arXiv:hep-th/0602051 v1 6 Feb 2006

On non-semisimple fusion rules and tensor categories

Jürgen Fuchs

Abstract. Category theoretic aspects of non-rational conformal field theories are discussed. We consider the case that the category C of chiral sectors is a finite tensor category, i.e. a rigid monoidal category whose class of objects has certain finiteness properties. Besides the simple objects, the indecomposable projective objects of C are of particular interest.

The fusion rules of C can be block-diagonalized. A conjectural connection between the block-diagonalization and modular transformations of characters of modules over vertex algebras is exemplified with the case of the (1,p) minimal models.

hep-th/0602051

Introduction

Rational two-dimensional conformal field theory (rational CFT, or RCFT, for short), corresponding to vertex algebras with semisimple representation category, is a well-developed subject. In contrast, in the non-semisimple case our knowledge is considerably more limited. It is, for instance, not even clear which subcategory of the category of all generalized modules of a conformal vertex algebra can play the role of the category C of chiral sectors of an associated conformal field theory. In this note we discuss a few features of the non-semisimple case, in particular the relevance of indecomposable projective objects of C, as well as a relationship between the Grothendieck ring of C (which, by the assumed properties of C, exists) and modular transformations of characters, which is conjectured to hold for a certain class of nonrational CFTs. We also recall some aspects of the Verlinde relation, to which the conjecture reduces in the semisimple case.

Crucial input for the study of chiral conformal field theory comes from the work by Jim Lepowsky and his collaborators on vertex algebras and their representations. It is encouraging that the tensor product theory for modules over vertex algebras initiated in [HL1] is being developed further (see [Miy3, HLZ]) so as to cover a more general class of modules. One should indeed be confident that these efforts will eventually allow for an enormous improvement of our understanding of non-rational conformal field theories.

2000 Mathematics Subject Classification. 81T40,18D10,19A99,17B69. This work is supported by VR under project no. 621–2003–2385. 1

1. Fusion rules and rational vertex algebras

In rational CFT the rank of the sheaf of conformal p-point blocks on a Riemann surface of genus g is given by N^{(g)}_{i1i2...ip} = ∑ m∈I ( S_{0,m} )_{2−2g}^p∏ a=1 S_{ia,m} S_{0,m} , where I labels the set of chiral sectors of the theory, with 0 ∈ I corresponding to the vacuum sector, and S a unitary |I|×|I|-matrix determined by the theory. This formula is known as the Verlinde formula, though sometimes this term is reserved for the particular case p = 0 (i.e., the sheaf of genus-g characters), or for genus 0 and p = 3. In the latter case,

(1) N_{i j}^k ≡ N^{(0)}_{i j k}∨ = ∑ m∈I S_{i,m} S_{j,m} S^{−1}_{m,k} S_{0,m} are the fusion rules of the RCFT. If the conformal blocks possess appropriate factorization properties, then the formula for N^{(g)}_{i1i2...ip} is actually implied by (1). Heuristic arguments for the validity of (1) for any RCFT were already given when this equality was discovered for a particular class of such theories, the sl(2)_ℓ WZW conformal field theories at positive integral level ℓ [Ve].

When stating this conjecture one faces the problem that apparently its very formulation presupposes a thorough understanding of (rational) chiral CFT, including e.g. an accurate definition of conformal blocks. Fortunately, however, strictly less information is needed: One can formulate, and prove, the conjecture entirely in terms of the representation theory of the chiral symmetry algebra of the CFT. The latter is^1 a conformal vertex algebra, and we call a CFT rational iff this conformal vertex algebra is rational. This is still not unequivocal, because several similar, but inequivalent, interpretations of the qualification ‘rational’ for a vertex algebra are in use. We resolve this remaining vagueness by adopting the axioms used e.g. in theorem 5.1 of [Hua5]:

Definition 1. A conformal vertex algebra V is called rational iff it obeys the following conditions: ▷ V is simple;

▷ V^{(0)} ∼= C and V^{(n)} = 0 for n < 0 ; ▷ V is C_2-cofinite;

▷ every N-gradable weak V-module is fully reducible;

▷ every simple V-module not isomorphic to V has positive conformal weight.

Two key properties of rational conformal vertex algebras make a purely representation theoretic formulation of the Verlinde conjecture possible. The first is based on the notion of character; the character χ_W of a V-module W is the graded dimension

(2) χ_W (q) = tr_W ( q^{L0−c/24} Y_W (v_Ω) ) = ∑ n≥0 dim(W^{(n)}) q^{n+Δi−c/24} ,

1 In another approach to conformal quantum field theory, the role of the chiral symmetry

algebra is taken over by a net of von Neumann algebras, see e.g. [BEK, Re].

and there are analogous trace functions in which the vacuum vector v_Ω is replaced by an arbitrary vector v ∈ V. These can be analytically continued from the region 0 < |q| < 1, in which they are absolutely convergent, to analytic functions of q = e^{2πiτ} for τ in the complex upper half-plane. Now a rational conformal vertex algebra has, up to isomorphism, only finitely many irreducible V-modules U_i, i ∈ I. Further, as shown in [DLM2] and (with slightly different assumptions than those of definition (1)) in [Zh], for any v ∈ V the finite-dimensional vector space of trace functions, and in particular the space X = span{χ_{Ui} | i ∈ I} of characters, carries a representation ρ_X of the modular group SL(2,Z):

SL(2, Z) ∋ (_{a b} c d ) = γ → ρ_X(γ) , χ_{Ui} (γτ ) = ∑ j∈I ρ_X(γ)_{ij} χ_{Uj} (τ ) ,

where γτ =^{aτ+b}_{cτ+d} . This allows one to define the right hand side of the relation (1): S is the matrix

(3) S^χ = ρ_X(

(_{0 −1} 1 0 ) ) that represents the modular S-transformation τ → −^1_τ on the characters. This matrix is commonly referred to as the modular S-matrix, but to ensure that it is not mixed up with one of the matrices S^⊗ and S∘∘ to be introduced below, we shall henceforth call it the character S-matrix instead.

The second key ingredient is the tensor product of V-modules and of intertwiners (see e.g. [HL1, HL2, Li, Hua1]), which endows the representation category Rep(V) with the structure of a braided monoidal category. For rational V, this category has further special properties. Indeed, as shown in [Hua4, Hua5], one has Proposition 2. The representation category of a rational conformal vertex algebra is a modular tensor category.

Recall that a modular tensor category is the following structure (see [Tu], where some of the conditions imposed below are slightly relaxed, and e.g. [FRS1]):

Definition 3. A modular tensor category C is a category with the following properties:

▷ C is abelian, C-linear and semisimple; ▷ C is monoidal, with simple tensor unit; ▷ C is a ribbon category;

▷ the number of isomorphism classes of simple objects of C is finite; ▷ the braiding is maximally non-degenerate, in the sense that the matrix s∘∘ with entries (4) s∘∘_{i,j} := (d_{Uj} ⊗ d̃_{Ui} ) ∘ [id_U ∨_j ⊗ (c_{Ui,Uj} ∘ c_{Uj ,Ui} ) ⊗ id_U ∨_i ] ∘ (b̃_{Uj} ⊗ b_{Ui} ) in Hom(1, 1) ∼= C is invertible.

In (4), i and j take values in the set I labeling the isomorphism classes of simple objects of C, and {U_i} is a set of representatives for those classes, such that U_0 = 1 is the tensor unit. That C is ribbon^2 means that there are families {c_{U,V} } of braiding isomorphisms in Hom(U ⊗ V, V ⊗ U ), {θ_U } of balancing twist isomorphisms in Hom(U, U ), {b_U } of coevaluation evaluation morphisms in Hom(1, U ⊗ U^∨), and {d_U } of evaluation morphisms in Hom(U^∨⊗ U, 1), respectively, with appropriate properties; see, for instance, chapter 2 of [BK]. Every ribbon category is rigid, i.e. besides the right duality given by {d_U , b_U } there is also a left duality (with coevaluation and evaluation morphisms to be denoted by {b̃_U , d̃_U }), and it is even sovereign, i.e. the left and right duality functors are equal,^∨U = U^∨ for all U ∈ Obj(C) and ∨f = f^∨ for all morphisms of C.

In a modular tensor category the tensor product induces a multiplicative ring structure on the Grothendieck group K_0(C), i.e. the quotient of the free abelian group generated by isomorphism classes [U ] by the ideal generated by the relations [U ] = [V ] + [W ] for all exact sequences 0 → V → U → W → 0. We denote by N_{i j}^k ∈ Z_{≥0} the structure constants of the ring K_0(C) in the basis furnished by the classes {[U_i] | i ∈ I} of simple objects. These numbers are the fusion rules that appear on the left hand side of (1).

Thus in short, for an RCFT with chiral symmetry V the Verlinde formula (1) expresses the structure constants of the based ring K_0(Rep(V)) in terms of the character S-matrix (3) for the characters of Rep(V)-representations.

On the other hand, an expression for N_{i j}^k of the form (1) also follows directly from the representation theory of the fusion algebra K_0(Rep(V)) ⊗_ZC. Indeed, there is a (not uniquely determined) diagonalizing S-matrix S^⊗ such that (1) holds with S = S^⊗ (see section 3 below for details). Thus the contents of (1) may also be summarized by asserting the equality

(5) S^⊗ = S^χ

between (a possible choice of) the diagonalizing S-matrix S^⊗ and the character S-matrix S^χ .

