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Preface

Bt onun popkuii 4emnoBek, y KOTOPOro He OLLIO
ria3 u ymeii. Y Hero He OLIIO M BOJIOC, TAK UTO
PLLKMM €r0 Ha3bLIBAJIM YyCIOBHO. ['OBOPUTL OH He
MOI, Tak Kak y Hero He 6ouro pra. Hoca Towxe y
HEro He ObLLIO. Y Hero He OBLIO HaKe PYK U HOT.
N xuBora y Hero He OLLIO, M CIUHLI ¥ HETO HE
Ob110, U XxpebTa y Hero He OBLIO, X HUKAKUX
BHyTpeHHOCTeR y Hero He Gbuio. Huuero He Gouio!
Tak 4TO HEMOHATHO, O KOM HIET PeYb. YK JIydlle
MBI O HEM He OyxeM GOoJblie TOBOPUTD.

1. Xapwmc, N'omybas rerpans wo. 10, 1937

There was a red-haired man who had no eyes or ears.
Neither did he have any hair, so he was called
red-haired by convention. He couldn’t speak, since
he didn’t have a mouth. Neither did he have a nose.
He didn’t even have any arms or legs. He had no
stomach and he had no back and he had no spine
and he had no innards whatsoever. He had nothing
at all! Therefore there’s no knowing whom we are
even talking about. It’s really better that we don’t
talk about him any more.

D. Harms, Blue notebook # 10, 1937

Tensor categories should be thought of as counterparts of rings in the world
of categories They are ubiquitous in noncommutative algebra and representa-
tion theory, and also play an important role in many other areas of mathematics,
such as algebraic geometry, algebraic topology, number theory, the theory of op-
erator algebras, mathematical physics, and theoretical computer science (quantum
computation).

The definition of a monoidal category first appeared in 1963 in the work of
Mac Lane [Macl], and later in his classical book [Mac2] (first published in 1971).
Mac Lane proved two important general theorems about monoidal categories — the
coherence theorem and the strictness theorem, and also defined symmetric and

1Philosophically, the theory of tensor categories may perhaps be thought of as a theory of
vector spaces or group representations without vectors, similarly to how ordinary category theory
may be thought of as a theory of sets without elements. As seen from the epigraph, this idea,
as well as its dismissal as “abstract nonsense” common in early years of category theory, were
discussed in Russian absurdist literature several years before the foundational papers of Mac Lane
and Eilenberg on category theory (1942-1945).

xi
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xii PREFACE

braided monoidal categories. Later, Saavedra-Rivano in his thesis under the di-
rection of Grothendieck [Sal], motivated by the needs of algebraic geometry and
number theory (more specifically, the theory of motives), developed a theory of
Tannakian categories, which studies symmetric monoidal structures on abelian ca-
tegories (the prototypical example being the category of representations of an al-
gebraic group). This theory was simplified and further developed by Deligne and
Milne in their classical paper [DelM]. Shortly afterwards, the theory of tensor
categories (i.e., monoidal abelian categories) became a vibrant subject, with spec-
tacular connections to representation theory, quantum groups, infinite dimensional
Lie algebras, conformal field theory and vertex algebras, operator algebras, invari-
ants of knots and 3-manifolds, number theory, etc., which arose from the works
of Drinfeld, Moore and Seiberg, Kazhdan and Lusztig, Jones, Witten, Reshetikhin
and Turaev, and many others. Initially, in many of these works tensor categories
were merely a tool for solving various concrete problems, but gradually a general
theory of tensor categories started to emerge, and by now there are many deep
results about properties and classification of tensor categories, and the theory of
tensor categories has become fairly systematic. The goal of this book is to provide
an accessible introduction to this theory.

We should mention another major source of inspiration for the theory of tensor
categories, which is the theory of Hopf algebras. The notion of a Hopf algebra
first appeared in topology (more specifically, in the work [Ho| of Hopf in 1941,
as an algebraic notion capturing the structure of cohomology rings of H-spaces, in
particular, Lie groups). Although classical topology gives rise only to cocommu-
tative Hopf algebras, in the 1960s operator algebraists and ring theorists (notably
G. Kac) became interested in noncommutative and noncocommutative Hopf alge-
bras and obtained the first results about them. In 1969 Sweedler wrote a textbook
on this subject [Sw], proving the first general results about Hopf algebras. In the
1970s and 1980s a number of fundamental general results were proved about finite
dimensional Hopf algebras, notably Radford’s formula for the 4th power of the an-
tipode [Ra2|, the theorems of Larson and Radford on semisimple Hopf algebras
[LaR1l, LaR?2]|, the freeness theorem of Nichols and Zoeller [NicZ], and the work
of Nichols on what is now called Nichols algebras (which give rise to pointed Hopf
algebras). Also, at about the same time Drinfeld developed the theory of quantum
groups and the quantum double construction, and a bit later Lusztig developed the
theory of quantum groups at roots of unity, which provided many interesting new
examples of Hopf algebras. Around that time, it was realized that Hopf algebras
could be viewed as algebraic structures arising from tensor categories with a fiber
functor, i.e., tensor functor to the category of vector spaces, through the so-called
reconstruction theory (which takes its origins in [Sa] and [DelM]). Since then,
the theory of Hopf algebras has increasingly been becoming a part of the theory
of tensor categories, and in proving some of the more recent results on Hopf alge-
bras (such as, e.g., the classification of semisimple Hopf algebras of prime power
dimension, or the classification of triangular Hopf algebras) tensor categories play
a fundamental role. In fact, this is the point of view on Hopf algebras that we want
to emphasize in this book: many of the important results about Hopf algebras are
better understood if viewed through the prism of tensor categories. Namely, we
deduce many of the most important results about Hopf algebras, especially finite
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PREFACE xiii

dimensional and semisimple ones (such as the Fundamental Theorem on Hopf mod-
ules and bimodules, Nichols-Zoeller theorem, Larson-Radford theorems, Radford’s
S* formula, Kac-Zhu theorem, and many others) as corollaries of the general theory
of tensor categories.

Let us now summarize the contents of the book, chapter by chapter.

In Chapter 1 we discuss the basics about abelian categories (mostly focusing
on locally finite, or artinian, categories over a field, which is the kind of categories
we will work with throughout the book). Many results here are presented with-
out proofs, as they are well known (in fact, we view the basic theory of abelian
categories as a prerequisite for reading this book). We do, however, give a more
detailed discussion of the theory of locally finite categories, coalgebras, the Coend
construction, and the reconstruction theory for coalgebras, for which it is harder
to find an in-depth exposition in the literature. In accordance with the general
philosophy of this book, we present the basic results about coalgebras (such as the
Taft-Wilson theorem) as essentially categorical statements.

In Chapter 2 we develop the basic theory of monoidal categories. Here we give
the detailed background on monoidal categories and functors, using a formalism
that allows one not to worry much about the units, and give short proofs of the
Mac Lane coherence and strictness theorems. We also develop a formalism of rigid
monoidal categories, and give a number of basic examples. Finally, we briefly
discuss 2-categories.

In Chapter 3 we discuss the combinatorics needed to study tensor categories,
namely, the theory of Z,-rings (i.e., rings with a basis in which the structure
constants are nonnegative integers). Such rings serve as Grothendieck rings of
tensor categories, and it turns out that many properties of tensor categories actually
have combinatorial origin, i.e., come from certain properties of the Grothendieck
ring. In particular, this chapter contains the theory of Frobenius-Perron dimension,
which plays a fundamental role in studying finite tensor categories (in particular,
fusion categories), and also study Z,-modules over Z,-rings, which arise in the
study of module categories. All the results in this chapter are purely combinatorial
or ring-theoretical, and do not rely on category theory.

In Chapter 4 we develop the general theory of multitensor categories. Here
we prove the basic results about multitensor and tensor categories, such as the
exactness of tensor product and semisimplicity of the unit object, introduce a few
key notions and constructions, such as pivotal and spherical structures, Frobenius-
Perron dimensions of objects and categories, categorification, etc. We also provide
many examples.

In Chapter 5 we consider tensor categories with a fiber functor, i.e., a tensor
functor to the category of vector spaces. This leads to the notion of a Hopf algebra;
we develop reconstruction theory, which establishes an equivalence between the no-
tion of a Hopf algebra and the notion of a tensor category with a fiber functor.
Then we proceed to develop the basic theory of Hopf algebras, and consider cate-
gories of modules and comodules over them. We also give a number of examples
of Hopf algebras, such as Nichols Hopf algebras of dimension 2"*!, Taft algebras,
small quantum groups, etc., and discuss their representation theory. Then we prove
a few classical theorems about Hopf algebras (such as the Cartier-Gabriel-Kostant
theorem), discuss pointed Hopf algebras, quasi-Hopf algebras, and twisting.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



xiv PREFACE

In Chapter 6 we develop the theory of finite tensor categories, i.e., tensor ca-
tegories which are equivalent, as an abelian category, to the category of represen-
tations of a finite dimensional algebra (a prototypical example being the category
of representations of a finite dimensional Hopf algebra). In particular, we study
the behavior of projectives in such a category, and prove a categorical version of
the Nichols-Zoeller theorem (stating that a finite dimensional Hopf algebra is free
over a Hopf subalgebra). We also introduce the distinguished invertible object of
a finite tensor category, which is the categorical counterpart of the distinguished
grouplike element (or character) of a finite dimensional Hopf algebra. Finally, we
develop the theory of integrals of finite dimensional Hopf algebras.

In Chapter 7 we develop the theory of module categories over tensor and mul-
titensor categories. Similarly to how understanding the structure of modules over a
ring is necessary to understand the structure of the ring itself, the theory of module
categories is now an indispensable tool in studying tensor categories. We first de-
velop the basic theory of module categories over monoidal categories, and then pass
to the abelian setting, introducing the key notion of an exact module category over
a finite tensor category (somewhat analogous to the notion of a projective module
over a ring). We also show that module categories arise as categories of modules
over algebras in tensor categories (a categorical analog of module and comodule
algebras over Hopf algebras). This makes algebras in tensor categories the main
technical tool of studying module categories. We then proceed to studying the ca-
tegory of module functors between two module categories, and the Drinfeld center
construction as an important special case of that. For Hopf algebras, this gives
rise to the famous Drinfeld double construction and Yetter-Drinfeld modules. We
then discuss dual categories and categorical Morita equivalence of tensor categories,
prove the Fundamental Theorem for Hopf modules and bimodules over a Hopf alge-
bra, and prove the categorical version of Radford’s S* formula. Finally, we develop
the theory of categorical dimensions of fusion categories and of Davydov-Yetter
cohomology and deformations of tensor categories. At the end of the chapter, we
discuss weak Hopf algebras, which are generalizations of Hopf algebras arising from
semisimple module categories via reconstruction theory.

In Chapter 8 we develop the theory of braided categories, which is perhaps the
most important part of the theory of tensor categories. We discuss pointed braided
categories (corresponding to quadratic forms on abelian groups), quasitriangular
Hopf algebras (arising from braided categories through reconstruction theory), and
show that the center of a tensor category is a braided category. We develop a
theory of commutative algebras in braided categories, and show that modules over
such an algebra form a tensor category. We also develop the theory of factorizable,
ribbon and modular categories, the S-matrix, Gauss sums, and prove the Verlinde
formula and the existence of an SLy(Z)-action. We prove the Anderson-Moore-
Vafa theorem (saying that the central charge and twists of a modular category
are roots of unity). Finally, we develop the theory of centralizers and projective
centralizers in braided categories, de-equivariantization of braided categories, and
braided G-crossed categories.

In Chapter 9 we mostly discuss results about fusion categories. This chapter is
mainly concerned with applications, where we bring various tools from the previ-
ous chapters to bear on concrete problems about fusion categories. In particular,
in this chapter we prove Ocneanu rigidity (the statement that fusion categories in
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characteristic zero have no deformations), develop the theory of dual categories,
pseudo-unitary categories (showing that they have a canonical spherical structure
— the categorical analog of the statement that a semisimple Hopf algebra in char-
acteristic zero is involutive), study integral, weakly integral, group-theoretical, and
weakly group-theoretical fusion categories. Next, we discuss symmetric and Tan-
nakian fusion categories, prove Deligne’s theorem on classification of such categories
and discuss its nonfusion generalization stating that a symmetric tensor category of
subexponential growth is the representation category of a supergroup (with a par-
ity condition). We also give examples of symmetric categories with faster growth
— Deligne’s categories Rep(S;), Rep(GL;), Rep(O;), and Rep(Spa;). Next, we give
a criterion of group-theoreticity of a fusion category, and show that any integral
fusion category of prime power dimension is group theoretical. For categories of
dimension p and p?, this gives a very explicit classification (they are representation
categories of an abelian group with a 3-cocycle). We introduce the notion of a solv-
able fusion category, and prove a categorical analog of Burnside’s theorem, stating
that a fusion category of dimension p®q®, where p, ¢ are primes, is solvable. Finally,
we discuss lifting theory for fusion categories (from characteristic p to characteristic
zero).

Thus, Chapters 7-9 form the main part of the book.

A few disclaimers. First, we do not provide a detailed history of the subject,
or a full list of references, containing all the noteworthy works; this was not our
intention, and we do not even come close. Second, this book does not aim to
be an exhaustive monograph on tensor categories; the subject is so vast that it
would have taken a much longer text, perhaps in several volumes, to touch upon
all the relevant topics. The reader will notice that we have included very little
material (or none at all) on some of the key applications of tensor categories and
their connections with other fields (representation theory, quantum groups, knot
invariants, homotopy theory, vertex algebras, subfactors, etc.) In fact, our goal was
not to give a comprehensive treatment of the entire subject, but rather to provide a
background that will allow the reader to proceed to more advanced and specialized
works. Also, we tried to focus on topics which are not described in detail in books
or expository texts, and left aside many of those which are well addressed in the
literature. Finally, as authors of any textbook, we had a preference for subjects
that we understand better!

To increase the amount of material that we are able to discuss and to enable
active reading, we have presented many examples and applications in the form
of exercises. The more difficult exercises are provided with detailed hints, which
should allow the reader to solve them without consulting other sources. At the
end of Chapters 5, 7, 8, and 9 we provide a summary of some noteworthy results
related to the material of the chapter that we could not discuss, and provide ref-
erences. Finally, we end each chapter with references for the material discussed in
the chapter.

