravity, due to Sakharov and popularized by Wheeler, called induced gravity, in which the gravitational field is a phenomenological coarse-graining of more fundamental fields. Flat Minkowski space-time is to be considered as a sort of perfect crystal and curvature as a manifestation of elastic tension, or possibly of defects, in this structure. A deformation in the crystal produces a variation in the vacuum energy which we perceive as gravitational energy. ‘Gravitation is to particle physics as elasticity is to chemical physics: merely a statistical measure of residual energies.’ The description of the gravitational field which we are attempting to formulate using noncommutative geometry is not far from this. We have noticed that the use of noncommuting coordinates is a convenient way of making a discrete structure like a lattice invariant under the action of a continuous group. In this sense what we would like to propose is a Lorentz-invariant version of Sakharov’s crystal. Each coordinate can be separately measured and found to have a distribution of eigenvalues similar to the distribution of atoms in a crystal. The gravitational field is to be considered as a measure of the variation of this distribution just as elastic energy is a measure of the variation in the density of atoms in a crystal.

We shall here accept a noncommutative structure of space-time as a mathemetical possibility. One can however attempt to associate the structure with other phenomena. A first step in this direction was undoubtedly taken by Bohr & Rosenfeld [21] when they deduced an intrinsic uncertainty in the position of an event in space-time from the quantum-mechanical measurement process. This idea has been since pursued by other authors [4] and even related to the formation of black holes [62, 137] and to the influence of quantum fluctuations in the gravitational field [154, 7]. An uncertainty relation in the measurements of an event is one of the most essential aspects of a noncommutative structure. The possible influence of quantum-mechanical fluctuations on differential forms was realized some time ago by Segal [198]. A related idea is what one might refer to as ‘spontaneous lattization’. A quantum operator is a very singular object in general and the correct definition of the space-time coordinates, considered as quantum operators, could give rise to a preferred set of events in space-time which has some of the aspects of a ‘lattice’ in the sense that each operator, has a discrete spectrum [196, 124, 73, 123, 122]. The work of Yukawa [218] and Takano [205] could be considered as somewhat similar to this, except that the fuzzy nature of space-time is emphasized and related to the presence of particles. Finkelstein [75] has attempted a very philosophical derivation of the structure of space-time from the notion of ‘simplicity’ (in the group-theoretic sense of the word) which has led him to the possibility of the ‘superposition of points’, simething very similar to noncommutativity. We shall mention below the attempts to derive a noncommutative structure of space-time from string theory.

When referring to the version of space-time which we describe here we use the adjective ‘fuzzy’ to underline the fact that points are ill-defined. Since the algebraic structure is described by commutation relations the qualifier ‘quantum’ has also been used [201, 62, 156]. This latter expression is unfortunate since the structure has no immediate relation to quantum mechanics and also it leads to confusion with ‘spaces’ on which ‘quantum groups’ act. To add to the confusion the word ‘quantum’ has also been used [87] to designate equivalence classes of ordinary differential geometries which yield isomorphic string theories and the word ‘lattice’ has been used [201, 73, 207] to designate what we here qualify as ‘fuzzy’.

2 A simple example

The algebra P(u, v) of polynomials in u = e^{ix}, v = e^{iy} is dense in any algebra of functions on the torus, defined by the relations 0 ≤ x ≤ 2π, 0 ≤ y ≤ 2π, where x and y are the ordinary cartesian coordinates of R^2. If one considers a square lattice of n^2 points then u^n = 1 and v^n = 1 and the algebra is reduced to a subalgebra P_n of dimension n^2. Introduce a basis |j⟩_1, 0 ≤ j ≤ n − 1, of C^n with |n⟩_1 ≡ |0⟩_1 and replace u and v by the operators

u|j⟩_1 = q^j |j⟩_1, v|j⟩_1 = |j + 1⟩_1, q^n = 1.

Then the new elements u and v satisfy the relations uv = qvu, u^n = 1, v^n = 1 and the algebra they generate is the matrix algebra M_n instead of the commutative algebra P_n. There is also a basis |j⟩_2 in which v is diagonal and a ‘Fourier’ transformation between the two [197].

Introduce the forms [157]

θ^1 = −i ( 1 − n n − 1 |0⟩_2⟨0| ) u^{−1}du, θ^2 = −i ( 1 − n n − 1 |n − 1⟩_1⟨n − 1| ) v^{−1}dv. In this simple example the differential calculus can be defined by the relations θ^af = fθ^a, θ^aθ^b = −θ^bθ^a of ordinary differential geometry. It follows that

Ω^1(M_n) ≃ 2⨁ 1 M_n, dθ^a = 0. The differential calculus has the form one might expect of a noncommutative version of the torus. Notice that the differentials du and dv do not commute with the elements of the algebra.

One can choose for q the value q = e^{2πil/n} for some integer l relatively prime with respect to n. The limit of the sequence of algebras as l/n → α irrational is known as the rotation algebra or the noncommutative torus [184]. This algebra has a very rich representation theory and it has played an important role as an example in the developement of noncommutative geometry [50].

3 Noncommutative electromagnetic theory

The group of unitary elements of the algebra of functions on a manifold is the local gauge group of electromagnetism and the covariant derivative associated to the electromagnetic potential can be expressed as a map H D −→ Ω^1(V ) ⊗_A H (3.1)

from a C(V )-module H to the tensor product Ω^1(V ) ⊗_{C(V )} H, which satisfies a Leibniz rule D(fψ) = df ⊗ ψ + fDψ, f ∈ C(V ), ψ ∈ H. We shall often omit the tensor-product symbol in the following. As far as the electromagnetic potential is concerned we can identify H with C(V ) itself;

electromagnetism couples equally, for example, to all four components of a Dirac spinor. The covariant derivative is defined therefore by the Leibniz rule and the definition D 1 = A ⊗ 1 = A.

That is, one can rewrite (3.1) as Dψ = (∂_μ + A_μ)dx^μ ψ. One can study electromagnetism on a large class of noncommutative geometries [146, 67, 48, 53] and there exist many recent reviews [209, 152, 116]. Because of the noncommutativity however the result often looks more like nonabelian Yang-Mills theory.

4 Metrics

We shall define a metric as a bilinear map

Ω^1(A) ⊗_A Ω^1(A)^g−→ A. (4.1)

This is a ‘conservative’ definition, a straightforward generalization of one of the possible definitions of a metric in ordinary differential geometry: g(dx^μ ⊗ dx^ν) = g^{μν}. The usual definition of a metric in the commutative case is a bilinear map X ⊗_C(V ) X g −→ C(V ) where X is the C(V )-bimodule of vector fields on V :

g(∂_μ ⊗ ∂_ν ) = g_{μν} .

