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Abstract

Much of algebra and representation theory can be formulated in the general framework of
tensor categories. The aim of this paper is to further develop this theory for braided tensor
categories. Several results are established that do not have a substantial counterpart for symmetric
tensor categories. In particular, we exhibit various equivalences involving categories of modules
over algebras in ribbon categories. Finally, we establish a correspondence of ribbon categories
that can be applied to, and is in fact motivated by, the coset construction in conformal quantum
field theory.
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1. Introduction

In this paper we study equivalences involving categories of modules over algebras
in ribbon categories. Our main results are Theorem 5.20 and Theorem 7.6. To motivate
these results and clarify their relevance, we start by looking at a classical analogue:
correspondences.
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1.1. Correspondences

Correspondences are often needed to express relations between mathematical objects
of the same type. For instance, in algebraic geometry they enter in the definition
of rational maps. A more recent application is the construction of an action of the
Heisenberg algebra on the cohomology of Hilbert schemes of points on surfaces. In
the present paper, we introduce a generalisation of correspondences in the setting of
braided tensor categories, which turns out to provide a powerful tool for the study of
such categories.

Correspondences deal with classes of mathematical objects for which a Cartesian
product is defined. For definiteness, let us consider finite groups. A correspondence of
two groups G and G is a subgroup R of the product group G| x Ga,

R< G xGs. (1.1)

Suppose now that the representation theories of the groups G| and R are known. One
could then be tempted to formulate the following dream: A correspondence (1.1) might
allow us to express the category Rep(G») of (finite-dimensional complex) representa-
tions of G; in terms of the representation categories Rep(G1) and Rep(R).

Obviously, in this generality our dream is entirely unrealistic—just take G and
R to be trivial. To assess the feasibility of the dream in more general categories than
representation categories of finite groups, it is helpful to reformulate the correspondence
(1.1) in the spirit of the Tannaka—Krein philosophy, i.e. to express statements about
groups entirely in terms of their representation categories rather than in terms of the
groups themselves. One advantage of this point of view is the following. Once the
statements are translated to a category-theoretic setup, one can try to relax some of
the properties of the representation category so as to arrive at analogous statements
applying to categories that appear in other contexts, e.g. as representation categories of
quantum groups, of vertex algebras, or of precosheaves of von Neumann algebras, and
that, in turn, have important applications in quantum field theory.

Our starting point, i.e. the correspondence (1.1), is easily reformulated in category-
theoretic language. The representation category of the product group is simply the
product of the two representation categories, Rep(G1xG2) = Rep(G1) X Rep(G,). !
The correspondence R is, by definition, a subgroup of G| x G3; a category-theoretic
analogue of the notion of subgroup is known ([26]; for earlier discussions compare
also [46,36]): There is a bijection between subgroups H of a group G and commutative
algebras in the tensor category Rep(G). The commutative algebra in Rep(G) that is
associated to H is given by the space C(G/H) of functions on the homogeneous space
G/H. The category Rep(G)c(G/uy of C(G/H)-modules in Rep(G) is equivalent to
Rep(H),

Rep(G)e/n) =Rep(H) . (1.2)

I'For a precise definition of the relevant notion of product tensor category, see Section 6.1.
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Our dream can thus be stated more precisely as follows. Suppose we are given two
tensor categories C; and C, and a commutative semisimple algebra Ar in C; K (.
Denote by Cg an appropriate tensor category of Ag-modules. Then we might attempt
to express Cy in terms of C; and Cg, as the category of modules over a commutative
algebra B in a tensor category C that is derived from C; and Cg only.

In the particular case that G| and R are trivial, our dream would amount to the
statement that Rep(G») is equivalent to the representation category of a commutative
semisimple algebra over C, which clearly cannot be true for any non-abelian group
G>. More explicitly, in this specific situation the data involved in the correspondence
are, in category-theoretic language, the tensor category Rep(G2) and the commutative
algebra C(G») of functions on G, seen as an algebra in Rep(G»). Since all irreducible
representations of G, appear as subrepresentations of C(G»), this algebra has trivial
representation theory:

Rep(Gz)q;(Gz) ~Vectc . (1.3)

It is therefore all the more remarkable that there do exist situations in which our
dream can be realised. It involves a generalisation of algebra and representation theory
to tensor categories that are not necessarily symmetric, but are still braided. Among
such categories there are, in particular, the modular tensor categories. The interest in
modular tensor categories comes, e.g. from the fact that such a category contains the
data needed for the construction of a three-dimensional topological quantum field theory.
These categories arise in many interesting applications; for example, the representation
categories of certain vertex algebras are modular tensor categories.

Modular tensor categories are distinguished by a non-degeneracy property of the
braiding; in particular, the braiding is “maximally non-symmetric”’. This makes it ap-
prehensible that in contrast to the classical case above, in which all involved tensor
categories are symmetric, such categories can indeed provide a realisation of our dream.

1.2. Frobenius algebras

Many aspects of the representation theory of rings or algebras can be generalised
to the general setting of tensor categories [38]. In any tensor category one has the
notions of an associative algebra with unit and its modules and bimodules. Similarly
one can define coalgebras. A particularly interesting class are algebras A that are also
coalgebras such that the coproduct is a bimodule morphism from A to the A-bimodule
A ® A. Such algebras are called Frobenius algebras, because Frobenius algebras in the
modular tensor category of finite-dimensional vector spaces over some field are just
ordinary Frobenius algebras. Frobenius algebras in more general tensor categories have
recently attracted attention in several different contexts (see e.g. [26,20,17,37,34,18]).

In contrast to bialgebras (such as Hopf algebras), Frobenius algebras can be defined
in tensor categories that are not necessarily braided. In a braided category, however,
their theory becomes much richer. One then has the notion of a commutative algebra
and, more generally, of centre(s) of an algebra. The present paper aims at developing
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the theory of Frobenius algebras in such a setting. It turns out to be helpful to impose
a few additional requirements, both on the algebra and on the category. In particular,
we assume that the braided tensor category in question is additive, k-linear (with [
some field), as well as sovereign—it has a left and a right duality that coincide as
functors from C to the opposed category; a braided sovereign tensor category is also
known as a ribbon category. Other requirements imposed on the category will be given
in the body of the paper; the setting is summarised in Declaration 2.10.

The additional properties of the algebra are that it is a special and symmetric Frobe-
nius algebra, see Definition 2.22. (To ensure the existence of various images needed in
our constructions, we also assume that the algebra is what we call centrally split, see
Definition 3.1 and Declaration 3.2.) Symmetric Frobenius algebras in the category of
vector spaces appear, e.g. in the study of group algebras and thus play a central role in
representation theory. It is worth noting that in a braided setting, a commutative Frobe-
nius algebra is not necessarily symmetric. The specialness property of the Frobenius
algebra A implies, in particular, [26,20] that when the category C is semisimple then
the category of left A-modules is semisimple as well.

1.3. Local modules and local induction

In this paper we study symmetric special Frobenius algebras A in ribbon categories
C. Given such an algebra, there are three other categories one should consider: The
category C4 of left A-modules, the analogous category of right A-modules, and the
category Csja of A-bimodules. The tensor product By ®, B> of bimodules endows C4|4
with the structure of a tensor category.

The braiding of C allows to construct two tensor functors [28,37]

i C—Caa, (1.4)

known as o-induction (see Definition 2.21). In Definition 3.3 we introduce two endo-
functors

El": c—c. (1.5)

We show in Proposition 3.6 that if right-adjoint functors (o®)T to (1.4) exist, then
the endofunctors (1.5) are the compositions E/i = (O(X)T oo, and E; = (ot;)T o oc/f. For
commutative algebras, the two functors Ei/ " coincide (see Proposition 3.8(iv)); in this
case we suppress the index [ or r.

A basic principle in this paper is to try to lift a given functor F: C — D between two
tensor categories C and D to a functor from the category C-Alg of algebras in C to the
category D-Alg of algebras in D, or even to a functor between the respective categories
C-Frob and D-Frob of Frobenius algebras. For the functors Ef‘/ " both lifts turns out

to be possible. This result, established in Proposition 3.8(i), is non-trivial because E/i/ "
are not necessarily tensor functors. By abuse of notation, we use the same symbol for
the resulting endofunctors of C-Alg and of C-Frob as for the underlying endofunctors



J. Frohlich et al./Advances in Mathematics 199 (2006) 192329 197

of C, i.e. we write

E/": C-Alg — C-Alg (1.6)

as well as Efll/r: C-Frob — C-Frob.

The images of the endofunctors (1.5) carry additional structure. To describe it we
need two additional ingredients: a braided version of the concept of the centre of an
algebra and the concept of local modules. First, the braiding allows one to generalise
the notion of a centre of an algebra A, and for a general braiding one obtains in fact
two different centres C;(A) and C,(A), known as the left and the right centre of A,
respectively. After adapting, in Definition 2.31, their description in [45,37] to the present
setting, we show in Proposition 2.37 that the centres of a symmetric special Frobenius
algebra carry the structure of commutative symmetric Frobenius algebras. In a braided
category there is also a notion of the tensor product A ® B of two algebras A and B. It
enters, e.g. in the definition [45] of the Brauer group of the category. Remarkably, in
the braided setting the tensor product of two commutative algebras is not necessarily
commutative. (Thus it is not natural to restrict one’s attention to commutative algebras.)
In Proposition 3.14(i) we compute the centres of A ® B; they can be expressed in terms
of endofunctors (1.6), namely

C/(A®B) = E\(Ci(B)) and C,(A®B) = Ej(C,(A)) (1.7)

as Frobenius algebras.

The category of left modules over a commutative algebra A in Vectc is again a tensor
category. In order to generalise this fact to a braided setting, a refinement is necessary,
and this refinement makes use of the second ingredient of our construction—the concept
of dyslectic [40] or local module. A module M over a commutative special Frobenius
algebra A in a ribbon category is local iff the representation morphism commutes with
the twist (see Proposition 3.17), so that the twist on M is a morphism in C4. The
resulting generalisation of the classical statement is given in Proposition 3.21, which
follows [40,26]: The category C4 of left modules over a commutative symmetric special
Frobenius algebra A in a ribbon category C has a natural full subcategory—the category
Cy* of local left A-modules—that is again a tensor category, and in fact, unlike e.g.
the category of A-bimodules, even a ribbon category.

With these results at hand, we proceed to show, in Proposition 4.1, that every object
in the image of the endofunctors Ej‘/ " has a natural structure of a local C;(A)-module,

respectively of a local C,(A)-module. Thus the functors E/i/ " give rise to two functors

CInd)" s C—>CE (1.8)

which we call local induction functors (Definition 4.3). (Again, for commutative alge-
bras, the two functors coincide, and we shall then suppress the index / or r, i.e. just
write £-Ind,.) However, in contrast to ordinary induction, local induction is not a tensor
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functor. In the tensor categories C“Cj“/ ) We have the notion of an algebra; it turns out
(Proposition 4.14) that the local induction functors can be extended to functors between
categories of algebras, too, i.e. (again abusing notation)

lr, oc
CInd{": C-Alg — €& y-Alg. (1.9)

All this structure enters the following result about successive local inductions. Let
A and B be two commutative symmetric special Frobenius algebras in C. Then C;™ is
again a tensor category, and £-Ind, (B) is a commutative algebra in that category. It
thus makes sense to consider the tensor category of local ¢-Ind,(B)-modules in Cy*.
In Proposition 4.16 we show that this category can also be obtained as the category
of local modules over some commutative algebra in C, and that this algebra is in fact
just E,(B):

- i(-)lcndA(B) = ?:(B)' (1.10)

If in addition A is simple and E,(B) is special, then this is even an equivalence of
ribbon categories. (An algebra is called simple iff it is simple as a bimodule over itself,
see Definition 2.26.)

The next statement—Theorem 5.20—is the first main result of this paper: Provided
that the left and right centres C;(A) and C,(A) of a symmetric special Frobenius
algebra A in a ribbon category C (which are symmetric Frobenius by Proposition 2.37)
are also special, the categories of local modules over C;(A) and C,(A) are equivalent
as ribbon categories,

toc

Gy =Ceiay - (1.11)

Moreover, there is in addition a ribbon equivalence of these categories to a certain
subcategory of a-induced A-bimodules, the category CAO| 4 of ambichiral A-bimodules,
introduced in Definition 5.6.

Equivalence (1.11) can, in general, not be extended to an equivalence of the respective
categories of all modules (as module categories over C)—the left and the right centre
are not necessarily Morita equivalent.

It is instructive to see how the results (1.7), (1.10) and (1.11) simplify for a symmetric
tensor category C, in which the braiding obeys cl_]’lv =cy . for all objects U, V. This
includes in particular the ‘classical’ situation that C is the category Vect of finite-
dimensional vector spaces over a field k, as well as the category of finite-dimensional
super vector spaces. In this case, the notions of left and right centre coincide, there
is only a single centre C(A). Relations (1.7) then reduce to the statement that the
centre of the tensor product of two algebras is the tensor product of the centres,
C(A®B) =~ C(A)® C(B).

Furthermore, in a symmetric tensor category all modules over a commutative special
Frobenius algebra are local. Result (1.10) thus simplifies to a simple statement about
the induction with respect to the tensor product of two commutative algebras A and B:

(Ca)ndy(B) = CaB-
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Finally, there is only a single o-induction oy :ocX =, , and the two endofunctors
ij/ " of C just amount to tensoring objects with C(A) and morphisms with idcay. The

two functors Z—Indz/ " coincide as well, and are induction to modules over C(A). There-
fore, in a symmetric tensor category, our first main result (1.11) becomes a tautology—
in other words, (1.11) is a theorem of ‘braided algebra’ without substantial classical
analogue.

1.4. Correspondences and the trivialisation of ribbon categories

Before we can discuss the category-theoretic generalisation of correspondences, we
must still find an appropriate generalisation to the braided setting of relation (1.3), i.e.
of the fact that the category Rep(G) of representations of a group G contains a com-
mutative special symmetric Frobenius algebra A = C(G) such that Rep(G)f“’C ~ Vectc.
We call an algebra A in C with the property that Ci* = Vecry, a trivialising algebra
for C.

Requiring the existence of a trivialising algebra is too restrictive for the applications
we have in mind. We rather need the following more general concept (Definition 6.4):
We call a (ls-linear) ribbon category C trivialisable iff there exist a ribbon category
C’ and a commutative symmetric special Frobenius algebra T in CXIC" such that the
category of local T-modules is trivial,

(CRCHe ~ Vecty, . (1.12)

An important class of braided tensor categories are the modular tensor categories, which
play a key role in various applications. In Proposition 6.23 we show that every modular
tensor category is trivialisable, with ' =C the tensor category dual to C.

Combining all these results finally allows us to obtain a category-theoretic generali-
sation of the correspondence (1.1). Suppose that a ribbon category Cs is equivalent to
the category of local A-modules in the product of two ribbon categories C; and C, i.e.
that the correspondence takes the form

C3 = (CIXCy)% (1.13)

where C, is trivialisable with trivialising algebra T in C,XC). The dream spelt out in
the beginning then amounts to expressing C; as the category of local modules over a
commutative special Frobenius algebra in C3 X C}. We shall indeed show (Proposition
7.1) that, quite generally, it is possible to express a category of local modules over a
certain commutative algebra in C; in terms of C3 and Cj:

(Cl)z(—)lcnme(A@l) = (CB@Cé)ﬁndA@a@T) . (1.14)

(A®1 and 1®T are algebras in 01®CQ&C§, and 1 denotes the tensor unit of the
respective category; the product X of tensor categories is associative, see Remark
6.6.)
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Moreover, the situation simplifies considerably when we make the following restric-
tions. First, we demand that the category C, is modular; second, we require that the
algebra A in C; KIC; has the property that the only subobject of A of the form U x 1 is
1x 1. Then the commutative algebra £-Ind;z,(A®1) in C; is the tensor unit, so that
(1.14) reduces to

C1 = (GXCr)e (1.15)

with B =/-Ind , o; (1®T). This result—Theorem 7.6—is arguably the strongest possible
realisation of our dream. We stress that only in a braided setting such an effect can
happen: It is the non-triviality of the braiding that is responsible for getting the locally
induced algebra ¢-Ind; o7 (A ® 1) so small.

1.5. Applications in quantum field theory

C-linear tensor categories have played a prominent role in quantum field theory,
especially in connection with the general analysis of superselection rules and of quantum
statistics [12,13]. In two- and three-dimensional quantum field theory they have become
an indispensable tool for studying braid statistics and quantum symmetries. The analysis
presented in this paper is primarily inspired by problems in two-dimensional conformal
field theory and string theory and has grown out of the results presented in [17,18].
Concrete applications of our results, in particular of (1.15), to conformal field theory
form the subject of a forthcoming paper. Here we just give an indication of what some
of these applications consist in.

First consider the case that Cs is trivial, C3 = Vectc. This case can, e.g. be realised
through certain conformal embeddings of directs sums §; @ §, of untwisted affine Lie
algebras into an untwisted affine Lie algebra §. The relevant tensor categories are
the categories C; =C(g;, k;) of integrable representations of the affine Lie algebras g,
and g, with specified values ki » of the level; as representations for § one must take
the integrable representations at some level k, and require that the category of those
representations is equivalent to Vectc, which is the case for g= Eg at level k =1. These
are modular tensor categories, and the embedding of §; @ g, into § provides us with
a simple commutative symmetric special Frobenius algebra A in their product C;XC,.
Our result (1.14) then asserts that a category of local modules in C; is equivalent to a
category of local modules in the category C, dual to C,. If, in addition, the conditions
are met that the only subobject of A of the form U x1 is 1x1 and the only subobject of
A of the form 1x U is 1x1, then the categories C; and C; are equivalent; this happens,
e.g. for those conformal embeddings in §= Eg’ for which

(91,9) = (A2, Eg) or (A1, E7) or (Fs, G2) (1.16)

and, in each case, k; =k = 1. The corresponding equivalences of modular tensor cate-
gories are known. On the other hand, the two conditions are not met for the conformal
embedding into Eé” of A<21) &) A(ll) with k1 =6 and ky = 16. In this case only categories
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of local modules, in fact so-called simple current extensions, for the two categories are
equivalent.

The second application we have in mind concerns coset conformal field theories. In
these theories one starts from the representation categories C(g, k) and C(h, k") for a
pair of untwisted affine Lie algebras for which hC g, and desires to understand the
representation category of the commutant of the conformal vertex algebra associated to
(b, k') in the conformal vertex algebra associated to (g, k). The results of the present
paper will form an essential ingredient of a universal description of these representation
categories, including, in particular, the so-called maverick coset theories. A discussion
of this application is beyond the scope of this introduction; it will appear in a separate
publication.

1.6. Relation to earlier work

The methods and results of this paper owe much to work that has been done within
two lines of development: the study of algebras in tensor categories, and alpha induc-
tion for nets of subfactors. Algebras in symmetric tensor categories already played an
important role in Deligne’s characterisation of Tannakian categories (see e.g. [41,10]).
They were studied in much detail by Pareigis (see e.g. [38,39]), who also introduced
the concept of local (dyslectic) modules of a commutative algebra in a braided tensor
category [40]. More recently, commutative algebra and local modules in semisimple
braided tensor categories were e.g. studied in the context of conformal field theory and
quantum subgroups in [26], in relation to weak Hopf algebras in [37], and in con-
nection with Morita equivalence for tensor categories in [34]. The algebras relevant in
the conformal field theory context are symmetric special Frobenius algebras [20,17,18];
those encoding properties of conformal field theory on surfaces with boundary are,
generically, non-commutative. It is also worth mentioning that while bi- or Hopf al-
gebras in braided tensor categories (for a review, see [31]) do not play a role in this
context, they are indeed important for other applications in quantum field theory, see
e.g. [25].

The concept of a-induction (see Definition 2.21) was invented in [28] in the frame-
work of the C*-algebraic approach to quantum field theory (see e.g. [12,13]). o-
induction was further developed in [47] and in a series of papers by Bockenhauer,
Evans and Kawahigashi (see e.g. [5,7,8,6]), in particular applying it to the construction
of subfactors associated to modular invariants, and it was formulated in purely cate-
gorical form (and, unlike in the quantum field theory and subfactor context, without
requiring that one deals with a *-category) in [37]. Also in the study of subfactors
Frobenius algebras arise naturally, in the guise of ‘Q-systems’ [27,29]. Indeed, every
Q-system is a symmetric special *-Frobenius algebra [15], and the product and coprod-
uct, and unit and counit, respectively, are *’s of each other (the Frobenius property can
then in fact be derived from the other properties). For instance, the trivialising algebra
defined in Lemma 6.19 corresponds to the Q-system that is associated to the canonical
endomorphism of a subfactor, see Proposition 4.10 of [28].
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2. Algebras in tensor categories
2.1. Tensor categories

Let C be a category. We denote the class of its objects by Obj(C) and the morphism
sets by Hom(U, V), for U, V in Obj(C); we will often abbreviate endomorphism sets
Hom(U, U) by End(U). In this paper we will be concerned with categories that come
with the following additional structure. First, they are small (Obj(C) is a set), they
are additive (so that, in particular, they have direct sums) and their morphism sets are
vector spaces over the ground field k. Second, most often they are tensor categories.
By invoking the coherence theorems, tensor categories will be assumed to be strict; we
denote the associative tensor product by ‘®’, both for objects and for morphisms, and
the tensor unit by 1. Third, most of the categories we will be interested in are ribbon
categories; this includes as a special subclass the modular tensor categories.

Definition 2.1. A ribbon category is a tensor category with the following additional

structure. To every object U € Obj(C) one assigns an object U € Obj(C), called the
(right-) dual of U, and there are three families of morphisms,?

(Right-) Duality: by € Hom(1,UQU"), dy € Hom(U'®U,1),
Braiding : cy,v € Hom(U®V,VQU), 2.1
Twist : 0y € Hom(U, U)

for all U € Obj(C), respectively for all U, V € Obj(C), satisfying
(dy ®idy)o(idy, ®@by) =idy., (idy ®dy)o (b, ®idy) =idy ,
cU7V®W:(1’dV ® cU7W) o (cU,V ®idy), cU®V’W=(cU’W ®idy) o (idy ® cV’W),
2.2

8@ focyy=cyyolf®g), Oyof=Ffoly, -
Oy ®id,)oby, = (idy, ®0yv)oby,, Oygy = Cy.y ©Cy O 0y ®0y)
for all U, V, W, X €Obj(C) and all f € Hom(U, V), g € Hom(W, X).

In a tensor category with duality, one defines the morphism dual to f € Hom(U, V)
by f¥:=(dy ®idyv)o (idyv ® f Qidyv) o (idyv ® by) € Hom(VY, UV). A left-duality

is an assignment of a left-dual object YU to each U € Obj(C) together with a family
of morphisms,

Left-duality: by € Hom(1,YU®QU), dy € Hom(UQ"U, 1), 2.3)

2 The existence of a duality is often included in the definition of a tensor category. What we refer to
as a tensor category is then called a monoidal category.
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that obey analogous properties as a right-duality. In a ribbon category, there is automati-
cally also a left-duality; it can be constructed from right-duality, braiding and twist, and
in fact coincides with the right-duality both on objects and on morphisms, YU =U",
Vf = fV. Tensor categories with coinciding left- and right-duality functors from C to
COPP are called sovereign. Thus, every ribbon category is in particular sovereign; con-
versely, every braided sovereign category is a ribbon category. For a tensor category
with both a left- and a right-duality, one defines left and right traces of an endomor-
phism f e Hom(U, U) as

tri(f) := dUo(ide(X)f)ol;U, tr (f) = d~UO(f®ide)ObU, (2.4)

and the left and right (quantum) dimensions of an object U as dimy(U) :=try;(idy). In
a ribbon category the left and right traces coincide, i.e. ribbon categories are spherical.
Accordingly, in a ribbon category we denote the trace just by tr.

Properties (2.2) of the braiding, twist and duality morphisms in a strict tensor category
allow us to visualise them via ribbon graphs (see e.g. [21] and chapter XIV of [24]).
In the sequel we will make ample use of this graphical notation. When drawing such
graphs we follow the conventions set up in Section 2 of [18]. In particular, all diagrams
are to be read from bottom to top and, for simplicity, we use the blackboard framing
convention so that ribbons can be drawn as lines. For convenience, we have also
summarised the basic structural data in an appendix; the graphs for the braiding, twist
and duality morphisms are collected in Appendix A.1, and the graphical transcription
of axioms (2.2) is given in Appendix A.2. To give another example, the graph

with U, V any pair of objects of a braided tensor category with dualities, is the trace
suv =tr(cy yocy y) = (dy ®dy)olidy ® (cy yocy ) ®idy]o (by ®by) (2.6)

of the endomorphism ¢, , ocy, , of VQU.

When C is semisimple, then we are particularly interested in simple objects. We
denote by {U;|i €T} a collection of representatives of the isomorphism classes of
(non-zero) simple objects of C, and set

Nif = dimy(Hom(U; ® U, Uy)) @.7)

(taking values in Z > U {oo}). Assuming that the tensor unit is simple, we take it as
one of these representatives, so that Z>0 with Up=1. If an object U is simple, then
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so is its dual UY; thus in particular for every i € Z there is a unique label 7€Z such
that U; = U,".
Definition 2.2. A modular tensor category is a semisimple additive ribbon category for
which the index set 7 is finite and for which the s-matrix s = (s; j), jeT with entries

$i.j = Sy;.u; = wley, y,ocy; v,) 2.8)
is non-degenerate.

Instead of non-degeneracy of s, one can equivalently [9] require that, up to isomor-
phism, the tensor unit is the only ‘transparent’ simple object, i.e. that any simple object
U for which cy yocy,v =idygyv holds for all V € Obj(C) satisfies U =~ 1.

The dimension of an object U € Obj(C) is expressed through the numbers (2.5) as
dim(U) =tridy =sy,1 =s1,v. In a modular tensor category, the square of the matrix s
is, up to a multiplicative constant, a permutation matrix,

(s%); ;= 013 Y _(dim(Up))*. 2.9)

kel

(In the physics literature, one usually considers the field of complex numbers, and
instead of using s it is more conventional to work with the unitary matrix S defined as
S:=Sp0s with Sp.0:=[ Y (dim(U))2]~"%)

For later reference we quote the following criterion for a functor F to be an equiv-
alence of categories (see e.g. [30, Theorem IV.4.1]).

Proposition 2.3. A functor F is an equivalence of categories if and only if F is essen-
tially surjective (i.e. surjective up to isomorphisms) and fully faithful (i.e. bijective on
morphisms).

Also note that when a functor F is an equivalence of braided tensor categories, then,
owing to the uniqueness properties of the left and right dualities and the fact that the
twist can be expressed through the dualities and the braiding, F' is even an equivalence
of ribbon categories.

We will occasionally have to deal with constructions which, just like functors, assign
to each object U of a category C an object F(U) of a category D, and to each morphism
fof C a morphism F(f) of D in a manner compatible with the domain and target
structure (i.e. such that F(f) e Hom(F(U), F(V)) for f € Hom(U, V)), but which are
not, or are not known to be, functors. For definiteness, we will call a collection of
maps that has these properties an operation on the category C.

2.2. Idempotents and retracts

In order to fix our conventions and notation for subobjects and retracts we review
a few notions from category theory (for more details see e.g. [30, Sections 1.5, V.7,
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VIII.1, VIIL.3]). For brevity, in this description we often dispense with naming the
source and target objects of a morphism explicitly; the corresponding statements are
meant to hold for every object for which they can be formulated at all.

A morphism e is called monic iff eo f =eog implies that f=g. A morphism
r is called epi iff for=gor implies that f=g. A subobject of an object U is
an equivalence class of monics e € Hom(-, U). Here two monics e € Hom(S, U) and
¢’ e Hom(S’, U) are called equivalent iff there exists an isomorphism ¢ € Hom(S, S’)
such that e =¢’ 0 . A subobject (K, e) of U is a kernel of f € Hom(U, V) iff foe=0
and for every h € Hom(W, U) with foh =0 there exists a unique 2’ € Hom(W, K)
such that h=eoh’. If a kernel exists, it is unique up to equivalence of subobjects.
Cokernels are defined by reversing all arrows. The image Im f of a morphism f is the
kernel of the cokernel of f. It is often convenient to think of an isomorphism class of
subobjects, kernels or cokernels as a single pair (S, f). This is done by selecting a
definite representative of the isomorphism class, invoking the axiom of choice (recall
that all categories we consider are small).

A subobject S is called split iff together with the monic e € Hom(S, U) there also
comes a morphism r € Hom(U, S) such that r oe =idg (the letters e and r remind of
‘embedding’ and ‘restriction’/‘retract’, respectively). We refer to the triple (S, e,r) as a
retract of U (just like for subobjects, we use the term retract both for the corresponding
equivalence class of such triples and for an individual representative). We use the
notations S < U and U > S to indicate that there exists a retract (S, e, r) of U; when it
is clear from the context what retract we are considering, we also use the abbreviations
e=es=es<y and r =rg=ry.s. In the pictorial notation we will use the following
shorthands for the morphisms e, r specifying a retract:

e = r o= (2.10)

Two retracts S, S’ are called equivalent iff (S, ¢) and (§’, ¢’) are equivalent as subob-
jects and eor=¢’or’.