Moreover, as already hinted at by the choice of symbol s in (4), for a modular tensor category there is also a third S-matrix of interest, namely the matrix

(6) S∘∘ = ζ s∘∘ with ζ := (∑ i∈I (s∘∘_{i,0})^2 )_{−1/2} (one can show that s∘∘_{i,0} ≥ 0), which is defined in terms of the braiding and the dualities of Rep(V), and which we will accordingly call the ribbon S-matrix . And indeed, for the representation category of any rational conformal vertex algebra in addition to (5) one also has the equality (7) S∘∘ = S^⊗ between the ribbon S-matrix and the diagonalizing S-matrix. Note that, unlike (5), this is a statement about the modular tensor category C and can thus be formulated without reference to the underlying vertex algebra that has C as its representation category.

Both of the equalities (5) and (7) have been proven in the adequate contexts: (7) for modular tensor categories, and (5) for rational conformal vertex algebras. We will present some details, including a proof of (7), in section 3 below. But in

2 Besides the qualifier ‘ribbon’ [RT], which emphasizes the similarity with the properties of

ribbons in a three-manifold, also the terms ‘tortile’ [JS, Sh] and ‘balanced rigid braided’ are in use.

this paper our main interest is in a broader class of CFTs which are not necessarily rational. For these theories a priori neither of the matrices S^χ and S^⊗ exists any longer. However, there is at least one interesting class of models, the (1,p) minimal models [Kau1], for which such matrices can indeed be extracted from Rep(V), such that by postulating the validity of (5), the corresponding generalization of the Verlinde formula yields sensible fusion rules. Like in the rational case, an understanding of this relationship requires a good grasp both on purely categorical and on representation theoretic aspects of the theory. Here we concentrate on categorical aspects. On the representation theoretic side, the crucial new ingredient is the generalization of the tensor product theory for Rep(V) [HL1, HL2, Hua1] to include generalized V-modules and logarithmic intertwining operators that has been presented in [Miy3, HLZ].

The rest of this note is organized as follows. We start in section 2 by discussing a class of tensor categories that includes, besides all modular tensor categories, the representation categories for the (1,p) minimal models that were suggested in the literature, and which we expect to encompass many more non-rational CFT models of interest. Afterwards we turn our attention to properties of the (K_0-) fusion rules of such categories, illustrating them first in the semisimple case in section 3, and then discussing the general case in section 4. Next we comment, in section 5, on the modular transformations of characters, which in the non-semisimple case do not span the space of conformal zero-point blocks on the torus. In section 6 pertinent information on the (1,p) minimal models is collected, including in particular, in section 6.3, the conjecture of [FHST] for the fusion rules of the (1,p) models. In the final section 7 we remark on the significance of some peculiarities of these (1,p) fusion rules, and also point out that taking the relation between chiral and full CFT into consideration may allow one to gain additional insight into the purely chiral issues addressed here.

2. Braided finite tensor categories

Eventually one would like to understand the vertex algebra and its representation theory for any arbitrary conformal field theory. But in view of the limited information available, it would be presumptuous to attack all models at once. As a modest first step one can instead try to learn more about those non-rational CFT models which are the closest relatives of the rational ones. To us, the crucial properties seem to be that up to isomorphism there is still a finite number of irreducible V-modules and that all modules have a Jordan-Hölder series of finite length. Unfortunately, even at this restricted level of ambition it is far from obvious how to characterize the relevant categories. Certainly at the representation theoretic level one has to deal with weak or generalized modules [Mil2, Miy3, HLZ], for which, unlike for ordinary V-modules, semisimplicity of the action of the Virasoro zero mode L_0 is not required. Further, the relevant subcategory C of the category of all generalized V-modules must still admit ▷ a tensor product, as the representation theoretic foundation of operator product expansions;

▷ a braiding, to account for monodromy properties of conformal blocks; and ▷ a notion of contragredient representation [FHL], in order to allow the collection of two-point blocks on the Riemann sphere to be nondegenerate.

Subcategories C with these properties certainly exist [HLZ], though it can be difficult to verify for concrete models that a specified class of modules of, say, a W-algebra in conformal field theory for which the associated vertex algebra is not known in full detail, satisfies the relevant criteria. If V is C_2-cofinite, then the class of finite-length weak V-modules has the desired properties [Miy3, Theorems 4.5 & 5.4]. In any case, C should contain enough projectives, and in particular contain all simple V-modules as well as their projective covers. (For C_2-cofinite vertex algebras, the latter is again fulfilled for the generalized modules of finite length [Miy3, Theorem 6.4].) Accordingly, for the specific class of models we have in mind, the structure of a finite tensor category [EO] seems to provide a suitable framework. Recall from [EO] the following

Definition 4. Let C be an abelian category with algebraically closed ground field kand finite-dimensional morphism spaces.

(i) C is called finite iff the number of isomorphism classes of simple objects is finite, every simple object has a projective cover, and C is artinian, i.e. every object has finite length.

(ii) A finite tensor category is a finite rigid monoidal category with simple tensor unit.

From now on C will stand for a finite tensor category (in the application to conformal field theory, kis C). We continue to write {U_i | i ∈ I} for a (finite) set of representatives of isomorphism classes of simple objects of C, with U_0 = 1. For i ∈ I we denote by i^∨ ∈ I and^∨i ∈ I the unique labels such that U^∨_i ∼= U_i∨ and ∨U_i ∼= U∨_i, respectively. Besides the simple objects, the indecomposable projective objects turn out to be particularly important. We denote by {P_i | i ∈ I} the set of indecomposable projective covers of the simple objects U_i.

Let us list some properties of finite tensor categories:

▷ The rigidity of C guarantees [BK, Proposition 2.1.8] that the tensor product bifunctor is exact in both of its arguments. ▷ By rigidity,

(8) Hom(U ⊗ V, W ) ∼= Hom(V,^∨U ⊗ W ) ∼= Hom(U, W ⊗ V^∨) .

While the left and right dualities need not coincide, still^∨L ∼= L^∨ for every invertible object L.

▷ A simple object U is also absolutely simple, i.e. satisfies Hom(U, U ) = kid_U . ▷ For all i ∈ I, Hom(P_i ⊗^∨U_i, 1) ≠ 0 and Hom(P_i ⊗^∨U_i, P_0) ≠ 0 [EO, Remark in 2.7]. ▷ For any object U and any projective object P , the objects P ⊗ U and U ⊗ P are projective [KaL, IV, Corollary 2 on p. 441]. In particular, after tensoring with a projective object every exact sequence splits.

▷ As a consequence [EO, Proposition 2.3], together with P also P^∨ is projective. This, in turn, implies that any indecomposable projective object has, up to isomorphism, a unique simple subobject, and that any projective object is also injective, and vice versa.

▷ It also follows that if 1 is projective, then, owing to U ∼= U ⊗ 1, so is every object U of C. This implies that the tensor unit is projective iff C is semisimple. ▷ Further, the assignment

i → i^+ such that P^∨_i ∼= P_i+ constitutes a bijection from I to itself, satisfying i^{++} = i^{∨∨}.

Next we note that, being exact in both arguments, the tensor product bifunctor induces a ring structure on K_0(C). We call this structure the fusion product and denote it by [U ] ∗ [V ] :=[U ⊗V ], and refer to the k-algebra

(9) F_0(C) := K_0(C) ⊗_Zk

as the fusion algebra of C. For any object U , the matrix of left (or right) multiplication by [U ] in K_0(C) has nonnegative entries; the Perron--Frobenius eigenvalue of this matrix is called the Perron--Frobenius dimension of U .

Besides its ring structure, K_0(C) inherits further properties from C: Since the tensor product is associative up to isomorphism, the fusion product ∗ is associative. Similarly, the class [U_0] of the tensor unit is the unit element of K_0(C), [U_0] ∗ [U ] = [U ] = [U ] ∗ [U_0], while rigidity implies that [U^∨] ∗ [U ] = [U_0] + . . . and [U ] ∗ [^∨U ] = [U_0] + . . . .^3 And owing to finiteness of C, the algebra F_0(C) has a Zbasis {[U_i]}_{i ∈ I} , to be called the fusion basis, in which the structure constants are nonnegative integers. As in the case of modular tensor categories, we write N_{i j}^k for these numbers, i.e. write

[U_i] ∗ [U_j] = ∑ i∈I N_{i j}^k [U_k] ,

and refer to the integers N_{i j}^k as the (K_0-) fusion rules of C.

In terms of these fusion rules, the tensor products of the simple objects U_i and indecomposable projective objects P_i are given by [EO, Proposition 2.2] P_i ⊗ U_j ∼= ⨁ k∈I N_{k j}∨^i P_k and U_j ⊗ P_i ∼= ⨁ k∈I N∨_{j k}^i P_k . The objects P_i close among themselves under the tensor product, in the sense that

(10) P_i ⊗ P_j ∼= ⨁ k∈I B_{i j}^k P_k with B_{i j}^k ∈ Z_{≥0} for i, j ∈ I. The bijection i → i^+ satisfies N_0+_j∨^i = δ_i+_{,j}, implying that the object U_0+ is invertible and obeys

P_i+ ∼= P∨_i ⊗ U_0+ , U_i+ ∼= U∨_i ⊗ U_0+ , P_i+∨ ∼= U_0+∨ ⊗ P_i

as well as P_i∨∨ ∼= U_0+∨ ⊗ P∨∨_i ⊗ U_0+ [EO, Lemmata2.9,2.10].