This definition is not suitable in the noncommutative case since the set of derivations of the algebra, which is the generalization of X , has no natural structure as an A-module. The linearity condition is equivalent to a locality condition for the metric; the length of a vector at a given point depends only on the value of the metric and the vector field at that point. In the noncommutative case bilinearity is the natural (and only possible) expression of locality. It would exclude, for example, a metric in ordinary geometry defined by a map of the form g(α, β)(x) = ∫ V g_x(α_x, β_y)G(x, y)dy. Here α, β ∈ Ω^1(V ) and g_x is a metric on the tangent space at the point x ∈ V . The function G(x, y) is an arbitrary smooth function of x and y and dy is the measure on V induced by the metric.

Introduce a bilinear flip σ:

Ω^1(A) ⊗_A Ω^1(A)^σ−→ Ω^1(A) ⊗_A Ω^1(A) (4.2) We shall say that the metric is symmetric if g ∘ σ ∝ g. Many of the finite examples have unique metrics [158] as do some of the infinite ones [31]. Other definitions of a metric have been given, some of which are similar to that given above but which weaken the locality condition [32] and one [49] which defines a metric on the associated space of states.

5 Linear Connections

An important geometric problem is that of comparing vectors and forms defined at two different points of a manifold. The solution to this problem leads to the concepts of a connection and covariant derivative. We define a linear connection as a covariant derivative Ω^1(A)^D−→ Ω^1(A) ⊗_A Ω^1(A) on the A-bimodule Ω^1(A) with an extra right Leibniz rule D(ξf) = σ(ξ ⊗ df) + (Dξ)f defined using the flip σ introduced in (4.2). In ordinary geometry the map D(dx^λ) = −Γ^λ_{μν} dx^μ ⊗ dx^ν defines the Christophel symbols.

We define the torsion map Θ : Ω^1(A) → Ω^2(A) by Θ = d − π ∘ D. It is left-linear. A short calculation yields Θ(ξ)f − Θ(ξf) = π ∘ (1 + σ)(ξ ⊗ df). We shall impose the condition π ∘ (σ + 1) = 0 (5.1) on σ. It could also be considered as a condition on the product π. In fact in ordinary geometry it is the definition of π; a 2-form can be considered as an antisymmetric tensor. Because of this condition the torsion is a bilinear map. Using σ a reality condition on the metric and the linear connection can be introduced [78]. In the commutative limit, when it exists, the commutator defines a Poisson structure, which normally would be expected to have an intimate relation with the linear connection. This relation has only been studied in very particular situations [149].

6 Gravity

The classical gravitational field is normally supposed to be described by a torsion-free, metric-compatible linear connection on a smooth manifold. One might suppose that it is possible to formulate a noncommutative theory of (classical/quantum) gravity by replacing the algebra of functions by a more general algebra and by choosing an appropriate differential calculus. It seems however difficult to introduce a satisfactory definition of local curvature and the corresponding curvature invariants [55, 68, 56]. One way of circumventing this problem is to consider classical gravity as an effective theory and the Einstein- Hilbert action as an induced action. We recall that the classical gravitational action is given by S[g] = μ^4_P Λ_c + μ^2_P ∫ R. In the noncommutative case there is a natural definition of the integral [50, 43, 45] but there does not seem to be a natural generalization of the Ricci scalar. One of the problems is the fact that the natural generalization of the curvature form is in general not right-linear in the noncommutative case. The Ricci scalar then will not be local. One way of circumventing these problems is to return to an old version of classical gravity known as induced gravity [185, 186]. The idea is to identify the gravitational action with the quantum corrections to a classical field in a curved background. If Δ[g] is the operator which describes the propagation of a given mode in presence of a metric g then one finds that, with a cut-off Λ, the effective action is given by

Γ[g] ∝ Tr log Δ[g] ≃ Λ^4Vol(V )[g] + Λ^2S_1[g] + (log Λ)S_2[g] + · · · .

If one identifies Λ = μ_P then one finds that S_1[g] is the Einstein-Hilbert action. A problem with this is that it can be only properly defined on a compact manifold with a metric of euclidean signature and Wick rotation on a curved space-time is a rather delicate if not dubious procedure. Another problem with this theory, as indeed with the gravitational field in general, is that it predicts an extremely large cosmological constant. The expression Tr log Δ[g] has a natural generalization to the noncommutative case [111, 1, 34].

We have defined gravity using a linear connection, which required the full bimodule structure of the A-module of 1-forms. One can argue that this was necessary to obtain a satisfactory definition of locality as well as a reality condition. It is possible to relax these requirements and define gravity as a Yang-Mills field [35, 135, 36, 81] or as a couple of left and right connections [55, 56]. If the algebra is commutative (but not an algebra of smooth functions) then to a certain extent all definitions coincide [136, 12].

7 Regularization

Using the diagram (1.4) we have argued that gravity regularizes propagators in quantum field theory through the formation of a noncommutative structure. Several explicit examples of this have been given in the literature [202, 148, 62, 124, 129, 39]. In particular an energy-momentum tensor constructed from regularized propagators [39] has been used as a source of a cosmological solution. The propagators appear as if they were derived from non-local theories on ordinary space-time [218, 175, 119, 205]. We required that the metric that we use be local in the sense that the map (4.1) is bilinear with respect to the algebra. One could say that the theory is as local as the algebra will permit. However, since the algebra is not an algebra of points this means that the theory appears to be non-local as an effective theory on a space-time manifold.

8 Kaluza-Klein theory

We mentioned in the Introduction that one of the first, obvious applications of noncommutative geometry is as an alternative hidden structure of Kaluza-Klein theory. This means that one leaves space-time as it is and one modifies only the extra dimensions; one replaces their algebra of functions by a noncommutative algebra, usually of finite dimension to avoid the infinite tower of massive states of traditional Kaluza-Klein theory. Because of this restriction and because the extra dimensions are purely algebraic in nature the length scale associated with them can be arbitrary [153], indeed as large as the Compton wave length of a typical massive particle.

The algebra of Kaluza-Klein theory is therefore, for example, a product algebra of the form A = C(V ) ⊗ M_n. Normally V would be chosen to be a manifold of dimension four, but since much of the formalism is identical to that of the M(atrix)-theory of D-branes [14, 83, 51]. For the simple models with a matrix extension one can use as gravitational action the Einstein-Hilbert action in ‘dimension’ 4+d, including possibly Gauss- Bonnet terms [147, 153, 152, 154, 121]. For a more detailed review we refer to a lecture [155] at the 5th Hellenic school in Corfu.

9 Quantum groups and spaces

The set of smooth functions on a manifold is an algebra. This means that from any function of two variables one can construct a function of one by multiplication. If the manifold happens to be a Lie group then there is another operation which to any function of one variable constructs a function of two.

This is called co-multiplication and is usually written Δ:

(Δf)(g_1, g_2) = f(g_1g_2).