An endomorphism p € Hom(U, U) is called an idempotent (or a projector) iff po p =
p. To every retract S = (S, e, r) of U there is associated an idempotent Ps € Hom(U, U),
namely Ps:=eor. An idempotent p is said to be split if, conversely, there exists a
retract (S, e, r) with p= Ps=eor. Thus a split idempotent has in particular an image,
Im(p) =S, and split subobjects are precisely the images of split idempotents. Further,
the retract (S, e, r) is then unique up to equivalence of retracts, and

eor=p, roe=idg, poe=ce, rop=r. (2.11)
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Also note that in a sovereign tensor category it follows, via the cyclicity of the
trace, that try(p) =dim(Im p), both for the left and the right trace, for any split
idempotent p.

Lemma 2.4.
(i) For any two objects U,V and any split idempotent p € Hom(U, U), there is a
natural bijection between the vector space Hom(Im p, V) and the subspace

Hom(,) (U, V) :={f e Hom(U, V)| fo p= f} (2.12)

of Hom(U, V).
(ii) For any two objects U,V and any split idempotent g € Hom(V, V), there is a
natural bijection between the vector space Hom(U, Im q) and the subspace

Hom”(U, V) := {f eHom(U, V) |q o f = f} (2.13)
of Hom(U, V).

Proof. Recall from the remarks before (2.11) that Im p is in a canonical way a retract
(Im p, e, r) of U. With the help of relations (2.11) one checks immediately that the map
Hom(Im p, V)3 @+ @ or maps to the correct subspace Hom,)(U, V) CHom(U, V)
and that it has the map Hom,)(U, V)3 Y+ yoe as a two-sided inverse. This es-
tablishes (i). Statement (ii) follows analogously, the relevant mappings now being
pr>eo@ and Yyr—>roy. O

Definition 2.5. A category C is called Karoubian (or idempotent complete, or pseudo-
abelian) iff every idempotent is split.

Remark 2.6. To every idempotent p € Hom(U, U) in an additive Karoubian category
there corresponds an isomorphism U = Im(p) @ Im(idy —p). All abelian categories, as
well as all additive semisimple categories, are Karoubian.

Definition 2.7. The Karoubian envelope (or idempotent completion, or pseudo-abelian
hull) CX of a category C is a Karoubian category CX together with an embedding
functor K: C — C* which is universal in the sense that every functor F: C— D to a
Karoubian category D factors as F =G o K, with the functor G: CX — D unique up
to isomorphism of functors.

Remark 2.8.

(i) In the original definition of Karoubian envelope [23] it is also assumed that the
category C is additive, and the functors K and F are required to be additive functors.
C¥ is then an additive category, too.

(i1) By general nonsense concerning universal properties, the Karoubian envelope is
unique up to equivalence of categories. When C is already Karoubian, then CX ~C
and K = Id¢.
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(iii) The Karoubian envelope of C can be realised [23] as the category whose objects
are pairs (U; p) of objects U € Obj(C) and idempotents p € Hom(U, U), and with
morphisms

Hom® ((U; p), (V;¢)) := {f eHom(U, V) |gqo fop= f} (2.14)

and zd p) =D 80 that in particular p € HomX((U; p), (U; p)). In this realisation the
embeddlng functor K acts as K(U) = (U; idy) and K(f) = f, implying for instance that
HomX (K (U), K(V)) =Hom(U, V). As a consequence, we may (and will) think of C as
a full subcategory of CX, and accordingly identify U € Obj(C) with (U idy) € Obj(CX).

Further, when ¢ is any idempotent in HomX ((U; p), (U; p)), we have gop=g=
pogq, implying that Im(q) = (U; ¢), independently of p.

(iv) Various properties of C are naturally inherited by C¥ (compare e.g. [4]):

(a) If C is tensor, then C* becomes a tensor category by setting f ®X g:=f®g
and

K:=k@) and (U;p)@%(Vig) = URV; p®q). (2.15)

(b) If a tensor category C is braided, then a braiding for the tensor category CX is
given by

Cip (Vi) = @® P ocy y - (2.16)

(c) If a tensor category C has a left duality, then a left duality for the tensor category
CX is given by (U, p)¥:=(U", p¥) and

dly., =dyolidyy®p)  and by, = (p®idy.)oby. (2.17)

An analogous statement holds for a right duality.

(d) If a braided tensor category C with duality has a twist, then a twist for C¥ is
given by OFU; p)i=Po 0y;. It follows in particular that when C is ribbon, then CX carries
a natural structure of ribbon category as well.

Further, dimensions in CX are given by

dim® ((U; p)) = tr(p) . (2.18)

(v) By the observation in Remark 2.6 it thus follows that for every idempotent
p € Hom(V, V) in an additive Karoubian ribbon category one has dim(V) =dim(Im(p))
+dim(Im(idy —p)). In particular, if all dimensions are non-negative real numbers, then
dim(U) < dim(V) if U is a retract of V.
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Lemma 2.9. For F:C— D a functor between categories C and D, let FX: CX — DK
be the functor between their Karoubian envelopes given by

FR(U; p)) = (FU); F(p))  and  FX(f):=F(f) (2.19)

for objects (U; p) and morphisms f of C¥.

() If F is an equivalence functor, then so is FX.

(ii) If C and D are tensor categories and F is a tensor functor, then FX is a tensor
functor, too.

(iii) If C and D are ribbon categories and F is a ribbon functor, then FX is a ribbon
functor, too.

Proof.

(i) is derived easily by using the criterion of Proposition 2.3 for a functor to be an
equivalence.

(ii) and (iii) follow by combining the respective properties of F with the prescription
given in Remark 2.8(iv) for the tensor and ribbon structure on the Karoubian envelope
of a tensor and ribbon category, respectively. [J

In the applications to rational conformal quantum field theory, the categories of main
interest are ribbon categories that are even modular in the sense of Definition 2.2. In
the present paper, also categories with much less structure play a role. However, a few
basic properties (shared in particular by modular tensor categories) will generally be
required below. We will not mention these properties repeatedly, but rather collect them
in the

Declaration 2.10.
(i) Every category C is a small additive category, with all morphism sets being vector
spaces over some fixed field k.

Whenever a tensor category is not strict, we tacitly replace it by an equivalent strict
tensor category.
(i) Unless stated otherwise, every category is a assumed to be Karoubian.
(iii) Unless stated otherwise, the tensor unit 1 € Obj(C) of a tensor category C is simple,
as well as absolutely simple, i.e. satisfies End(1) = kidy.

For the categories from which our considerations start, all these properties are as-
sumptions. On the other hand, various constructions of new categories that we deal
with in this paper—taking the Karoubian envelope (introduced in Definition 2.7), the
Karoubian product (see Definition 6.1(ii)), the dual (Definition 6.13), the category of
modules over an algebra, and the category of local modules over a commutative sym-
metric special Frobenius algebra (Definition 3.20)—preserve the properties in part (i)
and (ii) of the Declaration; the procedures of taking the Karoubian envelope, the dual,
or the Karoubian product in addition also preserve the properties stated in part (iii).
Below this permanence will be mentioned only when it is non-trivial.
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Definition 2.11. For U an object in a (not necessarily Karoubian) category C, let H be
a subset of the set Idem(U) of idempotents in End(U).

(i) A maximal idempotent in H is a morphism Pl € H such that

G0 Pyt =4 = Pyix 04 (2.20)
forall ge H.

(i) A maximal retract with respect to H is a retract of U such that Py is a maximal
idempotent in H.

Lemma 2.12. [f a set H CIdem(U) contains a maximal idempotent, then this maximal
idempotent is unique.

oP/ =P/

ax max max

by the maximality of P},

Proof. Let P,

max

by the maximality of B,

and P),, be two maximal idempotents in H. Then P,
and B, o PR}

ax max max = Pmax ax:*

Corollary 2.13. If a maximal retract with respect to some H ClIdem(U) exists, then
it is unique up to isomorphism of retracts.

Lemma 2.14. Let H Cldem(U) be a set of idempotents on an object U for which
a maximal retract B,  exists and is split. Then for any split idempotent P € H, the

image Im(P) is a retract of Im(P,,,).

Proof. We realise both Im(P) and Im(P,
(Im(P),e,r) as well as (Im(B,,0), €nax> Fmax
€ Hom(Im(P), Im(£P,,,)) and 7:=roe,, € Hom(Im(B,
idim(p) owing to the maximality of P, . O

) as retracts of the object U, i.e. write
). Then the morphisms eé:=r, o€

), Im(P)) obey roe=

ax

ax

2.3. Frobenius algebras

The notion of an algebra over some field  has an analogue in arbitrary tensor
categories. A k-algebra is then nothing but an algebra,> in the category-theoretic sense,
in the particular tensor category Vecty of vector spaces over the field l.

Definition 2.15. An (associative) algebra (with unit) A in a tensor category C is a triple
(A, m,n) consisting of an object A of C, a multiplication morphism m € Hom(A®A, A)
and a unit morphism 1 € Hom(1, A), satisfying

mo(mQidy) =mo (idy®m) and mo (Nidy) =idy =mo (idg®n). (2.21)

Other algebraic notions familiar from Vecty generalise to arbitrary tensor categories,
too. In particular, a co-algebra in C is a triple (A, A, ) consisting of an object A, a

31n using the term ‘algebra’ we follow the terminology in e.g. [40,26,34]. In a large part of the
categorical literature (see e.g. [30,38,44]), the term ‘monoid’ is used instead.
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comultiplication A € Hom(A, A®A) and a counit ¢ € Hom(A, 1) possessing coassocia-
tivity and counit properties that amount to ‘reversing all arrows’ in the associativity
and unit properties (2.21). Again a pictorial notation for these morphisms is helpful;
we set

A A A
A
m = n:l A= EIT (2.22)
1 A
A A A

Then, e.g. the associativity of m and coassociativity of A look like

A A A A A A A A
AV Y
A A A A A A A A

respectively.

Definition 2.16. A left module over an algebra A € Obj(C) is a pair M = M, p) con-
sisting of an object M of C and a representation morphism p=p M € Hom(A®M, M),
satisfying

po(m®idy) = po (idyQ p) and po(N®idy) =idy . (2.24)
By taking the A-modules as objects and the subspaces
Homy (N, M) := {f eHom(N, M) | f o py = py 0 (ida®[)} (2.25)

of the C-morphisms that intertwine the A-action as morphisms, one gets the category of
left A-modules, which we denote by C4. Analogously one defines right A-modules and
their category. For brevity we will often refer to left A-modules just as A-modules. An
A-module is called a simple module iff it is a simple object of C4. For U € Obj(C), the
induced (left) module Inds(U) is equal to AQU as an object in C, with representation
morphism m ® idy ; the full subcategory of C4 whose objects are the induced A-modules
will be denoted by C}‘“d. (For more details see e.g. [26,20] and Sections 4.1-3 of [18].)
When an A-module N is a retract, as an object of C4, of an A-module M, we refer to
it as a module retract of M.
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Remark 2.17.

(i) If (A, m, n) is an algebra in a tensor category C, then ((A; id4), m, 1) is an algebra
in its Karoubian envelope CX. Analogous statements hold for coalgebras, Frobenius
algebras, etc.

(ii) If (M, p) is an A-module in a tensor category C and p € Homy (M, M) is a split
idempotent in Cy4, then

(Im(p), rop o(idy®e)) (2.26)

(with eor =p as in (2.11)) is an A-module in C, too.
Lemma 2.18. For any algebra A in a tensor category C, the category (Ca)X is equiv-
alent to a full sub-category of (C¥) 4 -

In particular, if C is Karoubian, then so is the category Ca of A-modules in C.

Proof. The first statement follows from the fact that if M = (M, p) is an A-module in
C and p e Homy (M, M) is a (not necessarily split) idempotent, then

((M; p), pop) (2.27)

is an (A; ids)-module in the Karoubian envelope cKk.

Since C4 is a full subcategory of (C4)¥, the second statement is a direct conse-
quence of the first. More explicitly, for any A-module M = (M p), every idempotent
p € Homy (M, M) is in particular an idempotent in Hom(M, M). Since C is Karoubian,
there is thus a retract (Im(p), e, r) in C. Defining

ppi=rop o(ids®e) , (2.28)

we also have eo ppo (ida®r)=popo (ida®p). Thus (Im(p), pp) € Obj(Cy) is a sub-
module of M, and hence p is split as an idempotent in Cy. O

Remark 2.19. Conversely, if ((M; P), 0) is an (A; idy4)-module in CcK, with p an jdem—
potent that is already split in C, then using the fact that ¢ € Hom® ((A; id))Q(M; p),
(M; p)) means (see (2.14)) that

pogo(ida®p) =09, (2.29)
one checks that
Mp o = (Im(p), 0,) with Qp i =rogo (ids®e) (2.30)

is an A-module in C.
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Also, when the condition that the idempotent p is split is not imposed (so that
Im (p) does not necessarily exist), one might be tempted to directly interpret the pair
(M, 0) as a module. But this is not, in general, possible. While (M, 0) does satisfy
the first representation property ¢ o (ida ® ¢) =0o (m ® idy;), for p #id,, the second
representation property fails, ¢ o (1 ®id ;) = p.

Definition 2.20. An A-bimodule is a triple M = (M, py. p,) such that (M, py) is a left
A-module, (M, p,) is a right A-module, and the left and right actions of A commute.

The category of A-bimodules in C will be denoted by Caj4. Note that in contrast to
Ca, this is always a tensor category (though not necessarily braided).
In a braided tensor category, for every object V the induced /eft A-module (AQV,

mQidy) can be endowed in two obvious ways with the structure of a right A-module
(AQV, p;—L); the representation morphisms pﬁc = p‘jﬁ’r c Hom(AQVR®A, AQV) are

p?‘::(m@idv)o(idA(X)cvﬁA) and pf::(m@idv)o(idA®(CA’V)_1), (2.31)

respectively. These are used in

Definition 2.21. For A an algebra in a braided tensor category C, the functors
2 C— Caa (2.32)
of a-induction are defined on objects as
2E(V) = (ARV, mRidy, pF) (2.33)
for V € Obj(C), and on morphisms as
%5 (f) i=ids ® f € Hom(A®V, AQW) (2.34)

for f € Hom(V, W).

The o-inductions oc/jt are indeed functors, even tensor functors, from C to the category
Caja of A-bimodules. They were first studied in the theory of subfactors (see [28] and
also e.g. [47,6,8]), and were reformulated in the form used here in [37].

We will mainly be interested in algebras with several specific additional properties,
which arise, e.g. in applications to conformal quantum field theory [18].
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Definition 2.22.
(i) An algebra A in a tensor category with left and right dualities together with a
morphism ¢ € Hom(A, 1) is called a symmetric algebra iff the two morphisms

A\/

Di:=[(eom) Qidyv]o (ids @ by) = (2.35)

and

A\/

®y:=[id,v (s om) o (by ® idy) = (2.36)

in Hom(A, AY) are equal.

(i) A Frobenius algebra in a tensor category C is a quintuple (A, m,n, A, &) such
that (A, m,n) is an algebra in C, (A, A, ¢) is a co-algebra in C, and there is the
compatibility relation

(idy @m) o (A®idy) = Aom = (m®idy) o (idy @A) (2.37)

between the two structures.
(iii) A Frobenius algebra is called special iff

con=Pyidi and moA=p,ids (2.38)

for non-zero numbers f; and f4.

Recently [34,44], in order to emphasise the analogy with classical non-commutative
ring theory (compare e.g. [22]), the term “strongly separable” was introduced for what
we call “special”.

For a symmetric special Frobenius algebra A one has f;f4 =dim(A), implying
in particular that dim(A) #0. It is then convenient to normalise ¢ and A such that
f1=dim(A) and S, =1. We will follow this convention unless mentioned otherwise.
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We also set
g, :=ds o (idyv @m) o (by ®idy) € Hom(A, 1) (2.39)

and write @1 ; for the morphism that is obtained by replacing ¢ in the expression (2.35)
by &;.

Remark 2.23.

(i) If A is a special Frobenius algebra then, with the normalisation i, =1, (A, A, m)
is a retract of A ® A. The Frobenius property ensures that this statement holds even at
the level of A-bimodules. This bears some similarity to the situation in braided tensor
categories where the notion of a bi-algebra can be defined. In fact, the property of an
algebra A to be a bi-algebra is equivalent to the statement that the coproduct endows
A with the structure of a retract of A ® A as an algebra, rather than as a bimodule.

(i) When C is semisimple and A is special Frobenius, then the category Cy of left
A-modules is semisimple [20].

(iii) For modules over any algebra A in a tensor category C a reciprocity relation
holds, stating that for every left A-module M and every object U of C there is a
canonical bijection

¢, : Homa(Inds(U), M) —> Hom(U, M)

~ (2.40)

f— fo®idy)
between morphism spaces in C and in C4. If A is Frobenius, then an analogous reci-
procity relation also holds when the target of Homy is an induced module,

¢y : Homy (M, Inds(V)) = Hom(M, V) (2.41)

g — (e®idy)og.

In other words, for an arbitrary associative algebra, the induction functor is a left adjoint
functor of restriction; if the algebra carries the additional structure of a Frobenius
algebra, then induction is a right adjoint of restriction as well.

The inverses of the maps (2.40) and (2.41) can also be given explicitly; they are

¢ () = pu o ida® )
and
$3'(3) = lida® (gopp)lol(Mon @idy]. (2.42)
For a proof see e.g. Propositions 4.10 and 4.11 of [20].

(iv) Given an algebra (A, m,n) with dim(A) #0 in a sovereign tensor category C,
morphisms A and ¢ such that (A, m, 7, A, €) is a symmetric special Frobenius algebra
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exist iff the morphism ®;; defined after (2.39) is invertible. Further, it is always
possible to normalise ¢ in such a way that € =¢&;. With this normalisation of the counit
the coproduct A is unique, and one has f§; =dim(A).

For a proof see Lemma 3.12 of [18].

(v) For every Frobenius algebra A in a tensor category with left and right duality,
the morphisms ®@; > in (2.35) and (2.36) are invertible (see Lemma 3.7 of [18]), so
that in particular A =~ AY. Using Hom(U, V) = Hom(V", U") it follows that for any
two Frobenius algebras A, B in a tensor category with left and right duality we have

Hom(A, B) ~Hom(B, A). (2.43)

For symmetric Frobenius algebras, there is a single distinguished isomorphism between
the object underlying the algebra and its dual object, and as a consequence there is
also a distinguished bijection (2.43).

(vi) If dimy Hom(1, A) =d for a Frobenius algebra A in a tensor category with left
and right duality, then [ @.— 1910 ---®1 (d summands) is a retract of A. Indeed, as
just remarked the morphisms ®; » are then invertible, and it is not difficult to see that
one can choose o; € Hom(1, A), i=1,2,...,d, such that eomo (o; ® a;) =6; ;. (This
furnishes a non-degenerate bilinear form on Hom(1, A) and thus endows Hom(1, A)
with the structure of a Frobenius algebra in Vect.) Further, there are retracts (1, ¢;, r;)
of 1@ satisfying r; oe; =¢; ; and Zf‘l:l ej ori =idy. The retract in question is then
given by (I9, e, r) with e:= Z?=1 ojor; and r:= Zflzl e;ocomo (o ®idy).

(vii) In terms of our graphical calculus, the property of an algebra to be symmetric
Frobenius in essence implies that multiplications and/or comultiplications can be moved
past each other in all possible arrangements. Examples for such moves are provided
by the defining properties (2.23) and (2.37). Another move, which is frequently used
in our calculations below (without special mentioning), is the following:

A AV A A AY A

(2.44)

This identity uses both the symmetry and the Frobenius property. First note that the
latter two properties imply

[(eom)®idav]olids® (baoda)]o[(Aon) ®idav]=idyv . (2.45)
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To show (2.44), we insert this identity on the outgoing AY-ribbon on the left-hand side.
Then we use the Frobenius property to convert the product m on the left-hand side
of (2.44) into a coproduct. The latter can then be moved past the coproduct already
present in (2.44) using coassociativity. Finally the coproduct is converted back to a
product using the Frobenius property once again.

The properties of an algebra A to be symmetric, special and Frobenius are all indis-
pensable in the construction of a conformal field theory from A. Further properties of
A can be important in specific applications. For us the following is the most important
one:

Definition 2.24. An algebra A in a braided tensor category is said to be commutative
(with respect to the given braiding) iff mocs 4 =m.

Note that mocy 4 =m is equivalent to mocZ}A =m. Also, while in general the
category C4 of left A-modules is not a tensor category, a sufficient condition for C4 to
have a tensor structure is that A is commutative. The tensor structure is not canonical,
though, because in this case one can turn a left A-module into an A-bimodule in two
different ways by using the braiding to define a right action of A. However, we will see
later (see also [40,26]) that for commutative A there is a full subcategory of C4, namely
the category C;* of local A-modules, on which the tensor structure is canonical.

In the classical case, i.e. for algebras in the category of finite-dimensional vector
spaces over a field, commutative Frobenius algebras are automatically symmetric. In a
braided setting this is not true in general, but only if an additional condition is satisfied.
More precisely, we have

Proposition 2.25.

(1) A commutative symmetric Frobenius algebra has trivial twist, i.e. 04 =idy.
(ii) Conversely, every commutative Frobenius algebra with trivial twist is symmetric.
(iii)) A commutative symmetric Frobenius algebra is also cocommutative.

Proof.
(i) The statement follows from the equivalence

AV AV
) M - : ﬁ h
A A A A

A
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This is obtained by bending the outgoing A" -ribbon via a duality morphism downwards
to the left, which replaces the morphism ®; 5 by dy o (ids ® ®15).

Assuming symmetry, the left equality in (2.46) holds true. After using commutativity
on the left equality, the two sides differ only by a twist. Tensoring this equality with idy
from the right and then composing with id4y ® (A o#) and using the Frobenius property
finally yields 64 =ids. Here, as well as in many arguments below, the manipulations
of the graphs also involve a process of ‘deforming’ ribbons, making use of the defining
properties of the braiding (in particular, functoriality), duality and twist.

(i) If A is commutative and has trivial twist, the right equality in (2.46) holds,
implying that A is symmetric.

(iii) is obtained by the following moves:

R

(2.47)

Here the first equality uses the Frobenius and unit properties, the second uses commu-
tativity, the third the Frobenius and counit properties. The last equality is based on the
symmetry property together with the result of (i). O

Definition 2.26. An algebra A is called simple iff all bimodule endomorphisms of A
as a bimodule over itself are multiples of the identity, i.e. Homyja(A, A) =lkid,.

Lemma 2.27. Let A be a simple symmetric special Frobenius algebra. Then for every
left A-module M the equality

dyy o (py ®idy) o (ida ®byy) = ‘(‘;ﬁ(("/f)) ¢ (2.48)

holds.

Proof. The morphism f:=[ids® (&M o (py®idyy) o (ida®by)) oA is  an
A-bimodule morphism from A to A. That f is a left module morphism follows from the
Frobenius property of A, while to show that it is also a morphism of right A-modules
one needs A to be symmetric. Since A is simple, f is thus a multiple of id4. Since
eo f gives the left-hand side of (2.48), the constant of proportionality is the same
as on the right-hand side of (2.48). This constant, in turn, immediately follows from
gofon=tridy. U
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Remark 2.28.

(i) In the following an important role will be played by the dimensions of certain
spaces Homy 4 (M, N) of A-bimodule morphisms between «-induced bimodules. (Recall
the Definition 2.21 of a-induction.) For any pair U, V of objects and any algebra A in
a ribbon category we set

Z(A)y.y = dimy[Homg 4 (o, (V). o (U)]. (2.49)
Since A= aczt (1), simplicity of A as an algebra is thus equivalent to
Z(A)1=1. (2.50)

The corresponding notion with left (or right) module instead of bimodule endomor-
phisms is haploidity: A is said to be haploid [20] iff Homy (A, A) =kidy, ie. iff
dim Hom(1, A) = 1. Haploidity implies simplicity, but the converse is not true; how-
ever, if A is commutative, then we have Homy 4 (A, A) =Homy (A, A), so that in this
case haploid and simple are equivalent. Moreover, every simple special Frobenius alge-
bra in a semisimple category is Morita equivalent to a haploid algebra (see the corollary
in Section 3.3 of [37]).

(i) Every modular tensor category gives rise to a three-dimensional topological field
theory, and thereby to invariants of ribbon graphs in three-manifolds. (See e.g. [24] or,
for a brief summary, Section 2.5 of [16].) In the three-dimensional TFT ribbons are
labelled by objects of the underlying modular tensor category and coupons at which
ribbons join by corresponding morphisms; our graphical notation for morphisms fits
with the usual conventions for drawing the ribbon graphs. For instance, as shown in
Section 5.4 of [18], when A is a symmetric special Frobenius algebra in a (semisimple)
modular tensor category, then the numbers (2.49) for simple objects U =U; and V =U
coincide with the invariant

SZx St

2.51)
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of the indicated ribbon graph in S% x S!. (The S? factor is represented by the horizontal
circles, while the S! factor is given by the vertical direction, i.e. top and bottom of the
figure are to be identified.) In Theorem 5.1 of [18] it is shown that for every i, j € Z the
invariant Z (A)ij = Z (A)Ui,U,- is the trace of an idempotent and hence a non-negative
integer. The torus partition function of the conformal field theory determined by A is
given by Z(A)u = Z (A)g;. Furthermore (see [18, Proposition 5.3]; [14]) for a modular
tensor category the integers Zij defined by (2.51) obey Z(A®B)=Z(A) Z(B) as a
matrix equation.

2.4. Left and right centres

In this subsection, A denotes a symmetric special Frobenius algebra in a ribbon
category C. In a braided setting, there are two different notions of centre of an algebra,
the left and right centre; we establish some properties of the centres that we will need.

The notion of left and right centre was introduced in [45] for separable algebras in
abelian braided tensor categories, and in [37] for algebras in semisimple abelian ribbon
categories. Here we formulate it in terms of a maximality property for idempotents; this
makes it applicable even to non-Karoubian categories, provided only that the particular
idempotents

P} = and P} = (2.52)

in Hom(A, A) are split. That P/i/ " are idempotents follows easily by using the various
properties of A; for P/i this is described in Lemma 5.2 of [18] (setting X =1 there),
and for P; the argument is analogous.

These idempotents possess several nice properties. First, we have

Lemma 2.29. The idempotents (2.52) satisfy the following relations.

(i) They trivialise the twist:

O,0oPl =Pl and 0,0P =P;. (2.53)
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(ii) They are compatible with unit and counit:
P/ on=n, eoP/ =¢. (2.54)

(iii) When each of the three A-ribbons forming a product or coproduct is decorated
with Pfi/ ", then any one of the three idempotents can be omitted:

P/ omo(P"@P/ y=mo (P @P/")

= Pzi/r omo(idA®Pfi/r) = Pfi/r omo(Pf{/r(X)idA),
(2.55)

P"@P/ Y oAo P/ =P/ P/ ) oA

=(id,® P/ )oAo P//" = (P./"®id) o Ao P".

Proof.
(i) The statement for P/{ follows by the moves (the one for P{ is derived
analogously)

A A A

™

= = (2.56)

To get the first equality one uses the Frobenius property and then suitably drags the
resulting coproduct along part of the A-ribbon. A further deformation and application
of the Frobenius property then results in the second equality.

The statements in (ii) and (iii) are just special cases of the statements of Lemma
3.10 below—they follow from those by setting B=1. [

Next recall the Definition 2.11 of maximal idempotent. It turns out that Pf{ and P/
can be characterised as being maximal in a subset of Idem(A) that is defined by a
relation involving the braiding and the product of A:
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Lemma 2.30. The subset H; CIdem(A) consisting of those idempotents p in End(A)
that satisfy

A A A A A A
? _ m and % _ U (2.57)
A A A A A A

contains a maximal idempotent, and this is given by Pf{ in (2.52).
Analogously, the subset H, of those idempotents p in End(A) satisfying

A A A A A A
= and = (2.58)
A A A A A A

contains a maximal idempotent, given by Py in (2.52).

Proof. We prove the statement for P!; the statement for Py follows analogously.

Consider the transformations
A A A A

A A A A A A A

(2.59)
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In the first step the identity id4 = (¢e®ids)o A is inserted in the top A-ribbon, and
afterwards the coproduct A introduced this way is moved along a path that can easily
be read off the second picture, using the Frobenius and coassociativity properties of A.
The next step is just a deformation of the outgoing A-ribbon. The third step uses that
A is symmetric, and then the Frobenius property.

Afterwards, according to Lemma 2.29 the twist 0;1 can be left out. This estab-
lishes that Pf{ satisfies the first of equalities (2.57). That Pzi satisfies the second of
those equalities as well is deduced similarly, starting with an insertion of the identity
idy =m o (n®id4) on the incoming A-ribbon. Together it follows that P/i € Hj.

Furthermore, composing the first equality in (2.57) from the bottom with ids @ by
and from the top with (idq ® da) o (AQidv) shows, upon using the symmetry, spe-
cialness and Frobenius properties, that p = Pf{ o p for p € H;. Similar manipulations of
the second equality in (2.57) show that also p=po P/i for p € H;. Thus P/i is maximal
in H. O

Definition 2.31.