Finally, let us discuss how this book might be used for a semester-long graduate
course. Clearly, it is not feasible to go through the entire book in one semester and
some omissions are necessary. The challenge is to get to Chapters 7-9 (which
contain the main results) as quickly as possible. We recommend that the course
start from Chapter 2, and auxiliary material from Chapters 1 and 3 be covered as
needed. More specifically, we suggest the following possible course outline.
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(1) Chapter 2: Sections 2.1-2.10 (monoidal categories and functors, the Mac-
Lane strictness theorem, rigidity).

(2) Chapter 4: Sections 4.1-4.9 (basic properties of tensor categories, Gro-
thendieck rings, Frobenius-Perron dimensions).

(3) Chapter 5: Sections 5.1-5.6 (fiber functors and basic examples of Hopf
algebras).

(4) Chapter 6: Sections 6.1-6.3 (properties of injective and surjective tensor
functors).

(5) Chapter 7: Sections 7.1-7.12 (exact module categories, categorical Morita
theory).

(6) Chapter 8: Sections 8.1-8.14 (examples from metric groups, Drinfeld cen-
ters, modular categories).

(7) Chapter 9: Sections 9.1-9.9 and 9.12 (absence of deformations, integral
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CHAPTER 1

Abelian categories

1.1. Categorical prerequisites and notation

In this book we will assume that the reader is familiar with the basic theory
of categories and functors; a discussion of this theory can be found in the classical
book [Mac2].

The identity endofunctor of a category C will be denoted ide. We say that a
functor F : C — D is an equivalence if there is a functor F~! : D — C, called a
quasi-inverse of F', such that F~! o F 2 ide and F o F~1 2 idp.

A category is called locally small if for any objects X,Y, Hom¢(X,Y) is a set,
and is called essentially small if in addition its isomorphism classes C of objects
form a set. In other words, an essentially small category is a category equivalent
to a small category (i.e., to one where objects and morphisms form a set). All
categories considered in this book will be locally small (except in the section on 2-
categories), and most of them will be essentially small. So set-theoretical subtleties
will not play any role in this book.

For a category C the notation X € C will mean that X is an object of C, and the
set of morphisms between X, Y € C will be denoted by Hom¢ (X, Y). An element

¢ € Home (X, Y) will be usually depicted either as ¢ : X — Y or as X %Y. We
denote by CV the category dual to C, i.e., the one obtained from C by reversing the
direction of morphisms.
In this chapter we will briefly recall (mostly without proofs) the aspects of the
theory of abelian categories which will be especially important to us in the sequel.
Unless otherwise specified, all fields are assumed to be algebraically closed.

1.2. Additive categories

DEFINITION 1.2.1. An additive category is a category C satisfying the following
axioms:

LA well-known foundational subtlety of category theory (which, luckily, does not play an
essential role in most category-theoretical considerations) is that in general, objects and morphisms
of a category are defined to form a class rather than a set (this allows one to consider the category
of all sets without running into Russell’s paradox - the non-existence of the set of all sets). For
example, the category of all sets or all vector spaces over a field is not small or even essentially
small (although it is locally small). However, in this book we will usually consider categories
with finiteness conditions, such as the category of finite dimensional vector spaces, so this issue
is not going to be relevant most of the time. In fact, even when we work with categories that are
not essentially small (such as the category of all vector spaces), we will allow ourselves to abuse
terminology and speak about “the set of isomorphism classes of objects” of such a category. This
does not create a confusion in our context.
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2 1. ABELIAN CATEGORIES

(Al) Every set Hom¢(X,Y) is equipped with a structure of an abelian group
(written additively) such that composition of morphisms is biadditive with
respect to this structure.

(A2) There exists a zero object 0 € C such that Hom¢(0,0) = 0.

(A3) (Existence of direct sums.) For any objects X;, Xs € C there exists an
object Y € C and morphisms p; : Y — X3, po 1Y — X5,41 : X3 = Y,
i9 : X9 — Y such that plil = iXm, pg’ig = iClX27 and ’L'1p1 + i2p2 = idy.

In (A3), the object Y is unique up to a unique isomorphism, is denoted by
X1 & X5, and is called the direct sum of X; and Xs. Thus, every additive category
is equipped with a bifunctor & : C x C — C.

DEFINITION 1.2.2. Let k be a field. An additive category C is said to be k-
linear (or defined over k) if for any objects X, Y € C, Hom¢(X,Y) is equipped
with a structure of a vector space over k, such that composition of morphisms is
k-linear.

DEFINITION 1.2.3. Let F' : C — D be a functor between two additive categories.
The functor F is called additive if the associated maps

(1.1) Home(X,Y) — Homp(F(X),F(Y)), X,Y €C,

are homorphisms of abelian groups. If C and D are k-linear categories then F' is
called k-linear if the homorphisms (II)) are k-linear.

PROPOSITION 1.2.4. For any additive functor F : C — D there exists a natural
isomorphism F(X)® F(Y) = F(XY).

1.3. Definition of abelian category

Let C be an additive category and f : X — Y a morphism in C. The kernel
Ker(f) of f (if exists) is an object K together with a morphism k : K — X such
that fk = 0, and if ¥ : K/ — X is such that fk’ = 0 then there exists a unique
morphism ¢ : K’ — K such that k¢ = k'. If Ker(f) exists then it is unique up to a
unique isomorphism.

Dually, the cokernel Coker(f) of a morphism f: X — Y in C (if exists) is an
object C together with a morphism ¢: Y — C such that ¢f =0, and if ¢ : Y — '
is such that ¢’f = 0 then there exists a unique morphism ¢ : C — C’ such that
lc = ¢. If Coker(f) exists then it is unique up to a unique isomorphism.

DEFINITION 1.3.1. An abelian category is an additive category C in which for
every morphism ¢ : X — Y there exists a sequence

(1.2) KHx4L1hySc
with the following properties:
1 ji=,
2. (K, k) =Ker(p), (C,c) = Coker(yp),
3. (I,i) = Coker(k), (I, ) = Ker(c).
A sequence ([2)) is called a canonical decomposition of ¢. The object I is called

the image of ¢ and is denoted by Im(y).

In the sequel, for brevity we will write K instead of (K, k) and C instead of
(C,e).
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1.3. DEFINITION OF ABELIAN CATEGORY 3

REMARK 1.3.2. In an abelian category, the canonical decomposition of a mor-
phism is unique up to a unique isomorphism.

EXAMPLE 1.3.3. The category of abelian groups is an abelian category. The
category of modules over a ring is an abelian category. The category Vec of vector
spaces over a field k and its subcategory Vec of finite dimensional vector spaces are
k-linear abelian categories. More generally, the category of modules over an asso-
ciative k-algebra and the category of comodules over a coassociative k-coalgebra
(see Section [ below) are k-linear abelian categories.

DEFINITION 1.3.4. Let C be an abelian category. A morphism f : X — Y

is said to be a monomorphism if Ker(f) = 0. It is said to be an epimorphism if
Coker(f) = 0.

It is easy to see that a morphism is both a monomorphism and an epimorphism
if and only if it is an isomorphism.

DEFINITION 1.3.5. A subobject of an object Y is an object X together with
a monomorphism i : X — Y. A quotient object of Y is an object Z with an
epimorphism p : Y — Z. A subquotient object of Y is a quotient object of a
subobject of Y.

EXERCISE 1.3.6. Show that a subquotient of a subquotient of Y (in particular,
a subobject of a quotient of Y') is a subquotient of Y.

For a subobject X C Y define the quotient object Z = Y/ X to be the cokernel
of the monomorphism f: X — Y.

Let Co, a € I, be a family of additive categories. The direct sum C = P, ; Ca
is the category whose objects are sums

X:@Xo” Xa GCOH
acl

such that almost all X, are zero, with

Hom (X, Y) = @) Home, (X, Ya)

ael
for X = @, c; Xo and Y = P,; Yo. It is easy to see that C is an additive

category. Clearly, it is abelian if all C,, are abelian, and vice versa.

DEFINITION 1.3.7. An abelian category C is said to be indecomposable if it is
not equivalent to a direct sum of two nonzero categories.

The following theorem is psychologically useful, as it allows one to think of mor-
phisms, kernels, cokernels, subobjects, quotient objects, etc. in an abelian category
in terms of usual linear algebra.

THEOREM 1.3.8 (Mitchell; [Ex]). Every abelian category is equivalent, as an
additive category, to a full subcategory of the category of left modules over an asso-
ciative unital ring A.

REMARK 1.3.9. If the category is k-linear, the ring in Theorem [[L3.8 can be
chosen to be a k-algebra in such a way that the corresponding equivalence is k-
linear.

REMARK 1.3.10. A major drawback of Theorem [[L3.§is that the ring A is not
unique, and in many important cases there are no manageable choices of A.
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4 1. ABELIAN CATEGORIES

1.4. Exact sequences
DEFINITION 1.4.1. A sequence of morphisms

in an abelian category is called exact in degree i if Im(f;—1) = Ker(f;). It is called
exact if it is exact in every degree. An exact sequence

(1.4) 0=+X—=>Y—=>2-0
is called a short exact sequence.

In a short exact sequence ([L4) X is a subobject of Y and Z = Y/X is the
corresponding quotient.

DEFINITION 1.4.2. Let
S:0=-X—->2Z—-Y =0 and S 0—=-X—>2' Y =0

be short exact sequences. A morphism from S to S’ is a morphism f : Z — Z'
such that it restricts to the identity morphism X — X, and induces the identity
morphism Y — Y. The set of exact sequences 0 - X — Z - Y — 0 up to
isomorphism is denoted Ext' (Y, X) and is called the set of extensions of Y by X.

One can define an operation of addition on Ext'(Y, X). Namely, let S and S’
be the short exact sequences as above. Let Xautidiag denote the antidiagonal copy
of X in X & X (i.e., the image of (idx, —idx) : X — X & X), and similarly Yantidiag
denote the antidiagonal copy of Y in Y @Y. Define S+ S’ to be the exact sequence

(1.5) 0-X—=2"-Y =0,

where Z" = Z”/Xantidiag, and Z” is the inverse image of Yantidiag i Z & Z', i.e.,
the universal object for which the following pullback diagram commutes:

711
z— Yantidiag

| |

207 — Y @Y.

(Alternatively, we can say that Z” is the kernel of Top—n'op' : Z@®& Z' — Y,
where 7 : Z — Y and 7’ : Z/ — Y, and p,p’ are the projections of Z & Z’ to its
summands).

EXERCISE 1.4.3. (i) Show that operation (L)) is well defined and defines
a structure of an abelian group on Ext'(Y, X).
(ii) Let A be an algebra over an algebraically closed field k, and C = A—mod
be the category of A-modules. Show that Ext' (Y, X) = Z(Y, X)/B(Y, X)
with Z(Y, X) = Der(A, Homy (Y, X)), the space of derivations of A:

Der(A, Homi (Y, X)) ={D : A — Homy(Y, X) | D(ab) = D(a)b+aD(b), a,b € A},

and B(Y, X) is the subspace of inner derivations, i.e., the derivations
D € Der(A, Homi (Y, X)) of the form D(a) = [f, a], f € Hom(Y, X).
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1.5. LENGTH OF OBJECTS AND THE JORDAN-HOLDER THEOREM 5

1.5. Length of objects and the Jordan-Ho6lder theorem
Let C be an abelian category.

DEFINITION 1.5.1. A nonzero object X in C is called simple if 0 and X are
its only subobjects. An object X in C is called semisimple if it is a direct sum of
simple objects, and C is called semisimple if every object of C is semisimple.

LEMMA 1.5.2. (Schur’s Lemma) Let X,Y be two simple objects in C. Then
any nonzero morphism f : X — Y is an isomorphism. In particular, if X is not
isomorphic to Y then Home (X, Y) =0, and Home (X, X) is a division algebra.

Let X be an object in an abelian category C.

DEFINITION 1.5.3. We say that X has finite length if there exists a filtration
0=XpCcX;jC---CX, 1CX,=X

such that X;/X;_; is simple for all . Such a filtration is called a Jordan-Hélder
series of X. We will say that this Jordan-Hélder series contains a simple object Y
with multiplicity m if the number of values of ¢ for which X;/X;_; is isomorphic to
Y is m.

THEOREM 1.5.4. (Jordan-Hdélder) Suppose that X has finite length. Then any
filtration of X can be extended to a Jordan-Hélder series, and any two Jordan-
Holder series of X contain any simple object with the same multiplicity, so in
particular have the same length.

DEFINITION 1.5.5. The length of an object X is the length of its Jordan-Hoélder
series (if it exists).

We will be mainly interested in abelian categories in which every object has
finite length. An example of such a category is the category of finite dimensional
modules over an algebra.

DEFINITION 1.5.6. An indecomposable object X € C is an object which does
not admit a non-trivial decomposition into a direct sum of its subobjects.

THEOREM 1.5.7. (Krull-Schmidt) Any object of finite length admits a unique
(up to an isomorphism) decomposition into a direct sum of indecomposable objects.

Let C be an abelian k-linear category where objects have finite length. If X and
Y are objects in C such that Y is simple then we denote by [X : Y] the multiplicity
of Y in a Jordan-Holder series of X. By the Jordan-Hoélder Theorem [L5.4] this
quantity is well defined.

DEFINITION 1.5.8. The Grothendieck group Gr(C) of C is the free abelian group
generated by isomorphism classes X; of simple objects in C. To every object X in
C we can canonically associate its class [X] € Gr(C) given by the formula

(1.6) (X] =) [X: XX,
It is obvious that if 0 - X — Y — Z — 0 is a short exact sequence then

[Y] = [X] + [Z]. When no confusion is possible, we will simply write X instead
of [X].
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6 1. ABELIAN CATEGORIES

ExAMPLE 1.5.9. Let S be a set and let Vecg be the abelian category of finite
dimensional k-vector spaces graded by S. Then Gr(C) = ZS, the free abelian group
on S.

EXERCISE 1.5.10. (i) Let C be an abelian category where objects have
finite length. Show that C admits a unique decomposition C = ®,e1Cq
such that C, are indecomposable. (The categories C, are called the blocks
of C.)

(ii) Show that C is indecomposable if and only if any two simple objects X, Y
of C are linked, i.e., there exists a chain X = X, X1, ..., X,, =Y of simple
objects of C such that Ext!(X;, X;,1) # 0 or Ext'(X,,1, X;) # 0 for all i.

(iii) Let A be a finite dimensional algebra over an algebraically closed field
k, and let C be the category of finite dimensional A-modules. Show that
blocks of C are labeled by characters of the center of A.

1.6. Projective and injective objects

DEFINITION 1.6.1. Let C,D be abelian categories. An additive functor
F : C — D is called left (respectively, right) ezact if for any short exact sequence
00— X —Y — Z — 0in C the sequence

0—F(X)— F(Y)— F(Z) (respectively, F(X)— F(Y)— F(Z) = 0)
is exact in D. A functor is said to be ezact if it is both left and right exact.