It satisfies a set of consistency conditions with the product. Since the expression ‘noncommutative group’ designates something else the noncommutative version of an algebra of smooth functions on a Lie group has been called a ‘quantum group’. It is neither ‘quantum’ nor ‘group’. The first example was found by Kulish & Reshetikhin [133] and by Sklyanin [199]. A systematic description was first made by Woronowicz [213], by Jimbo [109], Manin [167, 168] and Drinfeld [65]. The Lie group SO(n) acts on the space R^n; the Lie group SU(n) acts on C^n . The ‘quantum’ versions SO_q(n) and SU_q(n) of these groups act on the ‘quantum spaces’ R^n_q and C^n_q . These latter are noncommutative algebras with special covariance properties. The first differential calculus on a quantum space was constructed by Wess & Zumino [211]. There is an immense literature on quantum groups and spaces, from the algebraic as will as geometric point of view. We have included some of it in the bibliography. We mention in particular the collection of articles edited by Doebner & Hennig [61] and Kulish [130] and the introductory text by Kassel [113].

10 Mathematics

At a more sophisticated level one would have to add a topology to the algebra. Since we have identified the generators as hermitian operators on a Hilbert space, the most obvious structure would be that of a von Neumann algebra. We refer to Connes [45] for a description of these algebras within the context of noncommutative geometry. A large part of the interest of mathematicians in noncommutative geometry has been concerned with the generalization of topological invariants [42, 55, 170] to the noncommutative case. It was indeed this which lead Connes to develop cyclic cohomology. Connes [50, 43] has also developed and extended the notion of a Dixmier trace on certain types of algebras as a possible generalization of the notion of an integral. The representation theory of quantum groups is an active field of current interest since the pioneering work of Woronowicz [216]. For a recent survey we refer to the book by Klymik & Schmüdgen [125]. Another interesting problem is the relation between differential calculi covariant under the (co-)action of quantum groups and those constructed using the spectral-triple formalism of Connes. Although it has been known for some time [68, 59, 86, 41, 79] that many if not all of the covariant calculi have formal Dirac ‘operators’ it is only recently that mathematicians have considered [190, 191] to what extent these ‘operators’ can be actually represented as real operators on a Hilbert space and to what extent they satisfy the spectral-triple conditions.

11 String Theory

Last, but not least, is the possible relation of noncommutative geometry to string theory. We have mentioned that since noncommutative geometry is pointless a field theory on it will be divergence-free. In particular monopole configurations will have finite energy, provided of course that the geometry in which they are constructed can be approximated by a noncommutative geometry, since the point on which they are localized has been replaced by an volume of fuzz, This is one characteristic that it shares with string theory. Certain monopole solutions in string theory have finite energy [85] since the point in space (a D-brane) on which they are localized has been replaced by a throat to another ‘adjacent’ D-brane.

In noncommutative geometry the string is replaced by a certain finite number of elementary volumes of ‘fuzz’, each of which can contain one quantum mode. Because of the nontrivial commutation relations the ‘line’ δq^μ = q^{μ′} − q^μ joining two points q^{μ′} and q^μ is quantized and can be characterized [39] by a certain number of creation operators a_j each of which creates a longitudinal displacement. They would correspond to the rigid longitudinal vibrational modes of the string. Since it requires no energy to separate two points the string tension would be zero. This has not much in common with traditional string theory.

We mentioned in the previous section that noncommutative Kaluza-Klein theory has much in common with the M(atrix) theory of D-branes. What is lacking is a satisfactory supersymmetric extension. Finally we mention that there have been speculations that string theory might give rise naturally to space-time uncertainty relations [137] and that it might also give rise [108] to a noncommutative theory of gravity. More specifically there have been attempts [64, 63, 192] to relate a noncommutative structure of space-time to the quantization of the open string in the presence of a non-vanishing B-field.

Acknowledgments

The author would like to thank the Max-Planck-Institut für Physik in München for financial support and J. Wess for his hospitality there.

What follows constitutes in no way a complete bibliography of noncommutative geometry. It is strongly biased in favour of the author’s personal interests and the few subjects which were touched upon in the text.

References

[1] T. Ackermann, J. Tolksdorf, “A generalized Lichnerowicz formula, the Wodzicki Residue and Gravity”, J. Geom. Phys. 19 (1996) 143.

[2] A. Aghamohammadi, “The two-parametric extension of h deformation of GL(2) and the differential calculus on its quantum plane”, Mod. Phys. Lett. A 8 (1993) 2607.

[3] A. Aghamohammadi, M. Khorrami, A. Shariati, “SL_h(2)-Symmetric Torsionless Connections”, Lett. Math. Phys. 40 (1997) 95.

[4] D.V. Ahluwalia, “Quantum Measurement, Gravitation and Locality”, Phys. Lett. B339 (1994) 301.

[5] J. Ambjørn, T. Jonsson, Quantum Geometry, a statistical field theory approach, Cambridge University Press, 1997.

[6] P. Aschieri, L. Castellani, “Bicovariant calculus on twisted ISO(N), Quantum Poincaré Group and Quantum Minkowski Space”, Int. J. Mod. Phys. A 11 (1996) 4513.

[7] A. Ashtekar, A. Corichi, J.A. Zapata, “Quantum Theory of Geometry III:

Non-commutativity of Riemannian Structures”, Class. and Quant. Grav. 15 (1998) 2955.

[8] M. Atiyah, K-Theory, W.A. Benjamin, New York, 1967.

[9] M. Atiyah, Global theory of elliptic operators, Proceedings of the Int. Symp.

on Funct. Analysis, Tokyo, 21, 1969.

[10] J.A. de Azcárraga, P.P. Kulish, F. Rodenas, “Twisted h-spacetimes and invariant equations”, Z. Physik C - Particles and Fields 76 (1997) 567.

[11] J.C. Baez, J.P. Muniain, Gauge Fields, Knots, and Gravity, Series on Knots and Everything No. 4, World Scientific Publishing, 1994.

[12] A.P. Balachandran, G. Bimonte, G. Landi, F. Lizzi, P. Teotonio-Sobrinho, “Lattice Gauge Fields and Noncommutative Geometry”, J. Geom. Phys. 24 (1998) 353.

[13] B.S. Balakrishna, F. Gürsey, K.C. Wali, “Towards a Unified Treatment of Yang-Mills and Higgs Fields”, Phys. Rev. D44 (1991) 3313.

[14] T. Banks, W. Fischler, S.H. Shenker, L. Susskind, “M Theory as a Matrix Model: a Conjecture”, Phys. Rev. D55 (1997) 5112.

[15] P. Baum, R.G. Douglas, “K-Homology and Index Theory”, Proc. Symp.

Pure Math. 38 (1982) 117.

[16] J. Bellissard, A. van Elst, H. Schulz-Baldes, “The noncommutative geometry of the quantum Hall effect”, J. Math. Phys. 35 (1994) 5373.

[17] F. Berezin, “General Concept of Quantization”, Comm. Math. Phys. 40 (1975) 153.

[18] L.C. Biedenharn, “The quantum group SU_q(2) and a q-analogue of the boson operators”, J. Phys. A: Math. Gen. 22 (1989) L873.

[19] G. Bimonte, F. Lizzi, G. Sparano, “Distances on a Lattice from Noncommutative Geometry”, Phys. Lett. B341 (1994) 139.