(i) We call the morphism Pf{ defined in (2.52) the left central idempotent of the
symmetric special Frobenius algebra A, and P the right central idempotent of A.

(ii) The left centre C;(A) of the symmetric special Frobenius algebra A is the maximal
retract of A with respect to H;.

The right centre C,(A) of A is the maximal retract of A with respect to H,.

According to Lemma 2.30 the left and right central idempotents P/i/ " are the maximal
idempotents of the subsets H; and H, of Idem(A), respectively. It follows that the left
(right) centre of A exists iff the left (right) central idempotent is split; if this is the
case, then by corollary 2.13, Cj/-(A) is unique. In the sequel we will often use the
short-hand notation C; and C, for C;(A) and C,(A), respectively. Also note that the
definition of the centres involves both the algebra and the co-algebra structure of A; in
place of the term centre one might therefore also use the term ‘Frobenius centre’.

Lemma 2.32. Any retract (S,e,r) of a symmetric special Frobenius algebra A
that obeys mocaao(eg , ®idy)=mo(eg_, Qids) and (r, ¢ Ridp) OCX,IA oA=
(g ®ida) oA, i.e

A A S A S A

NP

and (2.60)
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also satisfies
l _ I _
Pyoegq=¢e5a and Tss© Pa =Tass- (2.6

Similarly we have

mocA’Ao(idA®eS<A)=mo(idA®eS<A)} {Pf(oeS<A=eS<A’ (2.62)

(ids ® 1y, ) oy 'y o A= (ids @1y, )0 A Fasg O Py =14 -

Proof. Composing (2.60) from the bottom with r ® id4 shows that the idempotent

p=eg_,o0r,, g satisfies the first of the equalities (2.57). Analogously one shows that

p also obeys the second of those equalities, and hence it is contained in H;. Thus

relations (2.61) are implied by (2.60) together with the maximality property of P/{.
The implication (2.62) is derived analogously. [l

Lemma 2.33. The left and right centre of a symmetric special Frobenius algebra A
have trivial twist:

Ocyay = idcyay,  Oc,a) =idc,(a) - (2.63)

Proof. The statement follows immediately from relations (2.53). (Conversely, (2.53)
follows from (2.63) by functoriality of the twist.) [

Remark 2.34. As a consequence of Lemma 2.32 the centres obey

-

Ci1(A) A Ci1(A) Cr(A) Cr(A)
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respectively, as well as

c A o) A A Cr A Cr
é - q " % - Lj
A A A A
C; @] (o C

G C Cr C,

together with the ‘mirrored’ versions of these eight identities that are obtained by
reflecting all the figures about a vertical axis. For instance, to establish the last of
the equalities (2.65), one can start with the Frobenius relation (2.37) composed with
ec,<A®n, then apply the mirrored version of (2.64) to the resulting product, and finally
use the symmetry and Frobenius properties to remove the unit that was introduced in
the first step.
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In Definition (2.49) of the numbers Z (A)y,v the two different o-inductions were
used. The corresponding morphism spaces for a-inductions of the same type turn out
to be related to the centres of A. To see this we first need

Lemma 2.35. Let A be a symmetric Frobenius algebra in a ribbon category C and
U,V €Obj(C). Then for any ¢+ eHomyja(e (U), 0 (V) and any ¢~ € Homya
(0 (U), 004 (V) we have

(Pl®@idy)opT=¢pT o (Pl®idy) and  (P{®idy)op =¢ o(P®idy).
(2.66)

Proof. Using functoriality of the braiding and the fact that A is symmetric Frobenius
one easily rewrites the morphism Pfi/ "®idy in such a way that it involves the left
and right action of A on the bimodule oc;‘t(U ). Since @F is a morphism of bimodules,
these actions of A can thus be passed through T (using again also functoriality of
the braiding). Afterwards one follows the steps used in rewriting Pf{/ "®idy in reverse

order, resulting in Pj/ "Qidy. O
Using this lemma, we deduce the following relation with the centres of A.

Proposition 2.36. For any symmetric special Frobenius algebra A in a ribbon category
C and any two objects U, V € Obj(C) there are natural bijections

Hom(C;(A)QU, V) =~ HomA|A(ocj{(U), aX(V)) ~Hom(U, C;(A)®V) (2.67)
and
Hom(C,(A)®U, V) = Homya (o, (U), oy (V)) =Hom(U, C,(A)®V). (2.68)

Proof. We prove the first bijection in (2.67), the proof of the others being analogous.

Let us abbreviate C;(A) =C as well as ec,(a)<a =€ and r4,.c,(a) =7. Consider the
mappings ®: Hom(C®U, V) - Hom(A®U, A®V) and ¥: Homas (o} (U), o (V)
—Hom(C®U, V) defined by

D(9) := (ids ® p) o [ (idy ®r) 0 d) ®idy] . (2.69)
Y)) ;= (e®idy) oo (e®idy). ’
It is not difficult to check that for any ¢ € Hom(C®U, V), ®(¢p) intertwines both the
left and the right action of A on ot;{-induced bimodules, and hence the image of @ lies
actually in HomA|A(ocZ(U), ocX(V)).

Furthermore, ® and W are two-sided inverses of each other. That ¥ o ®(¢p) = ¢ is seen
by just applying the defining property of the counit and then using r o e =idc, while
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to establish @ o W () =, one invokes Lemma 2.35 to move the idempotent e or = Pf{
arising from the composition past {y and then uses ¢ o P/i =¢ (Lemma 2.29(ii)). O

It follows that in case a right-adjoint functor (ocj"t)T exists, the composition of acf with
its adjoint functor is nothing but ordinary induction with respect to C;/-(A), followed
by restriction to C.

We are now in a position to establish

Proposition 2.37. The left and right centres Cijr of a symmetric special Frobenius
algebra A inherit natural structure as a retract of A. More precisely, we have:

(i) C; and C, are commutative symmetric Frobenius algebras in C.
(11) If, in addition, A is simple, then C; and C, are simple, too.
(iii) If Cyyy is simple, then it is special iff dim(Cy;,) #0.

Proof.
(i) We set

mc :=rcomof(ec®ec), Ac :=C_l(rc®rc)voeC,
(2.70)
Ne :==rcoi, ec:=(¢oec,

for some ( € k&, where C =Cyyr, and with ec =e._y4, and rc =1, the embedding
and restriction morphisms, respectively, for C as a retract of A. That is, for the product
and the unit on C we take the restriction of the product on A, whereas the coproduct
and the counit are only fixed up to some invertible scalar.

That 1 and ec satisfy the (co-)unit properties follows from the corresponding proper-
ties of A, by Lemma 2.29(ii). The (co-)associativity of m¢ and Ac as well as the Frobe-
nius property are checked with the help of Lemma 2.29(ii). Thus (Cy/r, mc, y¢c, Ac,
gc) are indeed Frobenius algebras.

That C; is commutative is seen by composing the first of the equalities (2.64) with
idc, ® ec; from below and with r¢, from above. Commutativity of C, follows analo-
gously. Further, commutativity together with triviality of the twist (Lemma 2.33) imply
that C is symmetric.

(ii) It follows from (2.67), with U =V =1, and simplicity of A that C is haploid,
and hence in particular simple.

(iii) The first specialness property holds independently of the value of the dimension
of C: with the help of (2.54) one finds ec oy ={dim(A), which is non-zero.

Denote by &c; € Hom(A, 1) the morphism defined as in Eq. (2.39), but with the
Frobenius algebra C in place of A. Since C is commutative and simple, it is also haploid,
and hence this morphism must be a multiple of ec. The constant of proportionality
can be determined by composing the equality with #; the result is

ecy = gﬁg ec. 2.71)
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It follows that ec; and ec are non-zero multiples of each other iff dim(C)#0. On
the other hand, equality of ecy and ec up to a non-zero constant is equivalent to
specialness of the symmetric Frobenius algebra C; see Lemma 3.11 of [18].

(Note that we recover our usual normalisation convention for special Frobenius al-
gebras by fixing the scalar factor { in (2.70) to { =dim(C)/dim(A).) O

Remark 2.38.

(1) Part (ii)) of the proposition generalises the classic result that the centre of a
simple C-algebra is just given by C.

(ii) Alternatively, symmetry of C;/, follows by combining symmetry of A with the
identity ¢ o Pf{/ "—¢ (Lemma 2.29(ii)). As a consequence, triviality of the twist of Cy,,
(Lemma 2.33) or, equivalently, Lemma 2.29(i), can also be deduced by combining
Proposition 2.37 with Lemma 2.29(ii).

(iii) In the proof of Proposition 2.37(iii) above, as well as at several other places
below, we use conventions and results from [18]. In [18], which builds on earlier
studies in [16,20], the relevant categories are assumed to be abelian and semisimple.
The proofs of those results from [18] that are employed in this paper are, however,
easily adapted to the present setting.

We close this section with another helpful result, to be used later on, in which the
central idempotents (2.52) arise. We present the formula with P/i; an analogous formula
with P; holds in which the braiding on the left-hand side is replaced by the opposite
braiding.

Lemma 2.39. For A a symmetric special Frobenius algebra in a ribbon category C, U
and V objects of C, and ® €e Hom(AQU, AQV) the following identity holds:

A %4 A \%

7] _ [2] 2.72)
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Proof. Consider the following manipulations.

A \%4 A 1% A \%4

A i A 1 A 24

(2.73)

Here in the first step the co-product and product in the left A-loop are dragged apart,
using that A is Frobenius, along the A-ribbons until they result in the co-product and
product above @ in the middle picture. The second step is a deformation of the A-ribbon
that connects that co-product and product, using also properties (2.53) and (2.57) of
the left central idempotent.

The left-hand sides of Eqgs. (2.73) and (2.72) are equal owing to specialness of A,
and their right-hand sides are equal because A is special Frobenius. Thus (2.72) follows
from (2.73). O

3. Local modules
3.1. Endofunctors related to a-induction

One interesting aspect of symmetric special Frobenius algebras A in a ribbon category
C is that they allow us to construct functors to the categories of modules over the left
and right centre of A, respectively, which are similar to the induction functor from
C to the category of A-modules. We call these functors local induction functors. The
construction makes use of certain endofunctors of C which are associated to A.

For these endofunctors to exist, the symmetric special Frobenius algebra must have
an additional property. To motivate this property, recall from Section 2.4 that for the
left and right centre of A to exist, the central idempotents P/i/ " defined in (2.52) must
be split. The construction of the endofunctors makes use of similar endomorphisms for
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each object U of C, namely of the morphisms

Pl(U) = PI(U) = (3.1

in Hom(AQU ,AQU). It is easily verified that, just like Pff‘/r EPfi/r(l) these endo-

morphisms are idempotents (for PA(U ) this has already been shown in Lemma 5.2 of

[18]).

Definition 3.1. A special Frobenius algebra A in a ribbon category C is called centrally
split ift the idempotents (3.1) are split for every U € Obj(C).

Clearly, in a Karoubian ribbon category (and hence in particular in a modular tensor
category) every Frobenius algebra is centrally split. Recall, however, that occasionally
we want to allow for non-Karoubian categories. Then we need centrally split algebras
in order to ensure the existence of the desired endofunctors. Accordingly we make the
following

Declaration 3.2. In the sequel every special Frobenius algebra A will be assumed to
be centrally split.

With this agreement in mind, we can now proceed to

Definition 3.3. For A a symmetric special Frobenius algebra in a ribbon category C,
the operations Ej‘/ " are defined on objects and morphisms of C as follows.
For U € Obj(C), E/g/ "(U) are the retracts

E\(U):=ImPL(U) and  E;(U):=Im P{(U) (3.2)

of the induced module A ® U, with the idempotents P/i/ "(U) e Hom(A®U,A®U) given
by (3.1).
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For f e Hom(U, V), EY/"(f) e Hom(E{" (U), E}/" (V) are the morphisms

EL(V) Ey(V)
1% 1%
! o —
Ey(f) = EN(f) = (3.3)
U U
EL(U) Ey(U)
with EEC'EA/r(URA@U and r E}’A@V>Eli/r(v).

Let us remark that this construction is non-trivial only in a genuinely braided tensor
category. For, when C is a symmetric tensor category, the projection just amounts to
considering the objects C ® U, where C is the centre of the algebra A. Note that these
are precisely the objects that underlie induced C-modules; as we will see later, the
objects Ef‘/ "(U) naturally carry a module structure, too: they are modules over the left
and right centre of A, respectively.

Proposition 3.4. The operations E/i/ " are endofunctors of C.

Proof. Let E stand for one of EA, E}. It follows from definitions (3.1) and (3.3) that
for any g e Hom(U, V) we have E(g) e Hom(E(U), E(V)), i.e. E(g) is in the correct
space. It remains to check that for any g’ € Hom(V, W) one has E(g'og)=E(g')o
E(g) and that E(idy)=idgw). The second property is obvious because E/i/ "idy) =
rl/7o el/” is indeed nothing but the identity morphism id E) on the retract. For the first
property we note that, writing out the definitions for E(g’ o g) and E(g’) o E(g), these
two morphisms only differ by an idempotent (3.1). By functoriality of the braiding we
can shift this idempotent past g so that it gets directly composed with the embedding
morphism e, and then (2.11) tells us that it can be left out. [

These functors are, however, in general not tensor functors.
The following lemma will be used in the proof of Proposition 3.6.

Lemma 3.5.
(i) For every symmetric special Frobenius algebra A in a ribbon category C and

every U € Obj(C), and with right A-actions pf defined as in (2.31), we have

Pi(U)op; = Py(U) o (m®idy)o(ida ®cyy)

PlU) o (Imoca ao(ids ®0,)]Qidy)o (ida @cy.a), (3.4)
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P{(U) o p} = P{(U) o (m®idy) o (ids ®cy.a)

= P{(U)o([mocaaolida®0; ) ®idy)o(idy ®cyly)) .
(i) If A is in addition commutative, then

PA(U) 0 pf = PAU) 0 p; (3.5)

for P,(U)=P}/" ().

Proof.
(i) The first of formulas (3.4) follows by the moves

= = (3.6)

~

A U A A U A

In the first picture, the dotted line is not part of the morphism, but rather only indicates
a path along which the product that is marked explicitly is ‘dragged’ (using functoriality
of the braiding, as well as associativity and the Frobenius property of A) so as to arrive
at the first equality. The second equality is obtained by deforming the A-ribbon that
results from this dragging.

The second of the formulas (3.4) is seen analogously, with under- and overbraidings
interchanged.

(i1) follows immediately form (i) by using that A has trivial twist (Proposition 2.25(i))
and the definition of commutativity. (Also, in the commutative case we actually have
PIL{(U) = P{(U), see the picture (3.23) below.) [
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Note that, obviously, the assertions made in the lemma are non-trivial only if the
tensor category C is genuinely braided. The same remark applies to several other
statements below, in particular to Theorem 5.20. (Compare also to the considerations
at the end of Section 1.3.)

Assume now that there exist right-adjoint functors (oc/:f)% to the aj‘t-induction functors.

The following result shows that in this case the endofunctors Efll/ " can be regarded as
the composition of (ocjt)T with oc;‘F. (The result does not imply that such right-adjoint
functors exist. They certainly do exist, though, if C is semisimple with finite number
of non-isomorphic simple objects, in particular if C is modular.)

Proposition 3.6. For every symmetric special Frobenius algebra A in a ribbon category
C and any two objects U,V € Obj(C) there are natural bijections

Hom(E4 (U), V) = Homaa (e (U), o (V) = Hom(U, E;(V)) (3.7)

and

Hom(E,(U), V) = HomA|A(ocj\'(U), oy (V) = Hom(U, EA(V)) . (3.8)

Proof. Let us start with the first equivalence in (3.7). Recall that according to the reci-

procity relation (2.41) there is a natural bijection ®: Hom(AQU, V) = Homy (Inds (U),
Ind4 (V)), and note that the target of this bijection contains the middle expression of
(3.7) as a natural subspace.

Furthermore, in view of Lemma 2.4(i), by definition of Ef«(') we may identify the
left-hand side of (3.7) with the subspace Hom(P/i(U))(A@)U, V) of Hom(A®QU, V).
Thus it is sufficient to show that @ restricts to a bijection between this subspace and
Homy 4 (o, (U), ocX(V)). The map @ and its inverse are defined similarly as in formula
(2.69); they act as

¢ = (ida ® @) o (AR idy) and V= (eQidy)oy 3.9)

for ¢ e Hom(A®U, V) and € Homy (Indg (U), Inds (V)), respectively. The following
considerations show that ® and its inverse restrict to linear maps between Hom( PLUY)

(A®U, V) and Homga (o, (U), o (V).
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First, for ¢ € Hom(Pf{(U))(A®U, V) the morphism ®(¢)o p, (U)=P(po P/i(U)) o
p; (U) is given by the left-hand side of the equality

A \% A \4
= (3.10)
A
A U A A U A

This equality, in turn, is a straightforward application of Lemma 3.5. Further, by drag-
ging the marked product along the path indicated by the dashed line and deforming the
resulting ribbon (using functoriality of the braiding) such that the braiding occurs above
the morphism ¢ and omitting again the idempotent PIL{(U ) then yields the graphical
description of p;"(U) o (®(¢)Qidy).

This shows that ®(¢) is indeed a morphism of o-induced bimodules.

The required property of ®~! is obtained by the following manipulations, valid for
every i € Homaja (o, (U), o (V)):

$
A U
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1% \% Vv
@) o o
— = = | ¥ |
5
AT Al A U 3.11)

The first equality uses that A is Frobenius; the second and third use functoriality
of the braiding and the fact that y intertwines the A-bimodules o, (U) and ocX(V)
(more specifically, that i is a morphism of left modules for the second, and that
it is a morphism of right modules for the third equality); and the fourth is just a
deformation of the A-loop. The last equality combines the fact that A is symmetric
Frobenius and the identification of the counit with the morphism ¢; (2.39). Thus indeed

O~ () o Py(U) =0 ().

Next consider the second equivalence in (3.8). In this case we can use the natural
bijection ®: Hom(U, AQV) = Homy (Inds (U), Ind4 (V) as well as the equivalence
Hom(U, E{(V)) = HomP")(U, A®V), see Eq. (2.13). Explicitly, the linear map ®
and its inverse are given by

¢ — m®idy) o (idy Q @) and VU= Yyon®idy). (3.12)

Similarly to the argument above, one shows that ® and its inverse restrict to linear maps
between Hom(Pf{(V))(U, A®V) and HomA|A(ocX(U), o, (V). For example, the pictures
occurring in the proof of &)(q)) op(U)=p; (U)o ((T>((p)®idA) look like the ones in
(3.10) except that they are ‘reflected’ about a horizontal axis.

The remaining two equivalences are derived analogously. [l

Remark 3.7. When C is in addition semisimple, then it follows that the objects Ef‘/ "(U)
decompose into simple objects as

E\) =D ZWigng | Ui and  ExWO)=@D [ D ng Z(A)gi | Ui, 3.13)

i€l \gqeZ i€l \qel

with the non-negative integers n, defined by the decomposition U = @q ngUqy of U.
Thus when expressing objects as direct sums of the simple objects U; with i € Z, the
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action of the functor E/i/ "(-) on objects amounts to multiplication from the left and
right, respectively, with the matrix Z(A).

3.2. Endofunctors on categories of algebras

One datum contained in a Frobenius algebra (B, m, A, , ¢) is the object B € Obj(C),
on which we can consider the action of the endofunctors ElA/r associated to some
symmetric special Frobenius algebra A. We wish to show that the objects EA/ "(B) carry
again the structure of a Frobenius algebra. (This would be obvious if the functors E/i/ g
were tensor functors, because then we could simply take Ej\/ "(m) as the multiplication
morphism. But this is not the case, in general.) This will imply that Ei/ " also provides
us with endofunctors on the category of Frobenius algebras in C. Since Ej\/ "(B) is a
retract of A® B, what we first need is the notion of a tensor product of two Frobenius
algebras A and B.

For any pair A, B of Frobenius algebras in a ribbon category there are in fact two
natural Frobenius algebra structures—to be denoted by AQTB = (A®B, mf® B> ﬁ@ B

Ajf@) B,.£f® z)—on the tensor product object AQB. For the case of ®*, the structural
morphisms are

A B
A B
+ o + ._
Magp = NagB = i l
A B A B
(3.14)
AB AB
+ o \ +
Alop = €A9B T T T
A B
A B

while for ® ~ over-braiding and under-braiding must be exchanged in the definition of
both the product and the coproduct. One verifies by direct substitution that AQ™ B is
again a Frobenius algebra. Further, if A, B are in addition symmetric and special, then
so is A®TB. An analogous statement holds for AQ ™ B.

In the sequel we will work with ®; also, we slightly abuse notation and simply
write A®B in place of A®' B for the tensor product of two Frobenius algebras.

Note that even when both A and B are commutative, their tensor product AQB is
not commutative, in general. More precisely, if A and B are commutative, then AQ B is
commutative iff cq pocp a =idsgp. While this identity holds in a symmetric tensor
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category, it does not necessarily hold in a genuinely braided tensor category; in this
setting it is therefore not advisable to restrict one’s attention exclusively to (braided-)
commutative algebras.

Proposition 3.8. Let A be a symmetric special Frobenius algebra and B a Frobenius
algebra in a ribbon category. Then the following holds:

(i) Elf‘/r(B) = (EA/V(B),mz/r, Nijrs Diyrs €1yr), with morphisms given by

B (B)
Myr = my
na nB
é}ﬁé‘m = §A =
EY{"(B)

(3.15)

with &, € *, is a Frobenius algebra.

(i1) If B is symmetric, then EA(B) and E}(B) are symmetric.

If B is commutative, then E/i (B) and E}(B) are commutative.

Gii) If E/Q(B) is symmetric, B is in addition special, dim Hom(B, C,(A)) =1, and
dim(Ef4 (B)) is non-zero, then E{é (B) is in addition haploid and special.

If E}(B) is symmetric, B is in addition special, dimyHom(B, C;(A))=1, and
dim(E} (B)) is non-zero, then Ej(B) is in addition haploid and special.
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(v) If A is commutative, then E = E} as functors. More precisely, for every U €
Obj(C) we have the equality E/Q(U) =E,(U) as objects in C, and for every morphism
fof C we have EL(f)=EL(f).

(v) If A is commutative, then Elf\ (B)=E;(B) as Frobenius algebras.

Remark 3.9. In [45] the notion of an Azumaya algebra in a braided tensor category
has been introduced. The definition in [45] can be seen to be equivalent to the following
one: An algebra A in a ribbon category C is called an Azumaya algebra iff the functors
oc;{ and oy from C to C4ja are equivalences of tensor categories. If a symmetric special
Frobenius algebra A is Azumaya, then C;(A) =~ 1 =~ C,(A). To see this note that if ot
is an equivalence functor, then it has a left and right adjoint (o )7, given by (ocA )_
In Assertions (i)—(iii) of Proposition 2.36 we have seen that the composition (o o ocA
corresponds to tensoring with C;(A). This is an equivalence iff C;(A) = 1. A similar
argument shows that C,(A) =~ 1

Assertions (i)—(iii) of Proposition 3.8 thus imply in particular that every Azumaya
algebra defines two endofunctors of the full subcategory of haploid commutative sym-
metric special Frobenius algebras in a given ribbon category C. Algebras of the latter
type can be used to construct new ribbon categories starting from C, see Proposition
3.21 below.

The proof of Proposition 3.8 will fill the remainder of this section. We need the
following three lemmata.

Lemma 3.10. Let A and B be as in Proposition 3.8, and m; € Hom((AQB) ® (AQB),
A®B) denote the morphism obtained from m; of (3.15) by omitting the embedding and
restriction morphisms e, r; define m, and A,y similarly. Further let ij:=n, ® g and
§:=g4 ®ep. The idempotent P' = Pl (B) fulfills

lonp=1, FoPl =5,
Ploiyo (P! ® P! =idagp oo (Pl @ P) (3.16)

= Pl oo (idpgp ® P') = Pl oty o (P' ®idagB) .

Analogous relations hold for P" = PA’(B) and m,, 1, €, as well as for P!/" and Al/r.

In terms of the graphical calculus, this means that at any product or coproduct vertex
for which each of the three attached ribbons carries an idempotent P!, or each a P’,
any one out of the three idempotents can be omitted.

Proof. The proof is 51m11ar for all relations. As examples we present it for & o P! =&
and for (P" ®idazB) oA’ o P". The first of these relations is easily seen from
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= = (3.17)

A B A B A B

In the first step one substitutes the definition of P! and deforms the graph slightly;
then one uses the Frobenius and counit properties to get rid of the counit of A. The
final step re-introduces this counit by using the fact that it obeys ¢ =&y with &4 given
by (2.39) (and also that A is symmetric Frobenius).

To obtain the second relation one considers the following series of transformations,
for which all defining properties of the symmetric special Frobenius algebra A are
needed:

(3.18)

The first equality just consists of writing out Definition (3.15) of the co-products and
the idempotents. To arrive at the second equality, one drags the coproduct that is marked
explicitly in the first graph along the path that is drawn as a dotted line, so that its
new location is the one marked in the second graph. The third equality is obtained
by first pulling an A-ribbon under the right B-ribbon, which is indicated by the big
shaded arrow, and then moving it back in the opposite direction, but this time over
the B-ribbon (as well as over another A-ribbon). In addition, one continues to drag the
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coproduct that was already moved during the previous step, now along the dotted path
in the second graph; this way it returns to the same location, but is now attached from
the opposite side.

Starting from the third graph, one can now pull the left-most A-ribbon in the direction
of the shaded arrow, over various A-ribbons as well as over the left B-ribbon; the
twists on this ribbon then cancel. Afterwards one can use co-associativity (on the two
coproducts that are marked explicitly in the graph) and then the specialness of A so as
to arrive at the desired result. [J

Lemma 3.11. For every symmetric special Frobenius algebra A we have

AU AU AU AU
|
/
= and N = (3.19)
EL(U) E{(U) Ey(U) Ey(U)

as well as the analogous relations for Ir

Ir4®U>EA ) instead of eEA/r

(U)<AQU"

Proof. We show the moves needed to derive the left equality—the right one and the
relations for r follow analogously:

A U A U A U
~ /
e
~
| ~
= = (3.20)
EL(U) EL(U) EL(U)

The first expression is the right-hand side of the first equality in (3.19), with a redundant
idempotent Pf((U ) inserted. To arrive at the second graph one uses the Frobenius
property and suitably drags the resulting coproduct along part of the A-ribbon. A
further deformation and application of the Frobenius property results in the graph on
the right-hand side. In this last expression the idempotent P,{(U ) is again redundant;
removing it yields the left-hand side of the first equality in (3.19). O
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Lemma 3.12. Let A be a symmetric special Frobenius algebra and B a Frobenius al-

gebra in a ribbon category. Denote by mg the multiplication morphism of E = Eflx/r(B)
as defined in (3.15). Then

ME OCEE = ME (3.21)
with E' = l/r(B) where B'=(B,mpocp. p,Ng, Ap ocBIB, ep) (i.e. the opposite al-
gebra of B’ is B).

Proof. We prove the relation for EA (B), the case of E)(B) being analogous. Consider
the following moves:

E4(B) EY(B)
E{(B) E’ (B) E‘ 4 (B) E‘ (B) E’ (B) EL(B)

(3.22)

The first step implements definition (3.15) of the product on EA(B), while in the second
step the resulting ribbons are deformed slightly. The third expression in (3.22) is already
almost the multiplication of E’, except that the braiding c4 4 must be removed and
the braiding cp 4 must be replaced by cZ’IB. This is achieved in two steps. First we

use the equality r=roP/§(B) to insert an idempotent P/i(B) before the restriction
morphism and then carry out the moves displayed in figure (3.6) backwards. This
replaces mocp 4 by mo (ida ® 6;1). After a further slight deformation of ribbons one
arrives at a graph for which the right ingoing leg is just given by the leftmost graph in
(3.19). Using the first equality in (3.19) we then arrive at the last expression in (3.22),
which is precisely the multiplication of E’. O

Proof of Proposition 3.8. We restrict our attention to the case of E/i (B). For E}(B)
the reasoning works in the same way.

(i) The checks of the (co)associativity, (co)unit and Frobenius properties all work by
direct computation: After writing out the definition, one uses Lemma 3.10 to remove
the projector on the ‘internal’ A-ribbon. The (co)associativity, Frobenius and (co)unit
relations then follow directly from the corresponding properties of A and B.

(i) The check that symmetry of B implies symmetry of Efl‘ (B) can be performed
by the same method as in (i). To see that commutativity of B implies commutativity of
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EA(B), first note that from Lemma 3.12, mg ocg g =mpg. If B is commutative, then
B’ =B as a Frobenius algebra, so that (3.21) reduces to mgocg g=mg.

(iii) That Ef« (B) is haploid follows from Proposition 3.6 by specialising to U = B and
V =1, together with (2.43) and Lemma 3.13 below, by which we have the bijections
Hom(B, C,(A)) = Hom(B, E} (1)) = Hom(E/i(B), 1). (Note that here the assumption
about the non-vanishing of the dimension of EA(B) is not yet needed.)