One also uses the terms right exact, left exact, and ezxact for contravariant
functors. Namely, a contravariant functor F' : C — D is right exact, left exact, or
exact if so is the corresponding covariant functor C — DV.

EXAMPLE 1.6.2. Let X, Y be objects in an abelian category C. The con-
travariant functor Home(—, Y) and the covariant functor Home (X, —) from C to
the category of abelian groups are left exact.

EXAMPLE 1.6.3. If A is a ring and M is a right A-module, then the functor
Vi M®4V from the category of left A-modules to the category of abelian groups
is right exact.

EXERCISE 1.6.4. Show that the left adjoint to any functor between abelian
categories is right exact, and the right adjoint is left exact.

DEFINITION 1.6.5. An object P in an abelian category C is called projective if
the functor Home (P, —) is exact. An object I in C is called injective if the functor
Home(—, I) is exact.

Let us assume that all objects of an abelian category C have finite length, see

Definition [[L5.3]

DEFINITION 1.6.6. Let X € C. A projective cover of X is a projective object
P(X) € C together with an epimorphism p : P(X) — X such that if g: P — X is
an epimorphism from a projective object P to X, then there exists an epimorphism
h: P — P(X) such that ph = g.

If a projective cover P(X) of X exists then it is unique up to a non-unique
isomorphism.
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1.7. HIGHER EXT GROUPS AND GROUP COHOMOLOGY 7

DEFINITION 1.6.7. Let X € C. An injective hull of X is an injective object
Q(X) € C together with a monomorphism i : X — Q(X) such thatifg: X — Qisa
monomorphism from X to an injective object @, then there exists a monomorphism
h:Q(X)— @ such that hi = g.

If an injective hull of X exists then it is unique up to a non-unique isomorphism.

1.7. Higher Ext groups and group cohomology

Let R be a ring, and let M, N be (left) R-modules. Recall that a projective
resolution of M is an exact sequence

o> Py P Py— M =0,

where P; are projective (e.g., free) R-modules. Given such a resolution, we can
define the sequence of modules and maps

0 — Homp(Py, N) = Homg(Py,N) — Homg(Py, N) — - --

which is a complez. Namely, denoting by d; the map Hom(P;—1, N) — Hom(P;, N)
for i > 0 (where P_; := 0), we have d;10d; = 0. Recall also that the cohomology of
this complex, H® := Ker(d;+1)/Im(d;), is independent on the resolution P® up to a
canonical isomorphism. For i > 0, this cohomology is denoted by Ext’(M, N) (it is
easy to see that Ext’(M, N') = Homg(M, N)). It is easy to show that Ext’(M, N) for
1 = 1 is canonically isomorphic to Extl(M , N) defined using short exact sequences.

Let 0 = Ny — Ny — N3 — 0 be a short exact sequence of R-modules. Then
it is well known that there is a long exact sequence of cohomology

- — Ext'(M, Ny) — Ext’(M, Ny) — Ext’(M, N3) — Ext'™ (M, Ny) — - -

Let us now consider an example of this which will be especially important in
this book. Let G be a group, and let A be an abelian group with an action of
G (i.e., a G-module). Then the groups Ext(Z, A) in the category of G-modules
(where G acts on Z trivially) are called the cohomology groups of G with coefficients
in A, and denoted H'(G, A).

The groups H'(G, A) can be defined in a much more explicit way, since there is
an explicit resolution of Z in the category of G-modules, called the bar resolution.
The terms of the bar resolution have the form P; := Z[G**1], with the group action
by g(go,91,---,9:) = (990,91, --,9:), and the maps 9; : P, — P,_; are defined by
the formula

ai(g07"'7gi) = (gogla927"'7gi)_(90591927"'agi)+
-+ (_1)1_1(907 oo 792’7192’) + (_1)1(907 v 791‘71)-
It is easy to check that this is indeed a resolution. We have an isomorphism
i : Homg(P;, A) = Fun(G?, A), given by
Vl(h)(gh e 7gz) = h(17917 cee >g’i)7
and the maps d; = 9f : Homg(P;_1, A) — Homg(P;, A) upon this identification
take the form
di(f)(gla"'agi) = glf(QQa"'agi)_f(g192a"'7gi)+
o (1) (g1, gim190) + (D) (g1, gim1)-

The complex with terms C? = C*(G, A) := Fun(G*, A) and differentials defined in
this way is called the standard complex of G with coefficients in A. The cocycles
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8 1. ABELIAN CATEGORIES

Ker(di11) and coboundaries Im(d;) of this complex are denoted by Z!(G, A) and
Bi(G, A), respectively, and the group cohomology H!(G, A) is the cohomology of
this complex.

Note that if A is a commutative ring and the G-action preserves the multiplica-
tion in A then H*(G, A) is a graded commutative ring, with multiplication induced
by the Yoneda product on Ext groups.

ExaMPLE 1.7.1. For i = 1,2, 3,4, the definition of d; looks like

dl(f)(g) = gf o,
da(£)(g,h) = gf(h) —£(gh) +£(g),
ds(£)(g, h, k) gf(h, k) — £(gh, k) + £(g, hk) — £(g, h),
dy(£)(g,h k1) = gf(h k1) —£(gh, k1) + £(g, hk,1) — £(g, h, kl) + £(g, h, k).

ExXAMPLE 1.7.2. (i) H°(G, A) = A%, the G-invariants in A. So if the
action of G on A is trivial, HY(G, A) = A.

(ii) If G acts trivially on A then H'(G, A) = Hom(G, A). More generally,
for any A, H'(G, A) classifies homomorphisms from G to the semidirect
product A x G which are right inverse to the projection A x G — G, up
to conjugation by elements of A.

(ili) H%(G, A) classifies abelian extensions of G by A. In particular, if G acts
trivially on A, it classifies central extensions of G by A.

REMARK 1.7.3. The definition of a 1-cocycle can be generalized to the case
when the group A is not necessarily abelian. In this case, writing the operation in
A multiplicatively, the equation for a 1-cocycle takes the form

f(gh) = £(g) - gf(h).

Such cocycles, in general, do not form a group (only a set), but this set has an
action of A via

(aof)(g) :==a-f(g)-gla)".

The set of orbits of this action is called the first cohomology of G with coefficients
in A and is denoted H!(G, A). Obviously, in the abelian case this coincides with
the above definition. Also, it is easy to see that as in the abelian case, H!(G, A)
classifies homomorphisms G — A x G which are right inverse to the standard
projection, up to the action of A by conjugation.

EXAMPLE 1.74. Let G = Z/nZ be a finite cyclic group. Let us compute
the cohomology H(G, Z). The bar resolution of Z is too big for a convenient
computation, but luckily there is a much smaller free resolution. Namely, let P; =
ZG =Z[g]/(g" — 1), and let 9; : P, — P;,_1 be given by 0;f = (¢ — 1)f if i is odd,
and 0;(f) = (1+g+...+g" 1) f if i is even. Using this resolution, it is easy to find
that H*+1(G, Z) = 0 and H¥ (G, Z) = Z/nZ for j > 0, while H(G, Z) = Z.

EXERCISE 1.7.5. Show that the graded ring H*(Z/nZ, Z) is
H*(Z/nZ, Z) = Z|z]/(nx) = Z ® x(Z/nZ)[x],

where z is a generator in degree 2.
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1.8. Locally finite (artinian) and finite abelian categories
Let k be a field.

DEFINITION 1.8.1. A k-linear abelian category C is said to be locally finite if
the following two conditions are satisfied:
(i) for any two objects X, Y in C the k-vector space Hom¢(X,Y) is finite
dimensional;
(ii) every object in C has finite length.

In particular, the Jordan-Holder Theorem [[L5.4] and Krull-Schmidt Theorem
[L57 hold in any locally finite abelian category.

REMARK 1.8.2. Locally finite abelian categories are also called artinian cate-
gories.

Almost all abelian categories we consider in this book are locally finite.
We will denote by O(C) the set of isomorphism classes of simple objects of a
locally finite abelian category C.

DEeFINITION 1.8.3. An additive functor F' : C — D between two locally finite
abelian categories is injective if it is fully faithful (i.e., bijective on the sets of
morphisms)!q We say that F' is surjective if any simple object of D is a subquotient
of some object F'(X), where X is an object of C B.

PROPOSITION 1.8.4. Suppose that ks is algebraically closed. In any locally finite
category C over k we have Home (X, Y) =0 if X, Y are simple and non-isomorphic
and Home (X, X) =k for any simple object X.

PROOF. Let f: X — Y be a morphism. By Schur’s Lemma [[L5.2] either f =0
or f is an isomorphism. This implies that Hom¢ (X, Y) = 0 if X,Y are simple
and non-isomorphic, and Hom(X, X) is a division algebra. Since k is algebraically
closed, condition (i) of Definition [L81]implies that Hom(X, X) = k for any simple
object X € C. O

DEFINITION 1.8.5. A k-linear abelian category C is said to be finite if it is equiv-
alent to the category A—mod of finite dimensional modules over a finite dimensional
k-algebra A.

Of course, such an algebra A is not canonically attached to the category C.
Instead, C determines the Morita equivalence class of A. For this reason, it is
often better to use the following “intrinsic” definition, which is well known to be
equivalent to Definition

DEFINITION 1.8.6. A k-linear abelian category C is finite if

(i) C has finite dimensional spaces of morphisms;
(ii) every object of C has finite length;
(iii) C has enough projectives, i.e., every simple object of C has a projective
cover; and
(iv) there are finitely many isomorphism classes of simple objects.

2We will use the terms “injective functor” and “fully faithful functor” interchangeably.

3This definition does not coincide with a usual categorical definition of an essentially surjec-
tive functor which requires that every object of D be isomorphic to some F(X) for an object X
in C.
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10 1. ABELIAN CATEGORIES

Note that the first two conditions of Definition are the requirement that
C be locally finite.

To see the equivalence of Definitions and [L86] observe that if A is a
finite dimensional algebra then A—mod clearly satisfies (i)-(iv), and conversely, if C
satisfies (i)-(iv), then one can take A = End(P)°P, where P is a projective generator
of C (e.g., P = @), P;, where P; are projective covers of all the simple objects
Xi,i=1,...,n,0f C).

A projective generator P of C represents a functor FF = Fp : C — Vec
from C to the category of finite dimensional k-vector spaces, given by the formula
F(X) = Hom¢(P, X). The condition that P is projective translates into the ex-
actness property of F, and the condition that P is a generator (i.e., covers any
simple object) translates into the property that F' is faithful (does not kill nonzero
objects or morphisms). Moreover, the algebra A = End(P)°P can be alternatively
defined as End(F'), the algebra of functorial endomorphisms of F. Conversely, it
is well known (and easy to show) that any exact faithful functor F' : C — Vec is
represented by a unique (up to a unique isomorphism) projective generator P.

REMARK 1.8.7. The dual category of a finite abelian category is finite. Namely,
the dual to the category of finite dimensional A-modules is the category of finite
dimensional A°P-modules, where A°P is the algebra A with opposite multiplica-
tion, and the duality functor between these categories is the functor of taking the
dual module, V + V*. Thus, in a finite abelian category, any object has both a
projective cover and an injective hull.

Let A, B be finite dimensional k-algebras and let A—mod, B—mod denote the
categories of finite dimensional modules over them.

DEFINITION 1.8.8. We say that an additive k-linear functor
F:A—mod — B—mod

is (®-)representable if there exists a (B, A)-bimodule V' such that F' is naturally
isomorphic to (V ®4 —).

REMARK 1.8.9. An additive k-linear functor F' : A—mod — k —Vec is repre-
sentable if and only if it has a right adjoint.

PRrROPOSITION 1.8.10. An additive k-linear functor F: A—mod — B—mod is
representable if and only if it is right ezact.

PROOF. The “only if” direction is clear, as the tensor product functor is right
exact. To prove the “if” direction, let F' be a right exact functor. Let V = F(A).
Then V is a B-module which has a commuting right action of A, i.e., is a (B, A)-
bimodule. We claim that F(X) may be identified with V ® 4 X for all X, naturally
in X. Indeed, this is clearly true if X is free. Let M — N — X — 0 be an exact
sequence such that M, N are free. If we apply F' to this sequence and use that it is
right exact, F'(X) gets identified with the cokernel of the map V@ s M — V&4 N,
which is canonically V ®4 X. It is easy to check that this isomorphism F(X) —
V ®4 X is independent on the choice of the sequence M — N — X — 0, and is
functorial in X, so we are done. O

COROLLARY 1.8.11. Let C be a finite abelian k-linear category, and let
F : C — Vec be an additive k-linear left exact functor. Then F = Home(V, —)
for some object V € C.
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1.8. LOCALLY FINITE (ARTINIAN) AND FINITE ABELIAN CATEGORIES 11

ProoF. Let C = A—mod for a finite dimensional algebra A. The functor
X + F(X*)* is a right exact functor on the category A—mod". Hence, by Proposi-
tion [[L8I0, F(X*)* = X ®4 V, where V € A—mod. Thus, F(X*) = (X @4 V)* =
Homy (V, X*), ie., F(Y) =Hom¢(V,Y) for Y € C. ]

REMARK 1.8.12. The Yoneda Lemma states that morphisms between functors
in Corollary [[L8.TT] are precisely morphisms between the representing objects in C.
That is, a morphism between functors Home(V, —) and Home (W, —) is given by
the right composition with a morphism ¢ : W — V in C.

Let C be a finite k-linear abelian category. For any Y in C and simple X one
has

(1.7) dimy Home(P(X), Y) = [V : X].

Let Ko(C) denote the free abelian group generated by isomorphism classes of inde-
composable projective objects of C.

DEFINITION 1.8.13. Elements of K((C) ®z k will be called wvirtual projective
objects of C.

We have an obvious homomorphism
(1.8) v : Ko(C) — Gr(C).
Although the groups Ko(C) and Gr(C) have the same rank, in general ~ is neither

surjective nor injective even after tensoring with @, see Section

DEFINITION 1.8.14. The matrix C of v in the natural bases (i.e., the matrix
with entries [P(X) : Y], where X, Y run through isomorphism classes of simple
objects of C) will be called the Cartan matriz of C.

Let Fy, F5 : C — Vec be two exact faithful functors. Define a functor
FL®F:CxC— Vec
given by
(X,Y) = F1(X)® Fa(Y).
PRrROPOSITION 1.8.15. There is a canonical algebra isomorphism
ap, r, t End(F1) ® End(Fy) = End(Fy @ Fh)
given by
ar, m (M @ m)|rx)ery) = Mmlmnx) @2l

where n; € End(F;), i =1,2.