[20] G. Bimonte, E. Ercolessi, G. Landi, F. Lizzi, G. Sparano, “Lattices and their Continuum Limits”, J. Math. Phys. 20 (1996) 318.

[21] N. Bohr, L. Rosenfeld, “Zur Frage der Meßbarkeit der elektromagnetischen Feldgrößen”, Kgl. Danske. Vidensk. Selskab. Mat-fyz. Meddelser 12 (1933) No. 8.

[22] M. Bordemann, J. Hoppe, P. Schaller, M. Schlichenmaier, “gl(∞) and Geometric Quantization”, Comm. Math. Phys. 138 (1991) 209.

[23] L. Carminati, B. Iochum, D. Kastler, T. Schücker, On Connes’ New Principle of General Relativity. Can Spinors Hear the Forces of Space- Time?, Operator Algebras and Quantum Field Theory, International Press, 1997.

[24] U. Carow-Watamura, S. Watamura, “Chirality and Dirac Operator on Noncommutative Sphere”, Comm. Math. Phys. 183 (1997) 365.

[25] U. Carow-Watamura, M. Schlieker, M. Scholl, S. Watamura, “Tensor representations of the quantum group SL_q(2, C ) and quantum Minkowksi space”, Z. Physik C - Particles and Fields 48 (1990) 159.

[26] U. Carow-Watamura, M. Schlieker, S. Watamura, M. Weich, “Bicovariant differential calculus on quantum groups SU_q(N) and SO_q(N)”, Comm. Math. Phys. 142 (1991) 605.

[27] U. Carow-Watamura, M. Schlieker, M. Scholl, S. Watamura, “Quantum Lorenz Group”, Int. J. Mod. Phys. A 6 (1991) 3081.

[28] L. Castellani, “Differential Calculus on ISO_q(N), Quantum Poincaré algebra and q-Gravity”, Comm. Math. Phys. 171 (1995) 383.

[29] L. Castellani, R. D’Auria, P. Fré, Supergravity and Superstrings, a Geometric Perspective, World Scientific Publishing, 1991.

[30] B.L. Cerchiai, J. Wess, “q-Deformed Minkowski Space based on a q-Lorentz Algebra”, Euro. Phys. J. C 5 (1998) 553.

[31] B.L. Cerchiai, R. Hinterding, J. Madore, J. Wess, “The Geometry of a q-deformed Phase Space”, Euro. Phys. J. C 8 (1999) 533.

[32] B.L. Cerchiai, R. Hinterding, J. Madore, J. Wess, “A Calculus Based on a q-deformed Heisenberg Algebra”, Euro. Phys. J. C 8 (1999) 547.

[33] M. Chaichian, A. Demichev, P. Prešnajder, “Quantum Field Theory on Noncommutative Space-Times and the Persistence of Ultraviolet Divergences”, Helsinki Preprint HIP-1998-77/TH, hep-th/9812180.

[34] A.H. Chamseddine, A. Connes, “Universal Formula for Noncommutative Geometry Actions: Unification of Gravity and the Standard Model”, Phys. Rev. Lett. 77 (1996) 4868.

[35] A.H. Chamseddine, G. Felder, J. Fröhlich, “Gravity in Non-Commutative Geometry”, Comm. Math. Phys. 155 (1993) 205.

[36] A.H. Chamseddine, J. Fröhlich, O. Grandjean, “The gravitational sector in the Connes-Lott formulation of the standard model”, J. Math. Phys. 36 (1995) 6255.

[37] Vyjayanthi Chari, Andrew Pressley, A Guide to Quantum Groups, Cambridge University Press, 1994.

[38] S. Cho, “Quantum Mechanics on the h-deformed Quantum Plane”, J.

Phys. A: Math. Gen. 32 (1999) 2091.

[39] S. Cho, R. Hinterding, J. Madore, H. Steinacker, “Finite Field Theory on Noncommutative Geometries”, Munich Preprint, MPI-PhT/99-12,

hep-th/9903239.

[40] S. Cho, K.S. Park, “Linear Connections on Graphs”, J. Math. Phys. 38 (1997) 5889.

[41] S. Cho, J. Madore, K.S. Park, “Noncommutative Geometry of the hdeformed Quantum Plane”, J. Phys. A: Math. Gen. 31 (1998) 2639.

[42] A. Connes, “Non-Commutative Differential Geometry”, Publications of the Inst. des Hautes Etudes Scientifiques 62 (1986) 257.

[43] A. Connes, “The Action Functional in Non-Commutative Geometry”, Comm. Math. Phys. 117 (1988) 673.

[44] A. Connes, Essay on Physics and Non-commutative Geometry, The Interface of Mathematics and Particle Physics, Oxford, September 1988, Clarendon Press, Oxford, 1990.

[45] A. Connes, Noncommutative Geometry, Academic Press, 1994.

[46] A. Connes, “Noncommutative geometry and reality”, J. Math. Phys. 36 (1995) 6194.

[47] A. Connes, “Gravity coupled with matter and the foundation of noncommutative geometry”, Comm. Math. Phys. 192 (1996) 155.

[48] A. Connes, J. Lott, “Particle Models and Noncommutative Geometry”, Recent Advances in Field Theory, Nucl. Phys. (Proc. Suppl.) B18 (1990) 29. [49] A. Connes, J. Lott, The metric aspect of non-commutative geometry, Proceedings of the Cargèse Summer School, July 1991, Plenum Press, New York, 1992.

[50] A. Connes, M.A. Rieffel, “Yang-Mills for non-commutative two-tori”, Contemp. Math. 62 (1987) 237.

[51] A. Connes, Michael R. Douglas, Albert Schwarz, “Noncommutative Geometry and Matrix Theory: Compactification on Tori”, J. High Energy Phys. 02 (1998) 003.

[52] R. Coquereaux, “Noncommutative geometry and theoretical physics”, J.

Geom. Phys. 6 (1989) 425.

[53] R. Coquereaux, G. Esposito-Farèse, G. Vaillant, “Higgs Fields as Yang- Mills Fields and Discrete Symmetries”, Nucl. Phys. B353 (1991) 689.

[54] L. Crane, L. Smolin, “Space-Time Foam As The Universal Regulator”, Gen. Rel. Grav. 17 (1985) 1209.

[55] A. Cuntz, D. Quillen, “Algebra extensions and nonsingularity”, J. Amer.

Math. Soc. 8 (1995) 251.

[56] L. Dabrowski, P.M. Hajac, G. Landi, P. Siniscalco, “Metrics and pairs of left and right connections on bimodules”, J. Math. Phys. 37 (1996) 4635.

[57] S. Deser, “General Relativity and the Divergence Problem in Quantum Field Theory”, Rev. Mod. Phys. 29 (1957) 417.

[58] B. de Wit, J. Hoppe, H. Nicolai, “On the Quantum Mechanics of Supermembranes”, Nucl. Phys. B305 (1988) 545.

[59] A. Dimakis, J. Madore, “Differential Calculi and Linear Connections”, J.

