Received: May 25, 2001, Accepted: June 13, 2001

HYPER VERSION

Resolution of stringy singularities by non-commutative algebras

David Berenstein and Robert G. Leigh

Department of Physics, University of Illinois at Urbana-Champaign Urbana, IL 61801, USA E-mail: berenste@pobox.hep.uiuc.edu, rgleigh@uiuc.edu

Abstract: In this paper we propose a unified approach to (topological) string theory on certain singular spaces in their large volume limit. The approach exploits the non-commutative structure of D-branes, so the space is described by an algebraic geometry of non-commutative rings. The paper is devoted to the study of examples of these algebras. In our study there is an auxiliary commutative algebraic geometry of the center of the (local) algebras which plays an important role as the target space geometry where closed strings propagate. The singularities that are resolved will be the singularities of this auxiliary geometry. The singularities are resolved by the non-commutative algebra if the local non-commutative rings are regular. This definition guarantees that D-branes have a well defined K-theory class. Homological functors also play an important role. They describe the intersection theory of D-branes and lead to a formal definition of local quivers at singularities, which can be computed explicitly for many types of singularities. These results can be interpreted in terms of the derived category of coherent sheaves over the non-commutative rings, giving a non-commutative version of recent work by M. Douglas. We also describe global features like the Betti numbers of compact singular Calabi-Yau threefolds via global holomorphic sections of cyclic homology classes.

Keywords: D-branes, Differential and Algebraic Geometry, Non-Commutative Geometry.

Contents

1. Introduction 1

2. Algebraic preliminaries 5

3. Crossed products 8 3.1 A first example: C^2 /Z_n 9 3.2 Unorbifolding the orbifold 11

4. Orbifold of an Orbifold and discrete torsion 12 4.1 Lifting issues 15 4.1.1 C_2 /Z_4 15 4.1.2 C^2 /Ê_8 16 4.1.3 C^3 /Z_4 17

5. Non-orbifold singularities 17

6. Regularity, resolutions and intersection theory 20 6.1 Counting open strings and quiver building 23

7. Closed string states 25 7.1 Betti Numbers for global non-commutative Calabi Yau spaces 27

8. Outlook 30

1. Introduction

D-branes [1, 2] have played a pivotal role in changing our understanding of string theory. Even though D-branes are nonperturbative effects in string theory, they are remarkably simple mainly because they admit a description via boundary conformal field theory. A D-brane configuration defines in some sense an open string field theory, and in open string theories one can derive the closed string states from the knowledge of the open string amplitudes by analyzing the pole structure in the one loop amplitudes.

It has been known for a while that open string theories are inherently noncommutative objects [3], that is, the operation of gluing two open strings distinguishes the ends of the strings at which they are joined. It was not until the advent of Matrix theory [4] that this important feature of open strings was appreciated, as there it was seen that the target space coordinates of D-branes are described by matrices rather than just numbers. More recently in [5] and [6] it has been argued that field theories on non-commutative spaces are low energy limits of open string theories and the origin of non-commutativity has been related to the NS B-field. As well, the classification of topological D-brane charges is given by the topological K-theory of the target space [7, 8, 9], which is in fact a well defined group for any non-commutative algebra^1 (see [10] for example).

More recently we have found that non-commutative algebras give a description of moduli spaces of D-branes on certain orbifold singularities [11], and that this description is sufficient to calculate the Betti numbers of certain singular orbifold Calabi-Yau spaces [12] without computing the topological closed string theory spectrum.

There are compactification spaces of string theory which are singular in the large volume limit as commutative geometries (orbifolds with fixed points for example), whereas the string theory on these spaces is perfectly smooth [13, 14] since one can compute all the correlation functions in the CFT. If one resolves all of the singularities geometrically (either by blow-ups or deformations, see [15, 16, 17] for example) then one can calculate the stringy data for these deformed spaces and take the limit towards the singular geometry to describe the singular space. There are exceptions to this argument: not all singularities can be resolved in this manner, as was shown for a particular example of orbifolds with discrete torsion [18]. There the generic deformation of the Calabi Yau space has conifold singularities which cannot be blown up or deformed away. However, in [12] we showed that these spaces admit an elegant non-commutative description. If one considers matrix theory as a prototype, it is natural to define the target space geometry as that which is seen by D-branes, and ask questions about closed strings later. That is, instead of defining a target space as a closed string theory background, one would prefer to ask what are the allowed configurations of D-branes and infer the closed string background from this data. Naturally, D-branes via their boundary states can carry all of the possible closed string state information, as they are sources for all possible closed string states. In some sense, the full D-brane data can be as complicated as the closed string theory of the background itself, so we opt for a less detailed description in terms of topological low energy degrees of freedom alone.

Our intention in this paper is to make a general proposal for ‘resolving’ singularities within non-commutative geometry and to understand the D-branes on these

1In string theory one can argue that the algebras in questions are C^∗ algebras [3], so it is appropriate to consider the K-theory of a C^∗ algebra.

spaces. The main idea is that even when one has blown down a cycle to obtain a singularity, one can still have a B field through the shrunken cycle. Geometrically we have ∫ Σ Re(ω) ∫ Σ Im(ω) → ∞ (1.1)

(where ω = B + iJ is the complexified Kähler form) so the B field is locally very large in geometric units. From the arguments of ref. [6] this should signal that the geometry of the singularity is well described by a non-commutative geometry.

The basic outline of our program is as follows: one is given a non-commutative complex manifold, that is, a collection of holomorphic non-commutative algebras describing analytic coordinate patches on the complex manifold, and maps on how to glue these algebras. In our case the algebras on each patch A_i have a center ZA_i, and the center is glued to give a commutative algebra. The algebraic geometry of this commutative algebra will be identified with the target space where closed strings propagate, which might be singular, and the algebraic geometry of the noncommutative algebras A_i will give the resolution of those singularities. This is the spirit of [6] where there are two geometries at play, one for closed strings and another one for open strings. In this sense a commutative singularity can be made smooth in a non-commutative sense. We are not making the claim however that any singularity can be resolved in this way; those that admit conformal field theory descriptions should admit this type of resolution. The notion of smoothness will be given by an algebraic definition (namely that locally the algebras be regular), and it is intimately tied up to the derived category of coherent sheaves of the algebra (that is, the D-branes are giving us a definition of smoothness). Here we find the approach of [19, 20] very illuminating. One should be able to define the target space of string theory by using the derived category of coherent sheaves (holomorphic B model Dbranes), which are the topological branes. This approach has natural advantages. Once we satisfy our definition of smoothness every coherent sheaf will admit a (locally) projective resolution. That is, any brane can be obtained from branes and antibranes on the non-commutative manifold which look like vector bundles, with a choice of tachyon profile. This is desirable because it tells us that the classification of D-branes is given by the algebraic K-theory of the non-commutative space [21]. For orbifolds of a smooth space, the construction reproduces the quiver diagrams for brane fractionation (à la Douglas-Moore [22]), and moreover the K-theory of this algebra is automatically the (twisted) equivariant K-theory of the original commutative algebra with respect to the orbifold group action (see [23, 10] for example). The projective resolution also allows us to compute the number of strings between two branes, and from this data one can define the intersection number of pairs of branes.

In this paper we will only ask questions that do not depend on the target space metric and instead work with just configurations of BPS branes, which are equally well described by the topologically twisted string theories associated to a target space. This is also the natural setting for studying mirror symmetry and quantum cohomology [24], which make this coarser description a good place to find everything which is calculable at a generic point in moduli space.

We have chosen to present our proposal through examples, and we will deal with these as if they are generic rather than proceed with an abstract theory. Our purpose is to find a constructive approach to these algebras (the ones that resolve singularities) and how to glue them, as well as to how one extracts computable data from the algebras. In the end this approach gives us our target space and it’s Betti numbers, as well as the category of D-branes on the space. A full description of the homological and algebraic tools used in the paper may be found in refs. [10, 21, 23] and [25]–[31].

The paper is organized as follows: in section 2 we begin with an introduction to non-commutative algebraic geometry in the setting of [11]. In particular we define what a non-commutative point is (a point-like brane) and how to build the target space geometry from these objects.

In section 3 we present the principal algebraic construction we study, and define the crossed product of an algebra (which can be taken to be commutative) with a discrete group of automorphisms. This is how one constructs an orbifold space as a non-commutative geometry. We consider in the following sections a number of examples, primarily the well-known C^2 /Z_n orbifold and associated orbifolds with discrete torsion. Using the crossed product we show that unorbifolding an Abelian orbifold gives an algebra which is (locally) Morita equivalent to the original commutative algebra. In particular this means that the K-theory of both algebras is the same, but more is true, their D-brane categories are the same as well; so both algebras are describing the same geometry.

In section 4 we exploit ideas presented in [32] to understand an orbifold of an orbifold; that is, we consider the problem of orbifolding a general non-commutative space, and in particular we focus on the problem of how one distinguishes ungauged symmetries from gauged symmetries. This is not an issue for a commutative algebra, but it is a subtle technical point which might provide anomalies to construct backgrounds with certain geometric data in string theory, as given for example in [33].

In section 5, we consider other non-orbifold singularities, such as the conifold geometry and it’s brane realization [34]. We discuss what algebra should be associated with the conifold. As well we recall the conifold of [18] and it’s D-brane realization [35]. This demonstrates that two distinct non-commutative geometries resolve the same geometric singularity, and they are not Morita equivalent to each other, as the spectrum of fractional branes at the singularity is different. This demonstrates that these two conifolds are topologically distinct.

Next, in section 6 we consider the problem of calculating the massless open string spectrum between two distinct D-branes, based on ideas of Douglas [20] generalized to non-commutative geometry. Here we find our definition of regularity: namely that any D-brane locally can be associated to the decay product of a finite number of (locally) space-filling branes and anti-branes (that is, any coherent sheaf admits locally a projective resolution). The number of strings between two branes is topological and in this setting corresponds to calculating the derived functor for the module morphisms hom(A, B), namely the Ext groups. Here is where we first find a computation in homological algebra and where we see a clear connection to [19, 20]. In particular, the regularity condition guarantees that the process of calculating these intersection numbers terminates. We show in the example C^2 /Z_n how the quiver diagram construction of [22] is exactly the computation of the groups Ext^1(A, B) for A, B fractional branes (which are the nodes of the quiver diagram).