EXERCISE 1.8.16. Prove Proposition [L8.15]

The following proposition is due to O. Gabber (see [Del], Proposition 2.14).

PROPOSITION 1.8.17. Let C be a locally finite abelian category. Suppose that
there exists X € C such that any object of C is a subquotient of a direct sum
of finitely many copies of X. Then C has a projective generator, i.e., is a finite
abelian category.

DEFINITION 1.8.18. Let F' : C — D be an exact functor between two locally
finite abelian categories. The image of F is the full subcategory ImF C D consisting
of all objects contained as subquotients in F'(X) for some X € C.
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12 1. ABELIAN CATEGORIES

ProposITION 1.8.19. If C in Definition [L8I8 is finite then ImF is a finite
abelian category.

ProoF. First of all, it is clear that ImF is a locally finite abelian category.
Now let P be a projective generator of C. Then any object of ImF' is a subquotient
of F(P)®". Thus, according to Proposition [L817, the category ImF is finite. [J

1.9. Coalgebras

DEFINITION 1.9.1. A coalgebra (with counit) over a field k is a k-vector space C
together with a comultiplicaton (or coproduct) A : C — C®C and counite : C — k
such that A and ¢ are k-linear maps and

(i) A is coassociative, i.e.,
(A®ide) o A = (ide ®A) o A
as maps C — C®3;
(ii) one has
(6 ® Idc) oA = (Idc ®E) oA = idc
as maps C' — C (the “counit axiom”).
DEFINITION 1.9.2. A left comodule over a coalgebra C' is a vector space M

together with a linear map 7 : M — C ® M (called the coaction map), such that
for any m € M, one has

(A ®@id)(n(m)) = (id @)(7(m)), (¢ @ id)(r(m)) = m.

Similarly, a right comodule over C' is a vector space M together with a linear map
m: M — M ® C, such that for any m € M, one has

(r ®@id)(w(m)) = (id @A) (7(m)), (id®e)(7(m)) =m.

For example, C' is a left and right comodule over itself with 7 = A.

EXERCISE 1.9.3. (i) Show that if C' is a coalgebra then C* is an algebra,
and if A is a finite dimensional algebra then A* is a coalgebra in a natural
way.

(ii) Show that for any coalgebra C, any (left or right) C-comodule M is a
(respectively, right or left) C*-module, and the converse is true if C' is
finite dimensional.

EXERCISE 1.9.4. (i) Show that any coalgebra C' is a sum of finite dimen-
sional subcoalgebras.
Hint: let ¢ € C, and let

(A ®id) o A(c) = (i[d®A) 0 A(c) = chl) ® 052) ® Cz(.3).

Show that span(cf)) is a subcoalgebra of C' containing c.
(ii) Show that any C-comodule is a sum of finite dimensional subcomodules.

PrOPOSITION 1.9.5. Let C' be a coalgebra over k. Then the category of finite
dimensional left (or right) C-comodules is a locally finite k-linear abelian category.
If C is finite dimensional, this category is finite.
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1.9. COALGEBRAS 13

Proor. Using Exercise [[L9.3] the category of left C-comodules is a full sub-
category of the category of right C*-modules, which is the whole category if C is
finite dimensional. This implies the statement. (|

EXERCISE 1.9.6. Let A, B be coalgebras, and f : A — B a homomorphism.
Let F' = f, : A—comod — B—comod be the corresponding pushforward functor.
Then F' is surjective if and only if f is surjective.

DEFINITION 1.9.7. Let C be a coalgebra. A nonzero element z € C' is called
grouplike if A(x) =z ® x.

This terminology will be justified in Exercises £.2.6] and 5.3.13]

REMARK 1.9.8. There is a bijection between grouplike elements of a coalgebra
C and its one-dimensional subcoalgebras, given by x — k.

ExaMPLE 1.9.9. Let X be aset. Then kX, the set of formal linear combinations
of elements of X, is a coalgebra, with A(z) = z ® « for x € X. The grouplike
elements of kX are precisely elements x € X.

DEFINITION 1.9.10. Let C' be a coalgebra and let g, i be grouplike elements in
C. An element z € C is called skew-primitive (or (g, h)-skew-primitive) if A(x) =
gRx+ xR h.

The subspace of (g, h)-skew-primitive elements of C will be denoted Prim, ;,(C).

REMARK 1.9.11. Let g, h be grouplike elements of a coalgebra C. A multiple
of g — h is always a (g, h)-skew-primitive element. Such a skew-primitive element
is called trivial.

In fact, the notion of a skew-primitive element has a categorical meaning.
Namely, we have the following proposition.

PRrROPOSITION 1.9.12. Let g and h be grouplike elements of a coalgebra C. The
space Prim, ,(C)/k(g — h) is naturally isomorphic to Ext'(h,g), where g, h are
regarded as 1-dimensional right C'-comodules.

PROOF. Let V be a 2-dimensional C-comodule, such that we have an exact
sequence
09—V —=>h—=0.

Then V has a basis vg, v1 such that

m(vp) = v ® ¢, (V1) =v9 @+ v1 @ h.
The condition that this is a comodule yields that x is a skew-primitive element
of type (g, h). So any extension defines a skew-primitive element, and vice versa.

Also, we can change the basis by vy — vg, v1 — v1 + Avg, which modifies z by
adding a trivial skew-primitive element. This implies the result. (I

An important class of coalgebras is the class of pointed coalgebras.

DEFINITION 1.9.13. A coalgebra C' is pointed if any simple right C-comodule
is 1-dimensional.

REMARK 1.9.14. A finite dimensional coalgebra C' is pointed if and only if the
algebra C* is basic, i.e., the quotient C*/Rad(C*) of C* by its radical is commuta-
tive. In this case, simple C-comodules are points of Spec(C*/Rad(C*)) (here Spec
stands for the set of maximal ideals), which justifies the term “pointed”.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



14 1. ABELIAN CATEGORIES

In the next section we will prove the following theorem:

THEOREM 1.9.15 (Takeuchi, [Tak2]). Any essentially small locally finite abelian
category C over a field k is equivalent to the category C—comod for a unique pointed
coalgebra C. In particular, if C is finite, it is equivalent to the category A—mod for
a unique basic algebra A (namely, A = C*).

1.10. The Coend construction

Let C be a k-linear abelian category, and F' : C — Vec an exact, faithful functor.
In this case one can define the space Coend(F) as follows:

(1.9) Coend(F) := (B xecF(X)* © F(X))/E

where F is spanned by elements of the form y. ® F/(f)x — F(f)*y. @ z, x € F(X),
y« € F(Y)*, f € Hom(X,Y); in other words,

Coend(F) = lim End(F'(X))".

Thus we have End(F) = @End(F(X)) = Coend(F)*, which yields a coalgebra
structure on Coend(F'). So the algebra End(F") (which may be infinite dimensional)
carries the inverse limit topology, in which a basis of neighborhoods of zero is formed
by the kernels Kx of the maps End(F') — End(F(X)), X € C, and Coend(F) =
End(F)Y, the space of continuous linear functionals on End(F).

The following theorem is standard (see [Tak2]).

THEOREM 1.10.1. Let C be a k-linear abelian category with an exact faithful
functor F : C — Vec. Then C is locally finite, and F defines an equivalence be-
tween C and the category of finite dimensional right comodules over C := Coend(F))
(or, equivalently, with the category of continuous finite dimensional left End(F)-
modules).

ProoF. We sketch the proof, leaving the details to the reader. Consider the
ind-object @ := @xeccF(X)*® X. For X, Y € C and f € Hom(X,Y), let

Jr FY)" X > FX)XaeFY) @Y CQ
be the morphism defined by the formula
Jr=idef —F(f)" ®id.
Let I be the quotient of @) by the image of the direct sum of all j.

The following statements are not hard to verify:

(i) I represents the functor F'(—)*, i.e., Hom(X, I) is naturally isomorphic to
F(X)*; in particular, I is injective.

(ii) F(I) = C, and I is naturally a left C-comodule. Its comodule structure
is induced by the coevaluation morphism

F(X) o X 2259 p(X)* @ F(X) © F(X)* © X.

(iii) Let us regard F as a functor C — C' — comod. For M € C — comod, let
Op: MRI — M ®C®I be the morphism 7y ® id — id ®n7, and let K
be the kernel of 0p;. Then the functor G : C' — comod — C given by the
formula G(M) = Ker 0y, is a quasi-inverse to F'.

This completes the proof. (Il
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1.11. DELIGNE’S TENSOR PRODUCT OF LOCALLY FINITE ABELIAN CATEGORIES 15

EXERCISE 1.10.2. (i) Check statements (i)-(iii) in the proof of Theorem [LI0.1]

(ii) Let C be the category of finite dimensional representations of a finite (or,
more generally, affine algebraic) group G over k. Deduce directly from the definition
of the object I from the proof of Theorem [[LTO] that I = O(G), the algebra of
regular functions on G, with the action of G by right multiplication (you may first
consider the case when C is semisimple).

Proof of Theorem Now let us use the Coend construction to prove
Theorem Consider the dual category CV (which is also locally finite). It is
known that the ind-completion of CV is a Grothendieck category, so it has enough
injectivesE This means that every simple object L of CV has an injective hull Qr,
in the ind-completion Ind(CY). Let Q = ®rQp, where the sum is taken over
isomorphism classes of simple objects of CV. Consider the (covariant) functor
F : C — Vec given by F(X) = Homev (X, Q). The functor F is exact and faithful,
and for every simple object L € C, dim F(L) = 1. This means that C' := Coend(F)
is a pointed coalgebra, and by Theorem [[LT0.Il we have an equivalence of cate-
gories C'—comod = C. Moreover, suppose C’ is another pointed coalgebra, and
G : C'—comod — C'—comod is an equivalence. Then @ = G(C’) is an injective
object in the ind-completion of C'—comod" such that dim Hom(L,Q) = 1 for any
simple object L. This implies that @ = C, hence C’ is isomorphic to C. Theorem
is proved.

1.11. Deligne’s tensor product of locally finite abelian categories
Let C,D be two locally finite abelian categories over a field k.

DEFINITION 1.11.1. Deligne’s tensor product C XD is an abelian k-linear cate-
gory which is universal for the functor assigning to every k-linear abelian category
A the category of right exact in both variables bilinear bifunctors C x D — A. That
is, there is a bifunctor

N:CxD—>CRD:(X,Y)—» XKY

which is right exact in both variables and is such that for any right exact in both
variables bifunctor F' : C x D — A there exists a unique right exact functor
F:CXD — A satisfying FoX = F.

ProposITION 1.11.2. (i) A Deligne’s tensor product C XD exists and is
a locally finite abelian category.
(ii) It is unique up to a unique equivalence.
(iii) Let C, D be coalgebras and let C = C'—comod and D = D—comod. Then
CXD=(C® D)—comod.
(iv) The bifunctor X is exact in both variables and satisfies

Home (X1, Y1) ® Homp(Xs, Y2) = Homegp (X1 X Xo, Y1 K Y5).

(v) Any bilinear bifunctor F': C x D — A ezact in each variable defines an
exact functor F :CXRD — A.

PROOF. We only give a sketch. Part (ii) follows from the universal property
in the usual way. To prove (i), take coalgebras C, D such that C = C'—comod,
D = D—comod (such coalgebras exist by Theorem [[LO9.T5). Then one can define

4The notion of a Grothendieck category comes from the paper [Gr]; see [KashS] for basics
of the theory of Grothendieck categories.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



16 1. ABELIAN CATEGORIES

CXD = (C® D)—comod, and it is easy to show that it satisfies the required
conditions. This together with (ii) also implies (iii). Parts (iv) and (v) are routine.
(]

Deligne’s tensor product can also be applied to functors. If F': C — C! and
G : D — D! are right exact functors between locally finite abelian categories then
one defines the functor FXG : CRD — C'XD? using the defining universal property
(see Definition [[TTT)) of C ¥ D. Namely, the bifunctor

FxG:CxD—CRD:(V,W)— F(V)RG(W)
canonically extends to a right exact functor FX G : CXD — C! K D

1.12. The finite dual of an algebra

It follows from Exercise [[L9.3] that if A is a finite dimensional algebra, then its
dual A* is a coalgebra. However, this is no longer true if A is infinite dimensional:
the dual map m*, where m : A ® A — A is the multiplication of A, maps A* to
(A ® A)*, which is bigger than A* ® A*, so it does not induce the structure of a
coalgebra on A*. However, it turns out that there is a natural subspace in A* which
carries the structure of a coalgebra.

DEFINITION 1.12.1. The finite dual A}, of A is the collection of all f € A*
that vanish on a (two-sided) ideal of finite codimension.

Note that Af is a subspace of A*. Indeed, if f, g € A* vanish on ideals I and
J, respectively, then f 4 g vanishes on I NJ. If I and J have finite codimension,
then so does I N J.

PRrROPOSITION 1.12.2. The maps A := m* and € := u*, where m: AQ A — A

and u : lk — A are the multiplication and unit of A, define a coalgebra structure on
AfL .

Proor. Take f € A, and let I C A be an ideal of finite codimension such
that f € I*+. Then A(f) vanishes on I ® A+ A® I (since A(f)(a®b) = f(ab) for
a, b € A) and, hence, A(f) € It @ I+ C A}, ® A}, The axioms of a coalgebra
follow by duality. |

REMARK 1.12.3. Note that if A does not have finite dimensional modules, then
A, =0.
1.13. Pointed coalgebras and the coradical filtration

Let C be a locally finite abelian category.
Any object X € C has a canonical filtration

(1.10) 0=XgCcXjCcXeoC---CX,=X

such that X;;1/X; is the socle (i.e., the maximal semisimple subobject) of X/X;
(in other words, X;1/X; is the sum of all simple subobjects of X/X;).

DEeFINITION 1.13.1. The filtration of X by X; is called the socle filtration or
the coradical filtration of X.
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1.13. POINTED COALGEBRAS AND THE CORADICAL FILTRATION 17

It is easy to show by induction that the socle filtration is a filtration of X
of the smallest possible length, such that the successive quotients are semisimple.
The length of the socle filtration of X is called the Loewy length of X, and denoted
Lw(X). Then we have a filtration of the category C by Loewy length of objects:
Co C C C ..., where C; denotes the full subcategory of objects of C of Loewy
length < ¢ 4+ 1. Clearly, the Loewy length of any subquotient of an object X does
not exceed the Loewy length of X, so the categories C; are closed under taking
subquotients.