Braid group statistics is a characteristic feature of low-dimensional quantum field teories. Accordingly we now assume that C is a braided finite tensor category. (Braided tensor categories with similar properties as those of finite tensor categories have also been studied in [Ly2, KeL].) Then the ring K_0(C) is commutative, and the isomorphisms (8) are supplemented by

Hom(U ⊗ V, W ) ∼= Hom(V, U^∨⊗ W ) ∼= Hom(U, W ⊗^∨V ) .

3 But note that for [U 0] to occur in the decomposition of [U ] ∗ [V ] with respect to the fusion basis it suffices that U ⊗ V has the tensor unit as a subquotient, which can happen even for simple objects U , V that are not isomorphic to each other’s left or right duals.

Also (compare e.g. formula (2.2.6) of [BK]), the double dual functors ?^{∨∨} and^{∨∨}? are naturally isomorphic (as functors, though in general not as monoidal functors) to the identity functor Id_C . One can thus define left and right (quantum) dimensions dim_l(U ), dim_r(U ) ∈ Hom(1, 1) of objects of C by

dim_l(U ) := d̃_U ∘ c∨_{U,U} ∘ b̃_U , dim_r(U ) := d_U ∘ c_{U,U} ∨ ∘ b_U .

By (absolute) simplicity of 1, when dim_r(U ) ∈ Hom(1, 1) ∼= k(or dim_l(U )) is nonzero, then it is an isomorphism and 1 is a retract of the object U ⊗ U^∨ (respectively, of^∨U ⊗ U ). It follows (compare [EO, Theorem 2.16]) that, unless C is semisimple, dim_l(P ) = 0 = dim_r(P ) for every projective object P .

3. Semisimple fusion rules and the Verlinde formula

In this section we assume that C is a semisimple sovereign braided finite tensor category, e.g. a modular tensor category. Then in particular every object is projective, and (10) reduces to U_i ⊗ U_j ∼= ⨁ k∈I N_{i j}^k U_k for i, j ∈ I. Combining (8) with semisimplicity, one has Hom(U^∨⊗ V, W ) ∼= Hom(U ⊗ W, V ), and thus the representation matrix ρ_{reg}([U^∨]) of [U^∨] in the (left, or equivalently right) regular representation ρ_{reg} of the fusion algebra F_0(C) is the transpose of ρ_{reg}([U ]). Commutativity of F_0(C) then implies that all matrices ρ_{reg}( · ) are normal and commute with each other, and therefore can be diagonalized simultaneously. Thus ρ_{reg} is fully reducible, and hence F_0(C) is semisimple.

So F_0(C) is a semisimple unital commutative associative algebra over an algebraically closed field k. The structure of such algebras is easily worked out.^4 First, there is a basis {e_l | l ∈ I^∗} of idempotents, satisfying

e_l ∗ e_m = δ_{lm} e_m and ∑ l∈I^∗ el = e , such that there is an isomorphism

F_0(C) ∼= ⨁ l∈I^∗ ke_l of k-algebras. Note that the label sets I and I^∗ are in bijection, but there does not exist any natural bijection between them.

The basis transformation [U_i] = ∑ l∈I^∗ Qi,l el, i ∈ I, from the basis of idempo-

tents to the fusion basis defines an invertible matrix Q, unitary up to normalisation, in terms of which the structure constants can be written as N_{i j}^k = ∑ l Q_{i,l} Q_{j,l} Q^{−1}_{l,k} . The matrix S^⊗ with entries

(11) S^⊗_{i,l} := ξ_l Q_{i,l} with ξ_l := ( ∑ i∈I |Q_{il}|^2 )_{−1/2} = S^⊗_{0,l} ≠ 0

is unitary and diagonalizes the fusion rules,

(12) N_{i j}^k = ∑ l∈I^∗ S^⊗_{i,l} S^⊗_{i,j} S^{⊗−1}_{l,k} S^⊗_{0,l} . 4 For a few more details about semisimple fusion algebras see e.g. [Kaw, Fu, Gan2].

It is thus the diagonalizing matrix announced before formula (5) in section 1.

We are now in a position to establish the postulated equality (7). One possibility is the following. After tacitly replacing C with an equivalent strict monoidal category, we can employ the usual graphical notation (see e.g. [BK, FRS1] and the literature cited there)

b_U =

U

U∨

d_U =

U∨

U

c_{U,V} =

U

V

for the (co)evaluation and braiding morphisms. Then the following chain of equalities is easy to verify: s∘∘_{i,k} s∘∘_{0,k} s∘∘_{j,k} = s∘∘_{i,k} s∘∘_{0,k}^{j k} = j i k

= ∑ p ∑ α p α α k i∨ j∨ = ∑ p ∑ α p k i∨ j∨ α α = ∑ p N_{i j}^ps∘∘_{p,k}

(The first equality is the definition (4) of s∘∘_{j,k}, the second equality uses the same definition for s∘∘_{i,k}, the third is obtained by expressing id_{Uj ⊗Ui} in terms of dual bases {α} of Hom(U_j ⊗U_i, U_p) and {α} of Hom(U_p, U_j ⊗U_i), the fourth holds by monoidality of the braiding and (co)evaluation morphisms, and the final equality follows by the property of the bases {α} and {α} to be dual to each other.) This tells us that the ribbon S-matrix S∘∘ diagonalizes the fusion rules, too, and hence that it coincides with the diagonalizing S-matrix (11), up to the inherent freedom present in S^⊗ , i.e. up to changing the order of the columns (recall the lack of a natural bijection between I^∗ and I) and multiplying them by invertible scalars. Thus, in this sense, S∘∘ = S^⊗ , as claimed.

The reasoning above summarizes the proof obtained in 1989, in several different guises, in [Wi, MS2, Ca]. For related material, see e.g. [MS1, DV, FK, BYZ, BT]). We also note that the equality (7) implies in particular that for any object U , its quantum dimension dim(U ) = s∘∘_{U,0} ≡ d_U ∘ b̃_U coincides with its Perron--Frobenius dimension.

To prove the equality (5), on the other hand, requires rather different ideas and tools, since the contents of (5) is not purely categorical. Early investigations dealt with Virasoro unitary minimal models [BS]. Later attention focused on the unitary WZW conformal field theories based on untwisted affine Lie algebras ĝ and positive level ℓ, which are distinguished in the following two respects: First, there is a convenient explicit formula expressing the character S-matrix S^χ in terms of quantities from the horizontal subalgebra g of ĝ [KP]. And secondly, the sheaves of conformal blocks on a complex curve C can be identified with holomorphic sections in the ℓth tensor power of a line bundle over the moduli space of flat g-connections over C, so that they may be regarded as non-abelian generalizations of theta functions (see e.g. [TUY, Be, Sor]). Accordingly, the first proofs of (5) for the WZW case combined the explicit expression for S^χ with algebro-geometric techniques [Fa, BL, Be]. In another proof [Te] the integrable highest weight ĝ-modules are completed to Hilbert spaces and the Verlinde formula is reduced to vanishing theorems for certain complexes of these Hilbert spaces. Yet another [Fi] is obtained by establishing a monoidal equivalence between the category of integrable highest weight ĝ-modules for a unitary WZW model at level ℓ and a category of ĝ-mo-dules at level −ℓ−2h^∨, which allows one can invoke the results of [KaL] for the Grothendieck ring of the latter category.

Much more recently, the equality S^⊗ = S^χ has finally been established for the representation category of every rational conformal vertex algebra, and in particular without the need to refer to any concrete expression for S^χ such as the one available in the WZW case. Various pertinent aspects had been clarified earlier, e.g. in [Zh, HL2, Hua1, HL3, DLM2, Miy1]. But the proof could be completed, in 2004 [Hua3], only after another crucial input, the modular transformation behavior of (genus zero and one) multi-point conformal blocks, had been resolved [Hua2].

4. Non-semisimple fusion rules

Let us now study the fusion algebra F_0(C) for a braided finite tensor category C that is neither (necessarily) semisimple nor sovereign. F_0(C) is a finite-dimensio-nal unital commutative associative k-algebra, with a distinguished basis, the fusion basis {[U_i] | i ∈ I}. The structure of such algebras is slightly more complicated than in the semisimple case, see e.g. [ARS, Chapters I.4 & II.5]. As a vector space, F_0(C) can be written as a sum of its Jacobson radical R and its semisimple part. Thus it has a basis (13) {y_l | l ∈ I^∗} = {e_a | a ∈ I^′} ∪ {w_{a,ℓ} | a ∈ I^′ , ℓ = 1, 2, ... , ν_a−1} with ν_a ∈ Z_{>0} for a ∈ I^′, consisting of idempotents e_a and nilpotent elements w_{a,ℓ} that satisfy the relations ∑ a∈I^′ ea = 1 and e_a ∗ e_b = δ_{ab} e_b , w_{a,ℓ} ∗ w_{b,ℓ}′ = 0 for a ≠ b , w_{a,ℓ} ∗ e_b = δ_{ab} w_{a,ℓ} (the w_{a,ℓ} may be chosen such that w_{a,ℓ} = (w_{a,1})^{∗ℓ}), so that

F_0(C) ∼= R ⊕ ⨁ a∈I^′ ke_a with R ∼= ⨁ a∈I^′ ν_a−1⨁

ℓ=1 kw_{a,ℓ} as k-vector spaces.