Following this construction, we focus our attention on closed strings in section 7. We argue that the proper tool to understand topological closed string states is the cyclic homology of the algebra. The reasons behind this proposal rest on the map between closed string states and gauge invariant operators in the AdS/CFT correspondence, which identify closed string states as traces. Cyclic homology is a homology theory of generalized traces and it is an invariant under Morita equivalence. Cyclic homology is dual to K-theory, as one can produce a pairing between them. Thus it is the natural receptacle for closed string states as it allows us to compute topological couplings between D-branes and cohomology classes (RR topological fields). From here we use our results to compute the Betti numbers of the orbifold T^6/Z_2 × Z_2 with and without discrete torsion, and we show how these are related to the topology of the fibration of the non-commutative geometry over the singular set. Finally we conclude with open problems and possible future lines of development.

2. Algebraic preliminaries

D-brane configurations may be given by systems of equations, which may be thought of as the moduli space problem in the low energy field theory limit. More generally, if one considers collections of D-branes and anti-D-branes, one still gets a system of equations which are derived from the effective action of the tachyon condensate plus the massless fields (everything else can be integrated out). In our approach these tachyons will be implicit, and will appear later when we study the homological functors. Our approach applies to topological branes, in the sense that we are ignoring the metric (and also the B-field which is just the complexification of the metric). The latter is important for calculating Chern classes, which determine cohomology rather than K-theory classes, but may otherwise be ignored. Thus, we can focus on holomorphic data, and deal with the algebraic geometry of non-commutative algebras.

Our approach is based on geometric realizations of string theories. Non-geometric phases of string theory are not described in this framework. It is also a low energy approach, and assumes that the non-commutative algebras we begin with are a good description of the space. With this philosophy in mind we sacrifice exact closed string backgrounds such as those built out of RCFTs as well as their boundary states (see [36, 37, 38] for very interesting work in those directions). However, our construction can describe generic points in the moduli space of complex structures, for which no known exact conformal field theory description exists. A good review of the ideas necessary to understand D-branes at generic points can be found in [39]. Further, we restrict ourselves to special classes of algebras, which in some sense are almost commutative, which is exactly the opposite limit that one considers when one studies deformation quantization (as in the work [40, 41] ). In principle our results should admit generalizations in this direction, but the algebraic tools will probably change drastically. The algebras that we consider here are finitely generated^2 over their (local) center; that is, we require the non-commutative algebra to be a sheaf of algebras over a possibly singular commmutative space. As we will mainly be interested in singular examples to understand how the non-commutative geometry resolves the space, we will assume that we are in a singular manifold already.

This choice of algebras seems rather restrictive. However, any global orbifold space by a finite group action admits a description in terms of these algebras, see section 3, and thus any space which has local singularities of the orbifold type also admits this kind of description. In general it is probably useful to consider a more general space defined by an aritrary C^∗ algebra as a target space for D-branes. However we might lose the commutative algebraic geometry tools that are so useful when dealing with computations in Calabi Yau spaces. Some of the tools we have described carry over, but the tools required to make these spaces tractable will look very different than the presentation we are giving here [23], and moreover the holomorphic structure of the space might be lost.

The above description we have given is essentially an Azumaya algebra over the singular complex manifold, and these have already appeared in [43, 44] as describing branes on quotient spaces with some B-field torsion, as well as branes on tori. However, our description is local and not based on global quotients.

A simple example is that of D-branes at an orbifold C^3 /Z_n × Z_n with discrete torsion [35, 45]. Here we get a U(N) gauge theory with three adjoints ϕ_{1,2,3} and superpotential

W = tr(ϕ_1ϕ_2ϕ_3 − qϕ_2ϕ_1ϕ_3) (2.1)

with q^n = 1. The F-term constraints are then seen to be given by

ϕ_1ϕ_2 − qϕ_2ϕ_1 = 0 (2.2)

and it’s cyclic permutations, which are holomorphic constraints giving rise to a noncommutative algebra.

2It is probably better to work with the classes of algebras which are locally Morita equivalent to one of these, but this requires a more elaborate structure [42, 30].

The above algebra is a non-commutative algebra which encodes the target space. In [11] this theory was analyzed using non-commutative geometry tools. Points in the (non-commutative) space were defined as irreducible representations of the above algebra. By Schurs lemma, any element of the center evaluated on a representation will be proportional to the identity, and this value will give a point in the commutative space of the center of the algebra. The center of the algebra thus gives exactly the ring of holomorphic functions of the orbifold, what one would naturally call the orbifold space: the target space for the closed strings. Thus there are two geometries: one non-commutative associated to the point-like D-branes, and a commutative one associated to the closed strings, in a spirit much like the work of Seiberg and Witten[6]. The non-commutative geometry is fibered over the commutative space, and most of the geometric calculations we will do, as well as our intuition, depend crucially on understanding this fibration in detail. More details as to how this construction should be introduced can be found in [11].

A generic D-brane will be a coherent sheaf of modules over the local algebras which are finitely presented, and as such we are naturally in the topological B-model. We will assume that we are in a large volume phase of the Calabi Yau manifold (except for the singularities), so that we are in a geometric phase of the string field theory (and not a Landau Ginzburg phase for example), but in general we will ignore the issue of the metric all together and we will just be interested in the questions that depend only on the holomorphic structure of the space.

On the algebra defined by the relations (2.2) it is natural to construct the closed string spectrum associated to the singularity by using the AdS/CFT correspondence. The one particle closed string states are then the single trace elements of the chiral ring of the above conformal field theory. The support of a closed string state is the set of non-commutative points where evaluation of the trace gives a non-zero result. It was found in [11] that this chiral ring was precisely the Hoschild homology in degree zero of the above algebra HH_0(A). This in turn is the same group as the cyclic homology group HC_0(A), see [27] for more mathematical details, and it is suggestive to build a theory of closed string states by using these groups.

The data given in general will be the local (on some patch) descriptions of the non-commutative algebras as a set of generators and relations. Given these, we need to calculate the center of the (local) algebra and its representation theory. This procedure will give us a model for our (local) target space. The prescription needs to be supplemented by a recipe for gluing algebraic data (localization theory) and extracting global invariants (global holomorphic sections, betti numbers, moduli spaces, etc) of the space. The localization takes place by taking denominators in the center of the algebra, namely, we glue the ‘geometry’ of the closed strings. For the global invariants we will only develop the intersection theory of branes and the calculation of betti numbers on orbifold Calabi Yau spaces.

3. Crossed products

The low energy degrees of freedom on supersymmetric point-like branes at orbifold singularities are constructed by taking images of branes and projecting onto gauge invariant states. This construction was carried out in detail in [22] and gives rise to field theories which are represented by a quiver diagram.

The construction exploits the fact that the group action on the orbifold acts via a gauge transformation on the brane, and the low energy degrees of freedom are encoded in the projection condition

γ(g)ϕ^iγ(g)^{−1} = R^i_jϕ^j , (3.1)

where the ϕ^i are directions normal to the singularity, and R^i_j is the representation under which they transform. The γ(g) are given by the regular representation of the group (possibly twisted by some cocycle to account for discrete torsion [35, 45]). The low energy degrees of freedom are captured by the ϕ^i which satisfy the above conditions, and the superpotential is derived from the superpotential of the parent N = 4 theory.

We want to read 3.1 as an algebraic identity in the non-commuttaive space. First, we have the ϕ^i which commute among themselves (since they come from the unorbifolded theory whose F-terms are [ϕ^i, ϕ^j] = 0); these form an algebra A ∼ C^3 . Next, according to (3.1), we need to add generators to the algebra for each g, which we will call e_g. These are such that e_g · e_g′ = ϵ(g, g^′)e_{gg}′ with ϵ the twisting cocyle. The twisting cocycle is how one introduces discrete torsion[35, 45].

In this algebra the outer automorphism of the commutative algebra [ϕ^i, ϕ^j] = 0 given by the orbifold group action is gauged, and becomes an inner automorphism of the non-commutative algebra, that is, conjugation by the elements of G becomes part of the algebra. This new larger algebra is called the crossed product algebra (see [10] for details) of A and ΓG (the group algebra), and we will denote it by A ⊠ G. This recipe can be placed in a very general context: given an automorphism of a non-commutative algebra A, and for G discrete the algebra A ⊠ G has the same properties as stated above.

This algebra A ⊠ G has various important properties. First, the center of the new algebra is the ring of invariants of A under the action of G, and thus the center of the algebra captures the commutative geometric quotient. In [11, 46, 47] it was argued that the center of the algebra is a natural candidate for the space where closed strings propagate. The non-commutative geometry is associated to D-branes, and the commutative geometry of the center is associated to closed strings, in a spirit that follows [6].

Secondly, the K-theory of this algebra corresponds to the (twisted) G equivariant K-theory of the algebra A [10], and thus the topological classes of D-branes are captured automatically, as they correspond to K-theory classes [7, 9] (See also ref. [48], where an attempt was made to make this equivariant construction precise by using commutative geometry alone.) The formalism thus allows for a computation of the K-theory classes which are supported at singularities. These will be local quivers for each singularity.

3.1 A first example: C^2 /Z_n Probably the best understood orbifold in string theory is C^2 /Z_n. We will show how to recover the quiver diagram for the above just by studying the crossed product algebra. Thus, consider two complex generators x, y for C^2 which commute with each other. The crossed product algebra will be generated by x, y, σ, where σ is the non-trivial generator of Z_n which satisfies σxσ^{−1} = ωx σyσ^{−1} = ω^{−1}y σ^n = 1 (3.2)

with ω^n = 1. Consider first the center of the algebra above. Any element of the algebra can be written in the form n−1∑ i=0 π_i(x, y)σ^i . (3.3)

The elements of the center are obtained as follows: requiring that this commutes with x, y forces us to consider only those which are of the form P (x, y) with no dependence on σ. By commuting P (x, y) with σ we see that the monomials of P (x, y) must be such that they are invariant under the action of the group, so that we recover the ring of invariants. The center of the algebra is generated by u = x^n, v = y^n, z = xy. These together satisfy the constraint uv = z^n which identifies the algebra as the C^2 /Z_n orbifold.