To see that EA(B) is special, we can use Lemma 3.11 of [18], according to which it
suffices to show that the counit & given in (3.15) is a non-zero multiple of &; as defined
in (2.39) (evaluated for the algebra EIQ(B)). Since EA(B) is haploid, it is guaranteed
that ey =y e with y € k. The proportionality constant y can be determined by composing
the equality with #; the result is y = 571 dim(E/g (B))/dim(A)dim(B), which is non-zero
by assumption.

@iv) It is sufficient to check that the projectors on AQU are equal, i.e. Pf{(U )=
PA’ (U). Since A is commutative and symmetric, and thus also has trivial twist, the

desired equality can be rewritten as
A U
— @ (3.23)
A U

This latter equality, in turn, can be verified as follows. First one deforms the A-loop
on the left-hand side of (3.23) in such a manner that the order of the braidings ¢,

A U

A U

and cal 4 gets interchanged, and then uses, consecutively, commutativity, the Frobenius
property, again commutativity, symmetry to obtain

A U A U
@ @
A o4 A o4

—

A U

A U A U
A

1) A 104
(3.24)

A U



242 J. Frohlich et al./Advances in Mathematics 199 (2006) 192—-329

from which one arrives at the right-hand side of (3.23) by another (twofold) use of the
Frobenius property.

(v) In addition to having EA(B) = E} (B) as objects in C, one further verifies that
my=m;, n;=4¥,, Aj=A, and g =¢,. Let us only show how to check equality of
m; and m,; for the other morphisms similar arguments apply. One considers the
transformations (for better readability we suppress the arrows indicating the duality
morphisms)

EY{(B) EY(B) EY(B)

rY¥YYY

EY(B) El(B) EL(B) EL(B) EY{(B) EY(B)

(3.25)

In the first step the definition of m; is written out and an idempotent Pf{(B) is inserted
on top of an embedding E/i (B) < A®B. Afterwards the multiplication on A is moved
along the idempotent. In the third step the A-ribbon is rearranged and the commutativity
of A is used. 0

3.3. Centres and endofunctors

From Definitions 2.31 and 3.3 it is clear that the centres of an algebra can be

interpreted as images of the endofunctors EY "ie. C /r(A) = l/ "(1) as objects of C.
We will now see that, upon endowing Cj;(A) with the structure of a Frobenius algebra

inherited from A, and E "(1) with the Frobenius structure described in Proposition 3.8,
this is even an 1som0rphlsm of Frobenius algebras.

Lemma 3.13. For every symmetric special Frobenius algebra A we have isomorphisms

CI(A)~E\1) and  C.(A)=~E;(1) (3.26)

as Frobenius algebras.
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Proof. From Lemma 2.30 we know that C;;, is the image of the split idempo-
tent P/g/ " defined in Eq. (2.52). Also, comparison with idempotents (3.1) shows that
P/i/ "= Pix/ "(1). Thus Cir = Elf‘/ "(1) as an object in C. Further, the definition of the

algebra structure on E/f‘/ "(B) in Proposition 3.8(i) reduces to the one of Cy/, (as given
in Eq. (2.70)) when B=1. O

This lemma can be used to establish the following more general result for tensor
product algebras:

Proposition 3.14.
(1) For any pair A, B of symmetric special Frobenius algebras in a ribbon category
C one has

Ci(A®B) ~ EL\(C;(B))  and  C,(A®B) = Ej(C,(A)) (3.27)

as symmetric Frobenius algebras.

(ii) If in addition dim(C,(A))#0, dim(C;(B)) #0 and dim(C;;,(A®B)) #0, as
well as dimy Hom(C,(A), C;/(B)) =1, then EA(C[(B)) and Eg(C,(A)) are haploid
and special.

Proof.

(1) Let us start with the second relation in (3.27). The following series of equalities
shows that the braiding (cA,B)’1 relates idempotents (3.1) for C,(A®B) = E2®B(1)
and for E%(C,(A)):

A B A B A B

ox | | C.(4)
- B E% (Cr(A))

A®B)
K (
B

B A A B A

(3.28)
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Define the morphisms ¢ € Hom(Eg(C,(A)), C,(A®B)) and € Hom(C,(A®B),
Ex(Cr(A))) by

Cr(A®B) EL(Cr(A))
Cr(A)
P = 4 Vo= (3.29)
B CT(A) A B
Ey(Cr(A)) Cr(AZB)

Using (3.28) one can verify that

QoY =idc,(aB) and Yop= idEfg(C,(A)) . (3.30)

Next we would like to see that ¢ is compatible with the symmetric special Frobenius
structure of the two algebras. We need to check that

-1 _ -1 _
?7 0N, a@B) = MEr oAy P O™ awB) © (PBP) = Mpr  (a)); (331

— —1 —1 —
€c.a@B)° P = EEr(cr(a)) (@7 ®9" ) oAc, (agp) ©? = Ay ey -

The relations for # and ¢ are immediate when inserting definitions (3.15) and (2.70).
Using again (3.28), for the multiplication we find

ER(Cr(A)) ER(Cr(A) ER(Cr(A)

+(A)

(3.32)

ER(Cr(4)) ER(Cr(A) EB(Cr(4))  ER(Cr(4) ER(Cr(4)) Ep(Cr(A)
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The corresponding relation for the comultiplication in (3.31) is demonstrated
similarly.

The proof of the first relation in (3.27) works along the same lines, but this time ¢
and i take the easier form

Ci(A®B) E4(Ci(B))
B Ci(B)
@ = < Y = | A~ (3.33)
A Ci(B) A B
EL(Cy(B)) C1(A®B)

Correspondingly there is no braiding in the analogue of (3.28).

By Propositions 2.37(i) and 3.8(ii), EQ(C;(B)) and E%(C,(A)) are symmetric.

(i) By Proposition 2.37(i), C,(A) and C;(B) are commutative symmetric Frobenius
algebras. Further, since by Remark 2.23(vi) the tensor unit is a retract of every Frobenius
algebra, the condition dimy Hom(C,(A), C;(B)) = 1 implies in particular that C,(A) and
C;(B) are haploid and thus simple. Since their dimensions are non-zero by assumption,
Proposition 2.37(iii) then tells us that the two centres are also special. Together with
the assumptions dim(C;;,(A®B)) # 0 and dimy Hom(C,(A), C;(B)) =1, as well as the
isomorphisms of part (i), we can finally apply Proposition 3.8(ii) and 3.8(iii) to see
that E(C,(A)) is haploid and special.

Similarly, again by Proposition 3.8(ii) and 3.8(iii), this time together with the bijection
(2.43), EA(CI(B)) is haploid and special as well. [

3.4. The ribbon subcategory of local modules

As noticed after (3.3), in symmetric tensor categories the objects Ei{r(U) are
closely related to induced modules over the centre of the algebra A. We therefore now
consider categories of modules over commutative symmetric Frobenius algebras.
As it turns out, this is still appropriate in the genuinely braided case. Note that
according to Proposition 3.8(iv), for commutative A, there is only one endofunctor
E,()=E{"().

The relevant class of modules is introduced in
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Definition 3.15. A left module M = (M, p u) Over a commutative symmetric special
Frobenius algebra A in a ribbon category C is called local iff

P o PACM) =py . (3.34)

where Py(M) = Pfi/ "(M) is the idempotent defined in (3.1).

As we will see in Proposition 3.17 below, our concept of locality is equivalent to the
one of Definition 3.2 of [26]. The latter, which says that M is local iff p,, oc w14 °Canr
= p,y» had been introduced earlier for modules over an algebra in a general braided
tensor category in [40], where such modules were termed dyslectic. A main motivation
for the introduction of dyslectic modules in [40] was the fact that they form a full
subcategory that can be naturally endowed with a tensor structure and a braiding. This
property will be crucial in the present context, too. Here we prefer the qualification
“local” to the term “dyslectic” because it agrees with the standard use [42] in conformal
quantum field theory in the context of so-called simple current extensions (compare
Remark 3.19(ii) below).

To show the equivalence between the two characterisations (as well as a third one)
we first give the

Lemma 3.16. For M = (M, p) a left module over a commutative symmetric special
Frobenius algebra in a ribbon category the morphism

M

P

Qrv = € HOI’II(]\Z7 ]\/[j (3.35)

M
satisfies
(i) pyoPaM) = py,o(id,®0,,) and (i) QyoQuy=0y. (336

(iii) M is local iff Qp =idy,.
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Proof. To see (i) we note that

M

paro Py(M) = = puo (ids ® Qur) . (3.37)

The equality on the left uses the fact that A is commutative and has trivial twist (recall
the corresponding comment in Section 2.3), as well as the Frobenius property. The
equality on the right is obtained by applying the representation property first for the
upper and then on the lower of the two products.

To deduce (ii) we combine (i) with the fact that P4 (M ) is an idempotent, and insert
(i) twice (using also that idq ® Qp commutes with Py (M )), so as to arrive at

par o (ids ® Q) = pyy o PA(M)
= pys 0 PA(M) o PA(M)=p,y0(ids ® Qu)olida ® Qpr). (3.38)

Property (ii) now follows by composing both sides of (3.38) with n ®idy,.

(iii) For local M (3.36(i)) reads p,; o (ida @ Qm) = pyy, Which when composed with
n®idy yields Oy =id,;. Conversely, inserting Qy =id, into (i) yields the defining
property of locality. [

We are now in a position to present

Proposition 3.17. For a left module M = (M, p) over a commutative symmetric special
Frobenius algebra in a ribbon category C the following conditions are equivalent:

(1) M is local.
(ii) 0y € Homa (M, M) .
(ili) pocy p0Cy yy=p-
Proof.
(1) = (i1) : We start with the equalities
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M M M M
bez
M —1
G Or
\ |
')9M
~__ = = _— =
—
A M A M A M

The first equality uses that A is Frobenius, the second combines the identity

M M
00
Prr Pnr
= (3.40)
Doy
A M A M

with moves similar to those in figure (3.20), and the third combines a deformation of
the upper A-ribbon with an application of the Frobenius property in the lower part of
the graph. On the right-hand side of (3.39), we can in addition straighten the upper
A-ribbon. Afterwards, by composing the left- and right-hand sides with 0, from the top
and removing the 1dempotent PA(M ) (as allowed by locality) we arrive at the statement
that 0, €End(M, M) is actually in Endy (M, M).

(i) = (1) By 04 =ids and the compatibility between braiding and twist we have

pMoCM,AoCA,MZQMOpMo(idA@)@;[l). (3.41)
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To show that Qj; is the identity morphism, we insert this relation into definition (3.35)
of the morphism Q. Then by (ii) we can take the lower representation morphism p;,
past 0, without introducing any braiding or twist. Using that A is special, the A-ribbon
can then be removed, resulting in Qy =id,;. By Lemma 3.16(iii) it follows that M is
local.
(ii) < (iii) follows immediately from relation (3.41).

(For semisimple C this equivalence is Theorem 3.4.1 of [26].) [

In applications one is often interested in simple modules. Therefore we separately
state the following result which makes it easy to test if a simple module is local.

Corollary 3.18. For a simple module M, with dim(M) #0, over a commutative sym-
metric special Frobenius algebra in a ribbon category C the following conditions are
equivalent:

(1) M is local.
(i) tr0,; #0.
(iii) 0y =&y idy for some &y el”.

Proof. We first note that when M is simple, then the morphism Qs eHom(M , M)
given by (3.35) satisfies

M

oty

A B dim(M ) M (3.42)

To get the first equality, the M-ribbon is twisted so as to remove the braidings; because
of 04 =idy the resulting twist of the A-ribbon can be left out. The second equality
is a consequence of Lemma 4.4 of [18]. By definition (see [18, Definition 4.3]) of
the A-averaged morphism 02, which is an element of Homu (M, M), the graph is
just 93}0071. Since M is simple, Homy (M, M) is one-dimensional, so that 93}’1 is
proportional to id,;. The constant of proportionality is determined by comparing the
traces, resulting in the final expression in (3.42).
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(i) = (i1): By Lemma 3.16(iii), for local M we have Qp =id,;. By (3.42) this, in

turn, means that

tr QM —1
dim(M) "M

=idy, . (3.43)

Since idy; is invertible, this requires tr §;; to be non-zero.
(i) = (iii) : The equality obtained by inserting (3.42) into the projection property
(3.36(ii)) can hold only if tr 0y, =0 or if

tr@M .
e i = 0 - (3.44)

Since by (ii) the first possibility is excluded, we arrive at (iii) with &y =tr 6y, /dim(M )
(which is non-zero).

(iii) = (1) : When combined with (3.42), the statement (iii) implies Qy =id ;. To-
gether with (3.36(iii)) it then follows that M is local. O

Remark 3.19.

(i) When C is semisimple, it follows immediately from the definition that in the
decomposition of a local module M into simple modules M, all the M, are local as
well.

(i) The case when the commutative algebra A is a direct sum of invertible simple
objects is known in the physics literature as a simple current extension. Then the local
modules M are those for which the ‘monodromy charge’ with respect to A vanishes,
which means that for all simple subobjects J of A and all simple subobjects U; of M
one has the equality s; ¢, =s1,0;,, where s is the s-matrix defined in (2.5). Precisely
these modules appear in the chiral conformal field theory obtained by a simple current
extension [43].

(iii) For C =Reppyr () the category of DHR superselection sectors [12,13] of a
local rational quantum field theory €, there is a bijection between finite index extensions
Cext 2 € and symmetric special Frobenius algebras A in Reppyr (€), and Cgy is again
a local quantum field theory iff A is commutative [28].

For the case that C =Rep(®B) is the category of modules over a rational vertex
algebra B with certain nice properties, the fact that C%Cep(%) is equivalent to Rep(Bexi),
with By the vertex algebra for the extended conformal field theory, has been observed
in [26, Theorem 5.2].

Definition 3.20. Let A be a commutative symmetric special Frobenius algebra in a
ribbon category C. The category of local A-modules, denoted by Ci, is the full sub-
category of C4 whose objects are local A-modules.
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Under suitable conditions on C and A, the category C,* inherits various structural
properties from C, such as being braided tensor (Theorem 2.5 of [40]) or modular
(Theorem 4.5 of [26]). We collect some of these properties in

Proposition 3.21. For every commutative symmetric special Frobenius algebra A in a
ribbon category C the following holds:

(i) Cy* is a ribbon category.
(i) If C is semisimple, then C,* is semisimple. If C is closed under direct sums and
subobjects, then Cy* is closed under direct sums and subobjects.
(iii) If C is modular and if A is in addition simple, then C,* is modular.

The proof is a straightforward combination of the results contained in the proofs
of Theorems 1.10, 1.17 and 4.5 of [26] (which are derived in a semisimple setting
and with A assumed to be haploid, but are easily adapted to the present framework,
using in particular the fact that simple commutative algebras are also haploid) and the
permanence properties established in Section 5 of [20]. (For the simple current case
that was mentioned in Remark 3.19(ii) above, see also [19,9,33].)

Let us describe the tensor structure of C;* in some detail. For any algebra A, one
defines the tensor product M®, N of a right A-module M and a left A-module N as the
cokernel of the morphism p,, ® idy —idy ® py, provided that the cokernel exists. In
the present context, i.e. for A a commutative symmetric special Frobenius algebra and
M and N two local left A-modules, the tensor product can conveniently be described
as the image

M®A N :=1Im Pygn (3.45)

of a suitable idempotent in End(M®N), provided that this idempotent is split. The
idempotent in question is given by (compare Lemma 1.21 of [26])

M N M N

Pusn = N - N (3.46)
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(Owing to Proposition 3.17(iii), applied to the representation morphism p,, for
the local module M, the morphisms given by the left and right pictures are equal.)
Similarly, multiple tensor products can then be described as images of the idempotents

M1 M2 Mk
Pug-am, = M A i ....... (3.47)
Nfl MQ Mk

Note that this way of defining multiple tensor products is consistent with the iterative
application of (3.45). Indeed one easily verifies that the idempotents Pyg,Nokx and
PM®(N®AK) are both equal to PygnNek-

Finally, denoting by ey, g..9m, and ry,g..@um, the embedding and restriction mor-
phisms for the idempotent (3.47), the tensor product of morphisms f; € Homg (M;, N;)
(i=1,2,...,k) takes the form

fi Ry - By Jie = "Ni®--®@N; © (1®-® fr)o M\ ®--QMy (3.48)

Definition (3.45) of the tensor product is based on the assumption that the idempotents
Py, -.@um, are split, for which it is sufficient that C is Karoubian. If we do not impose
Karoubianness of C, it can happen that Py g..@um, is not split; then we must work
with the Karoubian envelope of C;* and define

MiQy - QMy:=M® - QMy; Puyg-.om) - (3.49)

If C is Karoubian so that we can define the tensor product as an image, we still must
select M®, N as a specific object in its isomorphism class (recall that we use the axiom
of choice to regard images as objects). We make this choice in a way compatible with
(3.49). With this definition of the tensor product the associativity constraints of the
category C,* are, just as the ones of C, identities. However, in general A®, M and M
are different objects of C4 so that the unit constraints are non-trivial. In particular, the
module category is in general not a strict tensor category.

The ribbon structure of C;* is inherited in a rather obvious manner from C. Con-
cretely, the braiding on C;™ is given by the family

chyy=rocy coe € Homy(M@uN, N®,M) (3.50)
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of morphisms, where e is the embedding morphism for the retract M®, N < M®N,
¢y, is the braiding in C, and r the restriction morphism for NQ M = N®, M. The twist
on Cﬁ"c just coincides with the one of C, i.e. Hf,, = QM (see Proposition 3.17), and the
duality of Ci is the assignment M — M" = (MY, (dy®id yyv) o (id ypv @ ®id yyv) ©

(c, Chv. A®bM)) together with the morphisms

by = e v © Py ®idypy) o (ida ®byy) = piyg o lida ® (g, yvobip)]

and

dM = [ldA@(dMO(lde ®PM) o(c ®idM))]0[(AO'7)®€Mv®AM]

MVA

= lida® (dyjoeyvg pmoPyvg )l olBom @idyvg,ml (3.51)

(compare Theorem 1.15 of [26] and Section 5.3 of [20]).

Lemma 3.22. For A a simple commutative special Frobenius algebra in a ribbon cat-
egory C and A-modules M, N € Obj(Cy) one has

dim(M &, N) = %&f‘?m . (3.52)

Proof. We have

dim(M ®, N) = tr(idy o, v) = tr(Py g, N = (3.53)

Now since A is haploid, for every ¢ € Hom(1, A) we have ¢ = ﬁl_l(so(p) n=_(eop)n/
dim(A). It follows that removing the A-lines from the graph on the right-hand side of
(3.53) ]ust amounts to a factor of 1/dim(A); but removmg the A-ribbons leaves us just
with an M- and an N- loop, i.e. with dim(M) dim(N). O

When A is symmetric, this result is also implied by Lemma 2.27, and for the case
that in addition C is semisimple, it has already been established in [26, corollary to
Theorem 1.18].
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Remark 3.23.
(i) To a modular tensor category C one associates a dimension Dim(C) and the
(unnormalised) charges pi(C) by

Dim(C) := » dim(U;)* and  p*(C):= )Y 0 dim(U)*, (3.54)
ieT ieT

where {U; |i € Z} are representatives of the isomorphism classes of simple objects of
C. The numbers Dim(C) and p*(C) are non-zero (see e.g. [1, Corollary 3.1.8]) and
satisfy p*(C) p~(C) =Dim(C).

Let A be a haploid commutative symmetric special Frobenius algebra in C. Combining
Theorem 4.1 of [26] with Theorem 3.1.7 of [1], one sees that the dimension and charge
obey

Dim(C
Dim(C,*) = _Dim©) _ and pi(Cﬁ"c) =

(dimC(A))’

+

%. (3.55)
dim" (A)
Suppose now that lk=C and that dim(U) > 0 for all U (as is e.g. the case if C
is a *-category [29]). Then one has in fact dim(U) > 1 for all non-zero objects, as
well as Dim(C) > 1 and |p™/p~|=1. It also follows that either dim(A)=1 or else
dim(A) > 2, so that for any non-trivial A the dimension of C;* is at most one quarter
of the dimension of C. The relation “being a category of local A-modules” (with
A a haploid commutative symmetric special Frobenius algebra in another category)
thus induces a partial ordering ‘>’ on modular tensor categories, given by C > D iff
D = Cy for some A% 1. Also note that owing to Dim(C) > 1 one can repeat the
procedure of ‘going to the category of local modules’ only a finite number of times.
Conversely, it follows that the dimension of a haploid commutative special Frobenius
algebra in a modular tensor category C is bounded by the square root of the dimension
of C.

(i1) In case A is a commutative simple symmetric special Frobenius algebra, the
numbers s4 that are the analogs of the numbers (2.5) in the category Cy can be
expressed in terms of morphisms of C as

(3.56)

It follows e.g. that

dima (M) = spy o = dim(M) /dim(A) (3.57)
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(see [26, Theorem 1.18]). Note that the label 0 on s4 refers to the tensor unit of Cf;"“,
which is the simple local module A itself. In the application to conformal field theory,
s4 is also closely related to the modular S-transformation of conformal one-point blocks
on a torus with insertion A (see [3]; [18, Section 5.7].

Next we study what can be said about Karoubianness of categories of local modules.
Recall the statements about A-modules in Remarks 2.17 and 2.19. It follows immedi-
ately with the help of the functoriality of the braiding that if the A-module (M, p) is
in addition local, then so are the A-module (Im (p), rop o(idqs®e)) (2.26) in C and the
A-module ((M; p), pop) (2.27) in the Karoubian envelope C¥.

According to Remark 2.19, non-split idempotents in C can be used to build (A; ida)-
modules in CX which do not come from an A-module in C. Thus in general the
category (C4)¥ is a proper subcategory of (CX) 4- On the other hand, we still have the
following results, which later on will allow us to establish, in Corollary 4.11, equiva-
lence of these two categories if A is not just an algebra but even a special Frobenius
algebra.

Lemma 3.24.

(1) If A is a commutative symmetric special Frobenius algebra in a Karoubian rib-
bon category C, then the category Ci* of local A-modules in C is Karoubian as
well.

(ii) For any algebra A in a (not necessarily Karoubian) tensor category C the category
(CK)(A;,-dA) is Karoubian, i.e. one has the equivalence

((CK)(A;,'dA))K;(CK)(A;,'dA) (3.58)

of categories. If C is ribbon and A is commutative symmetric special Frobenius,

Loc

then also the category (CK)( Neidy) is Karoubian, and one has the equivalence

oc K oc
(€% ia) =€ iay - (3.59)

of ribbon categories.

Proof.

(i) Since Cy* is a full subcategory of Cy, the assertion follows from immediately from
the analogous statement about C4 in Lemma 2.18.

(ii) Since CX is Karoubian, the two equivalences are directly implied by Lemma 2.18
and by (i), respectively. That the second equivalence preserves the ribbon structure
is easily seen by writing out the equivalence explicitly. [
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4. Local induction

4.1. The local induction functors

We have already announced above that the endofunctors Ei{r with respect to a
symmetric special Frobenius algebra A are related to local induction, i.e. functors
from C to a full subcategory of the category Cc,,(a) of modules over the left and
right centre of A, respectively, that share many properties of induction. As shown
in Proposition 4.1 below, the objects ElA/r(U ) in the image of these endofunctors
possess an additional property: they are local Cj;,(A)-modules. Accordingly, the rele-
vant full subcategories are the categories C‘C";r( A) of local Cj/r(A)-modules. The cor-

responding local induction functors, to be denoted by ¢-Ind!/ ", from C to Cé"lc/r( A)
will be introduced in Definition 4.3 below. In the special case that already A itself
is commutative, the centres coincide with A, and accordingly there is only a single
local induction procedure, which is a functor from C to the category C;* of local

A-modules.

Proposition 4.1. Let A be a symmetric special Frobenius algebra in a ribbon category
C. Then for any object U of C, EA(U) is a local C;(A)-module and E}(U) is a local
C,(A) -module. The representation morphisms are given by

EL (V) E;(U)
loc . loc .
Peyayu = v Pe.ayu = u 4.1)
A A
G EL(U) Cr E;(U)
Proof. Using properties (2.64) it is easily verified that pf}’f/r( Ay 3 defined in (4.1)

possess the properties of a representation morphism for C;(A) and C,(A), respectively.
To establish locality we must check that p‘é’f/r v © Pey, (U) = p“c"f/r (a).y- This can be

seen by inserting an idempotent Pfi/ "(U) in front of the embedding morphism e of
E/lx/ "(U); afterwards this idempotent can be used to remove Pc,,, (U). For the case of
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E}(U), the corresponding moves look as follows.

A U A U
Cyr A U Cr A U
4.2)
A U

Chr A U

Here the embedding and restriction morphisms for E}(U) < A® U are omitted. To
establish these equalities one needs in particular (3.16) and properties (2.64) and (2.65)
of C,. O

Corollary 4.2. Let A be a commutative symmetric special Frobenius algebra in a
ribbon category C and U € Obj(C). Then the object E,(U) := Efl‘(U) =E;(U) carries
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a natural structure of local A-module with representation morphism

E,(U)

Pay = U 4.3)

A B U)

It follows that given any symmetric special Frobenius algebra A in a ribbon category,
by regarding Eé/ "(U) as an object of the category C[CO,C/,( A) of local Cj/--modules we

toc
have a functor from C to CC,/,( A)

Definition 4.3. The functors E-Indg/ ", called (left, respectively right) local induction
functors, from C to Cec"f/r (4) are defined by

e-Ind"(U) = (B W), p& ay) s t-Ind] () = B (f). 4.4)

When A is commutative, we write ¢-Ind, for K-Ind/a :E-Indg.

The qualification ‘local’ used here indicates that the A-module ¢-Ind, (U) is local;
that we speak of local induction is justified by the observation that there exists an
embedding of ¢-Ind, (U) into the induced module Ind4(U). More precisely, we have
the following result, which allows us to use reciprocity theorems of ordinary induction
when working with local induction.

Proposition 4.4. For A a commutative symmetric special Frobenius algebra in a ribbon
category C and (-Ind, (U) endowed with the A-module structure given in Corollary 4.2,
for every local A-module M one has

Homy (M, ¢-Ind, (U)) = Homy (M, Inds (U))
and

Homy (¢-Ind, (U), M) = Homy (Indy (U), M) . (4.5)
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Proof. Consider the first isomorphism in (4.5). Apply Lemma 2.4 to the objects M
and Ind4 (U) of C4 to see that there is a natural bijection

Homy (M, £-Ind, (U)) ={¢p € Homy (M, Inds (U)) | PA(U) 0o o = ¢} . (4.6)

Further, observe that for every A-module M and every ¢ € Homy (M, Ind4 (U)) we have

A U A U A U

~ -

M Y M M
4.7

Here the first equality uses that A is commutative and symmetric Frobenius, the second
that ¢ is an A-module morphism, and the third is a rearrangement of the lower A-ribbon
that uses that A is commutative and symmetric and that (since it is also Frobenius) it
has trivial twist.

When M is local, then by Lemma 3.16(iii) the right-hand side of (4.7) equals o.
Further, the left-hand side of (4.7) is nothing but P4(U) o ¢. Thus if M is local and ¢
a morphism in Homy4 (M, Ind4 (U)), then P4(U) o ¢ = ¢ holds automatically. Together
with (4.6) this implies the first bijection in (4.5).

The second of the bijections (4.5) follows analogously by an identity between mor-
phisms that looks like figure (4.7) turned upside down. [

Lemma 4.5. Let A be an algebra in a (not necessarily Karoubian) tensor category C.
(1) There is an equivalence

(€ g = (oK 4.8)

between Karoubian envelopes of categories of induced modules.
(i) If C is ribbon and A is commutative symmetric special Frobenius, then there is
an equivalence

K
(€)= Cm" (4.9)

between Karoubian envelopes of categories of locally induced modules.
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Proof.

(i) We will construct a functor F from (Cj‘“‘l‘)K to D:= ((CK)I(“/‘;;MA))K that satisfies
the criterion of Proposition 2.3.

But first we consider the category D in more detail. Objects of D are of the form*
(Ind(4;iq,)(U; p); m) with U € Obj(C), and with p € End(U) and n € End(AQU) idem-
potents satisfying

(idy@p)omo(idg®@p)=n and oM p) = (M p)o(idy @m). (4.10)
The latter properties imply that
nom®idy) =mo(mMQRp) = (midy) o (idya 1), 4.11)

which in turn allows us to regard 7 as an idempotent in End(A;,-dA)(Ind(A;idA)(U; idy)),
i.e. in the space of endomorphisms of an induced (A;ids)-module for which p is
replaced by idy. As a consequence, (Ind(A,l.dA)(U; idy); m) is an object of D, and we
have

nd g Wiidyym) =T = ana 0 wipym - (4.12)

(All morphism spaces are regarded as subspaces of the corresponding spaces of mor-
phisms in C.)