It follows that in the y_l-basis, for every i ∈ I the matrix M_i := R_{reg}([U_i]) is block-diagonal, with |I^′| blocks of sizes ν_a. Thus the matrices N_i formed by the structure constants in the fusion basis (i.e., having entries (N_i)^k_j = N_{i j}^k), while in general not diagonalizable, are still block-diagonalizable, satisfying Q^{−1}N_i Q = M_i with Q the matrix for the basis transformation from the y_l-basis to the fusion basis, [U_i] = ∑ l∈I^∗ Qi,l yl. Now recall from (11) that in the semisimple case (for

which ν_a = 1 for all a ∈ I^′ = I^∗ and all M_i are diagonal), the diagonalizing S-ma-trix S^⊗ is obtained from the basis transformation matrix Q as Q = S^⊗ K with K_{l,m} = δ_{lm} /S^⊗_{0,m}, where the role of the diagonal factor K is to make S^⊗ unitary. This suggests to implement an analogous factorization also in the general case, i.e.

to set

(14) Q =: S^⊗ K with K = ⨁ a∈I^′ K^a

with ν_a×ν_a-matrices K^a. Then one arrives at the equality

(15) N_i = S ^S_i S^{−1} with S ≡ S^⊗ and ^S_i ≡ K M_i K^{−1}

as a generalization of (12) to non-semisimple fusion rules.

It should be stressed that it is completely unclear whether any particular choice of K is distinguished in applications to conformal field theory. Anyhow, note that in the semisimple case one has S^⊗_{0,l}K_l = Q_{0,l} = 1 for every l ∈ I^∗, so that K is expressible entirely through S^⊗ . In contrast, in the general case the condition ∑ ae_a = 1 just yields (denoting by I^a the subset of I^∗ determined by {y_l | l ∈ I^a} = {e_a} ∪ {w_{a,ℓ} | ℓ = 1, 2, ... , ν_a−1}) ( ∑ m∈I^a S^⊗_{0,m} K^a_{m,l} ) l∈I^a = ( Q_{0,l} ) l∈I^a = ( 1 0 · · · 0

ν_a−1 times )

for each a, i.e. only a single restriction on the ν^2_a entries of the block K^a. In addition, by comparison with the semisimple case it is tempting to demand that the entries of K^a can be expressed solely through the numbers S^⊗_{0,m} with m ∈ I^a. If, for instance, ν_a = 2, then this just leaves two parameters in K^a undetermined, one of them being the normalization of w_a. Ordering the y_l-basis such that y_l = e_a and y_{l+1} = w_a, and – motivated by the results of [FHST] which imply e.g. that S^⊗ should square to the unit matrix (see section 6 below), though not by any further insight – fixing these two parameters by imposing that det K^a = 1 and K^a_{l,l} + K^a_{l+1,l} = 0, one then has (16) K^a = ( Σ^⊗_{0,l} )_{−1} −S^⊗_{0,l+1} − ( Σ^⊗_{0,l} )_{−1} S^⊗_{0,l} with Σ^⊗_{0,l} := S^⊗_{0,l} − S^⊗_{0,l+1} ,

and thus ( ^ S_i )_a = 1 Σ^⊗_{0,l} ( S^⊗_{0,l}S^⊗_{i,l} + S^⊗_{0,l+1}S^⊗_{i,l+1} − 2 S^⊗_{0,l+1}S^⊗_{i,l} S^⊗_{0,l}S^⊗_{i,l+1} − S^⊗_{0,l+1}S^⊗_{i,l} S^⊗_{0,l+1}S^⊗_{i,l} − S^⊗_{0,l}S^⊗_{i,l+1} S^⊗_{0,l}S^⊗_{i,l} + S^⊗_{0,l+1}S^⊗_{i,l+1} − 2 S^⊗_{0,l}S^⊗_{i,l+1} ) .

Recall that the projective covers P_i of the simple objects U_i close under the tensor product, see formula (10). As a consequence, their images in K_0(C) span an (associative but, unless C is semisimple, not unital) ideal P(C) of F_0(C). Together the structure of F_0(C) and of P(C) already encode a lot of information about the tensor product of C. (Compare the analogous situation with tensor products of modules over simple Lie algebras and over quantum groups, see e.g. [La, FS].) If the ideal P(C) is maximal, then it contains in particular the Jacobson radical R of F_0(C), so that the quotient F_0(C)/P(C) is semisimple. While this is indeed the case for the (1,p) models studied in section 6 below, it is not clear to us whether it remains true for other finite tensor categories.

5. Modular transformations

For any C_2-cofinite conformal vertex algebra V the space Y = Y(V) of conformal zero-point blocks on the torus carries a finite-dimensional representation ρ_X of the modular group SL(2,Z). This has long been known for rational conformal vertex algebras [Zh], for which Zhu’s algebra A(V) is semisimple. However, semisimplicity of A(V) is not necessary [Miy2, theorem 5.8]. Note that C_2-cofiniteness implies [Miy2, theorem 2.5] that A(V) as well as the higher Zhu algebras A_n(V) [DLM1] are finite-dimensional. Further, C_2-cofiniteness is equivalent to the statement that every weak module is N-gradable and is a direct sum of generalized eigenspaces to L_0 of [Miy2, theorem 2.7], so that one can define characters as in formula (2) and analogous trace functions for vectors v ∈ V other than the vacuum vector, as well as for generalizations known as “pseudo-trace functions”. As shown in theorem 5.2 of [Miy2], the space Y is spanned by pseudo-trace functions for the vacuum vector. For rational V, Y = X is already spanned by the ordinary characters χ_i ≡ χ_{Ui} of the irreducible V-modules U_i, whereas in the non-rational case one needs in addition nontrivial pseudo-trace functions which are linear combinations of characters with coefficients in C[τ ] [Miy2, proposition 5.9]. (For the (1,p) minimal models these generalized characters coincide [FG] with the functions introduced on similar grounds in [Fl1].) There does not, however, exist a canonical assignment of these additional nontrivial pseudo-traces to particular indecomposable V-repre-sentations. (Note that exactness of a sequence 0 → U → W → V → 0 implies that χ_W = χ_U + χ_V ; in particular, the modular transformations of any character χ_W are completely determined by those of the irreducible characters.) As a consequence, the finite-dimensional SL(2,Z)-representation ρ_X on the zero-point torus blocks does not come with a distinguished basis, unless V is rational, in which case a distinguished basis is given by the irreducible characters.

In the non-semisimple case, the proper subspace X of Y is generically not invariant under the action of ρ_Y. Rather, the modular transformations

(17) χ_i(γτ ) = ∑ j∈I J_{ij}(γ; τ ) χ_j (τ )

of the characters involve matrices J(γ; τ ), satisfying J(γγ^′ ; τ ) = J(γ; γ^′τ ) J(γ^′; τ ) for γ, γ^′ ∈ SL(2, Z), which depend nontrivially on τ . On the other hand, for there to be any chance to generalize the relation (5) between the modular S-transformation and the (K_0) fusion rules, it seems indispensible to still have an SL(2,Z)-representation ρ_X, of dimension |I| (i.e. the dimension of the fusion algebra F_0(C), which equals the number of irreducible V-characters), on the subspace X. Several methods have been proposed for extracting such a representation ρ_X, and thereby a candidate character S-matrix S^χ := ρ_X(

(_{0 −1} 1 0 ) ) from the theory:

▷ Separate [FHST] from the τ -dependent matrices J a matrix-valued automorphy factor ȷ by writing J(γ; τ ) = ȷ(γ; τ )^{−1}ρ_X(γ) ,

analogously as separating a scalar automorphy factor ζ^{−1}_{c,d} (cτ +d)^{−1/2} e^{−iπcν2 /(cτ+d)} from the Jacobi theta function ϑ(τ, ν) makes it invariant under Γ_{1,2} < SL(2, Z). Actually, whenever ȷ fulfils the cocycle condition ȷ(γγ^′; τ ) = ȷ(γ^′; τ ) ȷ(γ; γ^′τ ) and strongly commutes with ρ_X = ȷJ, i.e. obeys [ρ_X(γ), ȷ(γ^′; τ )] = 0 for all γ, γ^′ ∈ SL(2, Z), ρ_X is indeed an SL(2,Z)-representation. Thus in order to obtain a sensible result, one must impose further criteria, e.g. suitable minimality conditions, that allow one to select an appropriate automorphy factor ȷ.

▷ Find [FGST1] two strongly commuting SL(2,Z)-representations ρ_ȷ and ^ρ_X such that ρ_Y can be written as their “pointwise product”, i.e.

(18) ρ_Y(γ) = ρ_ȷ(γ) ^ρ_X (γ)

for γ ∈ SL(2, Z), and such that ^ρ_X restricts to the representation ρ_X on the subspace X ⊂ Y.

(The restriction of ρ_ȷ to X is then essentially the inverse automorphy factor ȷ^{−1}.) ▷ Envoke [FGST1] an equivalence between C and the representation category of a suitable ribbon quantum group and observe that on the center of the quantum group there is an SL(2,Z)-representation that, via the Jordan decomposition of the ribbon element, has a natural pointwise factorization of the form (18).

Remarkably, these approaches indeed work (and all lead to the same SL(2,Z)- representation) in the particular case of the (1,p) minimal models, to which we therefore now turn our attention.