DEFINITION 1.13.2. The filtration of the category C by C; is called the socle
filtration or the coradical filtration of C.

If C is endowed with an exact faithful functor F' : C — Vec then we can
define the coalgebra C' = Coend(F') and its subcoalgebras C; = Coend(F|¢,), and
we have C; C C;41 and C' = U;C; (alternatively, we can say that C; is spanned
by matrix elements of C-comodules F(X), X € ¢;B Thus we have defined an
increasing filtration by subcoalgebras of any coalgebra C. This filtration is called
the coradical filtration, and the term Cy is called the coradical of C.

The “linear algebra” definition of the coradical filtration is as follows. One says
that a coalgebra is simple if it does not have nontrivial subcoalgebras, i.e., if it is
finite dimensional, and its dual is a simple (i.e., matrix) algebra. Then Cj is the
sum of all simple subcoalgebras of C'. The coalgebras C), 41 for n > 1 are then
defined inductively to be the spaces of those x € C' for which

Alz) € C, ® C+ C ® Cp.

EXERCISE 1.13.3. (i) Suppose that C is a finite dimensional coalgebra,
and [ is the Jacobson radical of C*. Show that C;- = I"*! and generalize
this statement to the infinite dimensional case. This justifies the term
“coradical filtration”.

(ii) Show that the coproduct respects the coradical filtration, i.e.,
A(Cp) C Y Ci @ Cp.

(iii) Show that Cy is the direct sum of simple subcoalgebras of C. In particular,
grouplike elements of any coalgebra C' are linearly independent.

Hint: Simple subcoalgebras of C' correspond to finite dimensional
irreducible representations of C*.

(iv) We have defined C; in three ways: as Coend(F|c,), as the span of matrix
elements of F(X), X € C;, and by the “linear algebra” definition above.
Show that these three definitions agree.

Let
(1.11) gr(C) =P Cia/C:
=0

be the associated graded coalgebra of a coalgebra C' with respect to the coradical
filtration. Then gr(C) is a Z;-graded coalgebra. It is easy to see from Exercise
[LI33(i) that the coradical filtration of gr(C) is induced by its grading. A graded
coalgebra C' with this property (i.e., one isomorphic to gr(C) for some coalgebra
C) is said to be coradically graded, and a coalgebra C such that gr(C') = C is called
a lifting of C.

5If M is a right C-comodule with coaction 7 : M — M ® C then a matrix element of M is
an element (f ® 1,m(m)) € C, where f € M*, m € M.
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18 1. ABELIAN CATEGORIES

DEFINITION 1.13.4. A coalgebra C' is said to be cosemisimple if C is a direct
sum of simple subcoalgebras.

Clearly, a coalgebra C'is cosemisimple if and only if C'—comod is a semisimple
category.

PROPOSITION 1.13.5. A locally finite abelian category C is semisimple if and
only if Co = C1. In particular, a coalgebra C is cosemisimple if and only if Cy = CY.

PROOF. The semisimplicity of C means that Ext'(X,Y) = 0 for any simple
objects X, Y of C, which implies (by the long exact sequence of cohomology) that
Ext'(X,Y) = 0 for all objects X,Y € C. O

COROLLARY 1.13.6. (The Taft-Wilson theorem, [Monl, Theorem 5.4.1) If C is
a pointed coalgebra, then Cy is spanned by (linearly independent) grouplike elements
g, and
C1/Co = EP Prim, 1, (C) /k(g — h).
g,h
In particular, any non-cosemisimple pointed coalgebra contains nontrivial skew-
primitive elements.

PROOF. The first statement is clear (the linear independence follows from Ex-
ercise [[I33)(iii)). Also, it is clear that any skew-primitive element is contained in
Ci. Now, if x € C1, then z is a matrix element of a C-comodule of Loewy length
< 2, so it is a sum of matrix elements of 2-dimensional comodules, i.e., a linear
combination of grouplike and skew-primitive elements.

It remains to show that the sum »° , Primg(C)/k(g —h) C C/Cy is direct.
For this, it suffices to consider the case when C'is finite dimensional. Passing to the
dual algebra A = C*, we see that the statement is equivalent to the claim that I /12
(where T is the radical of A) is isomorphic (in a natural way) to @, 5 Ext(h, g)*.

Let py be a complete system of orthogonal idempotents in A/I 2 such
that h(p,) = Ony. Define a pairing I/I? x Ext'(h,g) — k which sends a ® a to
the upper right entry of the 2-by-2 matrix by which a acts in the extension of i
by g defined by a. It is easy to see that this pairing descends to a pairing
B :pp(I/1?)p, x Ext'(h,g) — k. If the extension « is nontrivial, the upper right
entry cannot be zero, so B is right-non-degenerate. Similarly, if a belongs to the
left kernel of B, then a acts by zero in any A-module of Loewy length 2, so a = 0.
Thus, B is left-non-degenerate (i.e., its left kernel is zero). This implies the required
isomorphism. O

EXERCISE 1.13.7. Prove the following generalization of the Taft-Wilson theo-
rem: if C' is a pointed coalgebra then for any n > 1, C), is spanned by elements x
such that A(z) = g®z +2 @ h+w, where w € C;,_1 ® Cp,_1, and g, h are grouplike
elements of C.

ProrosiTION 1.13.8. ([Mon], Theorem 5.3.1) If C,D are coalgebras, and
f : C — D is a coalgebra homomorphism such that f|c, is injective, then f is
injective.

PRrROOF. One may assume that C and D are finite dimensional. Then the
statement can be translated into the following statement about finite dimensional
algebras: if A, B are finite dimensional algebras and f : A — B is an algebra
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homomorphism which descends to a surjective homomorphism A — B/Rad(B)?,
then f is surjective.

To prove this statement, let b € B. Let I = Rad(B). We prove by induction
on n that there exists a € A such that b— f(a) € I"™. The base of induction is clear,
so we only need to do the step of induction. So assume b € I"™. We may assume
that b = by...b,, b; € I, and let a; € A be such that f(a;) = b; modulo I%. Let
a=aj...a,. Then b — f(a) € I"! as desired. O

1.14. Bibliographical notes

1.1-1.7. Abelian categories were introduced by Grothendieck [Gr] and Buchs-
baum [Bu] (under the name of exact categories). Mitchell’s Theorem [[38appeared
in [Mit]. See the books by Freyd [Fr| and Kashiwara and Shapira [KashS]| for ba-
sics of the theory of abelian categories and the books by Hilton and Stammbach
[HiS], Gelfand and Manin [GelfM], and Weibel [Weib| for homological algebra.

1.8. For a discussion of artinian (or locally finite) categories see Gabriel’s thesis
[Gabr| (note that the terminology there is a bit different from ours). For a theory
of finite abelian categories, see the book by Gabriel and Roiter [GabR].

1.9. For the basic theory of coalgebras see the book by Montgomery [Monl]
and the survey paper by Chin [Chi].

1.10. For the Coend construction and reconstruction theory for coalgebras, see
the paper by Takeuchi [Tak2] and the paper of Schauenburg [Schaull.

1.11. Construction of the tensor product of artinian categories is given by
Deligne [Del].

1.12. The finite dual of an algebra is discussed by Cartier in [Car2| p. 569]
(under the name “reduced dual”).

1.13. Pointed coalgebras, the coradical filtration, and the Taft-Wilson theorem
are discussed in [Monl].
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CHAPTER 2

Monoidal categories

2.1. Definition of a monoidal category

A good way of thinking about category theory (which will be especially useful
throughout this book) is that category theory is a refinement (or “categorification”)
of ordinary algebra. In other words, there exists a dictionary between these two
subjects, such that usual algebraic structures are recovered from the corresponding
categorical structures by passing to the set of isomorphism classes of objects.

For example, the notion of a category is a categorification of the notion of a
set. Similarly, abelian categories are a categorification of abelian groups (which
justifies the terminology).

This dictionary goes surprisingly far, and many important constructions below
will come from an attempt to enter into it a categorical “translation” of an algebraic
notion.

In particular, the notion of a monoidal category is the categorification of the
notion of a monoid.

Recall that a monoid may be defined as a set C' with an associative multipli-
cation operation (x,y) — x -y (i.e., a semigroup), with an element 1 such that
12 =1 and the maps 2 + 1.z, 2 — z -1 : C — C are bijections. It is easy to
show that in a semigroup, the last condition is equivalent to the usual unit axiom
lz=2z-1=2x

As usual in category theory, to categorify the definition of a monoid, we should
replace the equalities in the definition of a monoid (namely, the associativity equa-
tion (xy)z = z(yz) and the equation 1?2 = 1) by isomorphisms satisfying some
consistency properties, and the word “bijection” by the word “equivalence” (of
categories). This leads to the following definition.

DEFINITION 2.1.1. A monoidal category is a quintuple (C, ®, a, 1, ¢) where C
is a category, ® : C x C — C is a bifunctor called the tensor product bifunctor,
a:(—®—-)®— = —® (- ® —) is a natural isomorphism:

(2.1) axyz: (X@Y)®Z 5 X (Y ®2), X, Y, ZecC

called the associativity constraint (or associativity isomorphism), 1 € C is an object
of C,and ¢ : 1 ®1 =+ 1 is an isomorphism, subject to the following two axioms.

ITo be more precise, the set of isomorphism classes of objects in an abelian category C is a
commutative monoid, but one usually extends it to a group by considering “virtual objects” of
the form X — Y, X,Y €C.

?Indeed, if left and right multiplication by 1 are bijections and 12 = 1, then we have
1-1-z=1-x, hence 1z =z, and similarly - 1 = z.

21
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22 2. MONOIDAL CATEGORIES

1. The pentagon axiom. The diagram

(2.2) (WeX)Y)® Z
W m\)
WeXeY)eZz WeX)e (Yo Z)

law,xegy,z aw,x,y@zl
idw ®ax, v,z

Weo(XY)® 2) WeXe Y ®2)

is commutative for all objects W, X, Y, Z in C.
2. The unit axiom. The functors

(2.3) Li : X—»1®X and
(2.4) R : X X®1

of left and right multiplication by 1 are autoequivalences of C.

DEFINITION 2.1.2. The pair (1,¢) is called the unit object of ch

REMARK 2.1.3. An alternative (and, perhaps, more traditional) definition of a
monoidal category is given in the next section, see Definition 2.2.8

We see that the set of isomorphism classes of objects in a monoidal category
indeed has a natural structure of a monoid, with multiplication ® and unit 1. Thus,
in the categorical-algebraic dictionary, monoidal categories indeed correspond to
monoids (which explains their name).

DEFINITION 2.1.4. A monoidal subcategory of a monoidal category (C, ®,a,1,t)
is a quintuple (D, ®,a,1,:), where D C C is a subcategory closed under the tensor
product of objects and morphisms and containing 1 and ¢.

Unless otherwise specified, we will always consider full monoidal subcategories.

DEFINITION 2.1.5. Let (C, ®, a, 1, ¢) be a monoidal category. The monoidal
category (C°P, ®°P, 1, a°P, 1) opposite to C is defined as follows. As a category
C°P = C, its tensor product is glven by X ®°P Y :=Y ® X and the associativity
constraint of C°P is aX vz = aZ Y. X

REMARK 2.1.6. The notion of the opposite monoidal category is not to be
confused with the usual notion of the dual category, which is the category CV
obtained from C by reversing arrows (for any category C). Note that if C is monoidal,
so is CV (in a natural way), which makes it even easier to confuse the two notions.

2.2. Basic properties of unit objects

Let (C,®,a,1,t) be a monoidal category. Define natural isomorphisms
(2.5) Ix:1®X =X and rx:X®1—-X
in such a way that L;(Ix) and R;(rx) are equal, respectively, to the compositions

—1
a11,x

(2.6) 1e(10X) 25 ael)eXx 29 19X,
ax,1,1 idx ®¢

(2.7) X))ol XL Xe(1el) X2 Xl

3We note that there is no condition on the isomorphism ¢, so it can be chosen arbitrarily.
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2.2. BASIC PROPERTIES OF UNIT OBJECTS 23
DEFINITION 2.2.1. Isomorphisms (2.5]) are called the left and right unit con-
straints or unit isomorphisms.

The unit constraints provide a categorical counterpart of the unit axiom
1X = X1 = X of a monoid in the same sense as the associativity isomorphism
provides the categorical counterpart of the associativity equation.

PROPOSITION 2.2.2. For any object X in C there are equalities
(2.8) ligx =1d1 ®lx and rxg1 =rx ®idy.

ProOF. It follows from naturality of the left unit constraint [ that the following
diagram commutes

1Rlx

(2.9) 1@ (1®X) 10X

l1®Xl J{lx

10X Ix X.
Since [x is an isomorphism, the first identity follows. The second one follows
similarly from naturality of r. O
ProOPOSITION 2.2.3. The “triangle” diagram
(2.10) (X®1)®Y ey X@(1eY)
rx®id\/4 w
XY

is commutative for all X,Y € C.

PRrOOF. Consider the following diagram:

ax,1,1®idy

211) (X®o1)e1l)eY

(X®(1l)eY

(X & 1) RY
ax®1,1,Y ax1,y ax 191,y
X® (1 (29 Y)
rxQidigy
idx ®(L®idy
(X®1)®(1®Y) idx ®ligy X®((1®1)®Y)
idx ®a1,1,y
ax1,19Y

Xo1o1eY))

To prove the proposition, it suffices to establish the commutativity of the bot-
tom left triangle (as any object of C is isomorphic to one of the form 1®Y"). Since the
outside pentagon is commutative (by the pentagon axiom), it suffices to establish
the commutativity of the other parts of the pentagon. Now, the two quadrangles
are commutative due to the functoriality of the associativity isomorphisms, the
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24 2. MONOIDAL CATEGORIES

commutativity of the upper triangle is the definition of r, and the commutativity
of the lower right triangle holds by Proposition 2.2.2] (Il

PRrROPOSITION 2.2.4. The following diagrams commute for all objects X, Y € C:

ai1,x.vy

(2.12) 1X)Y 1(X®Y)
Ix ®idy Ixovy
X®Y
(2.13) (XoY)el S X® (Y ®l)
M /@,
X®Y

Proor. Consider the diagram

ax,1,yQidz

(214) (X®@1)RY)®Z

XeoAeY)eZz

(XeY)eZ
ax@1,v,z ax,y,z ax19Y,z
X® (Y ®2)
y dx @1y @idz)
(X®1)®(Y®Z) idx Qlygz X®((1®Y)®Z)
ax,1,Y®Z idx ®a1,y,z

Xo(1e (Y oZ),

where X,Y, Z are objects in C. The outside pentagon commutes by the pentagon
axiom (22). The functoriality of a implies the commutativity of the two middle
quadrangles. The triangle axiom (ZI0) implies the commutativity of the upper
triangle and the lower left triangle. Consequently, the lower right triangle commutes
as well. Setting X = 1 and applying the functor L[l to the lower right triangle,
we obtain commutativity of the triangle (ZI2). The commutativity of the triangle
[213) is proved similarly. O

COROLLARY 2.2.5. In any monoidal category Iy =r1 = ¢.
PROOF. Set Y = Z =1 in (ZI2)). We have:
lh®id; =lig10a1,11 = (id1 ®l1)oar,1,1.
Next, setting X =Y = 1 in the triangle axiom (ZI0) we obtain
r1 ®idy = (id; ®l1) car,1,1.