Math. Phys. 37 (1996) 4647.

[60] P.A.M. Dirac, “On Quantum Algebras”, Proc. Camb. Phil. Soc. 23 (1926) 412.

[61] H.-D. Doebner, J.-D. Hennig (Eds.), Quantum Groups, Lect. Notes in Phys. No. 370, Springer-Verlag, Heidelberg, 1990, [62] S. Doplicher, K. Fredenhagen, J.E. Roberts, “The Quantum Structure of Spacetime at the Planck Scale and Quantum Fields”, Comm. Math. Phys. 172 (1995) 187.

[63] M. Douglas, “Two Lectures on D-Geometry and Noncommutative Geometry”, ICTP Spring School Lectures, hep-th/9901146.

[64] M. Douglas, C. Hull, “D-Branes and the Noncommutative Torus”, J. High Energy Phys. 02 (1998) 008.

[65] V.G. Drinfeld, “Quantum Groups”, I.C.M. Proceedings, Berkeley (1986) 798; “idem”, Sov. Math. Dokl. 36 (1988) 212.

[66] M. Dubois-Violette, “Dérivations et calcul différentiel non-commutatif”, C. R. Acad. Sci. Paris 307 (1988) 403.

[67] M. Dubois-Violette, R. Kerner, J. Madore, “Gauge bosons in a noncommutative geometry”, Phys. Lett. B217 (1989) 485.

[68] M. Dubois-Violette, J. Madore, T. Masson, J. Mourad, “Linear Connections on the Quantum Plane”, Lett. Math. Phys. 35 (1995) 351.

[69] M. Dubois-Violette, J. Madore, T. Masson, J. Mourad, “On Riemann Curvature in Noncommutative Geometry”, J. Math. Phys. 37 (1996) 4089.

[70] A. Einstein, “Riemann-Geometrie und Aufrecherhaltung des Begriffs des Fernparallelismus”, Berliner Ber. (1928) 219.

[71] H. Ewen, O. Ogievetsky, “Classification of the GL(3) Quantum Matrix Groups”, Preprint, q-alg/9412009.

[72] L.D. Faddeev, N.Y. Reshetikhin, L.A. Takhtajan, “Quantization of Lie Groups and Lie Algebras”, Alge. i Analy. 1 (1989) 178; “idem”, Leningrad Math. J. 1 (1990) 193.

[73] M. Fichtmüller, A. Lorek, J. Wess, “q-Deformed Phase Space and its Lattice Structure”, Z. Physik C - Particles and Fields 71 (1996) 533.

[74] T. Filk, “Divergencies in a field theory on quantum space”, Phys. Lett.

376 (1996) 53.

[75] D.R. Finkelstein, Quantum Relativity : A Synthesis of the Ideas of Einstein and Heisenberg, Springer-Verlag, Heidelberg, 1996.

[76] G. Fiore, “Quantum Groups SO_q(N), Sp_q(n) have q-Determinant, too”, J. Phys. A: Math. Gen. 27 (1994) 1.

[77] G. Fiore, “The q-Euclidean Algebra U_q(e^N ) and the Corresponding q- Euclidean Lattice”, Int. J. Mod. Phys. A 11 (1996) 863.

[78] G. Fiore, J. Madore, “Leibniz Rules and Reality Conditions”, Preprint 98- 13, Dip. Matematica e Applicazioni, Università di Napoli, math/9806071.

[79] G. Fiore, J. Madore, “The Geometry of Quantum Euclidean Spaces”, LMU Preprint LMU-TPW 97/23, math/9904027.

[80] J. Fröhlich, T. Kerler, Quantum Groups, Quantum Categories and Quantum Field Theory, Lect. Notes in Math. No. 1542, Springer-Verlag, Heidelberg, 1993.

[81] J. Fröhlich, O. Grandjean, A. Recknagel, “Supersymmetric quantum theory, non-commutative geometry and gravitation”, Lecture Notes, Les Houches 1995, hep-th/9706132.

[82] R. Gambini, J. Pullin, A. Ashtekar, Loops, Knots, Gauge Theories and Quantum Gravity, Cambridge University Press, 1996, [83] O.J. Ganor, S. Ramgoolam, W. Taylor, “Branes, Fluxes and Duality in M(atrix)-Theory”, Nucl. Phys. B492 (1997) 191.

[84] L.J. Garay, “Quantum Gravity and Minimum Length”, Int. J. Mod. Phys.

A 10 (1995) 145.

[85] J.P. Gauntlett, J. Gomis, P.K. Townsend, “BPS Bounds for Worldvolume Branes”, J. High Energy Phys. 9801 (1998) 003.

[86] Y. Georgelin, J. Madore, T. Masson, J. Mourad, “On the non-commutative Riemannian geometry of GL_q(n)”, J. Math. Phys. 38 (1997) 3263.

[87] B. Greene, S.-T Yau (Eds.), Mirror Symmetry II, AMS/IP Studies in Advanced Mathematics, 1997.

[88] H. Grosse, Models in Mathematical Physics and Quantum Field Theory, Trieste Notes in Physics, Springer-Verlag, Heidelberg, 1988.

[89] H. Grosse, P. Falkensteiner, “On the relation between the geometric phase and the Schwinger term”, Phys. Lett. B253 (1991) 395.

[90] H. Grosse, J. Madore, “A Noncommutative Version of the Schwinger Model”, Phys. Lett. B283 (1992) 218.

[91] H. Grosse, P. Prešnajder, “The Construction of Noncommutative Manifolds Using Coherent States”, Lett. Math. Phys. 28 (1993) 239.

[92] H. Grosse, P. Prešnajder, “The Dirac Operator on the Fuzzy Sphere”, Lett.

Math. Phys. 33 (1995) 171.

[93] H. Grosse, W. Maderner, C. Reitberger, “Schwinger Terms and Cyclic Cohomology for Massive (1 + 1)-dimensional Fermions and Virasoro Algebras”, J. Math. Phys. 34 (1993) 4469.

[94] H. Grosse, C. Klimčík, P. Prešnajder, Simple Field Theoretical Models on Noncommutative Manifolds, Proceedings of the 2nd Bulgarian Workshop on New Trends in Quantum Field Theory, Razlog, August 1995, Heron Press, 1996.

[95] H. Grosse, C. Klimčík, P. Prešnajder, “Topological Nontrivial Field Configurations in Noncommutative Geometry”, Comm. Math. Phys. 178 (1997) 507.

[96] H. Grosse, C. Klimčík, P. Prešnajder, “On 4D Field Theory in Non- Commutative Geometry”, Comm. Math. Phys. 180 (1997) 429.

[97] H. Grosse, C. Klimčík, P. Prešnajder, “Field Theory on a Supersymmetric Lattice”, Comm. Math. Phys. 185 (1997) 155.

[98] H. Grosse, G. Reiter, “The Fuzzy supersphere”, J. Geom. Phys. 28 (1998) 349.

[99] H. Grosse, G. Reiter, “Graded Differential Geometry of Graded Matrix Algebras”, Vienna Preprint UWThPh-6-1999, math-ph/9905018.