6. The (1,p) minimal models

6.1. Representations of the chiral algebra. The vertex algebra V = V_{q,p} for the (q,p) Virasoro minimal model, of central charge c_{q,p} = 1 − 6(p−q)^2/pq, has a semisimple representation category iff the positive integers p and q are coprime [Wa, DMZ]. Here we consider the degenerate case of minimal models with q = 1 [Kau1], of central charge c = 13−6p−6/p, for which Rep(V) is not semisimple. For these (1,p) minimal models, V is still C_2-cofinite, as shown for p = 2 (the “symplectic fermion” case [Kau2]) in [Ab], and for general p in [CF].

Note that for q = 1 the Kac table is empty; therefore one considers Virasoro modules with labels in the extended Kac table instead. The resulting models have an extended chiral algebra W [Kau1, Fl1]. W can be constructed as follows (see e.g. [FHST, Sect. 2]). Consider a free boson φ with energy-momentum tensor 1 2 :∂φ ∂φ: +^1_2 (α_++α_−) ∂^2φ, with α_+ = √ 2p and α_− = − √ 2/p. For any r, s ∈ Z there is a free boson vertex operator Φ_{r,s} = : exp

(_1 2 [(1−r)α_++(1−s)α_−]φ ) : and an

associated Fock module F_{r,s} over the Heisenberg algebra that is generated by the modes of ∂φ. Then W is the maximal local subalgebra of the algebra spanned by the fields that correspond to the states in the kernel of the screening charge S_− = ∮ Φ_{1,−1} on the direct sum ⨁ r∈Z,s=1,...,p Fr,s of Fock modules. Concretely, W

is generated by three Virasoro primary fields of conformal weight 2p−1, namely W^− = Φ_{3,1} and W^0 = [S_+, W^−], W^+ = [S_+, W^0], where S_+ = ∮ Φ_{−1,1}.

Further, for every s = 1, 2, ... , p, the direct sum F_s := ⨁ r∈ZF_{r,s} of Fock modules contains two irreducible W-modules, or more precisely,

Ker S_− | |_{Fs} = U^+_s ⊕ U^−_s

with pairwise nonisomorphic irreducible W-modules U^±_s . The modules U^±_p are projective, while for each s = 1, 2, ... , p−1 there exist non-split extensions of U^±_s by U^∓_{p−s} and by U^∓_{p−s}⊕ U^∓_{p−s}, and there are in particular indecomposable projective modules P^±_s which are the projective covers of U^±_s and have Jordan-Hölder series corresponding to

(19) [P^+_s ] = [P^−_s ] = 2 [U^+_s ] + 2 [U^−_{p−s}] in the Grothendieck ring [FHST]. (See also [FGST1, appendix C] and [FGST2] for the corresponding quantum group modules.) The action of L_0 on U^±_s (s ≠ p) has size-2 Jordan blocks, while L_0 acts semisimply on all their proper subquotients.

We take the category C to have as objects the projective modules P^±_s (with s = 1, 2, ... , p, i.e. including P^±_p ∼= U^±_p ) and their subquotients. By the results of [CF], this should be a braided finite tensor category equivalent to a suitable full subcategory of the category of generalized V-modules [HLZ]. Thus in particular C has, up to isomorphism, 2p simple objects U^±_s , s ∈ {1, 2, ... , p}, and it consists of p + 1 linkage classes (minimal full subcategories such that all subquotients of all objects in the class again belong to the class); U^+_1 is the tensor unit. Two of the linkage classes contain a single indecomposable projective (indeed simple) object, namely U^+_p and U^−_p , respectively, while the others contain two nonisomorphic indecomposable projectives P^+_s and P^−_{p−s}, as well as two nonisomorphic simple objects U^+_s and U^−_{p−s}, s ∈ {1, 2, ... , p−1}. The tensor product of C has been studied in detail [GK1] for p = 2, but not for other values of p. The results of [GK1] show in particular that for p = 2 the block structure of F_0(C) reflects the linkage structure of C, in the sense that the block sizes {ν_a | a ∈ I^′}, coincide with the numbers of nonisomorphic simple (or of indecomposable projective) objects in the linkage classes of C. It is tempting to expect that this continues to be the case for any p, so that in particular the [U^+_1 ]-row of the diagonalizing matrix Q of F_0(C) looks as

(20) ( Q_{0,l} ) l∈I^∗ = ( 1 1 1 0 1 0 · · · 1 0

p−1 times ) .

6.2. Characters and modular transformations. As already mentioned at the end of the previous section, one can isolate an |I| = 2p -dimensional SL(2,Z)- representation from the modular transformations of characters by splitting off a suitable automorphy factor from the matrices J(γ; τ ) that were introduced in (17). The characters of the W-modules U^±_s are linear combinations of classical theta functions θ_{s,p}(q, z) = ∑ m∈Z+s/2p z mq^{pm2} and their derivatives ([FHST, Proposition 3.1.1], see also section 6.5 of [Fl2]):

χ_{U +s} (q) = η(q)^{−1} (_s p θ_{p−s,p}(q) + 2 θ^′_{p−s,p}(q) ) , χ_{U −s} (q) = η(q)^{−1} (_s p θ_{s,p}(q) − 2 θ^′_{s,p}(q) )

with θ_{s,p}(q) = θ_{s,p}(q, 1) and θ^′_{s,p}(q) = z^∂_{∂z} θ_{s,p}(q, z) | |_{z=1}. Ordering the 2p irreducible characters according to

U^+_p , U^−_p , U^+_1 , U^−_{p−1} , U^+_2 , U^−_{p−2} , . . . , U^+_{p−1} , U^−_1 ,

their modular S-transformation takes the same block form as indicated by (20) for the diagonalizing matrix Q, namely

J ((_{0 −1} 1 0 ) ; τ ) = J_{0,0} J_{0,1} . . . J_{0,p−1} J_{1,0} J_{1,1}(τ ) . . . J_{1,p−1}(τ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J_{p−1,0} J_{p−1,1}(τ ) . . . J_{p−1,p−1}(τ ) with p 2×2 -blocks

J_{0,0} =^{1√}_{2p} ( 1 1 1 (−1)^p ) , J_{0,t} =^{2√}_{2p} ( 1 1 (−1)^{p−t} (−1)^{p−t} ) ,

J_{s,0} =^{1√}_{2p} (_s p (−1)^{p+s s}_p p−s p (−1)^{p+s p−s}_p ) ,

J_{s,t} = (−1)^{p+s+t}

√_2 p (_s p cos π^{st}_p − iτ^{p−t}_p sin π^{st}_p^s_p cos π^{st}_p + iτ^t_p sin π^{st}_p p−s p cos π^{st}_p + iτ^{p−t}_p sin π^{st}_p^{p−s}_p cos π^{st}_p − iτ^t_p sin π^{st}_p ) . We now split off an automorphy factor ȷ that fulfils the following additional criteria: First, it is block-diagonal, with block structure reflecting the one of J; and second, it is minimal in the sense that when expressed in the basis of X that is furnished by the theta functions and their derivatives, it essentially reduces to the ‘trivial’ scalar automorphy factor (cτ +d)^{−1}. Concretely, we set [FHST, Proposition 4.3.1] (21) ȷ(γ; τ ) = 11_{2×2} ⊕ ȷ_1(γ; τ ) ⊕ · · · ⊕ ȷ_{p−1}(γ; τ ) where, for s ∈ {1, 2, ... , p−1}, ȷ_s(γ, τ ) = L_s ( 1 0 0 ζ(γ) α(γ, τ ) ) L^{−1}_s with α ((_{a b} c d ) ; τ ) ) = 1 cτ + d and L_s the similarity transformation between the two bases {χ_U +_s , χ_U −_{p−s} } and {θ_{s,p}, θ^′_{s,p}} of the two-dimensional subspace of X spanned by the characters of

U^+_s and U^−_{p−s}, and with ζ the SL(2,Z)-character defined by ζ ((_{0 −1} 1 0 )) = i and ζ ((_{1 1} 1 0 )) = κ with κ^3 = −i. With this automorphy factor one obtains

S^χ ≡ ρ_X ((_{0 −1} 1 0 )) := ȷ ((_{0 −1} 1 0 ) ; τ ) J ((_{0 −1} 1 0 ) ; τ )

= J ((_{0 −1} 1 0 ) ; τ =i ) = J_{0,0} J_{0,1} . . . J_{0,p−1} J_{1,0} S_{1,1} . . . S_{1,p−1} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J_{p−1,0} S_{p−1,1} . . . S_{p−1,p−1} with

S_{s,t} = (−1)^{p+s+t}

√_2 p (_s p cos π^{st}_p +^{p−t}_p sin π^{st}_p^s_p cos π^{st}_p −^t_p sin π^{st}_p p−s p cos π^{st}_p −^{p−t}_p sin π^{st}_p^{p−s}_p cos π^{st}_p +^t_p sin π^{st}_p ) . Note that the matrix S^χ defined this way squares to the unit matrix 11_{2p×2p}, but that it is not symmetric. Furthermore, it satisfies (22) S^χ_{2p−m+3,2p−n+3} = (−1)^{p(1−δm,1−δn,1)+⌊(m+n+1)/2⌋+mn}S^χ_{m,n}. Explicitly, we have e.g.