Furthermore, again using (4.10), it follows that the morphism spaces of D of our
interest are of the form

HomD((Ind(A;idA)(U§ q); @), (Ind(A;idA)(U; q,)§ w/))
={ f€End(AQU) | w/ofowz f= (idA®q/) ofo(ida®q)
and fo (m®q) = (mBq")olids@ [)} . (.13)

By similar calculations as in (4.11) one can then check that
n € Hom® ((Ind .4, (U: idy); 1), (Ind 4.4, (Us p); 1)
and

€ Hom® ((Ind ., (U: p); 1), (Ind 5, (U idy); 7)) | (4.14)

4 We slightly abuse notation by writing just Ind(4;;4,)(U; p) in place of Ind(4:;q,)((U: p)).
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g that (Ind(A;l.dA)(U; p); m) and (Ind(A;l.dA)(U; idy); m) are isomorphic as objects of

(Inds.;4,,(U: p); m) = (Ind 54, (U idy): 7). (4.15)

Finally we observe that objects of (C/ﬂA“d)K are of the form (Inds (U); ) with U € Obj(C)
and n € Endy(Ind4(U)) an idempotent. Therefore by setting

F: (Indga(U); ) — (Ind(A;idA)(U;idU); ) (4.16)

for objects and defining F to be the identity map on morphisms provides us with a
functor F: (CA"d)K—> D. Because of (4.15), F is essentially surjective, and it is bijective
on morphisms. By Proposition 2.3, F thus furnishes an equivalence of categories.

(i) The proof works along the same lines as for part (i). First note that objects of
the category D ::((CK)ff\"f}dA))K are of the form (¢-Ind 4., ((U; p)); ). On the
other hand, by definition we have £-Ind, (U) = (Inda (U); P4(U)), so that

(-Ind 4.;4,, (U5 p)); m) = (Ind(;ia,) (U p); 7) (4.17)

with Py(U)omo P4(U)=mn. The rest of the arguments in (i) go through unmodified,
telling us that

(€-Ind 1, (U3 ;1) = (€Ind ., (U id)); 7). (4.18)

Therefore the functor F*¢, defined as F in (4.16) with E—Ind( Asid g) in place of Ind(4:iq,),
is essentially surjective and bijective on morphisms, and hence furnishes an equivalence
of categories. [

Remark 4.6. For any commutative symmetric special Frobenius algebra A and any
object U of C the dimension of E,(U) € Obj(C) is given by

dim(E, (U)) = sy 4 - (4.19)
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(The dimension of ¢-Ind, (U) as an object of Cg"“ then follows via (3.57).) The equality
(4.19) is easily verified by drawing the corresponding ribbon graphs:

U U
dim(E4(U)) = - AVQ = SU.A. (4.20)
‘A A

The first equality uses the fact that for any retract (S, e, r) of U one has dim(S) =trg idg
= trgroe=try eor =try P, applied to the idempotent P = P4. In the second step the
A-loop that does not intersect the U-ribbon is omitted, using in particular the Frobenius
property and specialness of A. The resulting graph is equal to s;, ,.; but A = AY, since
A is Frobenius.

Remark 4.7. When C is modular, one may obtain (4.5) also as follows. Proposition

5.22 of [18] expresses the dimension dim Hom4 (M QUjy, N) as the invariant of a ribbon
graph in §ZxS!:

L | 5?x St

Pnr

dim Homa(M ® Uy, N) = N 421

Let us consider the case that Uy =1, M ={-Ind, (U) and N a local module. Inserting the
definition (4.3) of pEA(U) and moving the restriction morphism r around the (vertical)
S1-direction so as to combine with the embedding e to a projector, then yields for
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dim Hom (¢-Ind, (U), N) the graph on the left-hand side of

52x 51

4.22)

The equalities shown here are obtained as follows. In the first step the A-ribbon of
the projector is taken around the (horizontal) S°-direction until it wraps around the
N-ribbon. This can be transformed into a locality projector for N and thus—as N
is local by assumption—be left out. The second step is then completed by using
the representation property for N. In the graph on the right-hand side one can now
move one of the representation morphisms around the S !_direction, and then use the
representation property again; afterwards the A-ribbon can be removed, using that A
is special. The invariant of the resulting graph in §? x S' is dim Hom(U, N).

4.2. Local modules from local induction

In the sequel it will be very helpful to express categories of (local) modules in terms
of the corresponding categories of (locally) induced modules. A crucial ingredient is
the

Lemma 4.8. Let A be a special Frobenius algebra in a (not necessarily Karoubian)
tensor category C.

(1) For every module M over A the object M is a retract of A QM.
(i1) Every module over A is a module retract of an induced A-module.

Proof.

(i) The retract is given by (M, ey, p u) with p,, the representation morphism of M
and ey := (ids ® pyy) o ((Aon) ®id,;). That py, oey =idy; is verified by first using
the representation property of p,,, then specialness of A, and then the unit property
of .

Note that the Frobenius property (2.37) of A is not used in this argument.

(ii)) We show that any A-module M is a module retract of Indg (M). In view of (i),
all that needs to be checked is that the morphisms p,, and ey are module morphisms.
That p;, € Homy (Indg (M), M) follows directly from the representation property of p Mo
while ey € Homy (M, Ind4 (M)) is a consequence of the Frobenius property of A. [J
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This result has already been established in Lemma 4.15 of [20]. (There the assump-
tion was made that the category C of which A is an object is abelian, but the proof
does not require this property.)
Proposition 4.9. Let A be a special Frobenius algebra in a (not necessarily Karoubian)
tensor category C. Then, while the module category Cy is not necessarily Karoubian,

still the Karoubian envelopes of Cy and of its full subcategory Cy of induced A-modules
coincide:

CH¥ =X, (4.23)
It follows in particular that in case that C is Karoubian (so that by Lemma 2.18 Cy

is Karoubian, too), then C4 = (Cj‘“")K.

Proof. Lemma 4.8 implies in particular that every object of the category C4 of A-
modules in C is of the form

Ind} (U) := (Im(p), r o (m @ idy) o (ids ® €)) (4.24)
with a suitable object U € Obj(C) and p a split idempotent such that
p € Homy (Ind, (U), Ind, (U)) , pop=p, eor=p, roe=idmep. (425)

This implies the equivalence (4.23). [

Not surprisingly, Lemma 4.8 and Proposition 4.9 have analogues for local modules.
Indeed, when combined with the previous result (4.5), they imply:

Corollary 4.10. Let A be a centrally split commutative symmetric special Frobenius
algebra in a (not necessarily Karoubian) ribbon category C. Then every local module
over A is a module retract of a locally induced A-module, and we have

€S =k (4.26)

Equivalence (4.23) can be combined with previously established equivalences, in
particular Lemma 4.5, to establish the following properties of module categories over
special Frobenius algebras. They are much stronger than Lemma 4.5, and they do not
hold, in general, for algebras that are not special Frobenius.
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Corollary 4.11.
(1) For any special Frobenius algebra A in a (not necessarily Karoubian) tensor
category C there is an equivalence

(CK)(A;idA) g(CA)K s 4.27)

i.e. the operations of taking the Karoubian envelope and of forming the module category
commute.

(ii) For any commutative symmetric special Frobenius algebra A in a (not necessarily
Karoubian) ribbon category C there is an equivalence

(€)% ) = (€S (4.28)

i.e. the operations of taking the Karoubian envelope and of forming the category of
local modules commute.

Proof.
(i) We have

K K
COX = = (€0, =€) i) =C) aiay - (4.29)

The last equivalence follows by Lemma 2.18(i), the second equivalence is the one of
Lemma 4.5(i), and the other two equivalences hold by Proposition 4.9.
(i1) Analogously,

. _In K oc K oc
€ =™ =(C ) =€) =€, - (4.30)

The last equivalence follows by Lemma 3.24(i), the second equivalence is the one of
Lemma 4.5(ii) and the other two equivalences hold by Corollary 4.10. [

The statements of Proposition 4.4 and the results above about commutative Frobenius
algebras that are based on that proposition do not directly generalise to the non-
commutative case. However, there is the following substitute:

Proposition 4.12. Let A be a symmetric special Frobenius algebra in a ribbon category
C, and assume that the commutative symmetric Frobenius algebra Ci(A) is special.
Then every local C;(A)-module M is a module retract of a locally induced A-module,
M <E—Ind£‘(U) with suitable U € Obj(C).
Similarly, if C.(A) is special, then every local C,(A)-module is a module retract of
L-Ind) (U) with suitable U € Obj(C).
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Proof. We establish the statement for C; = C;(A). )
Let M be a local C;-module. Choose U =Im E} (M) and define morphisms & and 7
as

¢-Ind} (U) M
U Ci
- and = ._ dim(A) (4.31)
€= ()
T U
o)
M ¢-Ind} (U)

These are Cj-intertwiners, i.e. € € Home, (M, Z—Indé(U )) and 7 € Homc, (Z—Indé(U ), M).
To establish that (M, e,r) is a C;-module retract of Z-IndA(U ) we must show that
Foe=1idy. This is seen by the following series of moves.

C

dim(C)) . .
———7Foe =
dim(A)

q
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M

 dim(Cy)

Tm () ! (4.32)

M

In the first step the idempotents resulting from the composition are drawn explicitly.
Then the multiplication and comultiplication are moved along the paths indicated. To the
resulting morphism in the second picture one can apply Lemma 2.39 with U=V = M
=1 This results in the insertion of an idempotent Pf{. Using Lemma

morphism. In the final step the marked coproduct is moved along the path indicated,
resulting in another idempotent P!, which can be omitted against the embedding mor-
phism ec,. Inserting the definition of the comultiplication on C; in (2.70) one finally
arrives at the morphism on the right-hand side.

There, the Cj-loop can be rearranged to be equal to Pc,(M), using the fact that
C; is a commutative symmetric Frobenius algebra. Afterwards, by Definition 3.15
of a local module, the idempotent Pc,(M) can be omitted. The representation prop-
erty together with specialness of C; imply that the resulting morphism it is equal to
dim(C;)/dim(A) id ;. Altogether we thus have 7 oe =idy, showing that M is indeed
a retract of E—Indé(U ). O

Note that specialness of Cj;r(A), which is assumed in the proposition, is guaranteed
e.g. if A is simple and dim(Cj;,(A)) is non-zero, see Proposition 2.37, and also if A
is commutative, because then C;/-(A)=A and A is special by assumption.

4.3. Local induction of algebras

Since for any symmetric special Frobenius algebra A the categories Cg’;/r A of local

modules over the left and right centre of A are tensor categories, one can study algebras
in these categories and, in particular, ask whether for an algebra B in C the locally

induced module E-Indi‘/ "(B) inherits an algebra structure from B. We shall show that
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indeed the algebra E/i/ "(B) as defined by Proposition 3.8(i) lifts to an algebra in ng,.( A)

and inherits further structural properties. As a consequence, Z-Indz/ " furnishes a functor
from the category of (symmetric special Frobenius) algebras in C to the category of
(symmetric special Frobenius) algebras in Cec"l"/r( A)

We start by formulating conditions that allow an algebra B in C to be ‘lifted’ to an
algebra in C}}*:

Lemma 4.13. Let A be a commutative symmetric special Frobenius algebra in a ribbon

category C. Let B=(B,mp,Ng,Ap,ep) be a Frobenius algebra. Let (B, pg) carry
the structure of a local A-module, and the product mp on B satisfy

mp € Homy (B®B, B) and mpo Ppgp = mp . (4.33)
(i) B=(B.iip, iz Mg, Ep) with
Mg :=mpoepop, g = pgo(idy®ng) (4.34)
and
Api=rggpoly,  Epi=(id,®ep)o(idy®py)o([Ayon,1®@idg)  (4.35)
is a Frobenius algebra in Cy*.

(ii) Let A in addition be simple. If B has in addition any of the properties of being
commutative, haploid, simple, special, or symmetric, then so has B.

Proof.
(i) We start by showing that Ppgp o Ap =Ap is implied by mp o Pggp =mp. The
ultimate reason is that the coproduct can be expressed in terms of the product as

Ap = (idg ®@mp) o (idg @ ;' ®idp) o (bp ®idp) (4.36)

with the morphism ®;, defined as in (2.35), being invertible because B is a Frobenius
algebra (see formula (3.36) of [18] and, for the proof, Lemma 3.7 of [18]). Consider

the equivalences
BY BY
— = < =
ré h
A B A B A B B A B B

4.37)
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The first equivalence follows by composing both sides of the first equality with @1 both
from the top and from the bottom. The second equivalence is obtained by composing
the middle equality with the duality morphism dp and writing out definition (2.35) of
®;. Now the last equality in (4.37) indeed holds true. This can be seen by replacing
mp with mp o Ppgp and using commutativity and the Frobenius property of A to move
the action of A along the resulting A-ribbon from the right B-factor to the left. We
can therefore write

PpgpoAp = = Ap. 4338)

The left-most graph is obtained by writing out the definition of Ppgp and inserting
relation (4.36) for Ap. The next step uses in particular that mp € Homy (B®B, B). The
final step follows from the first equality in (4.37) together with the properties of A to
be symmetric and special.

It is easy to check that the morphisms defined in (4.34) are elements of the relevant
Homy-spaces, i.e. mp € Homy(B®4 B, B) and ij5 € Homs (A, B), and analogously for
Ag and &g. Of the defining properties for B to be a Frobenius algebra we will verify
explicitly only associativity—the other properties are checked analogously.

Associativity is deduced as follows:

mp o (mp®,idp)= mpoepgp orpgp o (mp®idp) o epgpsp
= mp o(m3®idB)O€B®B®B = ... =mpo(idp®,mp).

(4.39)

In the first step definitions (3.48) and (4.34) are inserted; afterwards the idempotent
epeB °Bep = Ppgp 1s omitted, which is allowed by assumption. Afterwards one can
apply associativity of B, and then the previous steps are followed in reverse order.
(ii)) Note that since A is commutative and simple, by Remark 2.28(i) it is also
haploid.
Out of the list of properties, let us look at specialness, commutativity and haploidity
as examples; the remaining cases are analysed similarly.
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Specialness: The first specialness relation for B follows as

A A

- dim(B) .
Epofilg = = = dﬁg A)) idy . (4.40)

A A

In the first step the definitions are substituted, while the second step uses the represen-

tation property of pp and the Frobenius property of A. The resulting morphism is an

element of Homy4 (A, A). Since A is haploid, this space is one-dimensional, so that the

morphism must be proportional to ids; comparing the traces determines the constant.
The second specialness condition is implied by

fiigoAg=mpoeggporggpoAy =mpoAy =idg. (4.41)

Here in the next to last step we used again that mp o Ppgp =mp; the last equality
holds because B is special.

Commutativity: When B is commutative it follows directly from the form of the
braiding in Ci*—i.e. ¢ =rocoe—and from definition (4.34) of 7ip that B is com-
mutative as well.

Haploidity of B is equivalent to dim Homy (A, B) =1. Since A =1Ind4 (1), the reci-
procity (2.40) implies dim Homy (A, B) =dim Hom(1, B). If B is haploid, then this
equals 1, so that B is haploid as well. [

The following assertion shows that for any simple symmetric special Frobenius alge-
bra A, local induction also supplies us with a functor from the category of Frobenius
algebras in C to the category of Frobenius algebras in Cé"lc/r A

Proposition 4.14. Let A be a symmetric special Frobenius algebra and B a Frobenius
algebra in a ribbon category C, and assume that the symmetric Frobenius algebras
Ci(A) and C,(A) are also special.

(1) The local C;(A) -module Z-Indﬁx (B)= (E/Q(B), p‘c"l“(A);B) can be endowed with the
structure of a Frobenius algebra in the category Cec"lc(A) of local Ci(A)-modules.

(i1) Let A be in addition simple. If the Frobenius algebra EA(B) € Obj(C) has any
of the properties of being commutative, haploid, simple, symmetric, or special, then so
has the Frobenius algebra E-Ind{{1 (B) eObj(CeC"lc(A)).

Analogous statements apply to C,(A) and E}(B).
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Proof. We show the claims for C;(A) and EA(B); the corresponding statements for
C,(A) and E} (B) can be seen similarly. The statements follow by applying Lemma 4.13
to the Frobenius algebra Efl\(B). Accordingly we must check that the requirements of
that lemma are satisfied. Abbreviate C;(A) by C. Recall definition (4.1) of p*°, which
according to Proposition 4.1 gives a local C-module structure on E/Q(B). Furthermore,
we have

toc

pC;Bo(idC ®m) =m0(pZCOTB®ldEi(B))’ (442)

i.e. the multiplication m of E}(B) is indeed in Hom¢ (EX(B) ® EL(B), E}(B)). To see
this, we write out definitions (4.1) and (3.15) for the action of C and the multiplication
on Elf‘ (B), after which we can replace the resulting combination e or by P,L{(B); then
associativity of A as well as properties (2.55) and (2.64) of the centre C relate the two
sides of (4.42).

The equality m o PE/I‘ (B)®E! (3) =M can be verified in the same way, using in addition
that C is special. [

Let us reformulate the statement of Proposition 4.14(i) for later reference:

Corollary 4.15. Let A a be symmetric special Frobenius algebra such that C;(A) and
C,(A) are special, and B a Frobenius algebra, in a ribbon category C. Then there is
a Frobenius algebra

¢-Ind{" (B) € Obj (CE L a) - (4.43)

in the category of local Cy;(A)-modules. The underlying object of the module E-Indi‘/ "

(B) is EY"(B).

Note that we do not introduce a separate notation to indicate the Frobenius algebra
structure of the module (4.43).

For the following statement we take A to be commutative, so that (4.43) is now an
algebra in the category of local A-modules, denoted by ¢-Ind, (B).

Proposition 4.16. Let A and B be commutative symmetric special Frobenius algebras
in a ribbon category C. Suppose in addition that A is simple and that the Frobenius
algebra E,(B) is special. Then £-Ind, (B) is special, too, and we have an equivalence

€y ?-)IcndA(B) = CfEO:(B) (4.44)

of ribbon categories.
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Proof. By Proposition 3.8, E4(B) is a commutative symmetric Frobenius algebra. By
assumption it is also special. Since A is simple, by Proposition 4.14(ii) all properties
of E4(B) get transported to £-Ind,(B). In particular the three algebras A, ¢-Ind,(B)
and E4(B) are commutative symmetric special Frobenius algebras, and by Proposition
3.21 all categories of local modules in (4.44) are ribbon categories.

The equivalence (4.44) is established by specifying two functors

. Locy Loc Loc . Loc Locy Loc
Fi GO, — Chimy and  Gi Cgy = COoha, iy (449)

and showing that they are each other’s inverse and that they are ribbon.

The functor F: An object M in (C“’“)fz";nd () can be regarded as a triple (M, p*,
ptInds (B)) cons1st1ng of an ob]ect M in C, a representation morphism pA—pM

Hom(A®M , M) that endows (M , pA) with the structure of a local A-module, and a
morphism p*1nd(B) Epfw_lnd*‘ ® € Homy (¢-Ind, (B)®4 M, M) such that (M, p*T4(B))
is a local £-Ind,(B)-module in C;*. To define F on objects we turn M into a local
E, (B)-module by providing a morphism pEaB) € Hom(E,(B)®M, M) which has the
appropriate properties; we set

pEa(B) . ptind, ()

° T, (BYoM - (4.46)
(Recall from .for.mula (3.4.18) tl.la.t r.EA( Byom 1S 4 short hand for TE, (BYoM>E, (B)®, e ar%al-
ogous abbreviations are implicit in ey and e3 below.) To check the first representation
property in (2.24) one computes—abbreviating p=pfa®) m=mFaB) p= ptinds(B)
m=mt(B) a5 well as 2=ep (mon € =Cr (BRE,(B)OM and s1m11ar1y for ry,
r3—as follows:

. (@) ~ . ~ .
po(ide, ) ®p) = poro Pg,(yom o (idg,(B) ® p) o (idE, () ®12)

(b) - . ~ .
= poryo(idg, ) ®p)o (idg, ) ®r2)oe3ors

- . ~ d) - ~ .
© po(idg,B) ®4 p)or3 @ po(m®,idy)ors
po(m®idy) . (4.47)

In step (a) definition (4.46) of p is substituted and the idempotent Pg, (gyom = P2 =
ezory €End(E,(B)® M) is inserted before the second restriction morphism r;. Sub-
stituting definition (3.46) for this idempotent, we see that it can be commuted past
the first representation and restriction morphisms p and r,, both these morphisms be-
ing in Homy, and afterwards due to the presence of r» =r o P, it can be replaced by
PEA(B)®EA(B)®M =P3y=e30r; €End(E,(B)® E,(B) ® M); this has been done in (b).
In (c) definition (3.48) of the tensor product over A for morphisms is substituted, while
step (d) is the representation property of p*™™4(®) Finally in (e) the tensor product
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over A is replaced by (3.48), the multiplication i of £-Ind,(B) expressed through
(4.34) and definition (3.47) substituted for the resulting e3 or3; then all A-ribbons can
be removed, yielding the final expression in (4.47). The second property in (2.24) can
be checked similarly.

Locality of the module (M, p£a®)) is most easily verified with the help of the condi-
tion (ii) in Proposition 3.17. Indeed we have Oy op =0y 0poro=po (idEA(B) ®4 Om)
ora, where the second step uses locality of M with respect to £-Ind, (B). As a conse-
quence, Oyyop=poryo (idg,(B) ® Op) o Pg,(pyem =po(ide, ) ® 0p7), where in the
first equality the morphism idg, () ®, Oy is substituted, giving rise to the appearance
of the idempotent e; ory = PEA(B)®M, while the second step uses locality of M with
respect to A to commute 6, with the idempotent, which is then omitted against r;.

A morphism f from M to N in (Cﬁ"“)ﬁ‘_’fndA(B) is an element of Hom(M, N) that

commutes with the two actions p4 and p*™4®) The functor F is defined to act as
the identity on morphisms: F(f):= f. If f commutes with p? and p*™a(®) then it
commutes with p£a(®) as well, because (using abbreviations similar to those in (4.47))

fopy= fopyoryy=pyolde, By®af)or y
= pyoryyo(deB®f)o PE Byom

= ,Z)N ory p© PEA(B)®M o (idEA(B)®f) =pyo (idEA(B) ®f). (448

In the second step the ¢-Ind, (B)-intertwiner property of f is used. The fact that f is
also in Homy allows one to commute it, in the fourth step, with PEA(B)®M.

The functor G: We will be still more sketchy in the definition of G. On morphisms
it acts as the identity, G(f):= f, just like F. To a local E,(B)-module (M, pEa(B))

it assigns the object G(M, pfa®)) .= (M, pA, pt By of (Clg‘”)ﬁ‘_)fndA(B) as follows:

ph = pEa®) o (eg,(B) @idy) o (ida ®n® ®idy) € Hom(A® M, M),

(4.49)
pﬁ-IndA(B) = /)EA(B) o e[—lndA(B)@)M € Hom(Z-IndA(B) ®A M, M)
To verify the representation property of p‘™(®) one needs the relation
pEa® o Pg,(&myom = pEalB), (4.50)

which can be seen by combining the definition (3.46) of PEA(B)®M and of pA in (4.49)
with the representation property of p£a®) and the definition (3.15) of the product on
E,(B). Using the condition of Proposition 3.17(ii) one can further convince oneself
that p? and p®™4®) are local; we omit the calculation.
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F and G as inverse functors: F and G are clearly inverse to each other on morphisms.
That F o G is the identity on objects follows from (4.50). To see G o F =1Id on objects
one must verify that

¢-Ind, (B)

A . . B .
p=p ° T, (ByoM=E,(B)o, M © (€E,(B)<aep ®idM) o (ida ®n” ®idy)

Uy (B) — e-Ind, (B)

°TE, (BY®M>E,(B)®,M ° E,(B)®,M<E,(B)®M (4.51)
The second equality is obvious. To see the first equality one replaces ids by m o (ids ®
n) and uses the fact that all morphisms are in Homy to trade the multiplication first
for the representation of A on E,(B), then on E,(B)®, M, and finally on M. The
morphism p*™4®) is now applied to the unit of £-Ind, (B) and can be left out. The
remaining morphism is precisely p?, the action of A on M.

F as tensor functor: Denote by ®; the tensor product in (Ci™);% 4,(B) and by ®;

the tensor product in C?:(B)' We need to show that F(M @1 N) =~ F(M) ®, F(N); as
we will see, the two objects are in fact equal. Since F only changes the representation
morphisms of M and N, but not the underlying objects M and N we have (working
with the Karoubian envelope, see formula (3.49))

F(M® N) = ((M®N; P),p;) and  F(M)®; F(N)=((M®N; P2),p,),
(4.52)

where M and N are objects in C and p | o are representation morphisms for the algebra

E 4(B). Further, P; is the idempotent in End(M QN ) whose retract is M ® N, while
P, gives the retract F(M) ®, F(N), i.e.

Pl=c¢oe or’ or and P=é"or", (4.53)

. e _ / (g
where the  abbreviations e=eMe,N<MaN; 8_6M®E—IndA(B)N<M®AN’ a—

€M@, (5 N<M®N > as well as an analogous notation for r, r/, r” are used. By di-

rect substitution of the definitions one verifies that Py = P,. It then remains to compare
the representation morphisms p; and p,. Again by substituting the definitions one finds
that they are

¢-Ind, (B) .
pr=pr=1(py * org,mem)idy € Hom(E,(B)® MON, M ®N). (4.54)

F as a ribbon functor: The duality and braiding are defined as in (2.16) and (2.17),
with the idempotents given by the idempotents (3.47) for the corresponding tensor
products. But since the idempotents P;» defining the retracts M @1 N <M®N and
F(M)®,F(N)<M®N are equal and F acts as the identity on morphisms, duality

and braiding of (Cf{’")ﬁ‘_’fndA (p) et mapped to duality and braiding of Cg’:( p- O
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5. Local modules and a subcategory of bimodules

The aim of this section is to establish—in Theorem 5.20—an equivalence between the
three ribbon categories Cé‘)f( A) Céi’:( 4) and Cfl 4- Here CAO‘ 4 denotes the full subcategory
of Caja whose objects are those A-bimodules which are at the same time a sub-bimodule
of an ocj-induced and of an o, -induced bimodule.

To obtain this equivalence we introduce families of morphisms in the category of
left modules and in the category of bimodules over a symmetric special Frobenius
algebra. These families will be called pre-braidings. The terminology derives from the
fact that for left modules the pre-braiding restricts to the braiding defined in (3.50) if
the algebra is commutative and the modules are local, while for bimodules it gives rise
to a braiding when restricted to CAO| 4 (Propositions 5.5 and 5.12).

After discussing these preparatory concepts, a tensor functor from C‘C"lc/ ) to CAO‘ 4

is constructed. Then it is first shown that this functor respects the braiding, and finally
that it provides an equivalence, thus establishing the theorem.

5.1. Braiding and left modules

Let A be a symmetric special Frobenius algebra in a ribbon category C. If A is in
addition commutative, then one can define two tensor products ®jf on the category
Ca of left A-modules, by extending the tensor product on its full subcategory C,* of
local A-modules (see Section 3.4) in two different ways. The basic ingredients are the
idempotents introduced in (3.46), i.e.

M N M N

— — 1
P]W@XN = A PM@;N = A S

M N M N

for any pair M, N of A-modules.

If M is local, then Pyugin = Pugn = Pug,n as defined in (3.46), and one deals with
tensor product ®, on C;* described in Section 3.4. In contrast, for general A-modules
we get two distinct tensor products ®;‘t. If, for v € {£}, the idempotent Pugin is split,
we denote the associated retract by (Im PM®,‘;N76X4®N’FA‘;I®N)’ and thus the tensor
product ®) is given by

M®@{N =ImPygy and  [f®Lg=rigyo(f®8oehgy (5.2)
for M, M’', N, N € Obj(C4) and f € Homa (M, M’), g e Homu (N, N'). If Pugin is not

split, we must instead work with the Karoubian envelope; then the same comments
apply as in the case of C,* that was discussed in Section 3.4.
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When the symmetric special Frobenius algebra A is not commutative, C4 is, in
general, not a tensor category. However, we can still perform an operation that has
some similarity with a tensor product. This then allows us in particular to introduce
a ‘pre-braiding’ on C4 that shares some properties of a genuine braiding. To this end

we restrict, for the moment, our attention to induced modules. For any pair U, V of
objects of C we introduce the endomorphisms

Pyt (U V) := [((m®@idy ®idp)o(ida®cy ,®ida)o(ida Qidy @ A)|®idy
and
Py (U.V) 1= [(m®idy ®ida) o (ida ®cA—}U ®idp)o(idy®idy ® N ®idy  (5.3)
in Endg (Indg (U®A®V)), with ¢ the braiding on C.
Lemma 5.1. The morphisms P®§(U, V) are split idempotents, with image Indy (UQV).
Proof. That P@Ai(U , V) are idempotents follows easily by using (co)associativity and

specialness of A. To show that they are split, we just give explicitly the corresponding
embedding and restriction morphisms eﬁv = eéf(U , V)eHomy (Indg (URV), Indg (U®

A®V)) and rify =rg+(U, V) € Homy (Inda (URA®V), Indy (UBV)):

63‘/ = [(idA®Cl_],lA) o (A®idu)] ®idy , rJV = [(m®idu) o (idA®CU,A)] Qidy ,

54
epy = [(idA@CA)U) o (A®idy) | ®idy , 1y = [(m®idy) o (idA®cA_’1U)] Ridy . 54)

That e}y, oryy, = PAK(U , V) is an immediate consequence of the Frobenius property

of A. Further, as a result of specialness of A the composition 7}, oe}; is equal to
id A®idy ®idy, hence the statement about the image. [J

The module retracts associated to the idempotents Pgﬁ(U , V) are used in
Definition 5.2. The operations ®}: CixC — Ci™ (v € {£}) are given by
Inds (U) ®) Inda (V) := Im PA/X(U, V) = (Inda(URV), e}y, 14y) (5.5
and
fRLg:=rjyo(f®goey (5.6)

for U,V,U’, V' €Obj(C) and feHoma(Inds(U),Indsa(U")), g€ Homa(Inds(V),
Inds (V).
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In general, (fi®)g1)0 (f2®)g>) is not equal to (fiofr) ®} (g1082), so that ®)
is not a functor from Cy*xCy to Ci, and hence in particular it is not a tensor
product. However, for commutative algebras ®X does constitute a tensor product on C}.
Indeed, the following statement can be verified by direct substitution of the respective
definitions:

Lemma 5.3. For every commutative symmetric special Frobenius algebra A the opera-
tions ®XA and ®) coincide on C{*xCy, i.e. Inda(U) ®) Inda (V) =1Inda (U) ®) Inds (V)
and f®)g=f®)g for all U,V,U, V' eObj(C) and all feHomy(Inds(U),
Inda (U")), g € Homa (Inda (V), Inda (V")).