[100] P.M. Hajac, “Strong Connections on Quantum Principal Bundles”, Comm. Math. Phys. 182 (1996) 579.

[101] A. Hebecker, S. Schreckenberg, J. Schwenk, W. Weich, J. Wess, “Representations of a q-deformed Heisenberg algebra”, Z. Physik C - Particles and Fields 64 (1994) 355.

[102] H. Heckenberger, K. Schmüdgen, “Levi-Civita Connections on the Quantum Groups SL_q(N), O_q(N) and SP_q(N)”, Comm. Math. Phys. 185 (1997) 177.

[103] E.J. Hellund, K. Tanaka, “Quantized Space-Time”, Phys. Rev. 94 (1954) 192.

[104] Pei-Ming Ho, Yong-Shi Wu, “Noncommutative Geometry and D-branes”, Phys. Lett. B398 (1997) 52.

[105] J. Hoppe, “Diffeomorphism groups, Quantization and SU(∞)”, Int. J.

Mod. Phys. A 4 (1989) 5235.

[106] B. Iochum, T. Schücker, “A Left-Right Symmetric Model à la Connes- Lott”, Lett. Math. Phys. 32 (1994) 153.

[107] C.J. Isham, Abdus Salam, J. Strathdee, “Infinity Suppression Gravity Modified Quantum Electrodynamics”, Phys. Rev. D3 (1971) 1805.

[108] A. Jevicki, S. Ramgoolam, “Non commutative gravity from the ADS/CFT correspondence”, Brown-Het-1159, hep-th/9902059.

[109] M. Jimbo, “A q-difference analogue of U(g) and the Yang-Baxter equation”, Lett. Math. Phys. 10 (1985) 63.

[110] M. Kaku, Generally Covariant Lattices, the Random Calculus, and the Strong Coupling Approach to the Renormalisation of Gravity, Quantum Field Theory and Quantum Statistics, Vol. 2, I.A. Batalin, C.J. Isham and G.A. Vilkovisky (Eds.), Adam Hilger, Bristol, 1987.

[111] W. Kalau, M. Walze, “Gravity, Noncommutative Geometry and the Wodzicki Residue”, J. Geom. Phys. 16 (1995) 327.

[112] W. Kalau, N.A. Papadopoulos, J. Plass, J.-M. Warzecha, “Differential Algebras in Non-Commutative Geometry”, J. Geom. Phys. 16 (1995) 149.

[113] C. Kassel, Quantum Groups, Springer-Verlag, Heidelberg, 1995. [114] D. Kastler, “A detailed account of Alain Connes’ version of the standard model in non-commutative geometry”, Rev. Math. Phys. 5 (1993) 477.

[115] D. Kastler, “The Dirac Operator and Gravitation”, Comm. Math. Phys.

166 (1995) 633.

[116] D. Kastler, Noncommutative Geometry and Fundamental Physical Interactions, Proceedings of the 38. Internationale Universitätswochen für Kern- und Teilchenphysik, ‘Geometrie und Quantenphysik’, Schladming, Austria, H. Gausterer, H. Grosse, L. Pittner (Eds.), Lect. Notes in Phys., Springer-Verlag, Heidelberg, 1999.

[117] D. Kastler, J. Madore, D. Testard, “Connections of bimodules in noncommutative geometry”, Contemp. Math. 203 (1997) 159.

[118] D. Kastler, T. Masson, J. Madore, “On finite differential calculi”, Contemp. Math. 203 (1997) 135.

[119] Y. Katayama, H. Yukawa, “Field Theory of Elementary Domains and Particles I”, Prog. Theor. Phys. (Suppl.) 41 (1968) 1; “idem II”, ibid 41 (1968) 22.

[120] A. Kehagias, P. Meessen, G. Zoupanos, “Deformed Poincaré Algebra and Field Theory”, Phys. Lett. B346 (1995) 262.

[121] A. Kehagias, J. Madore, J. Mourad, G. Zoupanos, “Linear Connections in Extended Space-Time”, J. Math. Phys. 36 (1995) 5855.

[122] A. Kempf, On the Structure of Space-Time at the Planck Scale, Subnuclear Physics: 36th Course: ‘From the Planck Length to the Hubble Radius’, Erice, World Scientific Publishing, (to appear).

[123] A. Kempf, G. Mangano, “Minimal Length Uncertainty Relation and Ultraviolet Regularization”, Phys. Rev. D55 (1997) 7909.

[124] A. Kempf, G. Mangano, R.B. Mann, “Hilbert space representation of the minimal length uncertainty relation”, Phys. Rev. D52 (1995) 1108.

[125] A. Klymik, K. Schmüdgen, Quantum groups and their Representations, Springer-Verlag, Heidelberg, 1997.

[126] P. Kosinski, J. Lukierski, P. Maslanka, “Local D = 4 Field Theory on κ-Deformed Minkowski Space”, Preprint FTUV-99-05, hep-th/9902037.

[127] J.L. Koszul, Lectures on Fibre Bundles and Differential Geometry, Tata Institute of Fundamental Research, Bombay, 1960.

[128] T. Krajewski, “Classification of Finite Spectral Triples”, J. Geom. Phys.

28 (1998) 1.

[129] T. Krajewski, R. Wulkenhaar, “Perturbative Quantum Gauge Fields on the Noncommutative Torus”, Marseille preprint CPT-99/P.3794,

hep-th/9903187.

[130] P.P. Kulish (Ed.), Quantum Groups, Lect. Notes in Math. No. 1510, Springer-Verlag, Heidelberg, 1991.

[131] P.P. Kulish, On recent progress in quantum groups: an introductory review, Jahrbuch Überblicke Mathematik, 1993, Vieweg Verlag, Braunschweig, Germany, 1993.

[132] P.P. Kulish, E.D. Damaskinsky, “On the q-oscillator and the quantum algebra su_q(1, 1)”, J. Phys. A: Math. Gen. 23 (1990) L415.

[133] P.P. Kulish, N.Yu. Reshetikhin, “Quantum Linear Problem for the Sine- Gordon Equation and Higher Representations”, J. Soviet Math. 23 (1983) 2435.

[134] B.A. Kupershmit, “The quantum group GL_h(2)”, J. Phys. A: Math. Gen.

25 (1992) L1239.

[135] G. Landi, Ai Viet Nguyen, K.C. Wali, “Gravity and electromagnetism in noncommutative geometry”, Phys. Lett. B326 (1994) 45.

[136] G, Landi, An Introduction to Noncommutative Spaces and their Geometries, Lecture Notes in Physics. New Series M, Monographs No. 51, Springer-Verlag, Heidelberg, 1997.

[137] M. Li, T. Yoneya, “Short Distance Space-Time Structure and Black Holes in String Theory: a Short Review of the Present Status”, EFI-98-24,

hep-th/9806240.