S^χ =

1/2 1/2 1 1 1/2 1/2 −1 −1 1/4 −1/4 1/2 −1/2 1/4 −1/4 −1/2 1/2 for p = 2 and

S^χ =

1/ √ 6 1/ √ 6 √ 2/3 √ 2/3 √ 2/3 √ 2/3 1/ √ 6 −1/ √ 6 √ 2/3 √ 2/3 − √ 2/3 − √ 2/3 1 3 √ 6 1 3 √ 6 −(6+ √ 3) 9 √ 2 3− √ 3 9 √ 2 3− √ 3 9 √ 2 −(6+ √ 3) 9 √ 2 √_{2/3} 3 √_{2/3} 3 √ 2(3− √ 3) 9 −(3+2 √ 3) 9 √ 2 −(3+2 √ 3) 9 √ 2 √ 2(3− √ 3) 9 √_{2/3} 3 − √_{2/3} 3 √ 2(3− √ 3) 9 −(3+2 √ 3) 9 √ 2 3+2 √ 3 9 √ 2 √ 2( √ 3−3) 9 1 3 √ 6 −1 3 √ 6 −(6+ √ 3) 9 √ 2 3− √ 3 9 √ 2 √ 3−3 9 √ 2 6+ √ 3 9 √ 2 for p = 3.

The SL(2,Z)-representation ρ_Y on the space Y of conformal zero-point blocks on the torus is (3p−1)-dimensional [Fl1, Miy2, FG]. According to Theorem 2.3 of [FGST1] it can be written as a pointwise product of the form (18), with the restriction of ρ_ȷ to the 2p-dimensional subspace X spanned by the characters yielding the inverse of the automorphy factor (21) and ^ρ_X restricting to the SL(2,Z)-representation ρ_X.

6.3. Conjecture [FHST]: K_0(C) from a generalized Verlinde relation. We now postulate that the equality (5) holds for the (1,p) minimal models, with ▷ S^⊗ as defined in (14), subject to the assumption that the block structure of F_0(C) is the one indicated in (20), and to the choice of normalizations made in (16), and ▷ S^χ given by ρ_X ((_{0 −1} 1 0 )) as obtained above.

This is, admittedly, a bold assumption. However, it is at least partly justified by the fact that it survives the following quite non-trivial consistency check: It generalizes the Verlinde formula (1) in the sense that the numbers obtained when inserting S = S^χ into the formula (14) for the block-diagonalizing S-matrix, which are priori general complex numbers (actually, algebraic numbers in a suitable finite abelian extension of the rationals), turn out to be nonnegative integers, as is needed for the structure constants of F_0(C) in the fusion basis.

Indeed, performing this exercise yields the following unital associative ring structure, which is conjectured to coincide with the Grothendieck ring K_0(C) that results from the tensor product of C [FHST]: [U^+_1 ] is the unit element, while [U^−_1 ] is an order-2 simple current (invertible element) acting fixed-point free, such that

[U^−_1 ] ∗ [U^±_s ] = [U^∓_s ] ,

and thereby the remaining relations all reduce to

(23) [U^±_s ] ∗ [U^±_t ] = [U^−_1 ] ∗ ( [U^±_s ] ∗ [U^∓_t ] ) = t∑ i=1 [^U^+_{s−t+2i−1}] for 1 ≤ t ≤ s ≤ p, where

[^U^±_s ] = { [U^±_s ] for 1 ≤ s ≤ p , [U^±_{2p−s}] + 2 [U^∓_{s−p}] for p+1 ≤ s ≤ 2p−1 .

It follows in particular that the Perron--Frobenius dimensions of the simple objects are given by d(U^±_s ) = s for s = 1, 2 ... , p .

Basis-independently, the structure of K_0(C) obtained this way can be described [FGST1, Proposition 3.3.7] as the quotient of the polynomial ring C[x] by an ideal generated by a certain linear combination of Chebyshev polynomials, with the variable x corresponding to [U^+_2 ].

To summarize: (1) The following strategy affords a generalization of the Verlinde conjecture to non-semisimple fusion rules:

▷ Parametrize a suitably normalized matrix S^⊗ that block-diagonalizes K_0(C).

▷ Extract an |I|×|I|-matrix S^χ := ρ_X(

(_{0 −1} 1 0 ) ) from the data of the CFT.

▷ Insert S^χ for S ≡ S^⊗ in the formula (15), i.e. compute N_i = S^χ ^S^χ_i S^{χ −1}.

(2) For the (1,p) minimal models, this strategy produces sensible fusion rules.

It is also worth recalling that the images of the projective objects of C form an ideal P(C) in K_0(C). The restriction of the fusion product to P(C) is rather degenerate (compare [FGST1, Section 3.3.2]); e.g. for p = 2, the relations for the three basis elements [U^+_2 ], [U^−_2 ] and [P_1] := [P^+_1 ] = [P^−_2 ] of P(C) read^5

[U^±_2 ] ∗ [U^±_2 ] = [U^+_2 ] ∗ [U^−_2 ] = [P_1] ,

[U^±_2 ] ∗ [P_1] = 2 ( [U^+_2 ] + [U^−_2 ] ) , [P_1] ∗ [P_1] = 4 [P_1] .

But the quotient F_0(C)/P(C) turns out to have a nice structure [FGST1, Corollary 3.3.5]: it is semisimple (implying that P(C) contains the Jacobson radical of F_0(C)), and is in fact isomorphic to the fusion ring of the sl(2) WZW theory at level p−2. To see this note that, owing to (19), in F_0(C)/P(C) we have [U^+_s ] + [U^−_{p−s}] ≃ 0 for s = 1, 2 ... , p−1. As a consequence, [^U^±_s ] ≃ − [U^±_{2p−s}] for s = p+1, p+2, ... , 2p , so that F_0(C)/P(C) is spanned by (the images of) [U^+_s ] with s = 1, 2 ... , p−1, and

[U^+_s ] ∗ [U^+_t ] ≃ p−1−|p−s−t| ∑ r=|s−t|+1 r+s+t ∈ 2Z U^+_r

in F_0(C)/P(C).

6.4. Relation with the quantum group U_q(sl(2)). By inspection, the Perron--Frobenius dimensions d(U^±_s ) of the simple objects of C coincide with the dimensions of the simple modules over the p-restricted enveloping algebra of sl(2, F_p) (see e.g. [Hum]); moreover, the same holds for their respective projective covers, for which d(P^±_s ) = 2p for all s = 1, 2, ... , p. In view of the intimate relationship between modular representations and quantum groups at roots of unity (see e.g. [Soe]), this may be taken as an indication that there might exist a suitable quantum group with a representation category equivalent to the category C.

As advocated in [FGST1, FGST2], and proven for p = 2 in [FGST2], such a quantum group indeed exists,, namely the restricted (non-quasitriangular) Hopf algebra U_q(sl(2)) with the value q = e^{πi/p} of the deformation parameter. U_q(sl(2)) has 2p irreducible modules, and [FGST1, Theorem 3.3.1] its Grothendieck ring

5 These fusion rules were actually already observed in [Ro, Section 5.3].

is isomorphic, as a fusion ring (i.e. via an isomorphism preserving distinguished bases), with the conjectured result (23) for K_0(C).

The center of the 2p^3-dimensional algebra U_q(sl(2)) has dimension 3p−1; as discussed in [Ke, Ly1, FGST1], it carries a representation of SL(2,Z). This representation can be shown to be isomorphic to the SL(2,Z)-representation ρ_Y on the space of torus zero-point blocks of the (1,p) minimal model, and in terms of U_q(sl(2)), the pointwise factorization of ρ_Y mentioned at the end of section 6.2 can be understood through the Jordan decomposition of the ribbon element of U_q(sl(2)) (which essentially gives the representation matrix in ρ_Y for the T -transformation) [FGST1, Theorems 5.2 & 5.3.3].

7. Outlook

Obviously, the approach taken above is too narrow to apply to general nonrational CFTs. Indeed, the non-rational models that fit in our framework still share many features of the rational ones. Among the types of non-rational CFTs that are excluded are, for instance, Liouville theory (see e.g. [Na] for a review, and [JT] for the discussion of a Verlinde-like relation in a subsector of the theory), all CFTs having chiral sectors of infinite Perron--Frobenius dimension, like the non-rational orbifolds of a free boson, as well as other interesting c = 1 theories such as the (p,p) minimal models [Mil1]. Nevertheless it seems worth continuing the investigation of (braided) finite tensor categories and their fusion rules. First, one may hope that even for more general non-rational CFTs there exists a suitable subcategory, e.g. the full subcategory formed by all objects of finite length, that has the structure of a braided finite tensor category and still captures interesting features of the CFT. Secondly, there are several classes of non-rational models which potentially do fit into the framework, like other logarithmically extended (p,q) minimal models, fractional-level WZW models (see e.g. [FM, Gab, LMRS, Ad]), or generalized symplectic fermions [Ab].

It will be important to determine whether the chiral sectors of models like those just mentioned indeed form finite tensor categories, and furthermore, to which extent they share additional features that are present for the (1,p) minimal models. The most important of these is the fact that for the (1,p) models the linkage structure of C exactly matches the linkage structure of the representation category Rep(F_0(C)) of the fusion algebra: every simple F_0(C)-module appears as a composition factor of precisely one block of F_0(C), and all composition factors of any indecomposable F_0(C)-module occur in one and the same block. Some particular aspects of this property of the (1,p) models are the following: ▷ The quotient algebra F_0(C)/P(C) is semisimple.

▷ There exist projective simple objects. (They appear to be analogues of the Steinberg modules in the representation theory of simple Lie algebras or quantum groups.)

▷ If indecomposable projective objects of C belong to the same linkage class, then they have the same image in K_0(C). (This behavior is familiar e.g. from certain induced modules over reduced enveloping algebras in the theory of modular representations [Ja].) Thus while there are as many isomorphism classes of indecomposable projectives as of simple objects, so that a priori the dimension of P(C) could be as large as |I|, the dimension of P(C) is actually given by the number of blocks of K_0(C) (i.e., in the notation of (13), by |I^′|).