Definition 5.4. Let A be a (not necessarily commutative) symmetric special Frobenius
algebra in a ribbon category C. For p,ve{£}, we denote by yA#' the family of
morphisms

yo i=ida®cyy  for U,V eObj(C) (5.7)

in HomA(IndA(U)® Inds(V), IndA(V)® Inds (U)).
We will refer to the family y4#", and likewise to similar structures occurring below,
as a pre-braiding on C}. While 941 is itself not a braiding, it will give rise to one
when restricted to a suitable subcategory.

For the rest of this subsection we suppose that the symmetric special Frobenius
algebra A is commutative. Then yA#¥ can indeed be used to obtain a braiding on the
category C;* of local A-modules, and this braiding coincides with the one already
described in (3.50). To obtain a statement about C/ﬁ"c we must, however, get rid of the
restriction to induced modules. To this end we recall from Lemma 4.8(ii) that every A-
module, and hence in particular every local A-module, is a module retract of an induced
module. Accordingly for each local A-module M we select an object Ujys € Obj(C) such
that (M, ey, ry) is a module retract of Indg(Uyps). Then for p, ve{£} we define a
family F?/;Vv of morphisms of C;* by

A Ay
Ty = Orn @) ran) oy, o (em ®) en) (5.8)

for M, N € Obj(Cy™). Note that even though ®F ) =®, for local modules, here we still
must use the operation ®A, because the induced module Indg(Uys) is not necessar-
ily local, so that e.g. the morphism ey € Homy (M, Indg (Uyy)) is, in general, only a
morphism in C4, but not in C;*.

The following result implies that I #" does not depend on the particular choice of
the triple (Upz, e, rar). It also establishes that T4#" is actually independent of y and
v, that it furnishes a braiding on C;*, and that this braiding coincides with the braiding
¢ defined in (3.50).
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Proposition 5.5. Let A be a commutative symmetric special Frobenius algebra and
M, N be local A-modules. Then

T = oy (59)
for pu,ve{£}.
Proof. Writing out the definition of l"?,/;vv gives
F?/;\f =ryom o (v ®ry) o eay 0 (ida ® CUM,UN) Orguo (ey ®en)oeygn - (5.10)

In the sequel we consider the case u=—, v=+ as an example. (The other cases
are verified similarly.) In pictorial notation, formula (5.10) is the first equality in the
following series of transformations:

N®AM N®AM N®AM

M@, N M@,N M@, N
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The second step of these manipulations involves a rewriting of the marked A-ribbons
as idempotents PM®AiN, which uses in particular that A is commutative and that M

and N are local. Furthermore, the identity id4 =m oc/:’1 A oA, which holds because A
is special and commutative, is inserted. In the last step, the marked multiplication and
comultiplication morphisms are dragged along the paths indicated (becoming represen-
tation morphisms for part of the way); this relies again on A being commutative.

In the final picture, the idempotents PM®A::N can be removed, while the morphisms
eym/N and ryyny combine to the identity morphism on M and N, respectively. Compar-
ison with (3.50) then shows that FA =4 - as claimed. I

5.2. Braiding and bimodules

From now on A is again a general symmetric special Frobenius algebra, not neces-
sarily commutative.

The category Cqja of A-bimodules contains interesting full subcategories which were
studied in [7,37].

Definition 5.6. The full subcategories of C44 whose objects are the oc;{-induced and

the o -induced bimodules, respectively, are denoted by CXC;\I““ and CX“_X“", and their
Karoubian envelopes by

K
Cy = @) (5.12)

The category Cf?‘ 4 of ambichiral A-bimodules is the full subcategory of Csj4 whose
objects are both in C:'lA and in CA_‘A, i.e.

Coa=ClanCiya- (5.13)

One can wonder whether the pre-braiding y4#" on Cy can be lifted to the bimodule

category Cq1a. We will see that this is indeed possible, by constructing families ))A ‘”

A py

of morphisms satisfying R4 (j;, )—yUV , where

Ra: Coa— G (5.14)

is the restriction functor whose action on objects consists in forgetting the right-action
of A on a bimodule. To do so first note that, as follows again by a straightforward
application of the definitions, we have

A (U)®y 0"'(V) = (" (URV), efy. Try) » (5.15)
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with eiv and rlﬂfv defined as in (5.4), as a bimodule retract of o*(U)® o’(V). To
proceed we set

o = ida®cy y (5.16)

for u,ve{£} and U, V € Obj(C) as in formula (5.7), but now regarded as morphisms
from aX(U)@AaX(V) to ocX(V)@AocX(U). These families will again be called pre-
braidings.

Lemma 5.7. The pre-braidings ??/Cv defined by (5.16) have the following properties.
(1) For (uv) € {(++), (+-), (——)} they are bimodule morphisms, i.e.

Tyt € Homyja (o (D)@, (V), 2 (V) @,y (U)). (5.17)
(1) They fulfill
RaGo) = yobs (5.18)

with Ry the restriction functor (5.14).

Proof.
(i) Compatibility of f)A #" with the left action of A is clear. In the case of the right
action pri, given for a-induced bimodules in (2.31), we must show that

T 0 (i ) @4 PL(V)) = (idugy vy @, pEWUN) 0 () @id ) (5.19)

Writing out the definitions, this amounts to

(ida ®cy y)orly olida®idy @ py(V)) o (efyy ®ida)
= ryy o (ida ®idy ® pt(U)) o (e} ®ida)o (ida ®cy y ®idy). (5.20)
Inserting also the definitions of pri, e and r one verifies, separately for each choice of
() e {(++), (+—), (——)}, that this equality follows from the properties of A and of

the braiding in C.
(ii) For o-induced bimodules we have R (0= (U)) =Inds(U), so that

Ra(eh ()@, (V) = Ra(o}(URV)) = Tnds (URV) . (5.21)
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Thus R4 maps the source and target objects of ?25" to those of y?,ﬁv. As a consequence,
the equality

~A . . A uy
RaGyy) = Ralida®cy y) = ida®cyy =75 (5.22)

follows immediately. O

The morphisms )7?,5" are not all functorial, as would be required for a braiding. But
still we have the following properties.

Lemma 5.8. For any U, V, R, S € Obj(C) the following identities hold in Cy)a.

() Tt o(id®,8) = (g®,id) oGyt for geHomya (el (), oaf (V).

(i) 73y~ o (f®4id) = (id®, f) o7y~ for [ €Homaja (o (R), a; (U)).
(i) 7 0 (id®,8) = (g®,id) oy for g€ Homyja (el (S), oy (V).
(V) T3~ o (f®,id) = (id®, f) o7y~ for [ € Homyja (e, (R), o) (U)).
V) T8 0 (f®48) = (¢®4 /) oTps ~ for [ eHomaa(ogf (R), oz (U))
and g € Homuja (o) (S), oy (V).

Proof. The statements are all verified in a similar manner; we present the proof of (iv)
as an example. Substituting the definitions we find

a;y (V)®,af (U) oy (V)@ 0 (U)

A
Tov T o (f@yid) = (5.23)

ay (R)®y0, (V)
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In the first step the definition of 74+~ and of the tensor product of morphisms is
inserted. The second step uses first that the morphism f intertwines the right action of
o, (R) and ocX(U ) so as to take it past the multiplication, and next that it intertwines
the left action (and hence, by the Frobenius property, the left co-action as well) to
commute it past the comultiplication. The resulting morphism on the right-hand side
is equal to (id®Af)o;7‘2‘7_. (]

So far we have a pre-braiding on the categories C/g‘lif'{"d of a-induced bimodules. We

.1 ~ A v
proceed to construct pre-braidings I' " for CAi‘ A

Definition 5.9. Select, for each bimodule X eObj(Cf;l 4) and p e {£}, an object U § €

Obj(C) and morphisms eét(, r; such that (X, e’;(, r)’;) is a bimodule retract of ocg(U;).

Then for X € Obj(CX‘A), Ye Obj(C/X‘A) and () € {(++), (+—), (——)} the morphism

~Auy .
FX¢ is defined as

~A ) | ~A
Tyr =0y ®, y) oyU)f;;]; o(ely ®yey). (5.24)

. - ~A v . .. .
We will now show that the families T/ of morphisms have similar properties
as those of the pre-braidings 74*" that were listed in Lemma 5.8. In particular, the

~A+— . . . .
morphisms FX; turn out to be functorial and thus furnish a relative braiding between
le 4 and CX| 4» Which coincides with the relative braiding introduced in Proposition 4
of [37]. Indeed we have

Lemma 5.10. For any X* YH R* SHe Obj(CX‘A) (e f{x}) the following identities
hold in CA\A-

() Ty o(id®,g) = (g®,id)oTys  for geHomaa(St, Y.
el mA—— . . ~A—— _ _
(i) I'yy o(f®,id) = (id®,f)ol'zy for feHomya(R™,X7).
(i) Ty~ 0 (id®,g) = (g®,id) o T'ys  for geHomaa(X*,Y™).
A4 . ) iy R
(iv) I'yy o(f®,id) = (id®,f)ol'gy for f € Homya(R™,XT).
= A+ = At PR
V) I'yy o(f®,8) = (@g®,f)ol'gs for feHomaa(R™, XT)

and g € Homyjs(S™,Y7).

+

o A4+ A4t
Here the abbreviations I'yy =1Iy+y+ etc. are used.
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. ~ A . . .
Proof. These properties of T" " are easily reduced to the corresponding properties of

741 in Lemma 5.8. Let us treat (i) as an example. Writing out the definition of I’

on the left-hand side of (i) gives (abbreviating also r; :r;]r etc.)

~A++ . ~ _
Txy olidy+ ®,8) =y @4 rd) 0Tl o(ef ®, (ey 09)), (5.25)

while for the right-hand side we have
- pATt + +y o mAFE ot +
(gQ®uidy+)ol'yg = ((gorg)®,1y) ° YUy Us © (ex ®yeq) - (5.26)

Since e}“@Ae; is monic and r; ®ArSJr is epi, it is sufficient to show equality after
composing the two expressions (5.25) and (5.26) with e'}f® Ae} from the left and with
r; ® ArS“L from the right. The resulting expressions are indeed equal, as is seen by using
Lemma 5.8(1) with idy+ ®, (ey o g orS+) in place of id®,g. O

~Auy
The pre-braiding I' m gives rise to a braiding on Cfl 4- The following observations
will be instrumental to establish this result.

Lemma 5.11. .
(1) The morphisms T" satisfy

Dy o (F®y8) = (@, flolas (5.27)

for X,R,Se Obj(cjm), Y e Obj(CAO‘A), and f € Homya(R, X), g € Homy (S, Y).
(i) The morphisms l~"A  satisfy

T4y o (f®,8) =(@g®, folas (5.28)

for X € Obj(CAO‘A), Y,R,S eObj(CA_lA), and f e Homya(R, X), g € Homy (S, Y).
(iii) When restricted to Cf-\i_l A X CAO| 4» the morphisms fA A are functorial; when restricted
to CA_|A X CAO|A’ the morphisms fA ~ are functorial.
Proof. We establish (i); the proof of (ii) works analogously, while (iii) is an immediate
consequence of (i) and (ii).
By assumption on Y there are bimodule retracts (Y, e;, r;,' ) of ocX(U{f ) and (Y, ey,

ry) of o (U, ). Since e, € Homaja(Y, oy (U, )) is a monic, it is sufficient to verify
that

- . A+t — o ~ A4+
(ey ®uidx)olyy o(f®y8) = (ey ®idx)o(g®y f)olps . (5.29)
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~ A
That this equality holds can be seen by using the properties of I' " established in
Lemma 5.10:

_ . = A4+ (iii) =A+— . _
(ey ®yidx)oTyy o(f®,8) = Tyo ;0 idx ®y ey) o (f ®48)

v . ~A+— . _ .
e (zda_(U;) Q4 f)orRa—(U;)o(’dR ®yey)o(idr®, 8)

i) . _ . ~A++ .
(ii) (’dor(U;) ®4 flo(ey ®idx)olpy o(idgr®, 8)

D, . = A4+
D (7 @, idx) o (g®, f)oT s (5.30)

(above the equality signs it is indicated which part of Lemma 5.10 is used). U

Proposition 5.12. When restricting fA“V with (uwv) € {(++), (+—), (——)} to CAO‘AX
CfﬂA’ we have:

. e =AW
(1) The three families T’ " coincide. Thus we can set

~ A SAG A A
I'yy =Tyy =TIyy =Tygy (5.31)

for all X, Y €Obj(Cy ).

.. . ~A L .

(ii) The morphism I'yy is independent of the choices eiy, r;Y and U ;(E y that are
used in its definition.

~ A
(iii) The family I of morphisms furnishes a braiding on Cf?l A

Proof.

(i) We demonstrate explicitly only the case 1:1;}; *

oy - oy p—
=Iyy ; the case I'yy, =

~A4— .
I'yy can be shown in the same way.
We have X, Y € Obj (CX| 4)> o there are bimodule retracts (X, e}, r; ) of oc:{(U; ) and

(Y, e}', r;) of ocX(U;,'). Furthermore r;®Ar; is epi, so that it is sufficient to establish
that

= A ++ = A
I'yy o(r; ®Ar;) =Tyy o(r; Ry r;). (5.32)

Because of Y € Obj(CAO| 4) we can apply Lemma 5.11(i) to the left-hand side, yielding

~ A+ ~A++
Tyy oy ®n) =0y &)oL whyutwy) - (5.33)
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For the right-hand side of (5.32) we get

“ At , “ A4 .
Ty oly ® 1) = (idy ®,ry) o Uyryyyy o lidx @4 1y)

~A++
= 0 &)oLttt - (5.34)

where the first step amounts to Lemma 5.10(v), while in the second step Lemma
5.10@iii) is wused, which is allowed because the source of the morphism
1y € Homy 4 (ol (Uy), Y) is in CIlA and its target is in CAO|A and thus in particular in

Caia-
|A
Comparing (5.33) and (5.34) we see that (5.32) indeed holds true.

sy . . ~A .
(i) is implied by (i). Indeed, FX?L cannot depend on the choices of e} Rz r;/Y or
= A . A ,
U;'/Y, because I'y y manifestly does not. Conversely, 'y, must be independent of
- - - I . = A4— = A oo
ex/y» 'xyy and Uy,,. Likewise, since FX;F equals FX;FJF, it is independent of the
. . . fA—— L. .
choices for e}', r; and U ; , and since it equals I'yy , it is independent of the choices
for e,, 1y and Uy .
For the proof of (iii) the tensoriality of the braiding—the second line of formula
(2.2)—must be verified. This can be done by direct computation. We do not present

this calculation, but rather prefer to use a different argument later on, as part of the
proof of Theorem 5.20 in Section 5.3. [

5.3. A ribbon equivalence between local modules and ambichiral bimodules

Given a symmetric special Frobenius algebra A and any pair U, V of objects of a
ribbon category C, define the linear maps (I)i/_rUV by

(Dl/r

Uy Homy (Indg (U), Inda (V)) — Hom(Cy/,®U, Ci/rQV)

(5.35)
f = (VC]/,_ ®ldV) o f o (ecl/, ® ldU) ,

where Cj/, stands for C;(A) and C,(A), respectively, and r¢, Ir and ec, ), are the restric-

tion and embedding morphisms for the retract C;/ < A. One checks that (I)i‘/,'ijv( )
commutes with the action of C/,, i.e. we have

q)l/r

v ¢ Homa(Inda(U), Inda(V)) — Homg,, (Indg;,, (U). Indg;, (V). (5.36)
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Definition 5.13. For x € {l, r}, the operations

oy CY— CIC“‘: (5.37)
are defined on objects as
@} (Inds (U)) := Indc, (U) (5.38)

for U € Obj(C), and on morphisms as
Dy (f) == Df.yy () (5.39)

with (Dj yy defined by (5.35), for f € Homa (Inds (U), Indy (V).

The following properties of the maps A/ rUV are immediate consequences of the
definitions.

Lemma 5.14. The maps (I)X uy defined in (5.35) fulfill
Q4. (ida®idy) = idc, ®idy (5.40)
as well as

Oy (@) 0 @)y (f) = D 1y (80(Py ®idy)o f) (5.41)

for f eHomy(Indg(U),Inda(V)) and g € Homy (Indyg (V), Indyg (W)).

As indicated by the appearance of the idempotent Pl/ " on the right-hand side of
(5.41), the operation (D/ is not a functor. However, as will be seen below, CDI/ " can

be used to define a functor from CA‘ 4 o Cgype

Lemma 5.15. The operations (DX " are compatible with the pre-braiding y* in the
sense that

QLA =y and @G =05 (5.42)

for all U,V € Obj(C).
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Proof. As a straightforward application of the definitions, we have

Qi) = Oy veui@a®cu,yv) = (re oidaoec) @cyy =75y 7. (5.43)

and similarly for @} (y5;, 7). O

Lemma 5.16. The map (I)Zruv restricts as follows to bijections between spaces of
bimodule morphisms of o-induced A-bimodules and module morphisms of (locally)
induced Cj;r-modules:

cbﬁjjv : Homyuja(of (U), of (V)) — Homg, (Indc, (U), Indc, (V) (5.44)
@177y 0 Homaja(ag (U), 25 (V) — Homg, (Ind, (U), Indc, (V) .

Proof. This is a consequence of the Proposition 2.36 together with the reciprocity
relations (see Remark 2.23(iii))

Hom(Cy;,®U. V) = Hom,, (Indc,,, (U), Indg,, (V) . (5.45)

Using the explicit form (2.42) and (2.69) of these isomorphisms, one can check that
they are indeed given by restrictions of the maps (I)/l‘/,rUV. O

We now compose the operations (Dz/ " with the restriction functor R4 (5.14).

Definition 5.17. For A a symmetric special Frobenius algebra in a ribbon category, the
operations

G- Cgltf““ — Cgf and G™ . CX[I;‘I‘“‘ — C¢ (5.46)

are defined as the compositions G} :=<I)/l4 oR4 and G™:=®) o Ry of the operations
(5.37) with the restriction functor (5.14).

Lemma 5.18. Let A be a symmetric special Frobenius algebra in a ribbon category
C such that the symmetric Frobenius algebras C;(A) and C,(A) are special. Then we
have:

(i) The operations G} are functors.

.. . . . +
11 ey consititute tensor equivatences oetween e categories an .
They titute t quival between the categ le/;’"d d C‘C"f/r
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(i) They satisfy
n A++ C e A—— rT
G' d(VUV ) = yU’V and G' d(va ) = ng . 5.47)

Proof. We establish the properties for G'}*; the proofs for G™ work analogously.
6) G'j;d is a functor: Recall from the comment before Lemma 5.15 that G'jf1 is not

a priori a functor, since (Di‘ is not. However, after composition with R4 we have, for
f € Homaja (e (U), o4 (V) and g € Homaja (o (V), o5 (W),

D o Ra(gof) = Dy (gof) = ..y (g0 f) (5.48)
as well as

D) (RA(2)) 0 D (RA(f)) = D () 0 @Y (f) = Dl yyy(8) 0 Pl ()

= O}y (g0 (Pi®idy) o f) = .,y (Pi®idw) ogo f).
(5.49)

Here in the third step Lemma 5.14 is used, and in the last step the idempotent Pzi
is moved past g, which is allowed by Lemma 2.35. Finally, when inserting (5.35) for
CD/Q;UW(), the idempotent P/_{ can be left out because of the presence of rc,, thereby
yielding the right-hand side of (5.48). Thus G}*(g o f) = G(g) o G} (/).
That G(id) =id follows again from Lemma 5.14.

(i) GY is an equivalence functor: Clearly GY° is essentially surjective on
objects. Further, by the first equivalence in Lemma 5.16, G'}* is an isomorphism on
morphisms,

e

GY': Homyja(e) (U), of (V)) — Homg, (Ind¢, (U), Ind, (V) . (5.50)

Thus by the criterion of Proposition 2.3, G} is an equivalence functor.

G} is a tensor functor: Using Eq. (5.20) we have

G (o (U) @, 0f (V) = @\ (Inds(UBV))
= Indc,(U®V) = Indc, (U) ®c, Indg, (V).  (5.51)

The right-hand side of (5.51) is equal to GI_‘“_"(ocX(U)) ®q, GI_‘;d(ocX(V)). Thus G is
tensorial on objects.
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For feHomA|A(ocX(U),ocX(U’)) and geHomA|A(ocX(V),oc:(V’)) the morphisms
G(f®,8) and G(f) ®c, G(g) read

c v v’

Gr(feag) = L1 [ ¢ ] (5.52)

and

c U’ %

dim(4) [
dim(C))

Q

(5.53)

GY(f)®c, GY(g) =

|
+

Cc, U \4
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In (5.53) the definition of the (co)multiplication on C; has been substituted and Lemma
2.29(iii) has been used to omit one of the two resulting idempotents Pf{ at m and A.

To see that (5.52) and (5.53) are equal we consider the following identity, which can
be obtained by dragging the marked multiplication along the path indicated. In order
to do so one first uses that f € Homy, A(aX(U ), ocX(U ")) (applied to the right action of
A) and next that g € Homy, A(ocX(V), acX(V/ )) (applied to the left action of A).

A U \%4 A U’ 1%
A
h(q):= | = I 7 (5.54)
A U 1% A U 14

For g =id 4, the A-loop on the right-hand side is equal to the counit 4. On the other
hand, for ¢ = P!, Lemma 2.29(iii) allows us to replace the A-loop by a C;-loop, which
by specialness of C; is equal to the counit of C; and a restriction to Cy, i.e. to replace
the A-loop by ec, orc,. The latter, in turn, is equal to dim(C;)/dim(A) 4. Thus

dim(Cy) i
dim( A’) h(P}). (5.55)

h(id ) =

Now the right-hand side of (5.52) is equal to (r¢,®idy Qidy+)oh(ida) o (ec,®idy®

idy), while the right-hand side of (5.53) equals—after eliminating one of the two idem-

potents with the help of Lemma 2.35—dim(A)/dim(C) (r¢,®idy Qidy-) Oh(Pzi) o (eq

®idy ®idy). Hence the equality (5.55) implies that G}*(f®,8) = G}'(f) ®c, G (9).
(iii) G is compatible with y*: The equality

nd ~A ~Auy Ay Ay
GGy = PLRAGI) = OL ) =1y (5.56)

follows by just combining Lemmas 5.7(ii) and 5.15. O

Via Karoubification the functors G'}* induce functors

Gi: Ciy—Cq and G-: Ci,—Cc. (5.57)
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Proposition 5.19. The functors Gi are tensor equivalences and satisfy

~ A+ .
Gi(Txy V=TG5 6.y Jfor X.Y €0bi(Cy},)
and
A - — -
G-(Txy V=T§ o6 ) for X.Y €0bj(Cy,)- (5.58)

Proof. By Proposition 4.9 we have Cc, = (Cg’f)K. That G+ is a tensor equivalence
then follows from the corresponding property of G'}* established in Lemma 5.18 by
invoking Lemma 2.9.

The proof of property (5.58) will be given for G4 only, the one for G_ be-
ing analogous. Using the realisation of the Karoubian envelope via idempotents, let
X = (ol (UY); ph) and Y = (¢f (Uy); py). Then

~ A4+
Cxy =Py @ P ovyliy o (Px 81 py)- (5.59)

Also, if M =(Ind¢,(U); p) and N = (Ind¢,(V); g) are objects in (Cg‘]“)K, then

Ly =@®c p) oy o(p®c q). (5.60)

By definition, G (X)=(G"™(x; (Uy)); G™(p})); the desired property of G, thus
follows from the equalities

= A4+ n
G+ (Txy )= GE(pF @apd) 0T s 0 (0% @apY)
= [G™(pi) ®c, G (pi)]o rgf;;; o [G™(p) ®c, G (pi)]
Cr++
=16, x06.m) (5.61)

where we also used the compatibility of 74 with G} from Lemma 5.18(iii). [

We are now in a position to present our first main result, the ribbon equivalences
between local Cj/,(A)-modules and ambichiral A-bimodules; based on results of [7],
these equivalences have been conjectured in ‘claim 5’ of [37].

Theorem 5.20. Let A be a symmetric special Frobenius algebra in a ribbon category
C such that the symmetric Frobenius algebras Ci;-(A) are special as well. Then there
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are equivalences
Loc ~ (0 ~ [toc
CCz(A) = CA\A = CC,.(A) (5.62)
of ribbon categories.

We will only present the proof of the equivalence Céi’f( 4 = AO‘ 4 explicitly; the second

equivalence can be shown by similar means.> As a preparation we need the following
two lemmata.

Lemma 5.21. We have the following bijections between spaces of bimodule morphisms
of a-induced A-bimodules and module morphisms of (locally) induced C;-modules:

Wiyt Homaja(e (U), oy (V) — Homg, (Inde, (U), £-Ind} (V)),
(5.63)
W Homyja (e (U), @f (V) — Homg, (¢-Ind) (U), Ind¢, (V) .
The maps ‘I’/[JJV and ‘I’i{lfv are given by
Wi (f) = foleq ®idy)  and Wi}, (9) = (r¢, ®idy)og. (5.64)

In the definition of ‘I’IATJV, the realisation of Z—IndI{\(V) as (Indy (V); PIL{(V)) is

implied for obtaining the relevant subspace of Homc, (Indyq (U), Inds(V)), and similar

implications hold for the definition of ‘I’IA_JV The bijections (5.63) satisfy

Wil (9) 0 Walpy () = B4l (g0 f). (5.65)

Proof. This is a consequence of Proposition 3.6 together with the reciprocity relations
(see Remark 2.23(iii))

Hom(U, E! (V)) =Homc,(Ind¢, (U), £-Ind} (V))
and
Hom(E} (U), V) =Homc, (¢-Ind, (U), Indc,(V)) . (5.66)

Using the explicit form (2.42) and (3.9) of these bijections, one checks that ‘I’/ljljv
and ‘P/l{lfv are indeed given by the maps (5.64). Furthermore, substituting (5.64) and

the definition (5.35), it is immediate that (5.65) holds true. [l

5 Recall also Declarations 2.10 and 3.2.
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Lemma 5.22. The following two statements are equivalent:

1) ((cx:(U); p),e,r) is a A-bimodule retract of o, (V),
(1) ((Indc,(U); (DIIA;UU(p)), LPIIATU_V (e), ‘I’IIL‘;_‘}"U (r)) is a C;-module retract of E-Ind/Z‘(V).

Proof. We will need two series of identities, both of which hold for any choice of mor-
phisms p € HomA|A(oc:((U), uX(U)), ee HomA|A(oc;{(U), o, (V) and r € Homaja (o,
(V), a0 (U)).

The first series of identities is

.y (P) o @y (p) = @y (po(Pyoidy)op)
= @y (Poidy)opop) =B yy(pop). (567)

Here the first step holds by Lemma 5.14, in the second step Lemma 2.35 is used,
and in the third step the idempotent P,i is omitted against the restriction morphism rc,
contained, by definition, in CDA‘UU. The second series of identities is

Wi () o Wity (@) = O (roe) = By (roe), (5.68)
where the first equality uses (5.65) and in the second equality holds because @iju is

just a restriction of (Di;u y to a subspace.

(1) = (ii): By assumption (i), p is an idempotent and we have r oe = p. By (5.67)
this implies that (DIIA; vy (p) is an idempotent, too. Furthermore, by equality (5.68) we
have ‘Pfl‘;_‘j’U(r)o‘I’éfU_V (e):fl)i; vy (P), which is equal to the identity morphism of
(Indc, (U); CI)A,UU(p)), thus establishing that we are indeed dealing with a C;-module
retract.