By the definition of the unit constraint (idy ®I1) o @111 = ¢ ® id;. Hence,
r1 ®idy =11 ®idy = ¢ ®idy and 71 = I3 = ¢ since R; is an equivalence. O
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2.2. BASIC PROPERTIES OF UNIT OBJECTS 25

PROPOSITION 2.2.6. The unit object in a monoidal category is unique up to a
unique isomorphism.

ProOOF. Let (1, ), (1/, /') be two unit objects. Let (r, I), (v, ') be the corre-
sponding unit constraints. Then we have the isomorphism 7 := l3.0(r})™1 : 1 = 1/,
It is easy to show using the commutativity of the above triangle diagrams that n
maps ¢ to ¢/. It remains to show that 7 is the only isomorphism with this property.
To do so, it suffices to show that if b : 1 = 1 is an isomorphism such that the

diagram
®
1

is commutative, then b = idy. To see this, it suffices to note that for any morphism
c¢:1— 1 the diagram

b®b

(2.15) 11 ——1®1

- 0
b

(2.16) 11— 191

1—1

is commutative (since ¢ = ry by Corollary 2220, so b ® b = b ® id; and hence
b=idq. O

EXERCISE 2.2.7. Verify the assertion in the proof of Proposition 2.2.6] that n
maps ¢ to ¢/
Hint: use Propositions 2.2.3] and 2.2.4]

The results of this section show that a monoidal category can be alternatively
defined as follows:

DEFINITION 2.2.8. A monoidal category is a sextuple (C, ®,a, 1,[, ) satisfying
the pentagon axiom (Z2)) and the triangle axiom (ZI0]).

REMARK 2.2.9. Definition is perhaps more traditional than Definition
BT but Definition BTl is simpler. Besides, Proposition implies that for
a triple (C, ®, a) satisfying a pentagon axiom (which should perhaps be called a
“semigroup category’, as it categorifies the notion of a semigroup), being a monoidal
category is a property and not a structure (similarly to how it is for semigroups
and monoids).

Furthermore, one can show that the commutativity of the triangles implies that
in a monoidal category one can safely identify 1 ® X and X ® 1 with X using the
unit isomorphisms, and assume that the unit isomorphisms are the identities (which
we will usually do from now on)H

In a sense, all this means that in constructions with monoidal categories, unit
objects and isomorphisms always “go along for the ride”, and one need not worry
about them especially seriously. For this reason, below we will typically take less
care dealing with them than we have done in this section.

4We will return to this issue later when we discuss Mac Lane’s coherence theorem is Sec-

tion 201
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26 2. MONOIDAL CATEGORIES

PROPOSITION 2.2.10. Let C be a monoidal category. Then Ende(1) is a com-
mutative monoid under composition. Furthermore, f ® g =1"0o (fog) o for all

f, g € Ende(1).
PRrROOF. By naturality of unit constraints of C we have
feidi=r;tofor; and idi®g=I'ogols.
Combining this with the identity r; = I3 = ¢ from Corollary we obtain

f®g = (f®idy)o(idi®g)=1""0o(fog)or,
g@f = (idi®f)o(g®idi) =0 (fog)or,
whence we obtain the result. O

2.3. First examples of monoidal categories

Monoidal categories are ubiquitous. You will see one whichever way you look.
Here are some examples.

EXAMPLE 2.3.1. The category Sets of sets is a monoidal category, where the
tensor product is the Cartesian product and the unit object is a one element set;
the structure morphisms a, ¢, [, r are obvious. The same holds for the subcategory of
finite sets, which will be denoted by Sets B. This example can be widely generalized:
one can take the category of sets with some structure, such as groups, topological
spaces, etc.

EXAMPLE 2.3.2. Any additive category (see Definition [[L21]) is monoidal, with
® being the direct sum functor @, and 1 being the zero object.

The remaining examples will be especially important below. Let k be any field.

EXAMPLE 2.3.3. The category k — Vec of all k-vector spaces is a monoidal
category, where ® = ®y, 1 = k, and the morphisms a, ¢, [, r are the obvious ones.
The same is true about the category of finite dimensional vector spaces over k,
denoted by k—Vec. We will often drop k from the notation when no confusion is
possible.

More generally, if R is a commutative unital ring, then replacing k by R we
can define monoidal categories R—mod of R-modules and R—mod of R-modules
of finite type.

EXAMPLE 2.3.4. Let G be a group. The category Repy (G) of all represen-
tations of G over k is a monoidal category, with ® being the tensor product of
representations: if for a representation V one denotes by py the corresponding
map G — GL(V), then

pvew(9) == pv(9) ® pw(g).

The unit object in this category is the trivial representation 1 = k. A similar
statement holds for the category Repy (G) of finite dimensional representations of
G. Again, we will drop the subscript k when no confusion is possible.

5Here and below, the absence of a finiteness condition is indicated by the boldface font,

while its presence is indicated by the Roman font.
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2.3. FIRST EXAMPLES OF MONOIDAL CATEGORIES 27

EXAMPLE 2.3.5. Let G be an affine (pro)algebraic groulﬂ over k.

The categories Rep(G) and Rep(G) of algebraic representations of G over k
are monoidal categories (similarly to Example 2:37)).

Similarly, if g is a Lie algebra over k, then the category of its representa-
tions Rep(g) and the category of its finite dimensional representations Rep(g) are
monoidal categories: the tensor product is defined by

pvew(a) = py(a) @ idw +idy ®pw (a)
(where py : g — gl(Y) is the homomorphism associated to a representation Y of
g), and 1 is the 1-dimensional representation with the zero action of g.

EXAMPLE 2.3.6. Let G be a monoid (which we will usually take to be a group),
and let A be an abelian group (with operation written multiplicatively). Let
Ca = Cq(A) be the category whose objects ¢, are labeled by elements of G' (so
there is only one object in each isomorphism class), Home,, (04,,94,) = 0 if g1 # g2,
and Home,, (04, 64) = A, with the functor ® defined by 6, ® ), = dg4p, and the tensor
product of morphisms defined by a ® b = ab. Then C¢ is a monoidal category with
the associativity isomorphism being the identity, and 1 being the unit element of
G. This shows that in a monoidal category, X ® Y need not be isomorphic to Y @ X
(indeed, it suffices to take a non-commutative monoid G).

This example has a “linear” version. Namely, let k be a field, and k—Vecg
denote the category of G-graded vector spaces over k, i.e., vector spaces V with a
decomposition V = gec Vo Morphisms in this category are linear maps which
preserve the grading. Define the tensor product on this category by the formula

(2.17) VeW),= € Vew,

z,y€G:xy=g
and the unit object 1 by 1; =k and 1, = 0 for g # 1. Then, defining a, ¢ in an
obvious way, we equip k—Vecg with the structure of a monoidal category. Similarly
one defines the monoidal category k—Vecg of finite dimensional G-graded k-vector
spaces.

In the category k—Vecg, we have pairwise non-isomorphic objects é4, g € G,
defined by the formula (64), = k if 2 = g and (d,), = 0 otherwise. For these
objects, we have d, ® 0, = dg4p,. Thus the category Ce (k™) is a non-full monoidal
subcategory of k—Vecg (since the zero morphisms are missing). This subcategory
can be viewed as a “basis” of k —Vecg (and k —Vecg as “the linear span” of
Ca(k™)), as any object of k—Vecq is isomorphic to a direct sum of objects 6, with
non-negative integer multiplicities.

When no confusion is possible, we will denote the categories k—Vecq, k—Vecq
simply by Vecq, Vecg.

EXERCISE 2.3.7. Let G be a group, and A an abelian group with an action
p: G — Aut(A). Define the category Cq (A, p) in the same way as Cq(A), except
that the tensor product of morphisms is defined as follows: if a : 0, — J4 and
b: dp — O then a ® b = ag(b), where g(b) := p(g)b. Show that Cq(A,p) is a
monoidal category.

6Recall that an affine algebraic group over k is an affine algebraic variety with a group struc-
ture, such that the multiplication and inversion maps are regular, and that an affine proalgebraic
group is an inverse limit of affine algebraic groups. A typical example of an affine proalgebraic
group which is not an algebraic group is the group G(k[[t]]) of formal series valued points of an
affine algebraic group G defined over k.
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28 2. MONOIDAL CATEGORIES

ExAMPLE 2.3.8. Here is a generalization of Example 2.3.6] which shows that
the associativity isomorphism is not always “the obvious one”.

Let G be a group, let A be an abelian group, and let w be a 3-cocycle of G
with values in A. This means that w: G X G x G — A is a function satisfying the
equation

(2.18)  w(9192,93,94)w(91, 92, 9394) = w(91, 92, 93)w(91, 9293, ga)w (g2, g3, g4),

for all ¢1,92,93,94 € G.

Let us define the monoidal category Cg = C&(A) as follows. As a category,
it is the same as the category Cg defined in Example The bifunctor ® and
the unit object (1,¢) in this category are also the same as those in Cg. The only
difference is in the new associativity isomorphism a*, which is not the identity as
in Cg, but instead it is defined by the formula

(2.19) aj;’g,&h’& =w(g,h,m)ids,,,, : (05 ®6p) @ 0m — 59 @ (0h ® Om),

m

where g, h,m € G.

The fact that C& with these structures is indeed a monoidal category follows
from the properties of w. Namely, the pentagon axiom (Z2)) follows from equation
[@I]), and the unit axiom is obvious.

Similarly, for a field k and a 3-cocycle w with values in k* one can define the
category k—Vec¢, which differs from Vecg just by the associativity isomorphism.
This is done by extending the associativity isomorphism of C& by additivity to
arbitrary direct sums of objects d,. This category contains a monoidal subcategory
Vec¢: of finite dimensional G-graded vector spaces with associativity defined by w.

EXERCISE 2.3.9. Verify that the unit morphisms [ and r in Vecg are given on
1-dimensional spaces by the formulas

ls, = w(1, 1, g)* ids,, rs, = w(g, 1, 1)ids,,
and the triangle axiom says that w(g, 1, h) = w(g, 1, 1)w(1, 1, k). Thus, we have
Ix =rx =idx for all X if and only if
(2.20) w(g,1,1)=w(l, 1, g9) =1,
for any g € G or, equivalently,
(2.21) w(g,1,h)=1, g, heq.
A cocycle satisfying this condition is said to be normalized.

REMARK 2.3.10. We will show in Proposition Z.6.1] that cohomologically equiv-
alent w’s give rise to equivalent monoidal categories.

REMARK 2.3.11. In Section 2.11] we will consider monoidal categories general-
izing Examples 2.3.6] and 2.3.8] and Exercise [Z3.7] — the so-called Gr-categories, or
categorical groups.

EXAMPLE 2.3.12. Let C be a category. Then the category End(C) of all func-
tors from C to itself is a monoidal category, where ® is given by composition of
functors. The associativity isomorphism in this category is the identity. The unit
object is the identity functor, and the structure morphisms are obvious. If C is an
abelian category, then the categories of additive, left exact, right exact, and exact
endofunctors of C are monoidal.
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ExaMPLE 2.3.13. Let A be an associative ring with unit. Then the category
A—bimod of bimodules over A is a monoidal category, with ® being the tensor
product ® 4 over A. The unit object in this category is the ring A itself (regarded
as an A-bimodule).

If A is commutative, this category has a full monoidal subcategory A —mod,
consisting of A-modules, regarded as bimodules in which the left and right actions
of A coincide. More generally, if X is a scheme, one can define the monoidal
category QCoh(X) of quasicoherent sheaves on X; if X is affine and A = Ox,
then QCoh(X) = A—mod.

Similarly, if A is a finite dimensional algebra, we can define the monoidal ca-
tegory A—bimod of finite dimensional A-bimodules. Other similar examples which
often arise in geometry are the category Coh(X) of coherent sheaves on a Noether-
ian scheme X, its subcategory VB(X) of vector bundles (i.e., locally free coherent
sheaves) on X, and the category Loc(X) of locally constant sheaves of finite dimen-
sional k-vector spaces (also called local systems) on any topological space X. All
of these are monoidal categories in a natural way.

ExAMPLE 2.3.14. The category of tangles. Let S,,, be the disjoint
union of m circles R/Z and n intervals [0,1]. A tangle is a smooth embedding
[ Sm.n — R? x [0,1] such that the boundary maps to the boundary and the inte-
rior to the interior. We will abuse the terminology by also using the term “tangle”
for the image of f.

Let x,7, 2z be the Cartesian coordinates on R? x [0,1]. Any tangle has inputs
(points of the image of f with z = 0) and outputs (points of the image of f
with z = 1). For any integers p,q > 0, let fpg be the set of all tangles which
have p inputs and ¢ outputs, all having a vanishing y-coordinate. Let T, , be
the set of isotopy classes of elements of prq; thus, during an isotopy, the inputs
and outputs are allowed to move (preserving the condition y = 0), but cannot
meet each other. We can define a canonical composition map T}, 4 X Ty, — T r,
induced by the concatenation of tangles. Namely, if s € qu and ¢ € T, r, we
pick representatives s € Tp q,t € Tq . such that the inputs of ¢ coincide with the
outputs of s, concatenate them, perform an appropriate reparametrization, and
rescale z — z/ 2. The obtained tangle represents the desired composition ts.

We will now define a monoidal category 7T called the category of tangles. The
objects of this category are non-negative integers, and the morphisms are defined
by Hom(p, q¢) = T}, 4, with composition as above. The identity morphisms are the
elements id, € T}, , represented by p vertical intervals and no circles (in particular,
if p = 0, the identity morphism id, is the empty tangle).