[138] F. Lizzi, G. Mangano, G. Miele, G. Sparano, “Constraints on Unified Gauge Theories from Noncommutative Geometry”, Mod. Phys. Lett. A 11 (1996) 2561.

[139] A. Lorek, A. Ruffing, J. Wess, “A q-Deformation of the Harmonic Oscillator”, Z. Physik C - Particles and Fields 74 (1997) 369.

[140] A. Lorek, W. Weich, J. Wess, “Non-commutative Euclidean and Minkowski Structures”, Z. Physik C - Particles and Fields 76 (1997) 375.

[141] J. Lukierski, A. Nowicki, H. Ruegg, “New Quantum Poincaré Algebra and κ-deformed Field Theory”, Phys. Lett. B293 (1992) 344.

[142] J. Lukierski, H. Ruegg, W. Ruhl, “From κ-Poincaré algebra to κ-Lorentz quasigroup: a Deformation of relativistic Symmetry”, Phys. Lett. B313 (1993) 357.

[143] J. Lukierski, P. Minnaert, M. Mozrzymas, “Quantum Deformations of Conformal Algebras Introducing Fundamental Mass Parameters”, Phys. Lett. B371 (1996) 215.

[144] A.J. Macfarlane, “On q-analogues of the quantum harmonic oscillator and the quantum group SU_q(2)”, J. Phys. A: Math. Gen. 22 (1989) 4581.

[145] J. Madore, Non-Commutative Geometry and the Spinning Particle, Proceedings of the Journées Relativistes, Genève, 1988; idem, Proceedings of the XI Warsaw Symposium on Elementary Particle Physics, Kazimierz, May 1988, World Scientific Publishing, 1989.

[146] J. Madore, Kaluza-Klein Aspects of Noncommutative Geometry, Proceedings of the XVII International Conference on Differential Geometric Methods in Theoretical Physics, Chester, August 1988, World Scientific Publishing, 1989.

[147] J. Madore, “Modification of Kaluza-Klein Theory”, Phys. Rev. D41 (1990) 3709.

[148] J. Madore, “The Fuzzy Sphere”, Class. and Quant. Grav. 9 (1992) 69. [149] J. Madore, “On Poisson Structure and Curvature”, Proceedings of the XVI Workshop on Geometric Methods in Physics, Bialowieza, July, 1997, Rep. on Mod. Phys. 43 (1999) 231.

[150] J. Madore, Introduction to Non-Commutative Geometry, Proceedings of the Corfu Summer Institute on Elementary Partticle Physics, September 1998, PRHEP-corfu98/016, 1999.

[151] J. Madore, An Introduction to Noncommutative Geometry, Proceedings of the 38. Internationale Universitätswochen für Kern- und Teilchenphysik, ‘Geometrie und Quantenphysik’, Schladming, Austria, H. Gausterer, H. Grosse, L. Pittner (Eds.), Lect. Notes in Phys., Springer-Verlag, Heidelberg, 1999.

[152] J. Madore, An Introduction to Noncommutative Differential Geometry and its Physical Applications, 2nd edition Cambridge University Press, 1999.

[153] J. Madore, J. Mourad, “Algebraic-Kaluza-Klein Cosmology”, Class. and Quant. Grav. 10 (1993) 2157.

[154] J. Madore, J. Mourad, “On the Origin of Kaluza-Klein Structure”, Phys.

Lett. B359 (1995) 43.

[155] J. Madore, J. Mourad, “Noncommutative Kaluza-Klein Theory”, Lecture given at the 5th Hellenic School and Workshops on Elementary Particle Physics, hep-th/9601169.

[156] J. Madore, J. Mourad, “Quantum Space-Time and Classical Gravity”, J.

Math. Phys. 39 (1998) 423.

[157] J. Madore, L.A. Saeger, “Topology at the Planck Length”, Class. and Quant. Grav. 15 (1998) 811.

[158] J. Madore, T. Masson, J. Mourad, “Linear Connections on Matrix Geometries”, Class. and Quant. Grav. 12 (1995) 1429.

[159] J. Madore, J. Mourad, A. Sitarz, “Deformations of Differential Calculi”, Mod. Phys. Lett. A 12 (1997) 975.

[160] A. Maes, A. Van Daele, “Notes on Compact Quantm Groups”, Leuven Preprint, math/9803122.

[161] S. Majid, “Hopf Algebras for physics at the Planck scale”, Class. and Quant. Grav. 5 (1988) 1587.

[162] S. Majid, “Braided Momentum in the q-Poincaré group”, J. Math. Phys.

34 (1993) 2045.

[163] S. Majid, Foundations of Quantum Group Theory, Cambridge University Press, 1995.

[164] S. Majid, Quantum Geometry and the Planck Scale, Group XXI Physical Applications and Mathematical Aspects of Geometry, Groups, and Algebras I, World Scientific Publishing, 1997.

[165] G. Maltsiniotis, “Le Langage des Espaces et des Groupes Quantiques”, Comm. Math. Phys. 151 (1993) 275.

[166] G. Mangano, “Path Integral Approach to Noncommutative Space-Time”, J. Math. Phys. 39 (1998) 2584.

[167] Yu.I. Manin, Quantum Groups and Non-commutative Geometry, Les Publications du Centre de Recherche Mathématiques, Montréal, 1988.

[168] Yu.I. Manin, “Multiparametric Quantum Deformations of the General Linear Supergroup”, Comm. Math. Phys. 123 (1989) 163.

[169] C.P. Martín, D. Sánchez-Ruiz, “The One-loop UV-Divergent Structure of U(1)-Yang-Mills Theory on Noncommutative R^4”, Madrid Preprint FT/UCM-15-99, hep-th/9903077.

[170] H. Moscovici, “Eigenvalue Inequalities and Poincaré Duality in Noncommutative Geometry”, Comm. Math. Phys. 194 (1997) 619.

[171] J. Mourad, “Linear Connections in Non-Commutative Geometry”, Class.

and Quant. Grav. 12 (1995) 965.

[172] O. Ogievetsky, Hopf Structures on the Borel subalgebra of sl(2), Winter School Geometry and Physics, Zidkov, Suppl. Rendiconti cir. Math. Palermo, 185, 1992.

[173] O. Ogievetsky, B. Zumino, “Reality in the Differential Calculus on q- Euclidean Spaces”, Lett. Math. Phys. 25 (1992) 121.

[174] O. Ogievetsky, W.B. Schmidke, J. Wess, B. Zumino, “q-deformed Poincaré algebra”, Comm. Math. Phys. 150 (1992) 495.

[175] A. Pais, G.E Uhlenbeck, “On Field Theories with Non-Localized Action”, Phys. Rev. 79 (1950) 145.

[176] M. Paschke, A. Sitarz, “Discrete spectral triples and their symmetries”, J. Math. Phys. 39 (1998) 6191.

[177] L. Pittner, Algebraic Foundations of Non-Commutative Differential Geometry and Quantum Groups, Springer-Verlag, Heidelberg, 1998.