Another feature of the fusion rules of the (1,p) minimal models is the presence of the simple current [U^−_1 ]. One would expect that, like in the rational case [SY, In], simple currents are accompanied by simple current symmetries of the matrix S^χ ; for the (1,p) models, this is indeed the case: relation (22) is a simple current symmetry.^6 Also worth being investigated is the question whether based solely on the category C of chiral sectors, or even just on its fusion ring K_0(C), one can make any interesting predictions about the Zhu algebras A_n(V) and their representations. These could then be tested in cases for which the vertex algebra is sufficiently well under control. For instance, for the (1,p) models one expects [FG] that A(V) has dimension 6p−1.

Finally, we would like to point out that the discussion of CFT above is incomplete in that it is exclusively concerned with chiral issues. In most applications it is full, local, CFT rather than chiral CFT that is relevant. How to deal with non-rational full CFT is not understood generally. Only a few peculiar results have been obtained, e.g. in [GK2], where a local theory for the (1,2) minimal model was constructed, or in [FHST], where the existence of some non-diagonal modular invariant combinations of characters was noticed for the (1,2) and (1,3) models.

An indication of what is going on in the general case is supplied by the observation that for any full CFT there should be sensible notions of topological defect lines and of boundary conditions. These structures play a central role in the construction of (rational) full CFTs based on noncommutative algebra in tensor categories [FRS1, FRS2, SFR] (for related work in the context of vertex algebras see [Ko, HK]). Indeed, since defect lines can be fused with each other, one expects that they form a monoidal category D, and that the defects can be deformed locally may be taken as an indication that D should be rigid. Moreover, since a defect line can be fused with a boundary condition, resulting in another boundary condition, the boundary conditions should form a (left, say) module category M over D. (For various pertinent aspects of module categories see [Os, ENO, EO, AF].) And, as pointed out in [SFR], this structure gives rise to a formulation in which M and D have naturally the structure of a (right) module category and a bimodule category, respectively, over the monoidal category C of chiral sectors of the CFT. Furthermore, from the viewpoint of [SFR] C is actually a derived concept, the primary structure being the category D, which already in rational CFT generically neither has a braiding nor a twist. It is tempting to try to analyze also (a subclass of) nonrational full CFTs by starting from the defect line category D, taken to be a finite tensor category. More generally, the existence of module and bimodule categories with matching properties might serve as a guiding principle when trying to find necessary properties that a monoidal category must possess in order to correspond to a non-rational chiral CFT.

6 The Galois group of the finite abelian extension of Q in which (upon suitable normalization

of the nilpotent basis elements and of the entries of the matrix K) the entries of the blockdiagonalizing matrix S^⊗ take their values gives rise to another type of symmetry. One may hope that these ‘Galois symmetries’ can be exploited in an similar manner as [CG, FGSS, FSS, Ba] for rational CFTs; in a related context this issue has been addressed in [Gan1].

Acknowledgements:

I am grateful to Matthias Gaberdiel, Terry Gannon, Christoph Schweigert and Aliosha Semikhatov for helpful discussions and comments on the manuscript.

References

[Ab] T. Abe, A Z_2-orbifold model of the symplectic fermionic vertex operator superalgebra, preprint math.QA/0503472 [Ad] D. Adamovic, A construction of admissible A^{(1)}_1 -modules of level −4/3, J. Pure Appl.

Alg. 196 (2005), 119–134 [math.QA/0401023] [AF] N. Andruskiewitsch and W.R. Ferrer Santos, On observable module categories, preprint [ARS] M. Auslander, I. Reiten, and S.O. Smalø, Representation Theory of Artin Algebras (Cambridge University Press, Cambridge 1995) [BK] B. Bakalov and A.A. Kirillov, Lectures on Tensor Categories and Modular Functors (American Mathematical Society, Providence 2001) [Ba] P. Bantay, Galois currents and the projective kernel in rational conformal field theory, J. High Energy Phys. 0303 (2003), 025–hep-th/0303027 [Be] A. Beauville, Conformal blocks, fusion rules and the Verlinde formula, in: Hirzebruch 65 Conference on Algebraic Geometry, M. Teicher, ed. (Bar-Ilan University, Ramat Gan 1996), p. 75–96 [BL] A. Beauville and Y. Laszlo, Conformal blocks and generalized theta functions, Commun.

Math. Phys. 164 (1994), 385–419 [alg-geom/9309003] [BS] A.A. Beilinson and V.V. Schechtman, Determinant bundles and Virasoro algebras, Commun. Math. Phys. 118 (1988), 651–701 [BT] M. Blau and G. Thompson, Derivation of the Verlinde formula from Chern--Simons theory and the G/G model, Nucl. Phys. B 408 (1993), 345–390 [BEK] J. Böckenhauer, D.E. Evans, and Y. Kawahigashi, On α-induction, chiral generators and modular invariants for subfactors, Commun. Math. Phys. 208 (1999), 429–487

[math.OA/9904109]

[BYZ] R. Brustein, S. Yankielowicz, and J.-B. Zuber, Factorization and selection rules of operator product algebras in conformal field theories, Nucl. Phys. B 313 (1989), 321–347 [Ca] J.L. Cardy, Boundary conditions, fusion rules and the Verlinde formula, Nucl. Phys. B 324 (1989), 581–596 [CF] N. Carqueville and M. Flohr, Nonmeromorphic operator product expansions and C_2 -cofiniteness for a family of W-algebras, J. Phys. A 39 (2006), 951–966 [math-ph/0508015] [CG] A. Coste and T. Gannon, Remarks on Galois symmetry in rational conformal field theories, Phys. Lett. B 323 (1994), 316–321 [DLM1] C. Dong, H. Li, and G. Mason, Vertex operator algebras and associative algebras, J.

Algebra 206 (1998), 67–96 [DLM2] , Modular-invariance of trace functions in orbifold theory and generalized moonshine, Commun. Math. Phys. 214 (2000), 1–56 [q-alg/9703016] [DMZ] C. Dong, G. Mason, and Y. Zhu, Discrete series of the Virasoro algebra and the moonshine module, Proc. Symp. Pure Math. 56 (1994), 295–316 [DV] R. Dijkgraaf and E. Verlinde, Modular invariance and the fusion algebra, Nucl. Phys. B (Proc. Suppl.) 5 (1988), 87–97 [ENO] P.I. Etingof, D. Nikshych, and V. Ostrik, On fusion categories, Ann. Math. 162 (2005), 581–642 [math.QA/0203060] [EO] P.I. Etingof and V. Ostrik, Finite tensor categories, Moscow Math. J. 4 (2004), 627–654

[math.QA/0301027]

[Fa] G. Faltings, A proof for the Verlinde formula, J. Algebraic Geom. 3 (1994), 347–374 [FGST1] B.L. Feigin, A.M. Gainutdinov, A.M. Semikhatov, and I.Yu. Tipunin, Modular group representations and fusion in logarithmic conformal field theories and in the quantum group center, preprint hep-th/0504093 [FGST2] , Kazhdan--Lusztig correspondence for the representation category of the triplet W -algebra in logarithmic CFT, preprint math.QA/0512621 [FM] B.L. Feigin and F. Malikov, Modular functor and representation theory of ^sl_2 at a rational level, Contemp. Math. 202 (1997), 357–405 [q-alg/9511011]

[Fi] M. Finkelberg, An equivalence of fusion categories, Geom. and Funct. Anal. 6 (1996), 249–267 [Fl1] M. Flohr, On modular invariant partition functions of conformal field theories with logarithmic operators, Int. J. Mod. Phys. A 11 (1996), 4147–4172 [hep-th/9509166] [Fl2] , Bits and pieces in logarithmic conformal field theory, Int. J. Mod. Phys. A 18 (2003), 4497–4592 [hep-th/0111228] [FG] M. Flohr and M.R. Gaberdiel, Logarithmic torus amplitudes, preprint hep-th/0509075 [FHL] I.B. Frenkel, Y.-Z. Huang, and J. Lepowsky, On axiomatic approaches to vertex operator algebras and modules, Memoirs Amer. Math. Soc. 104 (1993) [FS] I.B. Frenkel and K. Styrkas, Modified regular representations of affine and Virasoro algebras, VOA structure and semi-infinite cohomology, preprint math.QA/0409117 [FK] J. Fröhlich and C. King, Two-dimensional conformal field theory and three-dimensional topology, Int. J. Mod. Phys. A 4 (1989), 5321–5399 [Fu] J. Fuchs, Fusion rules in conformal field theory, FortschrittePhys. 42 (1994), 1–48

[hep-th/9306162]

[FGSS] J. Fuchs, B. Gato-Rivera, A.N. Schellekens, and C. Schweigert, Modular invariants and fusion rule automorphisms from Galois theory, Phys. Lett. B 334 (1994), 113–120

[hep-th/9405153]

[FHST] J. Fuchs, S. Hwang, A.M. Semikhatov, and I.Yu. Tipunin, Nonsemisimple fusion algebras and the Verlinde formula, Commun. Math. Phys. 247 (2004), 713–742 [hep-th/

0306274]

[FRS1] J. Fuchs, I. Runkel, and C. Schweigert, TFT construction of RCFT correlators I: Partition functions, Nucl. Phys. B 646 (2002), 353–497 [hep-th/0204148] [FRS2] , Ribbon categories and (unoriented) CFT: Frobenius algebras, automorphisms, reversions, preprint math.CT/0511590 [FSS] J. Fuchs, A.N. Schellekens, and C. Schweigert, Quasi-Galois symmetries of the modular S-matrix, Commun. Math. Phys. 176 (1996), 447–465 [hep-th/9412009] [Gab] M.R. Gaberdiel, Fusion rules and logarithmic representations of a WZW model at fractional level, Nucl. Phys. B 618 (2001), 407–436 [hep-th/0105046] [GK1] M.R. Gaberdiel and H.G. Kausch, A rational logarithmic conformal field theory, Phys.