Given the non-commutative algebra, it can be seen that the non-commutative points are fibered over the algebraic geometry of the center [11], and given a point of this commutative geometry it is necessary to understand this fibration.

Now, we will build the irreducible representations of the algebra for a regular point (a point which is not the fixed point). This will correspond to having specific values of (u, v). For each, there will be a unique irreducible representation, which acts on a vector space with basis |0⟩, . . . , |n−1⟩. On this basis, we have σ|k⟩ = ω^k|k⟩, and σ = diag(1, ω, ω^2, . . . ) , x = αQ , y = βQ^{−1} (3.4)

with Q a shift operator on the basis Q|k⟩ = |k + 1 mod (n)⟩. This is exactly the regular representation of this group, which we will call R(α, β). The representation space on which the algebra is acting is a left module of the algebra C^2 /Z_n. (α, β) refer to coordinates in C^2 .

Notice that the irreducible representations R(α, β),

Figure 1: Small coordinate patch around α_0, β_0.

R(ωα, ω^{−1}β) are related to each other by conjugation by σ. Thus the parameter space for α, β is also C^2 /Z_n. This is a bulk point-like D-brane. The algebra of a bulk point (or a small neighborhood of it) is the algebra of n × n matrices tensored with the local commutative algebra of the point, C (α − α_0 , β − β_0) ⊗ M_n, and this is locally Morita-equivalent to a standard commutative geometry. This is depicted in figure 1.

The only singularity in the commutative space happens when we take α, β → 0. The representation theory of the non-commutative algebra becomes reducible at that point, and we obtain n distinct irreducible representations labeled by k, namely the one dimensional spaces |k⟩ where σ takes all of its possible different characters. These n irreducible representations of Z_n correspond to the brane fractionation at the singularity, and they are the wrapped branes on the singular cycles [49, 50], (these are the new equivariant compact K-theory classes).

We can now draw a quiver for fractionation. For each irreducible representation of the algebra A ⊠ G at the singularity we write a node. In the above example we get n nodes, as we have n different irreducibles at x = y = 0.

Now, these are obtained by taking α,

Figure 2: Quiver diagram for the A_{n−1} singularity.

β → 0. The matrices of x, y are off-diagonal in a precise fashion when we take σ to be diagonal (they are given by the shift operator), and for each non-zero entry of each of the x, y matrices we write one arrow between the nodes (each node corresponds to a diagonal entry in the matrix) that it relates by matrix multiplication, and it is giving us a massless field on the field theory of the D-brane. Later we will redo this calculation in a more formal setting in section 6 where the above will be made precise. The resulting quiver is given in figure 2

The n irreducible representations associated to the fractional branes correspond to the irreducible representations of the fixed point group algebra (this is the group that leaves the fixed point invariant), and these are the irreducible representations of Z_n. Thus the nodes are naturally associated with irreducible representations of Z_n, as given by the quiver construction in [22]. These in turn are associated each with a projector in the group algebra of Z_n (a K-theory class in the group algebra of Z_n).

The chiral fields corresponding to the individual arrows in the diagram are then obtained by taking ϕ^1_{k,k+1} = π_kx = xπ_{k+1}, and ϕ^2_{k+1,k} = π_{k+1}y = yπ_k, with the π_i the n projectors in the group algebra. These are the independent fields on the D-brane.

It is easy to show that the identities that the ϕ^i_{jk} satisfy are exactly the ones that correspond to the equations of motion derived from the superpotential of the quiver diagram. The projectors are part of the algebra and they indicate on which of the nodes the chiral multiplets begin. These are also discrete variables that are available in the quiver diagram. Actually, the n projectors are given by the character formula π_i = (1/n) ∑ i ω^{ki}σ^i, so one can reconstruct the group algebra by taking linear combinations of the projectors. Thus in this case the algebra of massless fields is exactly the crossed product algebra and not just a subalgebra as hinted in [51].

We have ignored so far the presence of D-terms. It is known that taking the D-terms away from zero resolves the singularity [52], and in the representation theory one finds that in the full C^∗ algebra the branes do not fractionate once this is done, but then one is also forced to consider patches of algebras to account for the algebraic geometry of the exceptional divisor. In principle the holomorphic data of both situations is the same.

3.2 Unorbifolding the orbifold

Orbifolds by abelian groups can be undone in string theory. This requires using the quantum symmetry of the orbifold to undo the original twisting, and the new twisted sectors will recover what was lost originally. Here, we will show that this operation is available in the crossed product construction. There are two parts to this construction. We will first analyze the previous example C^2 /Z_n, and show how the unorbifold recovers the original space. Then we will comment on the general case.

The quantum symmetry on the C^2 /Z_n acts by phases on the twisted sectors. Twisted sectors can only couple to the fractional branes, and hence, the quantum symmetry exchanges the n irreducible representations of Z_n. It must also act as an automorphism of the algebra, and it is seen that the generator of the symmetry acts by sending σ → ωσ, while it keeps the original algebra of C^2 unchanged. This is just as well, as the quantum symmetry is not a symmetry of the original algebra. In the same spirit as before, we will implement the orbifold by the quantum symmetry (C^2 /Z_n)/Z_{nq} by introducing a new generator σ̃, such that

σ̃σσ̃^{−1} = ωσ (3.5)

and σ̃^n = 1.

The center of the new algebra (C^2 /Z_n)/Z_{nq} is generated by

ỹ = yσ̃^{−1}, x̃ = xσ̃ . (3.6)

Notice that these two are unconstrained, thus they represent the geometry of C^2 . Changing variables to ỹ, x̃, σ, σ̃ we get that the algebra is a tensor product of algebras (A/Z_n)/Z_{nq} ∼ A(x̃, ỹ) ⊗ A(σ, σ̃)

The factored algebra A(σ, σ̃) has a unique irreducible representation and as an algebra it is isomorphic to the set of n×n matrices. Thus the algebras of (A/Z_n)/Z_{nq} and C^2 are related by Morita equivalence.

Notice that the extra matrices that we have obtained are discrete degrees of freedom and they do not contribute new branches to the moduli space — they don’t contribute degrees of freedom that are light, and the effective actions of the light degrees of freedom for the two algebras agree. Thus both algebras represent the same low energy physical system.

For a general abelian orbifold of a commutative space one can do the same construction: each of the generators y_i of the algebra can be chosen to transform in a specific irreducible representation associated to a character χ_i of G. The quantum symmetry will act via the dual group Ĝ, the group of characters of G. Thus we will have generators associated to each character of g which will satisfy

χ · g · χ^{−1} = χ(g)g , (3.7)

where χ(g) are the evaluation of the character χ in the element g, and these are just numbers.

One can define new variables ỹ_i = y_iχ_i, and these are constructed so that they commute with the elements of G, Ĝ. Any relation which the y_i satisfy is also satisfied by the ỹ_i, a consequence of the fact that G acts by an automorphism of the algebra of the y_i. Again we find a tensor product factorization where we obtain the original algebra and the algebra generated by the g, χ. The latter algebra has a unique irreducible representation and is thus isomorphic to the set of |G| × |G| matrices. Again the unorbifold and the original algebra differ only by the tensor product with |G| × |G| matrices and are Morita equivalent. The moduli spaces of vacua of the two agree, and the geometry associated to the two is the same.

Notice that in the example above the fixed point set of the action of the quantum symmetry is everything but the singular set. In this sense in the commutative algebra of the center the quantum symmetry is a non-geometric symmetry. In the noncommutative geometry the action is geometrical and it exchanges the two fractional points. These combine into a single irreducible, while the fixed points split in two, just the opposite process of the original orbifold which combined sets of two points into one. This is an example of Takai duality, (see [10, theorem 10.5.2]), this fact was pointed out in [51] without example.

4. Orbifold of an Orbifold and discrete torsion

In this section we will develop ideas presented in [32], where it was shown that one could exploit sequences of groups H → G → G/H to get quiver diagrams for various orbifolds, by taking the quotient stepwise M/G ∼ (M/H)/(G/H) . (4.1) We will do this exercise to point out some of the pitfalls one might encounter in doing orbifolds of more complicated algebras, while we know what the final product should be. A discrete group will act on the algebra as an algebra automorphism, and thus it will be a subgroup of Aut(A). Of these automorphisms there are some which are trivial, as they are constructed by conjugation by an invertible element of the algebra. These do nothing to the irreducible representations of the algebra, and they have no geometric action on the non-commutative moduli space. Moreover, the representation theory of an algebra is well defined only up to conjugation, and this conjugation is exactly the gauge symmetry on the D-branes [11]. These are inner automorphisms, corresponding to gauge transformations and should not be considered.

The group of inner automorphisms, Inn(A), is a normal subgroup of the group of automorphisms of the algebra. As such, we can take the quotient group and identify Out(A) = Aut(A)/Inn(A) , (4.2) the group of outer automorphisms of the algebra, which is the set of symmetries which are not gauged. Thus we should be modding out only by elements of Out(A).

In the case where A is a commutative algebra, the inner automorphisms are trivial so we get that Out(A) = Aut(A). However, the outer automorphism on a non-commutative algebra A is only well defined in Aut(A) up to conjugation by an invertible element, thus when we write the physical quotient we want, we need to take this into account to get the new orbifold algebra right. This is a lifting problem from Out(A) to Aut(A). In the example in section 3.2 the lifting was such that each element of Out(A) was represented by an unique element in Aut(A), thus the lifting problem there was trivial.

As a first step, we will consider examples where this is not an issue, and then the crossed product construction will give all of the information of the new algebra. Consider the orbifold C^3 /(Z_n × Z_n), where the group acts by e_1 : (x, y, z) → (ωx, y, ω^{−1}z) e_2 : (x, y, z) → (x, ωy, ω^{−1}z) (4.3) with ω^n = 1 and we want to take the orbifold stepwise as (C^3 /Z_n)/Z_n.