(i1) = (i): Conversely, suppose that ‘I’i‘,_‘;’U (r)o ‘I’flfU_V (e) = <D114; yu (p) and that (Di; U
(p) is an idempotent. Then Eqgs. (5.67) and (5.68) tell us that also (I)I{‘,UU(pop)z
(I)A;UU(p) and CDA;UU(roe)ZCDA;UU(p). Since, by the first isomorphism in Lemma
5.16, CDQ; yu 1s injective on Endy) A(acX(U )), it follows that p is an idempotent, and
that e or = p, which is the identity morphism in EndA|A((oc:{(U); p). U

Proof of Theorem 5.20. Denote by G: CAO| 4 — Cc, the restriction of G4 to CAO| 4- We
will show that G is a ribbon equivalence between Cfa 4 and C“C"l"( A)-

(1) The image of G consists of local modules: Objects in Cj‘ 4 are of the form
B:(ocX(U);p). If B is also in C;IA, then there exist morphisms e,r such that
((oc;{(U); p), e, r) is a bimodule retract of o, (V) for some Ve Obj(C). By Lemma
5.22 it follows that ((Indc,(U); CDA;UU(p)), ‘PII;U_V(e), T,IL;TJU(”)) is a C;-module re-
tract of the local module E-Indé(\/).

Thus G(B) = (Indc,(U); CDA,UU(p)) is a retract of a local module, and hence local
itself.
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(1) G is essentially surjective on the category of local modules: From (i) we know

that G is a functor from CfPI 4 to C‘C‘JIL‘( 4)- By Proposition 4.12 every local module M is
isomorphic to a retract of a locally induced module E-Indﬁ(V) for some V € Obj(C). We
can write M =~ (Z—Indf‘(V); q) for some idempotent g € Endc, (Z—Indf‘(V)). However, we
want to make a statement involving C;-modules rather than locally induced A-modules.
To this end we introduce the morphisms

¢ =0Ty (v © (M ®idy) o (ec, ®ida ®idy) € Hom(CI@ABY, ¢-Ind, (V)

and
r/;:(rcl QRida Qidy)o (AR idy) © €y ind! (V) <A®Y oquom(é—Indﬁ‘(V), CIQRARV).
(5.69)

These morphisms fulfill ¢’ or’ =g, as can be seen as follows. First note that Lemma
2.39, specialised to U=V =1 and ®=id4, together with Lemma 2.29(iii) and (ii)
as well as specialness of C;, implies that mo (idy o Py{) o A=id,. It is then easy to
convince oneself that an appropriately modified version of Lemma 2.39 gives rise to
the analogous identity m o (P{ oid4) o A=id,. This, in turn, implies ¢’ o7’ =g.

Next define p’:=r"oe’. Because of goe’ =¢', p’ is an idempotent. Thus by con-
struction we have an isomorphism

((Indg, (AQ V); p), e, r') =~ (E-Indi‘(V); q) (5.70)

of C;-modules. Thus ((Ind¢,(U); p), €', r’) with U:=A®V is a module retract of
¢-Ind! (V).

By the Lemmas 5.16 and 5.21 we can now find morphisms peEndA|A(ocX(U)),
e € Homyja (o] (U), oy (U)) and r € Homaa(oy (U), %} (U)) such that @ (p)=p'.
‘PIIL‘_J“U_U(e)ze/ and ‘{’IIL‘TJU(r)zr’. Then we can use Lemma 5.22 to conclude that
((ocX(U); p),e,r) is an A-bimodule retract of o, (V). Thus we have found an object
B=(af (U); p) in CAOM such that G(B) ~ M.

(iii) G is an equivalence of ribbon categories: Note that G: CAO‘ 4> Céi’f is an equiv-
alence functor because first, it is essentially surjective on objects, and second, it is a
restriction of G, which is bijective on morphisms. Since G is a tensor functor, so

is G. Furthermore, for the family I’ ;Y of morphisms we have

=A A ++ Cr++ C
GTyy) =G+ Txy ) =T6" 6.0 = Gxy i » (5.71)

where we first used Proposition 5.12(ii), then Proposition 5.19 and finally Proposition

. ~A . .- . .
5.5. Since I'y, is mapped to the braiding ¢ on Cﬁ/ﬁ'}“ by an equivalence functor, it
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follows that l:?(y defines a braiding on CAO| 4- This completes the proof of Proposition
5.12 by also establishing part (iii) of the proposition.

Hence the tensor equivalence G is compatible with the braiding. Thus G is an
equivalence of braided tensor categories, and thereby also of ribbon categories. [

Remark 5.23. Denote by Gy, : C”‘C"]C(A) — Cg’:(A) and G,;: C?:(A) — Cé"lc(A) the functorial

equivalences of the ribbon categories Céi’lc( A) and Cg’:( A constructed in Theorem 5.20.
One can give an explicit representation of Gy, using retracts. Consider the two mor-
phisms Q;-(M;) e Hom(AQM;, AQM;) and Q,;(M,) €e Hom(AQM,, AQM,) given by

A M, A M,
C, Cy
er(Mr):: er(Mr):: \ (572)
A M A M,

By combining several previous results one sees that Q;,/,/(M;;,) are idempotents: the
morphisms Pfi/ r(Mr/l) from (3.1) are idempotents, (2.65) can be used to commute the
ribbon connecting A to M,,; past the A-loop, and finally one can use (3.16) together
with specialness of Cj/,, which holds by the assumptions in Theorem 5.20.

For local Cj/--modules M, one has

Gir(Mp) =Im Q;,(M;)  and G (My) =1Im Q1 (M) (5.73)

(recall that we work with Karoubian categories, so that all idempotents are split), and
the action of the functors G;- and G,; on morphisms reads

Gl'r(Nl) Grl(Nr)
N, Ny
Gir(f1) == Gr(fr) = (5.74)
A M, A M,
G (M) G (M)

for f, e Homc, (M,, N,) and f; € Homc,(M;, Np).
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Remark 5.24.

(i) The equivalence of the categories of local modules over the left and right centres
given in Theorem 5.20 is a category theoretic analogue of Theorem 5.5 of [5], which
was obtained in the study of relations between nets of braided subfactors and modular
invariants. In the context of module categories, the equivalence, including the relation to
the category of ambichiral bimodules, has been formulated, as a conjecture, in Section
5.4 of [37].

(i1) It is known [32] that in conformal quantum field theory, every modular invariant
torus partition function can be described in terms of extensions of the chiral algebras for
left movers and right movers. The two extensions need not be the same, but they should
lead to extended theories with isomorphic fusion rules. The additional information in
a modular invariant partition function is the choice of an isomorphism of these fusion
rules. This structure is sometimes summarised by saying that the torus partition function
of every full conformal field theory has the form of ‘a fusion rule isomorphism on top
of (maximal) extensions of the chiral algebras’.

This statement has been obtained in [32] using the action of the (cover of the)
modular group SL(2, Z) on the characters of a chiral CFT, the invariance of the torus
partition function under this action, and the non-negativity of its coefficients.

The connection between this description of partition functions and our study of
algebras in tensor categories is supplied by the insight [17,18] that, given a chiral
rational conformal field theory, a full rational CFT, including in particular its torus
and annulus partition functions, can be constructed from a symmetric special Frobenius
algebra A in the modular tensor category C that describes the chiral data of the CFT.
(But not every modular invariant bilinear combination of characters of the chiral CFT
is the torus partition functions of some full CFT.) The structure of partition functions
described above can be obtained from Theorem 5.20 as follows. The procedure of
‘extending the chiral algebra for left movers and right movers’ corresponds to passing
to the modular tensor categories Cgc/r A) of local modules of the left centre and the
right centre, respectively, of A. By Theorem 5.20 these two categories are equivalent,
so that in particular they have isomorphic fusion rules,

Ko(Ciia) =Ko(Cl)) - (5.75)

We may lift the algebra A to algebras in ng, (4) Via Lemma 4.13 to obtain algebras
with trivial centre. In this sense, the two extensions are ‘maximal’ and the isomorphism
of the fusion rules is encoded in the ‘non-commutative part’ of the algebra A.

6. Product categories and trivialisability

In many respects the simplest tensor categories are the categories of finite-dimen-
sional vector spaces over some field k; we denote the latter category by Vecry. It is
therefore interesting to find commutative symmetric special Frobenius algebras A in
ribbon categories which are ‘trivialising’ in the sense that the category C,* of local
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A-modules is equivalent to Vecry. For a generic ribbon category C such a trivialising
algebra need not exist. A class of categories for which a trivialising algebra does exist
is provided by the representation categories for so-called holomorphic orbifolds [11,2]:
for these, the trivialising algebra affords the extension of the corresponding orbifold
conformal field theory to the underlying un-orbifolded theory.

We may, however, relax the requirement and instead look, for given C, for some
‘compensating” ribbon category C’ and a trivialising algebra T in the (suitably defined)
product of C with C'—for the precise formulation of this concept of trivialisability,
see Definition 6.4 below. The main purpose of this section is to establish that such a
category C' and algebra T always exist when C is a modular tensor category. In that
case, for C’ we can take the category dual to C, a concept that will be discussed in
Section 6.2.

6.1. Product categories and the notion of trivialisability

But first we must introduce a suitable concept of product which to any pair of k-
linear categories C and D associates a product category that shares with C and D all
the relevant properties, such as the basic properties listed in the Declaration 2.10. This
is done in

Definition 6.1. Let C and D be k-linear categories.
(i) The category C® D is the category whose objects are pairs U x X with U €
Obj(C) and X € Obj(D) and whose morphism spaces are tensor products (over )

Hom®®P (U x X, VxY) := Hom®(U, V) ®, HomP (X, Y) (6.1)

of those of C and D.
(ii) The Karoubian product CKD is the Karoubian envelope of C®, D,

CHD := (C®,D)¥. (6.2)

Remark 6.2.

(i) Taking the tensor product over [ rather than the Kronecker product of the
morphism sets accounts for the fact that the categories of our interest are enriched over
Vecty. The price to pay is that C®; D has idempotents that are not tensor products of
idempotents in C and D, so that even when C and D are Karoubian we get, in general,
a Karoubian product category only after taking the Karoubian envelope.

(ii) In accordance with Remark 2.8(iii) we regard the category C®, D as a full subcat-
egory of CKD, i.e. in particular identify Ux X € Obj(C®kD) with (Ux X, idy®,idx) €
Obj(CXD).

(iii) When C and D are small categories, then so are C®;, D and CXD. When C and
D are additive, then so is CX'D. When C and D are semisimple, then so is CXD.
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(iv) When C and D are modular tensor categories, then so is their Karoubian product
CXID, see Proposition 6.3(iii) below. It is easy to verify that the dimension and charge
of modular tensor categories, as defined in (3.54), are multiplicative, i.e.

Dim(CXD) = Dim(C) Dim(D)  and  pT(CRD) = p*(C) pT(D). (6.3)

Proposition 6.3.
(i) When C and D are tensor categories, then C®& D can be naturally equipped
with the structure of a tensor category, by setting

(UxX) P (Vxy) = (UR'V) x (X®PY), 180 . — 1Cx1P  and
(12,9 ®P(f'®,¢) = (18 1), (gals). (6.4)

(ii) Similarly, C®, D inherits from C and D the properties of having a (left or right)
duality, a braiding, and a twist, by setting

C®, D
dy. 5 = dLC, R, d? etc. ,

e, D _C D
Cuxx,vxy ‘= Cuv B Cxy> (6.5)

050 = o @, 07

In particular, when C and D are ribbon categories, then C®, D is naturally equipped
with the structure of a ribbon category. Moreover,

C®k'D I D .
Suxx,vxy = SU,vSx,y: (6.6)

in particular, the dimensions in C®, D are given by
dimC®P(U x X) = dim“(U) dimP(X) . 6.7)

(iii) Analogous statements as in (i) and (i) apply to the Karoubian product CKD.
In addition, if C and D are modular tensor categories, then the category CRD has a
natural structure of modular tensor category.

Proof. (i), (ii) Using the relevant properties of C and D, it is straightforward to check
that with definitions (6.4) and (6.5), all required relations for morphisms in C ®kD are
satisfied.

(iii) then holds by combining these results with the properties of the Karoubian enve-
lope listed in Remark 2.8(iv). For modular C and D, CXD is additive and semisimple
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by Remark 6.2(iii), and the s-matrix (6.6) is non-degenerate because those of C and D
are. Thus CKD is indeed modular. [

We are now in a position to introduce the concept of trivialisability of C:

Definition 6.4. A ribbon category C is called trivialisable iff there exist a ribbon cat-
egory C’ and a commutative symmetric special Frobenius algebra T in CXIC’ such that
the category of local T-modules is equivalent to the category of finite-dimensional
vector spaces over ,

(CRCHe = Vecty, . (6.8)

The data C' and T are then called a frivialisation of C.
The rest of this subsection is devoted to the study of the Karoubian product of tensor
categories and its behaviour in the context of module categories.

Lemma 6.5. The Karoubian product of two categories is equivalent to the Karoubian
product of their Karoubian envelopes,

CXD ~CXRDX. (6.9)

If C and D are ribbon, then this is an equivalence of ribbon categories.

Proof. According to Proposition 2.3 to show the equivalence it is sufficient to construct
a functor F: CKRDK — CXD that is essentially surjective on objects and bijective on
morphisms.

The objects of CRD= (C(X)[kD)K are triples (U x X; m) with © an idempotent
in End(UxX) =End(U)®,End(X), while the objects of CKXRDX are quintuples
((U; p) x (X; q); 7), where U € Obj(C), X € Obj(D), p € End(U) and g € End(X) are
idempotents in C and D, respectively, and 7€ End(U xX) is an idempotent obeying
the Karoubi condition

(PR, q)ont=n=710(p®,q). (6.10)
We define the functor F on objects as
F((U: p) x (X:q)im) :== (U x X5 7). (6.11)

It then follows that we get every object (U x X; n) of CKD as the image under F of
the object ((U; idy) x (X;idx); ). Hence F is surjective on objects.

To define F' on morphisms, we first introduce, for any two objects ((U; p)x(X; q); m)
and ((V; p)x(Y:q');n') of CKXKDK, certain endomorphisms P, Q and IT of
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vector spaces:

P : HomS(U, V)— Hom€ (U, V) wd 2 HomP (X, Y)— HomP (X, Y) 6.12)
fr>pofop gr>q'ogoq '

as well as

I1: HomC®D«D(U><X,V><Y)—> Homc®kD(U><X,V><Y) (6.13)

Y moYor; '
P, Il and Q are idempotents of vector spaces. One checks that, by definition of the
Karoubian envelope,

Hom® ®P((U; p) x (X: q): ), (V: p) x (Y ¢'): 7)) = Im(P) ®, Im(Q)NIm(IT) ,
(6.14)

while

Hom ™ P (U x X; m), (V xY; 7)) = Im(IT). (6.15)

In addition, from (6.10) it follows that (P ®, Q) o II=I1=1II0 (P ®, Q), which in turn
implies that

ImdI) € Im(P®, Q) =Im(P) ®, Im(Q). (6.16)

We can thus conclude that the morphism spaces (6.14) and (6.15) are actually identical
subspaces of Homc‘g’ﬂ«D(UxX, VxY) =HomC(U, V) ® HomP (X, Y).

We now simply define F to be the identity map on morphisms, so that F is in
particular bijective on morphisms. It is easy to check that together with (6.11) this
yields a functor from CXXDK to CKD.

Thus F is an equivalence functor from CXX DX to CXD. Suppose now that C
and D are ribbon. Instead of directly verifying that F is a ribbon equivalence, it is
slightly more convenient to work with its functorial inverse, to be denoted by G. On
objects R=(UxX; n) of CWD we have G(R)=((U;idy) x (X; idx); m), while on
morphisms G acts as the identity map. Using the definition of the ribbon structure
on the Karoubian envelope of a category and on the Karoubian product of categories,
as given in Remark 2.8(iv) and in Proposition 6.3, respectively, one verifies by direct
substitution that G is an equivalence of ribbon categories. We present details of the
calculation only for the tensor product and for the braiding.

Let R=(UxX;n) and S=(VxY; @) be objects of CXD. Using (2.15) and (6.4)
we get

G(R®P$)= G((UREV) x (X@PY); n@°®Pw))
= (U V;idygey) x (XQPY; idygpy); n@®Pm)  (6.17)
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as well as

G(R) & M G(8) = (U idy) x (X idx); m) @ &P (Vidy) x (Y idy); w),
(6.18)

so that indeed G(R®C®DS):G(R) ®CK&DKG(S). For morphisms, equality of G(f
®C®Dg) and G(f) ®CK@DKG(g) is immediate because G is the identity on mor-

phisms.
Concerning the braiding note that, using (2.16) and (6.5),

G(er,s) = Gcx.m,(vxy:m) = G((@&“®Pr) o (cy,v®.cx y) (6.19)
and
C®an) o (cy.y ®, cX’Y)) .

(6.20)

CG(R).G(S) = C(WUsidy)x (X:idy)im).(Viidy) x (Yiidyy:m) = (@B

Since G is the identity on morphisms, this implies that G(c ¢) =CG(R).G(S)" ]

Remark 6.6. The product ®, of categories is associative. Together with Lemma 6.5,
this implies in particular that the Karoubian product of categories is associative as well,
i.e. we have

CRD)RE = (C®,D)RE = (C®,PREN = CH(DR,E) ~CH(PRE)  (6.21)

for any triple C, D, &£ of categories. If C, D, and £ are ribbon, then these are
equivalences of ribbon categories.

Lemma 6.7. For any (additive, k-linear) category C, taking the product, in the sense
of (6.1), with the category Vecty of finite-dimensional vector spaces yields a category
equivalent to C,

C®y Vecn, =C, (6.22)
while taking the Karoubian product with Vecty yields the Karoubian envelope of C,
CRVect, = C¥. (6.23)

If C is ribbon, then these are equivalences of ribbon categories.
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Proof. Consider the functor F: C — C® Vect defined by F(U):=Ux k on objects
and by F(f):=f®,id) on morphisms. Clearly, F' is bijective on morphisms. Next,
note that every object X € Obj(Vecty) is isomorphic to a direct sum X =~ kd--- P k.
Furthermore we have an isomorphism (U®---®U) xk = U x (kd---® k). Thus
every object U x X of C®; Vecty is isomorphic to an object of the form U’ x k,
implying in particular that F' is essentially surjective, and hence provides an equivalence
of categories by Proposition 2.3. This establishes (6.22).

Suppose now that C is ribbon. Using the definition of the ribbon structure on
CXVecty as given in Proposition 6.3, one immediately verifies that in this case F
is a ribbon functor.

Equivalence (6.23) is obtained from (6.22) by taking the Karoubian envelope on both
sides, using Lemma 2.9. O

Lemma 6.8.
(i) When A and B are algebras in tensor categories C and D, respectively, then
setting

C®, D D C®, D D
My =mS@mE  and gty =15 @05 (6.24)

endows Ax B € Obj(C® D) with the structure of an algebra in C®D.
(i1) An analogous statement holds for coalgebras, with

Co,D Ce,D

Ak =A@ AL and e, =e§®, 5. (6.25)

AXB

(iii) If A and B are haploid, then so is A x B.

(iv) If in addition C and D are braided and A and B are (co-) commutative, then
A X B is (co-) commutative as well.

(v) When A and B are Frobenius algebras in ribbon categories C and D, respectively,
then (6.24) and (6.25) equip A X B eObj(C®kD) with the structure of a Frobenius
algebra in C®, D. If in addition both A and B are symmetric and/or special, then so
is AXx B.

Proof. All required relations of the structural morphisms mﬁf%p, nié%}p, etc. easily
follow from the corresponding ones of A and B. [J

Just like in many other respects, special Frobenius algebras are especially well-
behaved also with respect to taking product categories. In particular, we have

Lemma 6.9. For A and B special Frobenius algebras in (not necessarily Karoubian)
ribbon categories C and D, respectively, there is an equivalence

(CRID) 4y priay,ids) ~((COD)pxp)" - (6.26)
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If A and B are in addition symmetric and commutative, then there is also an equiva-
lence

(CRD) s priape,iai) = (CODILp <. (6.27)

involving categories of local modules.

Proof. The assertions follow immediately by applying corollary 4.11(i) and (ii), re-
spectively, to the special Frobenius algebra A x B in the ribbon category C®, D. [

In the sequel we will often identify Obj(C®, D) with the corresponding full subcat-
egory of Obj(CXD), and accordingly identify the algebra (Ax B;ids®,idp) with the
algebra Ax B € Obj(C®, D) < Obj(CKD).

A natural question is to which extent the modules over A x B can be understood in
terms of A- and B-modules. We first note

Lemma 6.10.
(i) For A and B algebras in tensor categories C and D, and A x B € Obj
(C®kD) endowed with the algebra structure (6.24), we have the equivalence

Ci* @ D" = (CR D)% (6.28)

of categories of induced modules.

(ii) If in addition C and D are (not necessarily Karoubian) ribbon categories and A
and B are centrally split commutative symmetric special Frobenius algebras then we
have the equivalence

CLmd ®y, D ~ (C®kD)f{l>:% (6.29)

of categories of locally induced modules.

Proof.

(i) The induced Ax B-modules in C®, D are pairs consisting of objects (AQU) x
(B®X) and the Ax B-action (ms®idy) ®, (mp®idx). They are thus in natural bijec-
tion with the objects (AQU, ma®idy) x (B®X, mp®idy) of C{®, Dg“. Analogously
there are natural isomorphisms between the respective morphism spaces.

(i) follows from (i) because also the idempotents (3.1) in the two categories that
define the locally induced modules coincide. [

The following is yet another result for which it is essential that the algebras are
special Frobenius:
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Proposition 6.11.

(i) For A and B special Frobenius algebras in (not necessarily Karoubian) ribbon
categories C and D, there is an equivalence

CA® Dy = (CKD),, » (6.30)

of categories.
(11) If in addition A and B are centrally split, symmetric and commutative, then
there is an equivalence

Ci R Dy* = (CRD)L% (6.31)

of ribbon categories.

Proof. We combine the Lemmas 6.5, 6.9 and 6.10, Proposition 4.9 and Corollary 4.10.
(i) We have

CRDg =~ CHXR(Dp)K = () & (DyH*

112

12

CHMRDY = (Cre,DyH"

12

> (CRD)sp)" = (C&DY4yp)™ = CRD) 4y iy i+ (6:32)

where we use first (6.9) and then (4.23), in the second line again (6.9), and in the last
line (6.28), (4.23) and finally (6.26).
(i1) Analogously,

Cﬁoc |X| Déoc (Cﬁoc)K g (Déoc K ~ (C‘f;-lnd)K IZ' (Dé-lnd)K

l12

1

Cﬁ-lnd &Dglnd = (C;;-Ind®|kD§Ind)K

12

(CRDIEINS = (Co, D)= " = CRD)S 5, (6.33)

where in the first line we use first (6.9) and then (4.26), in the second line again (6.9),
and in the last line (6.29), (4.26) and finally (6.27).

Next we note that, by Corollary 4.10, objects of Ci* KDy can be written as
((€-Ind, (U); p)x(£-Ind(X); g); m) with U € Obj(C), X € Obj(D), p and ¢ the re-
spective idempotents that describe a local module as module retract of a locally in-
duced module, and 7 the idempotent that arises in taking the Karoubian envelope of
Ci*®, Dy*. Similarly, objects of (CRD) 5 can be written as (¢-Ind, x ((V xY; @)); )
with V € Obj(C), Y € Obj(D), w the idempotent arising in taking the Karoubian en-
velope of C®, D, and 7 the idempotent describing a local Ax B-module as module
retract of a locally induced A x B-module.
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With this description of the objects, the functor F: C{*KDg* — (CKD)4: , that maps
the left-hand side of (6.33) to the right-hand side is given by

F: ((-Indy(U); p) x (€-Indz(X); q); ®) — (€-Indy, p(UxX;idyxx)); m) (6.34)

on objects, and is the identity map on morphisms, with the latter regarded as elements in
(a subspace of) Homc®kD((A®U) X (BR®X), (AQV) x (BQY)). (That the idempotents
p and g do not appear on the right-hand side of (6.34) is seen by the same reasoning
as in the proof of Lemma 6.5.)

Now one checks by inserting the relevant definitions—formula (6.4) for the ten-
sor product on products of categories, formula (2.15) for the tensor product on the
Karoubian envelope of a category, as well as formula (3.49) for the tensor prod-
uct of local modules—that the prescription (6.34) respects the tensor product, i.e.

R RCRD g K F(R)®(C&D)£OXCB F(S) (together with an analogous equality for the
tensor product of morphisms, which follows trivially). Thus F is a tensor functor.
Similarly, using formulas (6.5) for the braiding on products of categories, (2.16) for
the braiding on the Karoubian envelope, and (3.50) for the braiding of local modules,
one verifies that the braidings on C;*XDy* and on (CXD){% , are compatible in the

Cl*RDfe  CRD)Y, . . I . .
sense that ¢l = CE(R). FA(S? Since F is the identity on morphisms, this means

that F is brai’ded, and hence that F is a ribbon functor. [J
Corollary 6.12. If C and D are (not necessarily Karoubian) ribbon categories and A

is a centrally split commutative symmetric special Frobenius algebra in C, then there
are equivalences

C®DEM,_ =C™@,D  and  (CED),, =CRD . (6.35)

The first is an equivalence of categories, the second an equivalence of ribbon categories.

Proof. These equivalences follow by setting B=1p in the equivalences (6.29) and
(6.31), respectively. O

Before we specialise to a special situation of particular interest—C a modular tensor
category and C’ being dual to C—Ilet us mention that another large class of trivialisable
pairs C and C’ is provided by conformal embeddings similar to those listed in (1.16).

6.2. The dual of a tensor category

As already mentioned above, an important class of trivialisable categories is given
by modular tensor categories, and for these C’ is the dual of C. We therefore turn to
the discussion of the concept of dual tensor category.
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Definition 6.13. The dual category C of a tensor category (C, ®) is the tensor category
(CPP, ®).

More concretely, when marking quantities in C by an overline, we have

Objects : Obj(C) = Obj(C), ie. UeObj(C) iff UeObj(C),
Morphisms : Hom(U, V) = Hom(V, U),

Composition : fog=go (6.36)
Tensor product: UQ®V = Uav , f®g=f®g

Tensor unit : 1=1.

Remark 6.14.
(i) Since C is strict, C is indeed again a (strict) tensor category. If the tensor category
C is small, then so is C. If C is additive, then so is C. If C is semisimple, then so is C.
(ii) If the tensor category C is Karoubian, then so is C. More generally, since the
idempotents in C coincide with the idempotents in C, for any tensor category C the

Karoubian envelope of C is the dual category of the Karoubian envelope of C, i.e.

8 =CK.

The following result is analogous to Lemma 2.9 of [34]:

Lemma 6.15.

() If the tensor category C has a left (right) duality, then its dual category C has a
right (left) duality. If C has a braiding, then so has C, and if C has a twist, then so
has C.

In particular, the dual C of a ribbon category C is naturally a ribbon category, too.

The values of s for C and C are related via

Sy =Sy (=spvy). (6.37)
so that in particular

dim(U) = dim(U) . (6.38)

(ii) The dual category C of a modular tensor category C carries a natural structure
of a modular tensor category.

Proof.
(1) We set

U ="U, VU = UV (6.39)
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and

Dualities : Eg = (dy) e Hom1,UQU "), Eﬁ = (by) € Hom(EVQU, 1,

Braiding : ¢y = (cu,v)~ leHomUQV,VRU),

Twist : 07 = (6)51) € Hom(U, U) .

By direct substitution one verifies that these morphisms satisfy all properties of dualities,
braiding and twist.
For s as defined by (2.5) one computes

Sy = @y @dy) S lid 8 @y 58y ) Bid, 15 by Bby)

= (V)8 Bv) 3 [idy ® (cv.v) 1 5 (cv,0) D) Bidy] 5 ((dy) ® (dy))

= (dy ®dy) olidy, ® ((cv,u)~ o (cuv) H®idyu]o (by ®by)

= SU,VV == SUV,V . (6.41)

The manipulations leading to the last two equalities may be summarised in the language
of ribbon graphs, analogously as in (2.5): The second-to-last corresponds to a 180°
rotation of the V-ribbon, and the last to a 180° rotation of the U-ribbon.

(ii) The simple objects of C are V with V a simple object of C; in particular, C
has as many isomorphism classes of simple objects as C has. Finally, owing to (6.37)

invertibility of the matrix s=(s;, ) follows immediately from invertibility of s. [J

Remark 6.16. As in Remarks 3.23(i) and 6.2(iv) we may consider the behaviour of
the dimension and charge of a modular tensor category. One verifies that under taking
duals one has

Dim(C) =Dim(C) and  pT({C) = pT (). (6.42)

Lemma 6.17.

() If (A, m,n) is an algebra in a tensor category C, then (A,m,7) is a L coalgebra
in C, and if (A, A, €) is a coalgebra in C, then (A, A, %) is an algebra in C.

@Gi) If (A,m,n,A,¢e) is a (commutattve) symmetric special Frobenius algebra in a
ribbon category C, then (A, A, &, m, 1) is a (commutative) symmetric special Frobenius
algebra in C.

Proof. The relevant properties in the dual category are nothing but the corresponding
properties of the dual morphisms. [J
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For the rest of this subsection we assume that C is a tensor category with a finite num-
ber of isomorphism classes of simple objects, i.e. that the index set Z (see Section 2.1)
is finite. Then for every triple of simple objects U;, U;, Uy with i, j, k € T we fix once
and for all a basis {o} C Hom(U;®Uj|, Uy) and a dual basis {o} C Hom(Uy, Ui®Uj).6
Then the 6j-symbols, or fusing matrices, F, of C and their inverses G are defined by
(in the figures we abbreviate the simple objects U; by their labels i)

=22 Flle (643)

q€T v,6

p
i j k
l
8
P
. G ikl (6.44)
Z apB,vqé
q,7,6
i j k

Furthermore, when C is braided, then the braiding matrices R of C are defined by

k
¢ — RUZ" A (6.45)
&

6See Section 2.2 of [18] for more details. There the notation & was used for the second type of
basis elements; here the overbar is suppressed to avoid confusion with quantities referring to the dual
category C.