Lett. B 386 (1996), 131–137 [hep-th/9606050] [GK2] , A local logarithmic conformal field theory, Nucl. Phys. B 538 (1999), 631–658

[hep-th/9807091]

[Gan1] T. Gannon, Comments on nonunitary conformal field theories, Nucl. Phys. B 670 (2003), 335–358 [hep-th/0305070] [Gan2] , Modular data: the algebraic combinatorics of conformal field theory, J. Algebraic Combin. 22 (2005), 211–250 [math.QA/0103044] [Hua1] Y.-Z. Huang, A theory of tensor products for module categories for a vertex operator algebra, IV, J. Pure Appl. Alg. 100 (1995), 173–216 [q-alg/9505019] [Hua2] , Differential equations, duality and modular invariance, Commun.Contemp.

Math. 7 (2005), 649–706 [math.QA/0303049] [Hua3] , Vertex operator algebras and the Verlinde conjecture, preprint math.QA/0406291 [Hua4] , Vertex operator algebras, the Verlinde conjecture and modular tensor categories, Proc. Natl. Acad. Sci. USA 102 (2005), 5352–5356 [math.QA/0412261] [Hua5] , Vertex operator algebras, fusion rules and modular transformations, Contemp.

Math. 391 (2005), 135–148 [math.QA/0502558] [HK] Y.-Z. Huang and L. Kong, Full field algebras, preprint math.QA/0511328 [HL1] Y.-Z. Huang and J. Lepowsky, Tensor products of modules for a vertex operator algebra and vertex tensor categories, in: Lie Theory and Geometry, R. Brylinski et al., eds. (Birkhäuser, Boston 1994), p. 349–383 [hep-th/9401119] [HL2] , A theory of tensor products for module categories for a vertex operator algebra, III, J. Pure Appl. Alg. 100 (1995), 141–171 [q-alg/9505018] [HL3] , Intertwining operator algebras and vertex tensor categories for affine Lie algebras, Duke Math. J. 99 (1999), 113–134 [q-alg/9706028] [HLZ] Y.-Z. Huang, J. Lepowsky, and L. Zhang, A logarithmic generalization of tensor product theory for modules for a vertex operator algebra, preprint math.QA/0311235 [Hum] J.E. Humphreys, Modular representations of simple Lie algebras, Bull. Amer. Math. Soc.

35 (1998), 105–122

[In] K. Intriligator, Bonus symmetry in conformal field theory, Nucl. Phys. B 332 (1990), 541–565 [Ja] J.C. Jantzen, Subregular nilpotent representations of Lie algebras in prime characteristic, Represent. Theory 3 (1999), 153–222 [JT] C. Jego and J. Troost, Notes on the Verlinde formula in non-rational conformal field theories, preprint hep-th/0601085 [JS] A. Joyal and R. Street, Braided tensor categories, Adv. Math. 102 (1993), 20–78 [KP] V.G. Kac and D.H. Peterson, Infinite-dimensional Lie algebras, theta functions and modular forms, Adv. Math. 53 (1984), 125–264 [Kau1] H. Kausch, Extended conformal algebras generated by a multiplet of primary fields, Phys. Lett. B 259 (1991), 448–455 [Kau2] , Curiosities at c = −2, preprint hep-th/9510149 [Kaw] T. Kawai, On the structure of fusion algebras, Phys. Lett. B 287 (1989), 247–251 [KaL] D. Kazhdan and G. Lusztig, Tensor categories arising from affine Lie algebras. I – IV, J. Amer. Math. Soc. 6 (1993), 905–947; 6 (1993) 949–1011; 7 (1993) 335–381; 7 (1994) 383–453 [Ke] T. Kerler, Mapping class group actions on quantum doubles, Commun. Math. Phys. 168 (1995), 353–388 [hep-th/9402017] [KeL] T. Kerler and V.V. Lyubashenko, Non-Semisimple Topological Quantum Field Theories for 3-Manifolds with Corners [Springer Lecture Notes in Mathematics 1765] (Springer Verlag, New York 2001) [Ko] L. Kong, A mathematical study of open-closed conformal field theories, Ph.D. thesis (Rutgers University 2005) [La] A. Lachowska, A counterpart of the Verlinde algebra for the small quantum group, Duke Math. J. 118 (2003), 37–60 [math.QA/0107136] [LMRS] F. Lesage, P. Mathieu, J. Rasmussen, and H. Saleur, The su(2)_{−1/2} WZW model and the βγ system, Nucl. Phys. B 647 (2002), 363–403 [hep-th/0207201] [Li] H.-s. Li, Representation theory and tensor product theory for vertex operator algebras, Ph.D. thesis (Rutgers University 1994) [hep-th/9406211] [Ly1] V.V. Lyubashenko, Invariants of 3-manifolds and projective representations of mapping class groups via quantum groups at roots of unity, Commun. Math. Phys. 172 (1995), 467–516 [hep-th/9405167] [Ly2] , Modular properties of ribbon abelian categories, in: 2nd Gauss Symposium.

Conference A: Mathematics and Theoretical Physics, M. Behara et al., eds (de Gruyter, Berlin 1995), p. 529–579 [hep-th/9405168] [Mil1] A. Milas, Fusion rings for for degenerate minimal models, J. Algebra 254 (2002), 300– 335 [math.QA/0003225] [Mil2] , Weak modules and logarithmic intertwining operators for vertex operator algebras, Contemp. Math. 297 (2002), 201–225 [math.QA/0101167] [Miy1] M. Miyamoto, A modular invariance on the theta functions defined on vertex operators, Duke Math. J. 101 (2000), 221–236 [math.QA/9809168] [Miy2] , Modular invariance of vertex operator algebras satisfying C_2-cofiniteness, Duke Math. J. 122 (2004), 51–91 [math.QA/0209101] [Miy3] , A theory of tensor products for vertex operator algebra satsifying C_2-cofiniteness, preprint math.QA/0309350 [MS1] G. Moore and N. Seiberg, Polynomial equations for rational conformal field theories, Phys. Lett. B 212 (1988), 451–460 [MS2] , Classical and quantum conformal field theory, Commun. Math. Phys. 123 (1989), 177–254 [Na] Y. Nakayama, Liouville field theory – A decade after the revolution, Int. J. Mod. Phys.

A 19 (2004), 2771–2930 [hep-th/0402009] [Os] V. Ostrik, Module categories, weak Hopf algebras and modular invariants, Transform.

Groups 8 (2003), 177–206 [math.QA/0111139] [Re] K.-H. Rehren, Locality and modular invariance in 2D conformal QFT, Fields Institute Commun. 30 (2001), 341–354 [math-ph/0009004] [RT] N.Yu. Reshetikhin and V.G. Turaev, Invariants of 3-manifolds via link polynomials and quantum groups, Invent. math. 103 (1991), 547–597

[Ro] F. Rohsiepe, Nichtunitäre Darstellungen der Virasoro-Algebra mit nichttrivialen Jordanblöcken, preprint BONN-IB-96-19 (Diploma Thesis, Bonn 1996) [SFR] C. Schweigert, J. Fuchs, and I. Runkel, Categorification and correlation functions in conformal field theory, preprint math.CT/0602079 [Sh] E. Shum, Tortile tensor categories, J. Pure Appl. Alg. 93 (1994), 57–110 [Soe] W. Soergel, Roots of unity and positive characteristic, in: Representations of Groups, B.N. Allison et al., eds. (American Mathematical Society, Providence 1995), p. 315–338 [Sor] Ch. Sorger, La formule de Verlinde, Astérisque 237 (1996), 87–114 [SY] A.N. Schellekens and S. Yankielowicz, Modular invariants from simple currents: an explicit proof, Phys. Lett. B 227 (1989), 387–391 [Te] C. Teleman, Lie algebra cohomology and the fusion rules, Commun. Math. Phys. 173 (1995), 265–311 [TUY] A. Tsuchiya, K. Ueno, and H. Yamada, Conformal field theory on universal family of stable curves with gauge symmetries, Adv. Studies in Pure Math. 19 (1989), 459–566 [Tu] V.G. Turaev, Quantum Invariants of Knots and 3-Manifolds (de Gruyter, New York 1994) [Ve] E. Verlinde, Fusion rules and modular transformations in 2D conformal field theory, Nucl. Phys. B 300 (1988), 360–376 [Wa] W. Wang, Rationality of Virasoro vertex operator algebras, Intern. Math. Res. Notices (1993), 197–211 [Wi] E. Witten, Quantum field theory and the Jones polynomial, Commun. Math. Phys. 121 (1989), 351–399 [Zh] Y. Zhu, Modular invariance of characters of vertex operator algebras, J. Amer. Math.

Soc. 9 (1996), 237–302

Avdelning fysik, Karlstads Universitet, Universitetsgatan 5, S – 65188 Karlstad E-mail address: jfuchs@fuchs.tekn.kau.se