At the first step, we introduce the generator e_1 which is such that

e_1xe^{−1}_1 = ωx , e_1ye^{−1}_1 = y , e_1ze^{−1}_1 = ω^{−1}z (4.4)

and e^n_1 = 1. Because of the orbifold, we now have a quantum symmetry that acts on the generator of the group by multiplication by a character e_1 → χ(e_1)e_1. This quantum symmetry is also Z_n, thus we have a group Z_n × Z_n of automorphisms of the algebra– one Z_n coming from the geometric realization of the second Z_n on the original space, and another Z_n from the quantum symmetry. When we do the second Z_n geometric orbifold, we can choose to twist it by an element of the quantum symmetry.

Thus at the second step we introduce a generator e_2 and we can have

e_2e_1e^{−1}_2 = e_1χ(e_1) . (4.5)

Here, we have n choices for χ(e_1) = ω^α. This choice in the orbifold is the prototypical example of a discrete torsion phase for the group Z_n ×Z_n. For a general group G, the phase will be an element of H^2(G, U(1)), and each such choice represents a twisted group multiplication law.

Because of the twist by the quantum symmetry, the second Z_n will act on the fractional branes and permute them, thus it will identify nodes in the quiver diagram and the new quiver will be different. This twist is also responsible for having monodromies of the fractional branes around the codimension 3 singularities. We will refer the reader to [47, 32] for more details.

Now let us specialize to the case where χ(e_1) is a primitive n-th root of unity, so we are in the situation with maximal discrete torsion. This was the example which was used to develop the non-commutative moduli space theory in [11]. There the algebra of the three superfields was found to satisfy

[ϕ_i, ϕ_{i+1}]_q = 0 , (4.6)

where [A, B]_q = AB − qBA with q^n = 1.

In our case the algebra is [x, y] = [x, z] = [z, y] = 0 plus the relations derived from the group algebra, and the two algebras look very dissimilar. As e_2 and e_1 no longer commute, it is useful to change variables (in a way similar to (3.6)) to x̃, ỹ, z̃, such that e_2, e_1 commute with the new variables. If this can be done, the algebra factorizes.

The appropriate change of variables is the following:

x̃ = xe^{−k}_2 , ỹ = ye^k_1 , z̃ = ze^{−k}_1 e^k_2 , (4.7)

the value of k chosen so that ωχ(e_1)^k = 1. As a result, the algebra is a tensor product A/(Z_n × Z_n)_{d.t.} = A[x̃, ỹ, z̃] ⊗ A[e_1, e_2] . (4.8) The algebra A[x̃, ỹ, z̃] is non-commutative, and it is simple to show that there are relations such as

x̃ỹ = ω^{−k}ỹx̃ . (4.9)

This can also be written [x̃, ỹ]_q = 0 with q = ω^{−k}, which is also an n-th root of unity. The group algebra generated by A[e_1, e_2] with the maximal twisting has only one irreducible representation, and it is isomorphic as an algebra to the set of n × n matrices. Thus the two descriptions of the algebra A/(Z_n × Z_n)_{d.t.} that we have given are Morita equivalent.

In the case of more general nonabelian orbifolds, this is also true although it is much harder to show. Thus the algebra of light fields on a regular D-brane at an orbifold singularity is Morita equivalent to the algebra of the crossed product algebra, which represents the quotient. In particular, Morita equivalence implies that the Ktheory of both algebras is the same. In different situations one representation might be more useful than the other one, but the physical content of both is the same.

4.1 Lifting issues

4.1.1 C_2 /Z_4 Consider now the sequence Z_2 → Z_4 → Z_2. We will use this sequence to calculate the orbifold C^2 /Z_4, by going through the long route (C^2 /Z_2)/Z_2. This will serve to illustrate a few points on the lifting issues from Out(A) to Aut(A). The first step in the process has already been discussed in section 3. The second step is the second Z_2 automorphism of this algebra.

We will take the automorphism to be given by the expected geometric action e_2 : (x, y, σ) → (ix, −iy, σ) . (4.10) At first sight it looks as if e_2 is an outer automorphism of order four, and hence we are not dividing by a Z_2, but we must note that e^2 : (x, y, σ) → (−x, −y, σ) (4.11) which is identical to conjugation byσ. The automorphism is of order 4 in Aut(C^2 /Z_2), but it is of order 2 in Out(C^2 /Z_2). To obtain the proper orbifold, we do the crossed product as before, but we need to introduce the extra relation

e^2 = ±σ (4.12)

(the choice of sign is inconsequential.) That is, we equate the trivial outer automorphisms with an appropriate inner automorphism. The resulting algebra is indeed that of the C^2 /Z_4 orbifold.

Thus given a subgroup of Out(A), we want to lift to a subgroup of Aut(A), and as we have seen, this might not always be trivial. If we consider a generating set of group elements for Out(A), we choose one lift in Aut(A), and we might obtain a larger group. We take the crossed product of this new group in Aut(A) with A, and thus obtain a space which is orbifolded too much, in the sense that we are gauging again transformations which were already gauged. To repair this, we must find extra relations (as in (4.12)) needed to remove the overcounting of inner automorphisms. Finding such relations can be a non-trivial task. To see this, let us consider one such example with a non-abelian orbifold.

4.1.2 C^2 /Ê_8

The orbifolds of C^2 /Γ which are Calabi-Yau are classified by the ADE groups. Consider C^2 /Ê_8, where Ê_8 is the discrete subgroup of SU(2) corresponding to the icosahedron group. The group Ê_8 fits into an exact sequence

Z_2 → Ê_8 → E_8 , (4.13)

where E_8 is the image of Ê_8 in SO(3). Thus we can consider

C^2 /Ê_8 ≃ (C^2 /Z_2)/E_8 . (4.14)

The lift of E_8 to Ê_8 is non-trivial, as it corresponds to a non-trivial central extension of E_8. In particular, this extension is associated to the possibility of discrete torsion in E_8 [53].

Obviously we know what final algebra we want, as it is given by the crossed product of the algebra of C^2 and Ê_8. One can easily identify the lift of E_8 to Ê_8. Although the action of E_8 on the algebra C 2 /Z_2 is linear in the coordinates, the coordinates do not transform as any irreducible representation of the E_8 algebra. Indeed, only the elements of the center of C^2 /Z_2 (which are gauge invariant variables) transform in this manner.

The E_8 leaves the fractional brane

Figure 3: Quiver diagram of the Ê_8 singularity drawn using the two step technique of [32].

representations at the fixed point of C^2 /Z_2 fixed, and on one of them it acts as the algebra of E_8, while in the other one the action is twisted by the discrete torsion cocycle. Thus the action of E_8 on the different fractional branes can act with or without discrete torsion, and when one assembles the quiver diagram one gets both possible types of representations. The quiver is drawn in figure 3.

In other cases in the literature the possibility of discrete torsion gave disconnected diagrams [54]. This is because the coordintaes transformed as representations of the group G, not just of the covering group. It has been argued that all choices of discrete torsion can appear on the same footing [55, 56], based on a T-duality between the orbifold T^6/Z_2 × Z_2 with and without discrete torsion. Here we show an example which involves only one non-commutative geometry without changing between ‘mirror’ geometries.

4.1.3 C^3 /Z_4 A second example we will consider is the C^3 /Z_4 orbifold, which has been addressed by Joyce [33], who argued that it should admit distinct resolutions. The orbifold acts by (x, y, z) → (ix, iy, −z) . (4.15) We will again consider the same two step procedure discussed previously

C^3 /Z_4 ≃ (C^3 /Z_2)/Z_2 . (4.16)

However, we will twist the second Z_2 action by the quantum symmetry of the first Z_2 (as we are instructed to do by [33]). In string theory this is apparently an allowed process, but there is a question as to how this is done for D-branes using methods of non-commutative geometry.

The first step will give us the C^2 /Z_2 × C space, which has generators x, y, σ, z. Now, we want the second Z_2 group to act by e_2 : (x, y, σ, z) → (ix, iy, −σ, z) . (4.17) From this, we obtain that in the crossed product we should have the relation

e_2σe^{−1}_2 = −σ (4.18)

and one can also see that e^2 corresponds to conjugation by σ. However, we cannot set e^2 = ±σ, as this is incompatible with (4.18). This obstruction happens because on a non-commutative geometry the inner automorphisms act by conjugation, and this means that it is an element of GL(1, A)/ U(1, ZA). That is, the elements of Inn(A) are invertible elements in A modded out by their phase which can possibly vary continuously with the parameters of the center. Thus there is a possible ambiguity in the lift of e^2 to an element of GL(1, A) in order to get the relations in the algebra right. As we see, this is a non-trivial problem. If we orbifold by e_2 as it stands, it is an automorphism of order four as we cannot find the new relations in the algebra: we are orbifolding too much and we do not recover Joyce’s orbifold.

It is possible that there is some Morita equivalent construction (obtained by tensoring in matrices) that gets around this problem. If this cannot be done, then it represents a stringy obstruction to Joyce’s proposal.

5. Non-orbifold singularities

So far we have seen how non-commutative geometry describes orbifold singularities and D-bane fractionation at singularities. In this section we will show that noncommutative geometries can also be used to describe other singularities which are not of the orbifold type. As an example, consider the conifold singularity of Klebanov and Witten [34]. This singularity is obtained by a deformation of the C^2 /Z_2 × C space.

The algebra generators are σ, x, y, z, with non trivial relations given by σ^2 = 1, σxσ = −x, σyσ = −y, σzσ = z. This is enough to give us the right quiver diagram of the singularity C^2 /Z_2. This fixes the commutation relations with the discrete variable σ.

The theory has a modified superpotential, which is given by W = tr(xyz − yzx) + m 2 trσz^2 (5.1)

with the presence of σ in the last term telling us that we have turned on a twisted sector of the orbifold (we will make this clear later in section 7) and from here we get the additional algebraic relations xy − yx = −mσz yz − zy = 0 xz − zx = 0 . (5.2)

From these relations we see that z is in the center of the algebra, and moreover it is redundant as a generator as we have z = m^{−1}σ[y, x]. The choice of including or not including z is equivalent to integrating it out in the effective field theory. Also notice that u = x^2 and v = y^2 commute with σ, and it is easy to prove that they are part of the center of the algebra. If m = 0, xy is in the center of the algebra; when m ≠ 0, this is deformed to w = xy + mσz/2 (equivalently, we can write this as (xy + yx)/2).