Now let us define the monoidal structure on the category 7. The tensor product
of objects is defined by m ® n = m +n. However, we also need to define the tensor
product of morphisms. This tensor product is induced by union of tangles. Namely,
ift;1 €T}, g and to € Ty, gz We pick representatives t; € fpl ql,tNQ € fp%qz, in such
a way that any point of ¢; is to the left of any point of tg (i.e., has a smaller
a-coordinate). Then ¢; ® t5 is represented by the tangle t1 U tg

EXERCISE 2.3.15. Check the following:

(1) The tensor product t; ® to is well defined, and its definition makes ® a
bifunctor.
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30 2. MONOIDAL CATEGORIES

(2) There is an obvious associativity isomorphism for ®, which turns 7 into
a monoidal category (with unit object being the empty tangle).

2.4. Monoidal functors and their morphisms

As we have explained, the notion of a monoidal category is a categorification
of the notion of a monoid. Now we pass to categorification of morphisms between
monoids, namely, to monoidal functors.

DEFINITION 2.4.1. Let (C, ®, 1, a, ¢) and (C!, ®', 1%, a', !) be two monoidal
categories. A monoidal functor from C to C! is a pair (F, J), where F : C = Clis a
functor, and

(2.22) IJxy F(X)@FY) S FX®Y)

is a natural isomorphism, such that F(1) is isomorphic to 1! and the diagram

14
YF(X),F(Y),F(Z)

(2.23) (FX)RFY)QF(Z) —————= F(X)®' (F(Y)®' F(Z))
JX,Y®ZidF(Z)l J/idF(X) ®y,z
FXQY) F(Z) FX)'F(Y® Z)

Jxeay,zl

F(X®Y)®2)

J/JX,Y®Z

FX®(Y®2)

F(ax,y,z)

is commutative for all X, Y, Z € C (“the monoidal structure axiom”).
A monoidal functor F' is said to be an equivalence of monoidal categories if it
is an equivalence of ordinary categories.

REMARK 2.4.2. It is important to stress that, as seen from this definition, a
monoidal functor is not just a functor between monoidal categories, but a functor
with an additional structure (the isomorphism J) satisfying a certain equation (the
monoidal structure axiom). As we will see in Section 2.5 this equation may have
more than one solution or no solutions at all, so the same functor can be equipped
with different monoidal structures or not admit any monoidal structure at all.

It turns out that if F' is a monoidal functor, then there is a canonical isomor-
phism ¢ : 1' — F(1). This isomorphism is defined by the commutative diagram

2
lF(l)

(2.24) e F(1) — 2 F(1)

@@lidp(l)l J{F(ll)l

FO) & F(1)—2 L F(1e1)

where [, 7, I!, 7' are the unit isomorphisms for C and C?! defined in (2.5).
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PROPOSITION 2.4.3. For any monoidal functor (F,J) :C — Ct, the diagrams

ll
(2.25) e F(X)——2 L F(X)
¢®1idp(x)l lF(lx)1
J.
F1) @ F(X) —> 5 F(1® X)
and
(2.26) F(X)® 1t o F(X)
idr(x) ®ltpl J{F(Tx)l
J
FX)®' F(1) — S F(X®1)

are commutative for all X € C.
EXERCISE 2.4.4. Prove Proposition 2.4.31

Proposition 2:4.3] implies that a monoidal functor can be equivalently defined
as follows.

DEFINITION 2.4.5. A monoidal functor C — C! is a triple (F, J, ») which sat-
isfies the monoidal structure axiom and Proposition 2.4.3

Definition 2.4.5] is a more traditional definition of a monoidal functor.

REMARK 2.4.6. It can be seen from the above that for any monoidal functor
(F, J) one can safely identify 1! with F'(1) using the isomorphism ¢, and assume
that F(1) = 1* and ¢ = idy. (similarly to how we have identified 1 ® X and X ® 1
with X and assumed that Ix = rx = idx). We will usually do so from now on.
Proposition [2.4.3] implies that with these conventions, one has

(2.27) Jl,X = JX71 =idy .

REMARK 2.4.7. It is clear that the composition of monoidal functors is a
monoidal functor. Also, the identity functor has a natural structure of a monoidal
functor.

Monoidal functors between two monoidal categories themselves form a category.
Namely, one has the following notion of a morphism (or natural transformation)
between two monoidal functors.

DEFINITION 2.4.8. Let (C, ®, 1, a, t) and (C}, ®Y, 1%, !, ¢!) be two monoi-
dal categories, and let (F!', J!) and (F? J?) be two monoidal functors
from C to Ct. A morphism (or a natural transformation) of monoidal functors
n: (F1, JY) — (F?, J?) is a natural transformation n : F! — F? such that 7, is
an isomorphism, and the diagram

1

J
(2.28) FI{X)@ FL(Y) — S FL(X®Y)
nx@%,yj( Jnxg;y

2

JXY

FAX)QF(Y) — S F2(X®Y)

is commutative for all X, Y € C.
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REMARK 2.4.9. It is easy to show that if ¢; : 18 = Fi(1), i = 1,2, are
isomorphisms defined by (Z24]) then 71 o ¢1 = @9, so if one makes the convention
that ¢ = o =idq., one has 77 = idyq..

REMARK 2.4.10. Tt is easy to show that if F' : C — C! is an equivalence of
monoidal categories, then there exists a monoidal equivalence F~! : Ct — C such
that the functors F o F~! and F~! o F are isomorphic to the identity functor
as monoidal functors. Thus, for any monoidal category C, the monoidal auto-
equivalences of C up to isomorphism form a group with respect to composition.

2.5. Examples of monoidal functors

Let us now give some examples of monoidal functors and natural transforma-
tions.

ExAMPLE 2.5.1. An important class of examples of monoidal functors is for-
getful functors (e.g., functors of “forgetting the structure”, from the categories of
groups, topological spaces, etc., to the category of sets). Such functors have an
obvious monoidal structure. An example especially important in this book is the
forgetful functor Rep(G) — Vec from the representation category of a group to
the category of vector spaces. More generally, if H C G is a subgroup, then we
have a forgetful (or restriction) functor Rep(G) — Rep(H). Still more gener-
ally, if f: H — G is a group homomorphism, then we have the pullback functor
f* : Rep(G) — Rep(H). All these functors are monoidal.

ExaMpPLE 2.5.2. Let f : H — G be a homomorphism of groups. Then any
H-graded vector space is naturally G-graded (by pushforward of grading). Thus
we have a natural monoidal functor f, : Vecy — Vecg. If G is the trivial group,
then f, is just the forgetful functor Vecy — Vec.

ExXAMPLE 2.5.3. Let k be a field, let A be a k-algebra with unit, and let
C = A—mod be the category of left A-modules. Then we have a functor

(2.29) F:Mw— (M®4—): A—bimod — End(C).

This functor is naturally monoidal. A similar functor F : A—bimod — End(C) can
be defined if A is a finite dimensional k-algebra, and C = A—mod is the category
of finite dimensional left A-modules.

PROPOSITION 2.5.4. The functor [229) takes values in the full monoidal subca-
tegory End,..(C) of right exact endofunctors of C, and defines an equivalence between
the monoidal categories A—bimod and End,.(C).

PROOF. The first statement is clear, since the tensor product functor is right
exact. To prove the second statement, let us construct the quasi-inverse functor
F~1. Let G € End,(C). Define F~1(G) by the formula F~1(G) = G(A); this
is clearly an A-bimodule, since it is a left A-module with a commuting action of
End4(A) = A°P (the opposite algebra). We leave it to the reader to check that the
functor F~! is indeed a quasi-inverse to F (cf. Proposition [L8I0). O

REMARK 2.5.5. A similar statement is valid without the finite dimensionality
assumption, if one adds the condition that the right exact functors must commute
with inductive limits.
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EXAMPLE 2.5.6. Let S be a monoid, and let C = Vecg (see Example 2.3.6]).
Let us view id¢, the identity functor of C, as a monoidal functor. It is easy to see
that morphisms 7 : ide — id¢ as monoidal functors correspond to homomorphisms
of monoids: 7 : S — k (where k is equipped with the multiplication operation). In
particular, 7(s) may be 0 for some s, so 1 does not have to be an isomorphism.

2.6. Monoidal functors between categories of graded vector spaces

Let G1,G> be groups, let A be an abelian group, and let w; € Z3(G;, A),
i = 1,2, be 3-cocycles (the actions of G1, G2 on A are assumed to be trivial). Let
Ci = Cgi, © = 1,2, be the monoidal categories of graded vector spaces introduced
in Example 2238

Any monoidal functor F' : C; — Cy defines, by restriction to simple objects, a
group homomorphism f : G; — G2. Using axiom (Z23)) of a monoidal functor, we
see that a monoidal structure on F' is given by

(230) ngh = M(ga h) id5f(gh) : F((sg) & F(éh) = F(éyh)a g,h € le
where ;1 : G X G; — A is a function such that

wl(ga h, l),u(ghv l),u(gv h) = :U‘(g’ hl)u(h’ Z)WQ(f(g)7 f(h)7 f(l)),
for all g, h, I € G;. That is,

(2.31) w1 = frwy - d3(p),

i.e., w; and f*wy are cohomologous in Z3(Gy, A).
Conversely, given a group homomorphism f : G; — G2, any function

p:GxG— A

satisfying (231) gives rise to a monoidal functor F' : C; — Cs defined by
F(dy) = 65(y) with the monoidal structure given by formula ([2.30). This func-
tor is an equivalence if and only if f is an isomorphism.

To summarize, monoidal functors Cgll — ng correspond to pairs (f, 1), where
f: G1 — G4 is a group homomorphism such that wy and f*ws are cohomologous,
and p is a function satisfying ([Z23T]) (such functions are in a (non-canonical) bijec-
tion with A-valued 2-cocycles on G1). Let Fy,, denote the corresponding functor.

Let us determine natural monoidal transformations between Fy , and Fys .
Clearly, such a transformation exists if and only if f = f’, is always an isomorphism,
and is determined by a collection of morphisms 7y : d¢g) — (g (i€, ny € A),
satisfying the equation

(2.32) ' (g, h)(ng @ nn) = ngnp(g, h)
for all g, h € G4, i.e.,
(2.33) =y - da(n).

Conversely, every function 7 : Gy — A satisfying (Z33]) gives rise to a morphism of

monoidal functors 7 : FYy,,, — Fy, , defined as above. Therefore, monoidal functors

Fy,, and Fy s are isomorphic if and only if f = f" and p is cohomologous to '
Thus, we have obtained the following proposition.

PROPOSITION 2.6.1. (i) The set of isomorphisms between monoidal func-
tors Fy ., Fyo Cot — C&2 is a torsor over the group HY(Gy, A) =
Hom(Gl, A)
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(ii) For a fixzed homomorphism f : G1 — Ga, the set of u parameterizing
isomorphism classes of monoidal functors Fy ,, is a torsor over H*(G1, A).

(iii) Equivalence classes of monoidal categories C& are parametrized by the set
H3(G, A)/Out(G), where Out(G) denotes the group of outer automor-
phisms of G.

REMARK 2.6.2. The same results, including Proposition 2.G.1] are valid if we
specialize to the case when A = k*, where k is a field, replace the categories C&
by their “linear spans” Vecg, and require that the monoidal functors we consider
are additive. To see this, it is enough to note that by definition, for any morphism
n of monoidal functors, 11 # 0, so equation ([Z32) (with h = ¢g~!) implies that all
1y must be nonzero. Thus, if a morphism n : Fy, — Fy/ , exists, then it is an
isomorphism, and we must have f = f’.

REMARK 2.6.3. The above discussion implies that in the definition of the cate-
gories C¢ and Vecg, it may be assumed without loss of generality that the cocycle
w is normalized, i.e., w(g, 1, h) = 1, and thus I5, = r5, = id5, (which is convenient
in computations). Indeed, we claim that any 3-cocycle w is cohomologous to a
normalized one. To see this, it is enough to alter w by dividing it by da(p), where
u is any 2-cochain such that p(g, 1) = w(g, 1, 1), and pu(1, h) = w(1, 1, h) L.

EXAMPLE 2.6.4. Let G = Z/nZ, where n > 1 is an integer, and k = C.
Consider the cohomology of Z/nZ.

Since H(Z/nZ, C) = 0 for all i > 0, writing the long exact sequence of coho-
mology for the short exact sequence of coeflicient groups

0—Z—C—C*=C/Z—0,

we obtain a natural isomorphism H'(Z/nZ, C*) = H"*(z/nZ, Z).
As we saw in Exercise [Tl the graded ring H*(Z/nZ, Z) is

H*(Z/nZ, Z) = Z|z]/(nx) = Z ® x(Z/nZ)[x],
where x is a generator in degree 2. Moreover, as a module over Aut(Z/nZ) =

(Z/nZ)*, we have H*(Z/nZ,Z) = H*(Z/nZ,C*) = (Z/nZ)". Therefore, using
the graded ring structure, we find that

H*™ Y (z/nz, C*) = H*™(Z/nZ, Z) = ((Z/nZ)")®™

as an Aut(Z/nZ)-module. In particular, H3(Z/nz, C*) = ((Z/nz)")®>.
Let us give an explicit formula for the 3-cocycles on Z/nZ. Modulo cobound-
aries, these cocycles are given by
si(tk—(+k)")

(2.34) o(i, g, k)y=e— = |

where ¢ is a primitive nth root of unity, s € Z/nZ, and for an integer m we denote
by m’ the remainder of division of m by n.

EXERCISE 2.6.5. Show that when s runs over Z/nZ, this formula defines cocy-
cles representing all the cohomology classes in H3(Z/nzZ, C*).

"Recall that the group Inn(G) of inner automorphisms of a group G acts trivially on H* (G, A)
(for any coefficient group A), and thus the action of the group Aut(G) on H*(G, A) factors through
Out(G).
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EXERCISE 2.6.6. Derive an explicit formula for cocycles representing cohomol-
ogy classes in H*™+1(z/nz, C*) for m > 1.

Hint: use that a generator of this group has the form z™ ® y, where y is a
generator of H'(Z/nzZ,C*).

EXERCISE 2.6.7. Describe H*(Z/nZ,k*), where k is an algebraically closed
field of any characteristic p.

Hint: Show that this cohomology coincides with the cohomology with coef-
ficients in the group of roots of unity in k; consider separately the case when p
divides n and when p does not divide n.

2.7. Group actions on categories and equivariantization

Let C be a category. Consider the category Aut(C), whose objects are auto-
equivalences of C and whose morphisms are isomorphisms of functors. It is a
monoidal subcategory of the monoidal category End(C) from Example

If C is a monoidal category, we consider the category Autg(C) of monoidal
autoequivalences of C.