[178] P. Podleś, “Quantum Spheres”, Lett. Math. Phys. 14 (1987) 193. [179] P. Podleś, “Solutions of the Klein-Gordon and Dirac Equations on Quantum Minkowski Spaces”, Comm. Math. Phys. 181 (1996) 569.

[180] P. Podleś, S.L. Woronowicz, “Quantum Deformation of Lorentz Group”, Comm. Math. Phys. 130 (1990) 381.

[181] P. Podleś, S.L. Woronowicz, “On the Classification of Quantum Poincaré Groups”, Comm. Math. Phys. 178 (1996) 61.

[182] I. Pris, T. Schücker, “Noncommutative geometry beyond the standard model”, J. Math. Phys. 38 (1997) 2255.

[183] W. Pusz, S.L. Woronowicz, “Twisted Second Quantization”, Rev. Mod.

Phys. 27 (1989) 231.

[184] M.A. Rieffel, “Non-commutative Tori - A case study of Non-commutative Differentiable Manifolds”, Contemp. Math. 105 (1980) 191.

[185] A.D. Sakharov, “Vacuum quantum fluctuations in curved space and the theory of gravitation”, Doklady Akad. Nauk. S.S.S.R. 177 (1967) 70.

[186] A.D. Sakharov, “Spectral Density of Eigenvalues of the Wave Equation and Vacuum Polarization”, Teor. i Mat. Fiz. 23 (1975) 178.

[187] M. Schlieker, W. Weich, R. Weixler, “Inhomogeneous Quantum Groups”, Z. Physik C - Particles and Fields 53 (1992) 79.

[188] W.B. Schmidke, J. Wess, B. Zumino, “A q-deformed Lorentz algebra”, Z. Physik C - Particles and Fields 52 (1991) 471.

[189] K. Schmüdgen, “Operator representations of a q-deformed Heisenberg algebra”, Leipzig Preprint, math/9805131.

[190] K. Schmüdgen, “On the construction of covariant differential calculi on quantum homogeneous spaces”, J. Geom. Phys. 30 (1999) 23-47.

[191] K. Schmüdgen, “Commutator Representations of Differential Calculi on Quantum Group SU_q(2)”, J. Geom. Phys. (1999) [192] V. Schomerus, “D-branes and Deformation Quantization”, DESY Preprint 99-039, hep-th/9903205.

[193] E. Schrödinger, “Über die Kräftefreie Bewegung in der Relativistischen Quantenmechanik”, Sitzungber. Preuss. Akad. Wiss. Phys.-Math. Kl. 24 (1930) 418; Gesammelte Abhandlungen, Friedr. Vieweg & Sohn Verlag, Braunschweig/Wiesbaden, 1984.

[194] T. Schücker, Geometries and Forces, Proceedings of the European Mathematical Society Summer School on Noncommutative Geometry and Applications, Monsaraz and Lisbon, Portugal, September, 1997.

[195] P. Schupp, P. Watts, B. Zumino, “The 2-Dimensional Quantum Euclidean Algebra”, Lett. Math. Phys. 24 (1992) 141.

[196] J. Schwenk, J. Wess, “A q-deformed Quantm Mechanical Toy Model”, Phys. Lett. B291 (1992) 273.

[197] J. Schwinger, “Unitary Operator Bases”, Proc. Nat. Acad. Sci. (USA) 46 (1960) 570.

[198] I. Segal, “Quantized differential forms”, Topology 7 (1968) 147.

[199] E.K. Sklyanin, “Some algebraic structures connected with the Yang- Baxter equation”, Funct. Anal. Appl. 16 (1982) 263.

[200] J.J. Sylvester, “Lectures on the Principles of Universal Algebra”, Amer.

J. Math. 6 (1884) 271.

[201] H.S. Snyder, “Quantized Space-Time”, Phys. Rev. 71 (1947) 38.

[202] H.S. Snyder, “The Electromagnetic Field in Quantized Space-Time”, Phys. Rev. 72 (1947) 68.

[203] H. Steinacker, “Finite Dimensional Unitary representations of Quantum Anti-de Sitter Groups at Roots of Unity”, Comm. Math. Phys. 192 (1998) 687.

[204] László Szabó, Geometry of Quantum Space-Time, Proceedings of the XI Warsaw Symposium on Elementary Particle Physics, Kazimierz, May 1988, World Scientific Publishing, 1989.

[205] Y. Takano, Some Topics and Trials on the Theory of Non-Local Fields - Theory of Fields in Finsler Spaces and Fluctuation of Space-Time, International School of Gravitation, Erice: 16th Course: ‘Classical and Quantum Non-Locality’, World Scientific Publishing, (to appear).

[206] W. Taylor, “Lectures on D-branes, Gauge Theory and M(atrices)”, 2nd Trieste Conference on Duality in String Theory, June 1997,

hep-th/9801182.

[207] G. ’t Hooft, “Quantization of point particles in (2+1)-dimensional gravity and spacetime discreteness”, Class. and Quant. Grav. 13 (1996) 1023.

[208] J.C. Várilly, Introduction to Noncommutative Geometry, Proceedings of the European Mathematical Society Summer School on Noncommutative Geometry and Applications, Monsaraz and Lisbon, Portugal, September, 1997.

[209] J.C. Várilly, J.M. Gracia-Bondía, “Connes’ noncommutative differential geometry and the Standard Model”, J. Geom. Phys. 12 (1993) 223.

[210] J.C. Várilly, J.M. Gracia-Bondía, “On the ultraviolet behaviour of quantum fields over noncommutative manifolds”, Costa-Rica Preprint,

hep-th/9804001.

[211] J. Wess, B. Zumino, “Covariant Differential Calculus on the Quantum Hyperplane”, Nucl. Phys. (Proc. Suppl.) 18B (1990) 302.

[212] H. Weyl, The Theory of Groups and Quantum Mechanics, Dover, New York, 1950.

[213] S.L. Woronowicz, Pseudospaces, pseudogroups and Pontriagin duality, Proceedings of the International conference on Mathematics and Physics, Lausanne, Lect. Notes in Phys. No. 116, Springer-Verlag, Heidelberg, 1979.

[214] S.L. Woronowicz, “Twisted SU(2) Group, an example of a Non- Commutative Differential Calculus”, Publ. RIMS, Kyoto Univ. 23 (1987) 117.

[215] S.L. Woronowicz, “Compact Matrix Pseudogroups”, Comm. Math. Phys.

111 (1987) 613.

[216] S.L. Woronowicz, “Unbounded Elements Affiliated with C^∗-algebras and Non-compact Quantum Groups”, Comm. Math. Phys. 136 (1991) 399.

[217] C.N. Yang, “On Quantized Space-Time”, Phys. Rev. 72 (1947) 874.

[218] H. Yukawa, “On the radius of the Elementary Particle”, Phys. Rev. 76 (1949) 300.

[219] G. Zampieri, A. D’Agnolo (Eds.), D-Modules, Representation Theory, and Quantum Groups, Lect. Notes in Math. No. 1565, Springer-Verlag, Heidelberg, 1993.