The relations between u, v, z, w are given by

uv = w^2 − m^2z^2/4 (5.3)

and this geometry is the geometry of a conifold uv = u^′v^′ after a change of variables.

Here, the slices at constant z are deformations of the C^2 /Z_2 which give a smooth ALE space. The only singularity of the conifold is at codimension 3 and it occurs at u = v = w = z = 0.

To solve for the irreducible representations of the algebra we diagonalize σ and the elements of the center, and then x, y are seen to be off-diagonal in this basis. Away from u = 0 we can choose σ = σ_3 (the Pauli matrix), and x = ασ_1. Then we can take y = α^′σ_1 + βσ_2, where αβ = imz/2 and

w = αα^′I (5.4)

which as an element of the center is appropriately proportional to the identity. Thus the representation is labeled by three complex numbers, say α^′, α, z. It is straightforward to show that these are all of the irreducible representations.

One can show that one can cover the full conifold by such patches of representations where u ≠ 0, v ≠ 0, w ≠ 0 respectively, and that for each of those there is a unique irreducible representation. Thus locally the space is Morita equivalent to a commutative manifold away from the singularity. The only point which is left to discuss is u = 0, v = 0, w = 0 which is the singular point. There, the generic irreducible representation can be constructed by the limit z → 0, α → 0, α^′ → 0 in the above parameterization. In this limit, the representaton becomes reducible. Thus in this conifold the brane splits in two when it reaches the conifold singularity. One can recover the quiver diagram of the conifold from this splitting, and we get back the original quiver diagram of the N = 2 theory which was deformed. Here the conifold is ‘resolved’ by fractional branes. Thus we have extra point-like K-theory classes concentrated at the origin. This is a wrapped brane on a two-cycle, which is the cycle that one can blow-up to resolve the conifold. Other non-commutative geometries closely related to this system have also been analyzed with these tools in [57].

Another situation in which conifolds make their appearance in non-commutative geometry is when we consider a deformed C^3 /Z_2 × Z_2 orbifold with discrete torsion [18, 35].

The algebra associated to this deformed orbifold is given by xy + yx = ζ_1 xz + zx = ζ_2 zy + yz = ζ_3 (5.5)

The variables describing the center are X = x^2, Y = y^2, Z = z^2 and W = xyz + αx + βy + γz, with α, β, γ determined by the parameters ζ_i. The variables satisfy

XY Z = W^2 , (5.6)

when ζ_i = 0, and one can show that the above deformation leads to a space with one conifold singularity. On analyzing the algebra at the conifold point we find two irreducible one-dimensional representations. This is, we have brane fractionation at the singularity. Locally this is the same conifold as we had before, so one would guess that one should count one local blow-up mode.

However, when seen globally, the two sphere associated to the shrunken cycle is a torsion class in homology, see the discussion in [47]. It follows that the Kähler deformation associated to it is obstructed, because the blow-up cycle would be an algebraic submanifold which is torsion and would be calibrated by the Kähler form. This is, it would be minimizing the volume in it’s homology class for any wrapping of the cycle and one arrives at a contradiction. This is peculiar, but it explains why these singularities cannot be blown up in the T^6/Z_2×Z_2 orbifold with discrete torsion, as first shown in [18]. In particular,since the branes do fractionate the blow-up mode should appear, but it is massive and does not lead to new moduli.

Other such spaces constructed for deformed orbifolds with discrete torsion for Z_n × Z_n have the peculiar property that there is a locus where the representations become reducible and one dimensional [45] and there is no singularity in the commutative space to resolve.

6. Regularity, resolutions and intersection theory

String theory compactified on orbifolds can be considered a smooth theory, as the CFT associated to an orbifold is non-singular [13, 14], and moreover one can compute the spectrum and correlation functions of the theory completely in certain situations.

We would like to see that in the non-commutative sense, an orbifold is a smooth space.^3 Obviously, we still have singularities and D-brane fractionation at singularities as viewed from a commutative geometry point of view, as our examples have shown so far. We want to understand how the non-commutative geometry ‘resolves’ the singularities and what definition of smoothness is appropriate. This should be a local question, and moreover the non-commutative geometry is derived from Dbranes, so this question should have a D-brane answer.

Essentially what we envision here is an extension of Douglas’ ideas [20] to singular spaces, and non-commutative geometries. The essential result is that one must take care in extending the formalism to non-commutative algebras in that we must distinguish branes as left modules, etc. A nice notion of smoothness will emerge, that of regularity of the algebra.

The first thing we need to do then, is give a formulation of (extended) D-branes. For the time being, we will assume that the D-branes are BPS and can be realized holomorphically. A D-brane should be associated with a K-theory class, and this means a formal difference of two vector bundles. On a non-singular commutative space a vector bundle is a locally free module over the algebra of functions (that is, it has constant rank). Thus a holomorphic vector bundle on a complex manifold can be represented by a locally free sheaf globally.

Since not all D-branes are space filling, it is natural to replace locally free sheaf by a coherent sheaf; also when one considers branes embedded into branes this appears naturally [61]. A coherent sheaf S is locally the cokernel of a map between two locally free modules

A^n → A^m → S → 0 , (6.1)

3One should compare this with the approach of E. Sharpe via stacks [58, 59]. Essentially both approaches give the same type of information[60], but we believe our approach is more convenient for computations.

where the above is an exact sequence. If the complex dimension of the manifold is d (and the manifold is non-singular) any coherent sheaf admits (locally) a free resolution of length d + 1 [31]. That is, we can find holomorphic vector bundles (locally free sheaves) F^0, . . . , F^d, such that there is an exact sequence of sheaves

0 → F^d → F^{d−1} → · · · → F^0 → S → 0 . (6.2)

With this construction we can write the K theory class of S as

K(S) = K(F^0) − K(F^1) + K(F^2) − K(F^3) + · · · + (−1)^dK(F^d) (6.3)

and in principle we should be able to replace S by it’s resolution. When this is done we are starting to see the appearance of homological algebra, which is the study of the topological properties of the complexes of objects in the category of sheaves. To include both branes and antibranes it is more convenient then to introduce the derived category of coherent sheaves [20]. This category is built out of complexes of coherent sheaves with some identifications, see [29, 28] for more details. Recent work on this subject has also appeared in [62, 63, 64], but they focus on either commutative geometry tools or linear sigma models for these problems.

In the non-commutative setting we want to do the same thing. There are a few differences however. We will still define a coherent sheaf as a cokernel of a map between two locally free left modules, the map being a left module map

A^n → A^m → S → 0 . (6.4)

The K-theory we are after is the standard algebraic K-theory, defined by the projective left modules of the algebra [21]. The above map should be considered as a map of left modules.

When we are studying local geometries which are just n × n matrices over the local commutative ring the above consoderation is enough. For infinite matrices we have to be more careful and we have to replace the above by

P^1 → P^0 → S → 0 , (6.5)

where the P^i are projective of finite type. The two definitions are identical for the n × n matrices, but the second is better suited for the infinite dimensional case. The ring as a left module is of infinite rank in the case of infinite matrices.

Now, we have coherent sheaves of left modules^4 of the ring as our candidates for extended D-branes. The next thing we need is a definition of smoothness. The proper definition is related to the existence of projective resolutions. A non-commutative

4Originally it was suggested to use bimodules in [11] because the representation theory themselves are bimodules, but not the space on which they act on the left. A bimodule is more appropriate to study strings between two D-branes, hence the confusion.

ring is defined to be regular at a point p if every coherent sheaf (localized at p) admits a projective resolution (of finite length d + 1), that is, we have

0 → P^d → P^{d−1} → · · · → P^0 → S → 0 (6.6)

and the projective left-modules are the equivalent of vector bundles over the noncommutative space, with d the complex dimension of the manifold. Thus, we have a condition to check for our examples. This is a good definition because the K-theory of the space is constructed from projective modules. Thus in this setting every brane has a well defined K-theory charge. This condition also seems to be required in order to be able to construct the K-theory of the string background directly from the derived category, (see [65], ch. 5 for more background). There is a subtle technical point to be made here. On analytic manifolds, vector bundles are both projective and injective, because once one imposes a metric on the bundle one can take orthogonal complements, but this is not true in the algebraic category of sheaves. Injective resolutions always exist, and that is how one usually defines the global sections functor [31]. However injective sheaves are notoriously large (they are not finitely generated) and at least in this sense one would be forced into considering an infinite number of brane anti-brane pairs, see however [66, 67]. Hence, these cannot be interpreted in terms of K-theory in a straightforward manner. Locally projective (finite) resolutions do not always exist. Indeed the commutative (singular) space of the center fails to have this property and is therefore non-smooth in this sense as well.

When we are at a non-singular point in the commutative sense, the local noncommutative algebra is Morita equivalent to the local commutative algebra. The local commutative algebra is regular, so any (finitely presented) module over it (coherent sheaf) admits locally a projective resolution. Because Morita equivalence establishes an isomorphism on the categories of modules over the rings, one gets via this ismorphism a local projective resolution for any sheaf over the non-commutative ring. Therefore the non-commutative ring is also regular at these points. Thus the only places where we need to check the regularity condition is exactly at the singularities.

Here we will analyze the case C^2 /Z_n, and we will concentrate only on the compactly supported K-theory classes. That is, we will consider a torsion sheaf at the origin, and all such are fractional branes.

A single fractional brane is an irreducible representation of the algebra, and as a complex vector space has dimension one. As σ^n = 1, there are n natural candidates for projective modules over the local algebra, and they are related to the n possible projection operators π_k = 1/n ∑ ω^{ki}σ^i on the group algebra. These are the only n non-trivial projectors at the origin, and they cannot be made homotopic to one another, as they act by different values on the irreducible representation at the origin. Away from the origin, one of x, y is invertible, as their n-th power is, and we can use conjugation by this invertible element to turn the different projectors into each other.