<.
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RUDK s a square matrix with rows and columns labelled by the basis {«} of Hom(U; ®
U;, Uy); its inverse with respect to this matrix structure is R™ U i)k, which is defined
analogously as RU Dk but with an under-braiding instead of an over-braiding.

The choice of bases in the spaces Hom(U;®U;, Ux) and Hom(Ug, U;®@U;) of C
allow us to choose a correlated basis in C. For example to pick a basis {o} C Hom(U; ®
Uj, Uy) we use that by definition Hom(U; @U;, Uy) = Hom(Uy, U;®Uj) and take the
basis we have already chosen in the latter.

To simplify notation, in the remainder of the paper we will omit the overlines on
quantities of the dual category C whenever from the context it is so obvious that C-
quantities are meant that no confusion can arise. For instance, we write the fusing

( 7RI instead of F(l]k)l

matrices of C as Fops.: 1 Tpp.igo *

Lemma 6.18. The fusing and braiding matrices of the dual C of a braided tensor
category C with finite index set T are given by

=L~ jhkl =0jbl _ ijkl 50 )k (jik @ )k (jik
Fupﬁ,vqé - qué,wﬁ’ Gap/f,wqé = qué-,apﬁ ’ Rocﬁ =R, Bo R, of - Rﬁoc :
(6.46)

Proof. It follows from the definition of dual bases that the fusing matrices also appear
in the relation

k)
\< G (6.47)
pEI a,ﬁ

Combining this result for the category C with the definition of the morphisms Hom
and their composition o in C one arrives at the first equality. The other relations follow
by an analogous reasoning. [

6.3. The trivialising algebra Tg

Recall that we denote by Z the index set such that {U;|i € Z} is a collection of
representatives for the equivalence classes of simple objects in a category. In this
subsection we consider ribbon categories G which are semisimple and have finite index
set Zg.
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We start by introducing an interesting algebra 7 = T in the Karoubian product GXG
of G with its dual. This is done in the following lemma, which is essentially Proposition
4.1 of [35]:

Lemma 6.19. Let G be a semisimple ribbon category with a finite number of equiva-
lence classes of simple objects.
(i) The triple Tg = (Tg, m, n) with

Tg = P UkxTsx < Obj(GKG),
kelg

€ Hom9%9(1x1, Tg) ,

ne= elxI<Tg

(6.48)

€ Homgﬁa(Tg(@Tg, 1g)

is an algebra in GKG.
(ii) The algebra (Tg,m,n) extends to a haploid commutative symmetric special
Frobenius algebra in GXG.

Proof.

(i) The unit property of the multiplication m follows from the normalisation of the
morphisms that was chosen in (2.33) of [18], which states that the basis vector chosen
in Hom(U;®1, U;) and Hom(1®U;, U;) is idy;,.

To see associativity one notes that

- Z Z Z g[j)z)i)rp’_g;][?lﬂso'/

r,p.p' s,0,0 p,o,f
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l 1

x>
<1
<l
Bl

(6.49)

The second step uses Lemma 6.18 to relate F to the inverse of F.
(i1) Thus Tg is an algebra. It is clearly haploid. Commutativity follows from

k k k k
I -
3 ®, =3 > RIR ) S ®, /\ (6.50)
YN N
7 i 7 7 7 J 7 7

together with Lemma 6.18.

To show that 7y extends to a symmetric special Frobenius algebra, by Remark
2.23(@v) it is sufficient to verify that the morphism ®;;, which was defined
after (2.39), is invertible. Now for every i € Zg we have

Uy xU; Uy

k3

TV
T v =) (dim(U)))* 6.51)

rels

Ui X Ui U,j

because only the tensor unit of GIXG contributes in the Tg-ribbon that is connected to
the Tg-loop and the resulting isolated Tg-loop amounts to a factor dim(7¢). Substituting
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the definition of m then gives the right-hand side of (6.51). Since the morphism on the
right-hand side is invertible for every i € Zg, so is ®y. U

Lemma 6.20. With Tg defined by (6.48), we have:
(i) The induced Tg-modules

My :=Ind7, (1 x Uy) (6.52)

(k€Zg) are mutually distinct and simple.
(i) The induced modules Indy, (U xU;) decompose into a direct sum of simple
Tg-modules according to

Indrg (UxxUp) = €D Nt M, (6.53)
relg

with Ni]k the dimension of Hom(U;®U;, Uy), as introduced in (2.7).

Proof.

(i) Since G is semisimple, GXG is semisimple as well, and hence the obje_ct Mk
underlying the induced module M} is a direct sum of simple objects of GIXG. The
decomposition into simple objects reads

Mi=Tg@AxUp»= @ Ni U xT. (6.54)
rselg

with N; ]k =dim Hom(U;®U}, Uy). When combined with the reciprocity relation (2.40),
this implies

P Hom? (U, ® Uy, Uy) @ Hom99 (1 x T, U, x Ty)
rselg

Homy, (My, M)

[

lIe

Hom? (U, Up) = i1 k, (6.55)

which proves the claim. o
(ii) We first check that the simple modules M, appear in Indy, (UyxU;) with multi-

plicity Ni!. To this end we use again reciprocity:
Hom$™9 (M, Indz, (U, xU1)) = Hom9%9 (01, Uy xT) = kM . (6.56)

The last equality follows from the decomposition of M, into simple objects given in
(6.54).
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We now know that the right-hand side of (6.53) is a submodule of Indf, (U xU)).
Next we check that Indr, (Ug xU;) does not contain any further submodules. It is

sufficient to verify that (6.53) is correct as a relation for objects in GXG. For the two
sides of (6.53) we find

IndTg(UkXUI) x @ NN, U, Xﬁv
ru,velg

and

@ Nkrer = @ NkrlNurv U, X ﬁv > (6.57)
relg ru,velg

respectively. Using the identities N,/ =N,{ and Ny} = Nj;, we see that the two ex-
pressions coincide owing to associativity of the tensor product. [J

6.4. Modularity implies trivialisability

We will now apply some of the results above in the particular case that the tensor
category under consideration is even modular. We are going to show that such categories
are trivialisable, with the compensating category given by the dual and the trivialising
algebra of the form given in Lemma 6.19.

In this subsection G always denotes a modular tensor category. As a preparation we
need

Lemma 6.21.

(1) Let Ux be a simple object in a modular tensor category C. If the relation
05/(0x0,) =1 holds for all simple objects U,, Uy (r,s € L) such that N, #0, then
U,=1.

(ii) Conversely, let C be a semisimple additive ribbon category with ground field Ik
and with finite index set T. If the equality 05/0x0, =1 for all r,s € T such that N.§ #0
implies that k =0, then C is modular.

Proof.
(1) Fix a basis ler,a} C Hom(Uy®U,, Uy). Then one has

Os
010,

s

. (6.58)

N N J—
/lkw OCrkOCky=

(see e.g. Section 2.2 of [18] for more details). By assumption, all the factors 6,/(0;0,)
in this expression are equal to one. Since s and o run over a basis, this implies that

Crk o Ckr = idy,eU, (6.59)
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for all r € Z. Taking the trace of this formula yields s, x = sk.05r0. Thus the kth column
of the s-matrix (2.8) is proportional to the 1-column, with a factor of proportionality
equal to sg,0. Since the s-matrix is invertible, this is only possible if k=0.

(i) The same calculations show that the conditions are equivalent to the statement
that the equality cy, y,cu, v, =idy,ou, for all r €T implies that k=0. Taking the
trace, we learn that k =0 is the only element of Z such that sy, y, =dim(U)dim(U,)
for all » € Z. According to Proposition 1.1 of [9], this property in turn implies that the
ribbon category C is modular. [J

Lemma 6.22. For G a modular tensor category and Tg as defined in Lemma 6.19, up
to isomorphism the only local simple Tg-module is M1 =Tg itself.

Proof. By Corollary 3.18 it is enough to compute the twist on the simple modules M}
and check whether it is of the form idyy, for some & elk. Since 1 x Uy is always
a subobject of My, if it exists &, must be equal to Hk_l. Evaluating the twist for all
other subobjects of My we find the following condition: My is local iff 0,03_1 :(9,(_l
for all r, s such that N,/ #0. By Lemma 6.21 this implies that k=0. [

Proposition 6.23. For G a modular tensor category and Tg as defined in Lemma 6.19,
there is an equivalence

(g@)‘g ~ Vect (6.60)

of modular tensor categories.

Proof. Combining the Lemmas 6.20—6.22 above, we conclude that (g&?)% is a
modular tensor category that, up to isomorphism, has the tensor unit 1 as its single
simple object. Any such category is equivalent to Vect.

7. Correspondences of tensor categories
7.1. Ribbon categories

We are now finally in a position to establish correspondences between certain ribbon
categories Q and G. They make use of another ribbon category #, which must be
trivialisable. The strongest result, to be derived in Section 7.2, is obtained when H is
even a modular tensor category. In the present subsection, this special property of H
is not required. Also, Q and H are not assumed to be Karoubian. Given Q and H, we
consider a ribbon category G that is obtained as the category of local modules over a
suitable algebra L in the Karoubian product of Q and H.

Proposition 7.1. Let Q be a ribbon category, H a trivialisable ribbon category, with
trivialisation data H' and T, and let L be a haploid commutative symmetric special
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Frobenius algebra in the category QXH satisfying dimyHom(1gxT, Lx13y) =1. De-
note by G the ribbon category of local L-modules,

g := (Q&H)}i"". (7.1)
Further, let T be the object
T = E-IndLXIH,(IQxT) (7.2)

in GRH', endowed with the structure of Frobenius algebra in GRH' via the prescription
given in the proof of Proposition 4.14; similarly, let I' be the Frobenius algebra

T = t-Indy, 7 (LxTgy) (7.3)
in (Q&H&’H’)‘l"g"xr. We have
oX~ (QRHRH) S 7 - (7.4)

Furthermore, if T and I' have non-zero dimension, then they are haploid commutative
symmetric special Frobenius algebras, and there is an equivalence

(QF) e = (GRH')5 (7.5)

of (Karoubian) ribbon categories.

Proof.
(i) To verify the equivalence (7.4), we first apply Lemma 6.7, then the fact that, by
assumption, H’ and T provide a trivialisation for #, and then Corollary 6.12:

O = QR Vecty = QR (HRH)F* = (QRHRH) 1. (7.6)

(ii)) That 7 and I' are haploid commutative symmetric special Frobenius algebras
can be seen by combining Proposition 3.8 and Corollary 4.15 as well as Proposition
4.14(ii). Note in particular that we can apply Proposition 3.8(iii), because both L and
T are symmetric and special, the dimensions of 7" and I' are non-vanishing, and the
condition on the centres is implied by dimHom(1gxT, L x14)=1 together with the
commutativity of L and T.

(iii) For the next two preparatory calculations, we invoke successively Proposition
4.16, Corollary 6.12 and definition (7.1) of G (as well as the associativity of the
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Karoubian product X from Remark 6.6) to write

(Q&H@H’),?LCW(IM) = (((Q@H)XH’)ZL”QIH/)ﬁ(_’fndmwagxr)

1

~ ((Q&’H)ffLoC X H/)éf‘fndm]wug xT)

GH )., (T .7
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and similarly, using (7.6) in the second step,

(Q&H&H/)ngxT(LXIH/) = ((Q'ZI(HXlH/))e]Z xT)i(—);ndlng(Lle/)

~ K LoC
= (@ )Z—Indlgxr(LXIH/)‘ (7.8)

(Recall from Lemma 3.24(i) that the category of local modules over any commutative
symmetric special Frobenius algebra in a Karoubian ribbon category is again Karoubian.
Thus all the module categories appearing here are Karoubian.)

(iv) Consider now the tensor product algebra

F:=(1gxT) ® (Lxly) (7.9)

in QXHXH'. Recall that in a braided setting the tensor product of two commutative
algebras is not commutative, in general. Concretely, applying Proposition 3.14 we learn
that the left and right centres of F are

CUF)=E p(Lxky)  and  C(F)=E; . (IgxT), (7.10)

respectively. Further, by Theorem 5.20 the categories of local C;(F)- and local C,(F)-
modules are equivalent,

(QRHEH) &y = (QRHEH )& () - (7.11)
Combining this information with the results in step (iii) and (7.10), we finally obtain

loc ~ K ¢oc
(ggﬂ/)ﬁ-md“w(lgxn =(Q )fi-lndlgxr(Lle/) ’ (7.12)

thus establishing equivalence (7.5). This is a ribbon equivalence because all the inter-
mediate equivalences we used are ribbon. [
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7.2. Modular tensor categories

It is desirable to find also a description of the category QX itself, not just of some
module category over OK. in terms of G and H’. As it turns out, this can be achieved
if we assume that H is modular such that it has a trivialisation of the form described
in Proposition 6.23, i.e.

H =H and T =Ty (7.13)

with T as given in Lemma 6.19. In addition, also one further condition on the algebra
L and one further condition on the category Q must be imposed; these properties are
the following.

Definition 7.2. An algebra A in the Karoubian product CXXD of two tensor categories
C and D is called C-haploid iff

Obj(CXD) 5> Ux1p <A = U=xlg, (7.14)

i.e. iff up to isomorphism the only retract of A of the form Ux1p is 1gx1p.

Definition 7.3. A sovereign tensor category C is called separable if every idempotent
p with tr(p) =0 is the zero morphism.

Remark 7.4.

(1) It follows from Remark 2.23(vi) that if dimgHom(1, A)=d for a Frobenius
algebra A in CXD, then Iéd) x 1p with Iéd):lcéBICEB---GBlc (d summands) is a
retract of A, and hence in particular A is not C-haploid. Conversely, if A is C-haploid,
then it is in particular haploid.

Also, when C = Vecty, for Frobenius algebras the notions of haploidity in D and of
C-haploidity coincide upon identifying CXD with D. This is the reason for the choice
of terminology.

(ii) Since every idempotent in the Karoubian envelope CX of a sovereign tensor
category C is also an idempotent in C, separability of C implies separability of CX;
owing to the functorial embedding C — C¥, the converse holds true, too. Also, if C is
separable, then so is its dual C.

If C and D are sovereign tensor categories such that their product C®, D (or CXD)
is separable, then already C and D are separable.

Furthermore, since, for A an algebra in a sovereign tensor category C, every idem-
potent in C4 is also an idempotent in C, separability of C implies separability of C4. By
the same argument, the category C;* of local modules over a commutative symmetric
special Frobenius algebra A in a separable ribbon category C is separable.

Modular categories are in particular separable.
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The proof of the stronger result involving modular tensor categories relies also on
the following

Lemma 7.5. Let S, S’ be two retracts of an object U in a (not necessarily Karoubian)
separable sovereign tensor category C. Suppose that the corresponding split idempotents
satisfy PsPg = Py Ps and try (Ps) =try (Ps Py) =try (Pg). Then Ps= Pg and S = S’
as retracts.

Proof. We write S=(S,e,r) and §'=(5',¢’,r’), and consider the morphisms f €
Hom(S, §’) and g € Hom(S’, S) given by f:=r"oe and g:=r oe’. Using the assump-
tions we see that p:=go f satisfies pop=roPgoPsoPgoe=roPgoe=p, ie.
p is an idempotent. Further we have

trg p = try (PsPg) = tr, Ps = dim(S) . (7.15)

It follows that trg(ids—p)=0. By separability this implies that idg—p =0 so that
p=idg. In the same way one shows that f og=idg. Thus S and S’ are isomorphic
as objects.

From ids=go f =ro Py oe we deduce (composing with e from the left) that e =
Pgoe= ¢ of and (composing with r from the right) that r =r o Py =gor’. The
relation e =¢’ o f implies that § and S’ are isomorphic as subobjects, and Ps=e¢or =
¢’ o fogor' = Pg shows that they are isomorphic even as retracts. [

Having these ingredients at hand,” we can formulate a much stronger result than
the one of Proposition 7.1:

Theorem 7.6. Let Q be a (not necessarily Karoubian) ribbon category and H a modu-
lar tensor category (with trivialisation data H, T = Ty) such that the product QXHXH
is separable, and let L be a Q-haploid commutative symmetric special Frobenius al-

gebra in the Karoubian product OXH.
(i) The Frobenius algebra

L = E-IndLX]ﬂ(IQxT) (7.16)
is haploid, commutative, symmetric and special, and there is an equivalence
OF =~ (GRH)x (7.17)

of ribbon categories, with G = (QNH),*.
(ii) The Frobenius algebra L' in GXH is even G-haploid.

7 Recall also Declarations 2.10 and 3.2.
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Proof of (i).
(1) We start by checking that the conditions of Proposition 7.1 are fulfilled. Note
that

dimy Hom(1g x Ty, Lx137)= Z dimy Hom(1g x Uy x Uy, Lx13p)
kEIH

= dimy Hom(1gx1y, L) =1, (7.18)

since L is in particular haploid, by Remark 7.4(i). Next we need to show that the
algebras 7" € Obj(GXH) and I' € Obj(Q¥) appearing in Proposition 7.1 have non-zero
dimension. To see this, note that according to Remark 7.4(ii) the categories oK and
GXH are separable. Hence for any object U in one of these categories, the vanishing
of dim(U) implies that tr(idy) =0 and thus idy =0, so that U is a zero object. On
the other hand, by Remark 2.23(vi), any Frobenius algebra has the tensor unit as a
retract, and hence cannot be a zero object.

We can therefore apply Proposition 7.1; in particular L' =7 is haploid, commu-
tative, symmetric and special. To establish (7.17), it remains to be shown that I'=
E-Indlng(Lxly.[/) is trivial, I = 1¢.

(2) We regard Q®; H as a subcategory of QXH = (Q®MH)K in the usual manner,
and likewise for g®ﬂﬁ. We start by noticing that the two algebras EIQxT(LX]T-t) ~
Ci(F) and 1gxT are both retracts of F:=(1gxT)® (Lxlg). The associated idem-
potents are

IoXT  LX1ym IoXT  LxLyzp

Fe,ry = and A,z = am(L) (7.19)

IoXT  LX1zp IoxT  LXLz

respectively. The idempotent F, (F) is split by Declaration 3.2. To see that Fy_, ; is split
! QX

as well, consider 19xT as a retract of F, with embedding and restriction morphisms

€=idlng®’7Lx1ﬂ and r =idlng®eLxlﬂ/dim(L), where in the definition of ¢ and r

the isomorphism 1gx7T = (1gxT) ® (1gx1y x157) is implicit; clearly, e or =idigx1

and roe= Plng.
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Using the specialness of the algebra 7', one easily verifies that idempotents (7.19)
satisfy

Fe,ry © Pigxr = Pgxr = Bgxr © Foyry - (7.20)

Their traces are computed as tr(Plng) =dim(7") and as

ONHNH o H
tr(Fe,(p)) = S1Q><T Lk, = Y seun S 1 (7.21)
kGZ'H

respectively, where the first equality holds by Remark 4.6, while in the second equality
the explicit form (6.48) of T is inserted.

(3) Next we use the fact that A is modular and thus in particular semisimple. Hence
writing L € Obj(QXH) as L = (L gxLy; m) with suitable objects Lo of Q and L of
‘H and an idempotent 7w € End(LgxL3;), we know that Ly, is a direct sum of simple
objects U; of H, with j in the finite index set Z3;, and as a consequence

L= @ LjxU; (7.22)
J€ly

with suitable objects L; of Q. Inserting this decomposition into formula (7.21) we
obtain

w(Pop) = D le St St = D le > st st (7.23)

Js k EI’H ]EIH kGI'H
By identity (2.9), modularity of A also implies that the k-summation in the expression

on the right-hand side can be carried out, yielding 6; ZkeIH (s;”]'fC 1)2 =04;,0dim(7T),
and hence tr(F, ) F)) =dim(7T) SIQL Further, the hypothesis that L is Q-haploid means

that Lo = 1g; thus we finally get

tr(Fe,(py) = dim(T) SIQJ =dim(7T). (7.24)

It follows that tr(P, o) (F)) =tr(P, C/(F)° P1 7)) = tr(P1 «7)- By Lemma 7.5 this implies,
in turn, that the two idempotents (7. 19) coincide, C F) = P1 «7- We conclude that

Eyg (LX) =1gxT (7.25)

as retracts of F.
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It is also not difficult to check that the multiplication induced on IgxT7 via its
embedding in the algebra F agrees with the one defined in Lemma 6.19. The same
holds for Elng(Lxlﬂ) =~ Cy(F), as follows from Proposition 3.14. The isomorphism
(7.25) therefore also holds as an isomorphism of algebras, and in fact even as an
isomorphism of symmetric special Frobenius algebras.

But the object 19T is the tensor unit in the category (Q&H@ﬁ)‘l‘ng ~ QK
implying that E—Indlng(Lxly/) ~ 1 as an object in Q¥. Relation (7.17) now follows
from (7.5) with L'=7 :E-Indelw(leT).

Proof of (ii). It remains to be shown that the algebra L’ in CXH is G-haploid. We
will establish that any object M of G with the property that M x157 is a retract of L,
is itself a retract of 1g. Since 1¢ is simple, this implies that M = 1g, and hence (ii).

Let us formulate these statements in terms of the category QXHX?H. L' is the
algebra ELxlq(lQXT)’ while M is a local L-module in QXH. That (M x157, e,r) is

a retract of L’ in GXH thus means that
e € HomLxlﬂ(Mxl,T_i, é-Indelﬁ(IQxT))
and

re HomLxlﬁ(ﬁ-IndeLW(lng), Mx1y) (7.26)

as morphisms of QXHX?H. Now by the isomorphisms of Proposition 4.4 and the
reciprocity relation (2.41), we have

HomLxlﬁ(Mx],g, 6-Indelﬁ(1QxT)) ;Hom(Mxlg, 1oxT). (7.27)

Using the explicit form of T from formula (6.48), this morphism space in QXHXH is,
in turn, isomorphic to the space Hom(M , 1o x1y;) of morphisms in OXH, and hence
to Hompy (M, L). Together with a similar argument for the second morphism space in
(7.26) we can conclude that there are bijections

ikd

f: HomLxlﬂ(Mxlﬂ, E-IndLXlﬁ(IQxT)) —> Homy (M, L)

and

e

g: HomLxlﬁ(ﬁ—Indelﬂ(lng), Mxlg) — Hom, (L, M). (7.28)
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Substituting the explicit form of these isomorphisms one can verify that for the mor-
phisms e and r of (7.26) we have g(r) o f(e) =idy. It follows that (M, f(e), g(r)) is
a retract of L. Moreover, since f(e) and g(r) are morphisms of L-modules and L is
the tensor unit of the category G, this implies that M is a retract of 1g in G. O

Combining Theorem 7.6 with Proposition 3.21 we arrive at the following statements
about the category QK:

Corollary 7.7. For Q a (not necessarily Karoubian) ribbon category and H a modular
tensor category such that the product OQXHXH is separable, and L a Q-haploid
commutative symmetric special Frobenius algebra in QXH, we have:

() If (QXH);* is semisimple, then so is oK,
i) If (Q&’H)i"C is a modular tensor category, then so is oK,

Theorem 7.6 allows us to construct the tensor category Q from the knowledge
of the categories G and H and of the algebra L’ :E-Inde]ﬂ(IQxT) in GKH. For
applications, e.g. in conformal quantum field theory, it turns out to be important to gain
information about L’ by using as little information about the category Q as possible.
The following result helps to determine L’ as an object of G in case that G is
a modular tensor category (and hence, by Corollary 7.7(ii), QX is a modular tensor
category, too), so that in particular the set {M, |k €Zg} of isomorphism classes of
simple objects in G (i.e. of simple local L-modules in OX7H) is finite.

Lemma 7.8. Let Q, H and L be as in Theorem 7.6, and assume that G := (Q&’H)z"“ is

modular. Then as an object in GXH the algebra L' := E—IndLX]ﬁ(lng) decomposes
as

L/

lle

P P dim[Hom XM (M, 10 x U] M, x U, . (7.29)
KEIg lGIH

Proof. By Theorem 7.6, L’ is a lift to GXH ~ (Q&’H&ﬁ)‘i’;]ﬂ of the algebra
E Lxty (1gxT), which is a local Lx15;-module. Now owing to relation (6.35) every

simple local Lxlﬁ -module is of the form M x Ul, with M a simple local L-module

and U; a simple object of H. Invoking Proposition 4.4 and the reciprocity relation
(2.41), it follows that the algebra L’ decomposes according to

Ep,(oxT) = @ P dim[Hom X" H (31« T 1oxT)| My x U; - (7.30)
KEIg IEZH
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into simple local L x 13 -modules. Moreover, the morphism spaces appearing here
obey

HomQ&H&ﬂ(MXE, IoxT) = Homggﬂgﬁ(ﬁ}[ x Uy, 1o x U x Up)

12

Hom ™M (M, 1 x Uy) (7.31)

where the first isomorphism follows by inserting the explicit form of 7' from (6.48)
and observing that only the component U; x U; contributes. [

Remark 7.9. If G, ©Q and H are modular, then from the observations in Remarks

3.23(i), 6.2(iv) and 6.16 one can easily determi&e the dimension of the algebra L’.
Indeed, because of G =~ (Q&H)i“ and Q ~ (GRH)'* we have

L/
v PT(Q) pT(H) d ton PTG pT(H) 73
AS a Consequence,
dim ¥R L) dim9¥(L") = Dim(H) . (7.33)

This expresses the dimension of L’ in terms of those of L and H.
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Appendix A. Graphical calculus

The computations in this paper are often presented in terms of a graphical calculus
for ribbon categories, which was first advocated in [21]. To make these manipulations
more easily accessible, we summarise in this appendix our conventions, and in par-
ticular recall the definition of various specific morphisms that are used in the main
text.
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A.l. Morphisms

In the following table we present the graphical notation for general morphisms of
a tensor category, their composition and tensor product, and for the embedding and
restriction morphisms (see Eq. (2.10)) of retracts. Also shown are the structural mor-
phisms of a ribbon category: the braiding, twist, and left and right dualities (see
Definition 2.1), as well as the definition of the (left and right) dual of a general
morphism:

U 1% VoV
l'dU: f: f@f’:
U U U v
U S
€s<u = + TUss =
s U
vV U U v U U
UL UL el
Cuyv = K Cuy = ( 0y F O, = ‘
U v vV U U U
U uv vUou
Uvou U
uv VU
= v
1784 vy

The next table lists the structural morphisms of a (co)algebra: the product, unit,
co-product, and co-unit (see Egs. (2.22) and (2.23)); the representation morphism for
a general left-module (see Eq. (2.24)); the representation morphism for an induced
left-module as well as the right-representation morphisms for a-induced modules (see

2.31)):
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A A A A
m = n= L A= €= T
A
A A A
M A U
_ left left
Pym = ’U(fr(U) p[udA
‘A
A M A AU
A U A U
right pright _
ot (©) N oy (U) |
A U A A U A
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In the following table we list some specific idempotents: the idempotents Pff/ "(U)
(see Eq. (3.1)) on which the left and right local induction are based and which appear in
the Definition 3.1 of a centrally split Frobenius algebra; those appearing in the definition
of the tensor product of local modules (Pygy, see formula (3.46)); and also the
idempotents Q,/;(M;;r) defined in (5.72), which appear in the functorial equivalences
between Cé"lc( 4y and Cg’:( A)-

A U
\
~
ACHES
A U
P7\I®'\f = |¢/ =
\ M N
M, A M,
C,
QI(AL) = ~_

o X
TP

A D
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A.2. Defining properties

We now present the defining properties of some of the morphisms displayed in
Section A.1.

We start with the axioms of a ribbon category: the defining properties of dualities;
the functoriality and tensoriality of the braiding; the functoriality of the twist, and the
compatibility of the twist with duality and with braiding, see Eq. (2.2):

U\/ Uv U U U U VU vU
uv UV U U U U VU Vo
w UV W UV
w X w X
. L
- N
LNeNIFS
U v U v \
u v w u v w

I

Next we display the axioms of a symmetric special Frobenius algebra A: associativ-
ity of the product, the unit property, co-associativity of the co-product, and the co-unit
property, see Egs. (2.22) and (2.23); the Frobenius property, the two specialness prop-
erties (with the normalisation i, =1) and the symmetry property, see Definition 2.22.
Finally we show the defining properties of the left and right centres C;/, = Cy/r(A)
(see Eq. (2.64)) as well as the two defining properties of a (left) representation, and
the defining property of a local (left) representation, see Eqs. (2.24) and (3.34).
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A A A A A A A 4 A4 A A A4 4 A
A A A A A A A A A A A A A A
A A A A A A A A
i N )

A A A A A A A A

A A
A A
A A C A e A A A A C, A C,
o A o] A A A A Cr A Cr A A
M M
M M M M
A A M A A M M M
A N A M
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