Thus, as our local left modules we take M_i = Aπ_i. We can use these to produce a sequence for each irreducible representation of the algebra S_k, as follows

0 → Aπ_k → Aπ_{k−1} ⊕ Aπ_{k+1} → Aπ_k → S_k → 0 (6.7)

with the Koszul complex on each of the resolutions. That is, the module maps are given by multiplication with x, y on the right. This can be understood in the above sequence because each of the modules is a submodule of the ring A itself, multiplying on the right by x, y gives us new elements in A which belong to different projective submodules. Moreover multiplication on the right commutes with multiplication on the left, so these maps are left module morphisms. To be more explicit, if we have elements a ∈ Aπ_k, (b_1, b_2) ∈ (Aπ_{k−1}, Aπ_{k+1} of each of the modules the maps are given by a → (ay, ax) (b_1, b_2) → b_1x − b_2y . (6.8)

Thus a fractional brane admits a projective resolution. A general proof that the ring is regular is beyond the scope of this paper (such a proof will be presented elsewhere [68]).

Now that we have some sense in which we can call the orbifold smooth from the non-commutative geometric point of view, we need to interpret the module maps in the above exact sequences. For the fractional branes, it is clear that the module maps give isomorphisms on the fibers away from the origin. These isomorphisms of the fibers at infinity are familiar from K-theory with compact support, and they have been interpreted as tachyons by Harvey and Moore [69]. In our case notice that the tachyon profile is analytic, and at first sight this would seem like a disaster, as the energy associated to this configuration would be infinite. However, we are analyzing complex vector bundles, and for these, the structure group is complexified. The fact that the functions are divergent at infinity is a gauge artifact, as we are not using a hermitian connection on the bundle. If this is done, the above construction is just a continuous profile which is bounded at infinity. Since we have not mentioned metrics at all, introducing a metric now makes us consider hermitian Yang-Mills bundles instead of holomorphic vector bundles (sheaves), but the two moduli spaces one can compute should be related. In this language one would talk of complexes of differential algebras instead, see for example [20, 70, 62, 71] and one would use the cohomology groups of ¯∂ twisted by a holomorphic vector bundle. These results should be equivalent [72].

6.1 Counting open strings and quiver building Given two D-branes, one wants to consider counting the number of open massless string states between them. This counting should be invariant under Morita equivalence, should be naturally associated to the coherent sheaf (or to an element of the derived category which represents it), and it should come from a homological framework.

The invariance under Morita equivalence is obviously a symmetry we have been considering already, and we have shown that Morita invariant algebras represent the same space, thus the topological data we can extract from D-branes should be the same on each possible representation. Obviously we want an algebraic machine with which to calculate these, and the BRST operator of open strings[20, 62] suggests that the result should be homological.

Naturality here is interpreted in the functorial language. Since we are considering two left modules of the algebra A and maps that preserve this condition (the projective resolutions), the natural choice is to use hom_A(A, B) for two modules A, B. This is invariant under Morita equivalence, as two rings are Morita equivalent if their categories of modules are isomorphic and this includes morphisms of modules. Since hom is not an exact functor one uses instead the derived functor of hom. Thus the groups which are important for our computation are the Ext^i(A, B), which can be extended to the derived category. Although for our computations this is all we need, in general it seems to be important to define the category of branes by also counting the ghost number in the open string fields [20, 71, 62, 70], that is, one should keep all of the information in the grading of the Ext^i. The contribution to the intersection index will depend on i mod 2 alone however.

The definition of the Ext groups can be done using the projective resolutions of the module A, · · · → P_0 → A → 0. One obtains a complex 0 → hom(P_0, B) → hom(P_1, B) → · · · (6.9) The Ext^i(A, B) groups are the homology groups of the above complex (see [29, 73] for example), and they are independent of the choice of the resolution. Thus one can calculate these explicitly if one knows the projective resolution of an object.

The group Ext^1(A, B) is special, as it counts locally the space of deformations

0 → A → C → B → 0 (6.10)

for gluing two branes A, B to form a third D-brane which is a (marginally) bound state of the two branes, C ∼ A ⊕ B. This is exactly how one understands the process of brane fractionation to make a bulk brane.

Let us take for example C^2 /Z_n. We have already computed the projective resolution of all of the fractional branes in (6.7). Now we want to understand the intersection product.

Thus consider the Ext^i(S_i, S_k) groups. Since each of the Aπ_i are generated by the unique section in degree zero π_i, the image of this element generates the module map. Moreover the S_i are concentrated in degree zero, and the map reduces to a computation in the group algebra, namely hom(Aπ_l, S_k) ∼ hom_G(χ_l, S_k), where χ_l is the representation of the group G in degree zero in the module. Since each fractional brane corresponds to a unique irreducible, the dimension of the above vector space is 1, 0 depending on whether l = k or not. In the hom complex one obtains, the maps x, y act by zero, thus the homology of the complex is the complex itself.

We find the following results

dim Ext^0(S_i, S_k) = δ_{ik} dim Ext^1(S_i, S_k) = δ_{i,k−1} + δ_{i,k+1} dim Ext^2(S_i, S_k) = δ_{ik} . (6.11)

Notice that the quiver diagram of the singularity is captured by Ext^1(A, B). In considering topological string states these are the states that correspond to the vector particles, while Ext^0 counts the possibility of tachyon condensation between branes and anti-branes.

The intersection number between two branes is the Euler characteristic of the above complex (perhaps up to a sign). We obtain that the self intersection of the fractional branes is −2, and that the matrix of Euler characteristics is exactly the Cartan matrix of the extended affine A_n algebra. This is also the intersection form of the resolved orbifold by blow-ups, where each fractional brane wraps one of the exceptional divisors, plus a brane that wraps all of them with the opposite orientation (the extended root of the system). When the cycles are blown-down, these states are mutually BP S.

The advantage of formulating the problem in terms of homological algebra is that the above procedure gives us a recipe for computing these numbers in a general non-commutative geometry singularity which is not of the orbifold type. We can compute these numbers for the fractional branes in the Klebanov-Witten conifold and we obtain the quiver diagram consisting of two nodes with two arrows between them, which contains only the fields which are not lifted by the mass deformation, exactly reproducing the field theory data of the CFT.

There is another point to make which is useful. This intersection formula between fractional branes is symmetric if the complex dimension of the space we are orbifolding is even, and antisymmetric if the complex dimension of the space is odd [68]. This is exactly what one expects from the topological intersection pairing of the BPS D-branes in the mirror manifold, which are even or odd real cycles depending on the dimension of the Calabi-Yau space.

7. Closed string states

So far we have concentrated on open string states alone, with a brief mention of the center of the algebra as the place where closed strings propagate. The description of backgrounds we are constructing depend on having D-branes on them, and can be mainly considered as open string theories.

Open string theories will contain closed strings, so it is natural to ask if there is a way to construct closed string states from a non-commutative algebra. We will restrict ourselves to topology, and hence to topological string states alone.

As argued in [12] the natural way to introduce closed string states is suggested by AdS/CFT duality [74, 75, 3], where the single trace gauge invariant states of a field theory on D-branes are naturally associated to closed string states in the near horizon geometry. Here, we want to exploit this philosophy and write generic closed string states as ‘gauge invariant’ single trace operators.

The general construction should also accommodate the notion that closed topological string states are harmonic forms on the space, so it is natural to look for them as traces of non-commutative forms, and to check that they are closed. That is, one would want the analog of deRham currents for a non-commutative algebra. A second point to consider is that topological closed strings should be associated with Chern-Simons couplings to D-branes.

We are mainly interested in point-like D-branes, so we will introduce the couplings to these states as traces of algebra elements in the representation associated to a D-brane. We will require that the values of these traces depend only on the homotopy class (K-theory class) of a D-brane, and as such they are topological.

It is best to work with our familiar example C^2 /Z_n. We have n distinct point-like K-theory classes, one for each node in the quiver diagram of the singularity. They are distinguished by the eigenvalue of σ. Thus it is natural to take the traces

tr(σ^k) (7.1)

as our candidate closed string states, namely the characters of the group elements. Notice that as the quantum symmetry acts on σ, there is an action of the quantum symmetry on the closed string states. These are then naturally twisted sectors.

Notice that only the one corresponding to tr(σ^0) is untwisted. On a bulk brane, the traces for twisted states give zero, as a bulk brane has one of each irreducible representation of the group algebra. Thus we have n traces, one of which is untwisted. The blown-up ALE space also has n closed forms with compact support, one representing each of the n − 1 blown up self-dual cycles, and one more for the class of the point.

Traces like tr(σ^kP (x, y)) for k ≠ 0 all vanish outside the singularity and moreover they evaluate to zero on the fractional branes. Thus these don’t contribute more states. Other traces like trP (x, y) depend on the location of a brane in moduli space, unless the polynomial is of degree zero.

A generalized trace that can also measure extended D-brane charge should be (locally) of the form

tr(a_0da_1da_2 . . . da_n) (7.2) for elements of the algebra, and these are exactly the elements of the cyclic homology of the algebra [23]. On bulk points, these will reduce to ordinary elements of deRham cohomology on the local commutative space, via Morita equivalence in cyclic homology.

7.1 Betti Numbers for global non-commutative Calabi Yau spaces

In this section we will give a prescription for computing the Betti numbers of the orbifold T^6/Z_2 × Z_2 with and without discrete torsion. Once these two examples are dealt with, we will give a general recipe for computing the Betti numbers of certain singular Calabi-Yau 3-fold with singularities in codimension 2 with a noncommutative resolution of singularities.

To begin with the computation of the Betti numbers of our main example, we have to deal first with the C^2 /Z_2 singularity, which is the local version of the singularities of codimension two.

We already have the algebra of A = C^2 /Z_2. String theory predicts that in these singularities we generate as many blow-ups and complex structure deformations as there are massless twisted sectors, in this case one. Blowing up or deforming the singularity we find one square integrable harmonic form of type H^{1,1}. The fractional brane in the blow-up becomes a brane wrapped around the resolved cycle, and integrating this (normalized) (1, 1) form over the compactly supported brane can serve to count how many branes are wrapping the cycle. This is basically the topological coupling of the D-brane data to the RR potential in string theory, the Chern-Simons coupling. The non-torsion part of the lattice of K-theory can be paired with cohomology with complex coefficients, and the two carry the same information [23].

Thus counting the cohomology classes can be done by computing invariants of K-theory classes. The closed string states are then the dual space for these objects (couplings in the action for open string states), and one should basically think of them as integrating over cycles (D-branes with some excited states on them) in the manifold and producing numbers (the action for the configuration). When we write an expression in terms of traces, this will be implicitly understood.

In our local case, we have brane fractionation at the origin, and we should be able to compute invariants of these point-like classes that are additive in the K-theory classes and vanish for the non-fractional brane. Indeed, the fractional branes correspond to the one-dimensional irreducible representations of the algebra of C^2 /Z_2. The ring at the singularity consists only of the group algebra, and the traces reduce then to characters of the group elements in the associated representations. There are only as many linearly independent traces as there are conjugacy classes of elements in the group G, which is identical to the number of irreducible representations of the group and to the number of closed string twisted sectors.

In our case, there is the trivial trace of 1, corresponding to the trivial representation of the group, and this trace counts the total number of bulk zero branes.^5 There is a second trace, tr(σ). For the two one-dimensional representations at the fixed point, the value of this trace is ±1, so they wrap the singular cycle with the opposite orientation. The state tr(σ) vanishes on the bulk representation. Thus the support of the state (the points in the non-commutative moduli space where tr(σ) ≠ 0) consists of the two points at the origin. This is also a twisted sector, as when we act with the quantum symmetry the state changes sign.

Since σ can be chosen globally constant in the representation theory, we want to argue that dtr(σ) = tr(dσ) = 0, so that tr(σ) is a cohomology class for d.^6 We also know that we can blow-up the cycle, and that this twisted class becomes a (1, 1) form on the blow-up. The fractional brane should be imagined to be wrapping a 2-sphere cycle on the orbifold [49, 50], and in the trace we are integrating over this cycle. Thus our twisted state should be identified with a (1, 1) class.

In terms of traces of elements of the algebra, it is not clear why these should correspond to (1, 1) classes. However, their holomorphicity suggests that they should be associated with (k, k) classes for some k [76, 77, 78].

Now, we have these classes locally on any patch of our non-commutative space, and we need to glue them together so that we have global holomorphic forms.

In the case of T^6/Z_2 × Z_2 without discrete torsion, we get one such trace for every fixed plane. Notice that the group elements survive the quotient (they are not eliminated by a Morita equivalence), and on each codimension two singularity there is one group element which does not vanish, thus for each fixed plane we have one blow-up mode. This is also the result we get from conformal field theory [18]. Remembering the structure of the cover of the singularity (this is depicted in figure 4), the new class corresponds to b^0(C P^1 ⊕ C P^1) − 1 (the 0-th Betti number), where we subtract the trivial class of the brane in the bulk which is not a new class.

For the case of the orbifold with discrete torsion, we have to remember that we changed variables to the ỹ, and that we can eliminate the group variables by Morita equivalence.

In this case, at the singularity the traces that do not vanish are

tr(ỹ^k_i ) (7.3)

with k odd. Now, when we move the branes on their moduli space, these vary and there is no new H^{1,1} class, as there is no global holomorphic function which is odd in the y on the singularity. This is because our double cover of the singularity is

5This coupling measures the total D0-brane charge. On extended branes this is an integral over the whole brane, and it essentially measures the top chern class of the fiber bundle, with perhaps some corrections from geometry, see [7].

6Here we are loosely extending d to the singular point.

Figure 4: Noncommutative cover of singularity without discrete torsion: the special points correspond to the intersection of two curves of singularities.

Figure 5: Noncommutative cover of singularity with discrete torsion: at the special points the fractional branes have monodromies [47].

connected and compact, thus b^0(T^2) − 1 = 0. From string theory this is just as expected, but now we also expect one new H^{2,1} class for each cycle.

However, the double cover of the singular C P^1 is a torus, and we have a natural 1-form on this torus which is it’s abelian one-form. This cover is depicted in figure 5. The expression in Weierstrass form for this one-form is trdy_i/x_i = d(tr(y_i)) x_i (7.4)

which we can also see has support on the singularity, as elsewhere tr(y_i) = 0. This new one-form is wrapped on the same (1, 1) cycle as we had before, so it should correspond to an element of H^{2,1} of the Calabi-Yau manifold. Hence we get a contribution to b^{2,1} from b^{1,0} of the singular set [12].

Notice that now, for the case without discrete torsion, the singular set is fibered non-commutatively by two copies of C P^1, each of which is simply connected, hence there is no contribution to H^{2,1}, as there are no holomorphic one-forms on the singular set. This is also in accordance with conformal field theory calculations.

For b^{2,2} of the Calabi-Yau we need to do the same analysis. By Hodge duality, this should be equal to b^{1,1} of the CY manifold. In our case, both the T^2 and the C P^1 ⊕ C P^1 have classes in dimension (1, 1) that can contribute.

Now let us discuss more general Calabi-Yaus. A codimension two singular curve contributes to H^{1,1} according to the number of connected components of the noncommutative fibration. One also sees contributions to H^{2,1} by an amount equal to H^{1,0}(C) − x, where x is the number of global one-forms shared with the manifold (so if the manifold is simply connected, x = 0). We also contribute to H^{2,2} by the same amount as to H^{1,1}, mainly because we are imposing Hodge duality by hand, as it holds on the covers of the individual singular cycles. The orbifold cohomology theory indicates that this can be assumed in general [76], and since we are in a Calabi Yau manifold the cohomology classes will not have fractional degree.

For codimension three orbifold singularities in a Calabi-Yau, we get local fractional branes. These singularities contribute to both H^{1,1}, H^{2,2} of the global Calabi- Yau by a number equal to (H^0 −1)/2, and it is also known that they don’t contribute to H^{2,1}. Usually orbifold points are at walls between distinct phases [79, 80] but all of these have the same Betti numbers and moduli spaces of complex structure deformations, so even though we are at a transition point between topologies the non-commutative results we have obtained are meaningful.

8. Outlook

Strings propagating on singular spaces might not be singular, and here we have made a proposal on how to interpret this fact by exploiting the non-commutativity of open strings. The proposal has two geometries: one non-commutative geometry of the open strings, and a derived commutative geometry of closed strings (in our case defined by the center of the local algebras). The main ingredient in this resolution is the use of the category of D-branes to define the geometry. This simple setup provides a remarkable amount of topological information, namely, one can calculate the intersection theory of branes very generally. One can also explicitly see the existence of closed string twisted sectors at singularities and this is how one usually resolves singularities by closed string fields.

However, the examples we have provided are not general enough to capture all of the possible non-commutative geometries that strings can describe and should be viewed as a first step towards a more general theory. For example, the noncommutative plane is left out of our construction, namely because the algebra is not a finite matrix algebra over the center; this non-commutative geometry would be a fibration over a point.

From a Mirror Symmetry perspective we have only dealt with the B model physics, so one would also be interested in exploring how to realize these ideas in the A model as well, and in particular how to calculate stringy corrections to different quantities in this setup, see for example [81]. It would also be interesting to extend these non-commutative ideas to the Landau Ginzburg phases of string theory.

However, given our particular realization of geometry it is also very difficult to introduce a worldsheet string action. Should one use a non-commutative sigma model in the spirit of matrix strings [82]? Or should we use instead a commutative sigma model action with a prescription for dealing with the singularities? It has been shown that writing matrix theories on general backgrounds is difficult [83]; however, by restricting ourselves to topological string theories we might be better off, as the number of string fields that one needs to consider becomes finite and the theory does not depend on the exact properties of the metric.

The description we have given should only be applicable to situations where the singularity can be resolved perturbatively in the string theory. This is particularly evident because closed string states and D-branes wrapping cycles are treated in a completely different fashion. It is unclear if non-commutative geometry will play any role at all at the conifold transition.

These and other issues are currently under investigation.

Acknowledgments

It is a pleasure to thank M. Ando, M. Artin, P. Aspinwall, D.R. Grayson, V. Jejjala, S. Katz, E. Martinec, Y. Ruan, and C. Vafa for numerous discussions and comments in the course of this work. Supported in part by U.S. Department of Energy, grant DE-FG02-91ER40677.

References

[1] J. Dai, R.G. Leigh and J. Polchinski, New connections between string theories, Mod.

Phys. Lett. A 4 (1989) 2073.

[2] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724 [hep-th/9510017].

[3] E. Witten, Noncommutative geometry and string field theory, Nucl. Phys. B 268 (1986) 253.

[4] T. Banks, W. Fischler, S.H. Shenker and L. Susskind, M-theory as a matrix model: a conjecture, Phys. Rev. D 55 (1997) 5112 [hep-th/9610043].

[5] A. Connes, M.R. Douglas and A. Schwarz, Noncommutative geometry and matrix theory: compactification on tori, J. High Energy Phys. 02 (1998) 003 [hep-th/9711162].

[6] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys. 09 (1999) 032 [hep-th/9908142].

[7] R. Minasian and G. Moore, K-theory and Ramond-Ramond charge, J. High Energy Phys. 11 (1997) 002 [hep-th/9710230].

[8] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys.

08 (1998) 012 [hep-th/9805170].

[9] E. Witten, D-branes and k-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188].

[10] B. Blackadar, K-theory for operator algebras, Cambridge University Press, Cambridge 1998.

[11] D. Berenstein, V. Jejjala and R.G. Leigh, Marginal and relevant deformations of N = 4 field theories and non-commutative moduli spaces of vacua, Nucl. Phys. B 589 (2000) 196 [hep-th/0005087].

[12] D. Berenstein and R.G. Leigh, Non-commutative Calabi-Yau manifolds, Phys. Lett. B 499 (2001) 207 [hep-th/0009209].

[13] L. Dixon, J.A. Harvey, C. Vafa and E. Witten, Strings on orbifolds, Nucl. Phys. B 261 (1985) 678.

[14] L. Dixon, J.A. Harvey, C. Vafa and E. Witten, Strings on orbifolds. 2, Nucl. Phys. B 274 (1986) 285.

[15] P.S. Aspinwall, B.R. Greene and D.R. Morrison, Multiple mirror manifolds and topology change in string theory, Phys. Lett. B 303 (1993) 249 [hep-th/9301043].

[16] P.S. Aspinwall, B.R. Greene and D.R. Morrison, Space-time topology change and stringy geometry, J. Math. Phys. 35 (1994) 5321.

[17] P.S. Aspinwall, D.R. Morrison and M. Gross, Stable singularities in string theory, Comm. Math. Phys. 178 (1996) 115 [hep-th/9503208].

[18] C. Vafa and E. Witten, On orbifolds with discrete torsion, J. Geom. Phys. 15 (1995) 189–214 [hep-th/9409188].

[19] M. Kontsevich, Homological algebra of mirror symmetry, in Proceedings of the International Congress of Mathematicians, Vol. 1, 2 (Zürich, 1994), p. 120, Birkhäuser, Basel 1995, [alg-geom/9411018].

[20] M.R. Douglas, D-branes, categories and N = 1 supersymmetry, hep-th/0011017. [21] J. Rosenberg, Algebraic K-theory and its applications, Springer-Verlag, New York 1994.

[22] M.R. Douglas and G. Moore, D-branes, quivers and ALE instantons, hep-th/9603167. [23] A. Connes, Noncommutative geometry Academic Press Inc., CA, San Diego 1994. [24] D. A. Cox and S. Katz, Mirror symmetry and algebraic geometry, American Mathematical Society RI, Providence 1999.

[25] N. E. Wegge-Olsen, K-theory and C^∗-algebras. The Clarendon Press Oxford University Press, New York 1993.

[26] M. Rørdam, F. Larsen, and N. Laustsen, An introduction to K-theory for C^∗-algebras, Cambridge University Press, Cambridge 2000.

[27] J.-L. Loday, Cyclic homology, Springer-Verlag, Berlin, 1992, appendix E by María O.

Ronco.

[28] S. I. Gelfand and Y. I. Manin, Methods of homological algebra, Springer-Verlag, Berlin 1996.

[29] C. A. Weibel, An introduction to homological algebra, Cambridge University Press, Cambridge 1994.

[30] I. Raeburn and D. P. Williams, Morita equivalence and continuous-trace C^∗-algebras, American Mathematical Society, RI, Providence 1998.

[31] R. Hartshorne, Algebraic geometry, Graduate Texts in Mathematics, No. 52, Springer- Verlag, New York 1977.

[32] D. Berenstein, V. Jejjala and R.G. Leigh, D-branes on singularities: new quivers from old, hep-th/0012050.

[33] D. Joyce, On the topology of desingularizations of Calabi-Yau orbifold,

math.ag/9806146.

[34] I.R. Klebanov and E. Witten, Superconformal field theory on threebranes at a Calabi- Yau singularity, Nucl. Phys. B 536 (1998) 199 [hep-th/9807080].

[35] M.R. Douglas, D-branes and discrete torsion, hep-th/9807235.

[36] D.-E. Diaconescu and M.R. Douglas, D-branes on stringy Calabi-Yau manifolds,

hep-th/0006224.

[37] I. Brunner, M.R. Douglas, A.E. Lawrence and C. Romelsberger, D-branes on the quintic, J. High Energy Phys. 08 (2000) 015 [hep-th/9906200].

[38] A. Recknagel and V. Schomerus, D-branes in Gepner models, Nucl. Phys. B 531 (1998) 185 [hep-th/9712186].

[39] M.R. Douglas, Topics in d-geometry, Class. and Quant. Grav. 17 (2000) 1057 [hep-th/9910170].

[40] A.Y. Alekseev, A. Recknagel and V. Schomerus, Brane dynamics in background fluxes and non-commutative geometry, J. High Energy Phys. 05 (2000) 010 [hep-th/0003187].

[41] V. Schomerus, D-branes and deformation quantization, J. High Energy Phys. 06 (1999) 030 [hep-th/9903205].

[42] P. Bouwknegt and V. Mathai, D-branes, B-fields and twisted K-theory, J. High Energy Phys. 03 (2000) 007 [hep-th/0002023].

[43] A. Kapustin, D-branes in a topologically nontrivial B-field, Adv. Theor. Math. Phys.

4 (2001) 127 [hep-th/9909089].

[44] A. Kapustin and D. Orlov, Vertex algebras, mirror symmetry and D-branes: the case of complex tori, hep-th/0010293.

[45] M.R. Douglas and B. Fiol, D-branes and discrete torsion. II, hep-th/9903031. [46] D. Berenstein, V. Jejjala and R.G. Leigh, Noncommutative moduli spaces and Tduality, Phys. Lett. B 493 (2000) 162 [hep-th/0006168].

[47] D. Berenstein and R.G. Leigh, Discrete torsion, AdS/CFT and duality, J. High Energy Phys. 01 (2000) 038 [hep-th/0001055].

[48] P.S. Aspinwall and M.R. Plesser, D-branes, discrete torsion and the McKay correspondence, J. High Energy Phys. 02 (2001) 009 [hep-th/0009042].

[49] D.-E. Diaconescu, M.R. Douglas and J. Gomis, Fractional branes and wrapped branes, J. High Energy Phys. 02 (1998) 013 [hep-th/9712230].

[50] D. Berenstein, R. Corrado and J. Distler, Aspects of ALE matrix models and twisted matrix strings, Phys. Rev. D 58 (1998) 026005 [hep-th/9712049].

[51] E.J. Martinec and G. Moore, Noncommutative solitons on orbifolds, hep-th/0101199. [52] M.R. Douglas, B.R. Greene and D.R. Morrison, Orbifold resolution by D-branes, Nucl.

Phys. B 506 (1997) 84 [hep-th/9704151].

[53] B. Feng, A. Hanany, Y.-H. He and N. Prezas, Discrete torsion, non-abelian orbifolds and the Schur multiplier, J. High Energy Phys. 01 (2001) 033 [hep-th/0010023].

[54] B. Feng, A. Hanany, Y.-H. He and N. Prezas, Discrete torsion, covering groups and quiver diagrams, J. High Energy Phys. 04 (2001) 037 [hep-th/0011192].

[55] M.R. Gaberdiel, Lectures on non-BPS Dirichlet branes, Class. and Quant. Grav. 17 (2000) 3483 [hep-th/0005029].

[56] M.R. Gaberdiel, Discrete torsion orbifolds and D-branes, J. High Energy Phys. 11 (2000) 026 [hep-th/0008230].

[57] K. Dasgupta, S. Hyun, K. Oh and R. Tatar, Conifolds with discrete torsion and noncommutativity, J. High Energy Phys. 09 (2000) 043 [hep-th/0008091].

[58] E.R. Sharpe, Discrete torsion and gerbes. I, hep-th/9909108. [59] E. Sharpe, String orbifolds and quotient stacks, hep-th/0102211. [60] J.-L. Brylinski, Loop spaces, characteristic classes and geometric quantization, Birkhäuser Boston Inc., MA, Boston 1993.

[61] J.A. Harvey and G. Moore, On the algebras of BPS states, Comm. Math. Phys. 197 (1998) 489 [hep-th/9609017].

[62] P.S. Aspinwall and A.E. Lawrence, Derived categories and zero-brane stability,

hep-th/0104147.

[63] S. Hellerman and J. McGreevy, Linear sigma model toolshed for D-brane physics,

hep-th/0104100.

[64] S. Govindarajan and T. Jayaraman, Boundary fermions, coherent sheaves and Dbranes on Calabi-Yau manifolds, hep-th/0104126.

[65] V. Srinivas, Algebraic K-theory. Birkhäuser Boston Inc., MA, Boston 1996. [66] K. Hori, D-branes, T-duality and index theory, Adv. Theor. Math. Phys. 3 (1999) 281 [hep-th/9902102].

[67] E. Witten, Overview of K-theory applied to strings, Int. J. Mod. Phys. A 16 (2001) 693 [hep-th/0007175].

[68] D. Berenstein and D. R. Grayson, Work in Progress.

[69] J.A. Harvey and G. Moore, Noncommutative tachyons and K-theory, hep-th/0009030. [70] C.I. Lazaroiu, Unitarity, D-brane dynamics and D-brane categories, hep-th/0102183. [71] D.-E. Diaconescu, Enhanced D-brane categories from string field theory, J. High Energy Phys. 06 (2001) 016 [hep-th/0104200].

[72] P. Griffiths and J. Harris, Principles of algebraic geometry, Reprint of the 1978 original, John Wiley & Sons Inc., New York 1994.

[73] M. S. Osborne, Basic homological algebra. Springer-Verlag, New York 2000. [74] J. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[75] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[76] Y. Ruan, Stringy geometry and topology of orbifolds, math.ag/0011149. [77] Y. Ruan, Discrete torsion and twisted orbifold cohomology, math.ag/0005299. [78] W. min Chen and Y. bin Ruan, A new cohomology theory for orbifold,

math.ag/0004129.

[79] B.R. Greene, Lectures on quantum geometry, Nucl. Phys. 41 (Proc. Suppl.) (1995) 92. [80] C. Beasley, B.R. Greene, C.I. Lazaroiu and M.R. Plesser, D3-branes on partial resolutions of abelian quotient singularities of Calabi-Yau threefolds, Nucl. Phys. B 566 (2000) 599 [hep-th/9907186].

[81] M. Aganagic and C. Vafa, Mirror symmetry, D-branes and counting holomorphic discs,

hep-th/0012041.

[82] R. Dijkgraaf, E. Verlinde and H. Verlinde, Matrix string theory, Nucl. Phys. B 500 (1997) 43 [hep-th/9703030].

[83] M.R. Douglas and H. Ooguri, Why matrix theory is hard, Phys. Lett. B 425 (1998) 71 [hep-th/9710178].