For a group G let Cat(G) denote the monoidal category whose objects are
elements of GG, the only morphisms are the identities, and the tensor product is given
by multiplication in G. In the notation of Example we have Cat(G) = Cq(1).

DEFINITION 2.7.1. Let G be a group.

(i) An action of G on a category C is a monoidal functor

(2.35) T : Cat(G) — Aut(C).
(ii) An action of G on a monoidal category C is a monoidal functor
(2.36) T : Cat(G) — Autg(C).

In these situations we also say that G acts on C.

Let G be a group acting on a category C. Let g — T}, denote the corresponding
action (235). For any g € G let T, € Aut(C) be the corresponding functor, and for
any g,h € G let 74 5 be the isomorphism Ty o Tj, ~ Ty, that defines the monoidal
structure on the functor Cat(G) — Aut(C).

DEFINITION 2.7.2. A G-equivariant object in C is a pair (X, u) consisting of
an object X of C and a family of isomorphisms u = {u, : T,(X) = X | g € G},
such that the diagram

Ty (u )
Ty(Th(X)) s Ty(X)
'Yy,h(X)l Jug
Tgh (X) —>ugh X

commutes for all g,h € G. One defines morphisms of equivariant objects to be
morphisms in C commuting with ug4, g € G.

The category of G-equivariant objects of C, or the G-equivariantization of C,
will be denoted by C&. There is an obvious forgetful functor

(2.37) Forg: C% — C.
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A similar definition can be made for monoidal categories C, replacing Aut(C)
with Autg (C). When C is a monoidal category, the category C¢ inherits a structure
of a monoidal category such that the functor (Z:37)) is a monoidal functor.

EXERCISE 2.7.3. Show that actions of a group G on the category Vec viewed
as an abelian category correspond to elements of H?(G,k*), while any action of G
on Vec viewed as a monoidal category is trivial.

2.8. The Mac Lane strictness theorem

As we have seen above, it is simpler to work with monoidal categories in which
the associativity and unit constrains are the identity maps.

DEFINITION 2.8.1. A monoidal category C is strict if for all objects X,Y, Z in
C one has equalities (X YY) Z=X@ (Y ®Z)and X®1 =X =1® X, and the
associativity and unit constraints are the identity maps.

ExaMPLE 2.8.2. The category End(C) of endofunctors of a category C (see
Example 23.12) is strict.

ExaMPLE 2.8.3. Let Sets be the category whose objects are non-negative in-
tegers, and Homgg(m,n) is the set of maps from {0,...,m — 1} to {0,...,n — 1}.
Define the tensor product functor on objects by m ® n = mn, and for

fi:mi—=ny and fo:mo — ng
define f; ® fo : mymg — nyng by
(f1 @ f2)(maz +y) = naf1(@) + fo(y),0 <z <my —1, 0 <y <mgy— 1.

Then Sets is a strict monoidal category. Moreover, we have a natural inclusion
Sets < Sets (recall that Sets stands for the category of finite sets), which is obvi-
ously a monoidal equivalence.

ExAMPLE 2.8.4. This is a linear version of the previous example. Let k be a
field. Let k — Vec be the category whose objects are non-negative integers, and
Hom, _y.(m,n) is the set of matrices with m columns and n rows over k (and the
composition of morphisms is the product of matrices). Define the tensor product
functor on objects by m ® n = mn, and for fi : my — nq, fo : mo — no, define
f1® fa : mims — nino to be the Kronecker product of fi; and f;. Then k—Vecis a
strict monoidal category. Moreover, we have a natural inclusion k — Vec < k—Vec,
which is obviously a monoidal equivalence.

Similarly, for any group G one can define a strict monoidal category k — Vecg,
whose objects are Z, -valued functions on G with finitely many nonzero values, and
which is monoidally equivalent to k—Vecg. We leave this definition to the reader.

On the other hand, some of the most important monoidal categories, such as
Sets, Vec, Vecg, Sets, Vec, Vecg, should be regarded as non-strict (at least if one
defines them in the usual way). It is even more indisputable that the categories
Vec¢,, Vecg, for cohomologically nontrivial w are not strict.

However, the following remarkable theorem of Mac Lane implies that in prac-
tice, one may always assume that a monoidal category is strict.

THEOREM 2.8.5. Any monoidal category is monoidally equivalent to a strict
monotdal category.
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Proor. We will establish an equivalence between C and the monoidal category
of right C-module endofunctors of C, which we will discuss in more detail in Chap-
ter [l The non-categorical counterpart of this result is the fact that every monoid
M is isomorphic to the monoid consisting of maps from M to itself commuting with
the right multiplication.

For a monoidal category C let C! be the monoidal category defined as follows.
The objects of C! are pairs (F, ¢) where F' : C — C is a functor and

CX7y:F(X)®Y:—>F(X®Y)

is a natural isomorphism such that the following diagram is commutative for all
objects X, Y, Z in C:

(2.38) (FX)®Y)® Z
FXeY)®Z FX)®(Y®2)

CX®Y‘ZJ( lcx‘y@)z

F(X®Y)® 2) FX® (Y ®Z)).

F(ax,v,z)

A morphism 6 : (F*!, ¢!) — (F?, ¢?) in C! is a natural transformation 6 : F'* — F?
such that the following square commutes for all objects X,Y in C:

C1
(2.39) FI(X)oy —5S FL X QY)

9X®idyl lexcay

FAX)®Y — FA(X ®Y),
X,y

Composition of morphisms is the vertical composition of natural transformations.
The tensor product of objects is given by (F!, c¢') ® (F?, ¢?) = (F1F?,¢) where ¢
is given by a composition

1
Cr2(x),y Fl(c%y)

(2.40) F'FA(X)@Y —25 FHF*(X)®Y) F'F(X®Y)

for all X,Y € C, and the tensor product of morphisms is the composition of natural
transformations. Thus C! is a strict tensor category (the unit object is the identity
functor).

Consider a functor of left multiplication L : C — C! given by

LX) =(X®— ax--), L(f)=({®-).

Note that the diagram ([23])) for L is nothing but the pentagon diagram (22)).
We will show that this functor L is a monoidal equivalence. First of all, note
that any (F, ¢) in C! is isomorphic to L(F(1)).
Let us now show that L is fully faithful. Let 6 : L(X) — L(Y) be a morphism
in C!. Define f : X — Y to be the composition

ret r
(2.41) X xe1 S yel Dy,
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where r is the unit constraint. We claim that for all Z in C one has 7 = f ® idz
(so that # = L(f) and L is full). Indeed, this follows from the commutativity of
the following diagram

ry' Qidz

Xz X% Xel)ez 224 Xe(1eZ) 2224 Xez

(242) f®ile 91®idZJ, 91®Zl QZJ,
Y07 —— Y0182 — Yo(l0Z) — Y& 2,

ry ' Qidz ay,1,z Y®lz
where the rows are the identity morphisms by the triangle axiom (2I0), the left
square commutes by the definition of f, the right square commutes by the naturality
of 0, and the central square commutes since 6 is a morphism in C*.
Next, if L(f) = L(g) for some morphisms f, g in C then f ® id; = g ® idy so
that f = g by the naturality of . So L is faithful. Thus, it is an equivalence.
Finally, we define a monoidal functor structure

¢:1e 5 L(le) and Jyy : L(X)oL(Y) S L(X ®Y)
on Lby ¢ =171 (ide, id) = (1® —, az—,_) and

Ixy =axy_: (X® (Y ®-)),(idx ®ay,_ _caxyeg.-))
l> ((X X Y) ® —, aX®Y,—,—)-

The diagram ([239)) for the latter natural isomorphism is the pentagon diagram in
C. For the functor L the hexagon diagram (2Z23)) in the definition of a monoidal
functor also reduces to the pentagon diagram in C. The square diagrams (2.25)
and ([2:26) reduce to triangles, one of which is the triangle axiom (ZI0) for C and

another is (213)). O

REMARK 2.8.6. The nontrivial nature of Mac Lane’s strictness theorem is
demonstrated by the following instructive example, which shows that even though
a monoidal category is always equivalent to a strict category, it need not be
isomorphic to one. (By definition, an isomorphism of monoidal categories is a
monoidal equivalence which is an isomorphism of categories).

Namely, let C be the category C&(A). If w is cohomologically nontrivial, this
category is clearly not isomorphic to a strict one. However, by Mac Lane’s strictness
theorem, it is equivalent to a strict category Cl.

In fact, in this example a strict category ch monoidally equivalent to C can be
constructed quite explicitly, as follows. Let G be another group with a surjective
homomorphism f : G — G such that the 3-cocycle f*w is cohomologically trivial.
Such G always exists, e.g., a free group (since the cohomology of a free group
in degrees higher than 1 is trivial). Let C' be the category whose objects d, are
labeled by elements of (~¥, Hom(dy,0,) = A if g, h have the same image in G, and
Hom(dy,6,) = 0 otherwise. This category has an obvious tensor product, and a
monoidal structure defined by the 3-cocycle f*w. We have an obvious monoidal
functor F : C! — C defined by the homomorphism f : G — G, and it is an
equivalence, even though not an isomorphism. However, since the cocycle f*w is
cohomologically trivial, the category C! is isomorphic to the same category with the
trivial associativity isomorphism, which is strict.
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REMARK 2.8.7. A category is called skeletal if it has only one object in each
isomorphism class. The axiom of choice implies that any category is equivalent to
a skeletal one. Also, by Mac Lane’s strictness theorem, any monoidal category is
monoidally equivalent to a strict one. However, Remark 2.86shows that a monoidal
category need not be monoidally equivalent to a category which is skeletal and
strict at the same time. Indeed, as we have seen, to make a monoidal category
strict, it may be necessary to add new objects to it (which are isomorphic, but not
equal to already existing ones). In fact, the desire to avoid adding such objects
is the reason why we sometimes use nontrivial associativity isomorphisms, even
though Mac Lane’s strictness theorem tells us we do not have to. This also makes
precise the sense in which the categories Sets, Vec, Vecg, are “more strict” than the
category Vecg: for cohomologically nontrivial w. Namely, the first three categories
are monoidally equivalent to strict skeletal categories Sets, Vec, Vecg, while the
category Vec¢: is not monoidally equivalent to a strict skeletal category.

EXERCISE 2.8.8. Show that any monoidal category C is monoidally equivalent
to a skeletal monoidal category C. Moreover, C can be chosen in such a way that
Ix,rx = idx for all objects X € C.

Hint: without loss of generality one can assume that 1@ X = X ®1 = X
and lx,rx = idx for all objects X € C. Now in every isomorphism class i of
objects of C fix a representative X;, so that X; = 1, and for any two classes i, j
fix an isomorphism p;; : X; ® X; — X;.5, so that p;1 = pi; = idx,. Let C be the
full subcategory of C consisting of the objects X;, with tensor product defined by
X:®X,; = X;.;, and with all the structure transported using the isomorphisms ;.
Then C is the required skeletal category, monoidally equivalent to C.

2.9. The coherence theorem

In a monoidal category, one can form n-fold tensor products of any ordered
sequence of objects X1, ..., X,,. Namely, such a product can be attached to any
parenthesizing of the expression X; ® ... ® X,,, and such products are, in general,
distinct objects of C.

However, for n = 3, the associativity isomorphism gives a canonical identifica-
tion of the two possible parenthesizings, (X1 ® X3) ® X3 and X7 ® (X3 ® X3). An
easy combinatorial argument then shows that one can identify any two parenthe-
sized products of X7, ..., X,,, n > 3, using a chain of associativity isomorphisms.

EXERCISE 2.9.1. Show that the number of ways in which an n-fold product can

be parenthesized is given by the Catalan number n+-1 (2:)

We would like to say that for this reason we can completely ignore parentheses
in computations in any monoidal category, identifying all possible parenthesized
products with each other. But this runs into the following problem: for n > 4 there
may be two or more different chains of associativity isomorphisms connecting two
different parenthesizings, and a priori it is not clear that they provide the same
identification.

Luckily, for n = 4, this is settled by the pentagon axiom, which states exactly
that the two possible identifications are the same. But what about n > 47

This problem is solved by the following theorem of Mac Lane, which is the first
important result in the theory of monoidal categories.
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THEOREM 2.9.2. (Coherence Theorem) Let X1,...,X, € C. Let Py, P5 be any
two parenthesized products of X1, ..., X, (in this order) with arbitrary insertions of
the unit object 1. Let f,g : Pi — Py be two isomorphisms, obtained by compos-
ing associativity and unit isomorphisms and their inverses possibly tensored with
identity morphisms. Then f = g.

PROOF. We derive this theorem as a corollary of the Mac Lane’s strictness
Theorem Let L : C — C' be a monoidal equivalence between C and a strict
monoidal category C’. Consider a diagram in C representing f and ¢ and apply
L to it. Over each arrow of the resulting diagram representing an associativity
isomorphism, let us build a rectangle as in ([223)), and do similarly for the unit
morphisms. This way we obtain a prism one of whose faces consists of identity
maps (associativity and unit isomorphisms in C’) and whose sides are commutative.
Hence, the other face is commutative as well, i.e., f = g. O

REMARK 2.9.3. As we mentioned, Theorem implies that any two paren-
thesized products of X7, ..., X,, with insertions of unit objects are indeed canonically
isomorphic, and thus one can safely identify all of them with each other and ignore
bracketings in calculations in a monoidal category. We will do so from now on,
unless confusion is possible.

2.10. Rigid monoidal categories

Let (C,®,1,a,t) be a monoidal category, and let X be an object of C. In what
follows, we suppress the unit constraints [ and 7.

DEFINITION 2.10.1. An object X™* in C is said to be a left dual of X if there
exist morphisms evy : X*® X — 1 and coevy : 1 - X ® X*, called the evaluation
and coevaluation, such that the compositions

coevy ®idx ax x* X

(2.43) X X OUX, (v @ X)X DN ¥ g (Xt @ X) DX O, v

—1
Axx x,x*

(2.44) X+ Mm@ yw o (X @ X*) DN (X g X) @ X SX D p
are the identity morphisms.

DEFINITION 2.10.2. An object *X in C is said to be a right dual of X if there
exist morphisms evy : X ® *X — 1 and coevy : 1 — *X ® X such that the
compositions

1 ]
Ax *x, X evly ®idx

(245) X OOV ¥ @ (X @ X) XN (X @t X)® X

coevly ®id«x

X,

ax X, X * X ) id«x Qevly
—n

(2.46) *X (X @X)@*X LS55 X o (X0 X X

are the identity morphisms.

REMARK 2.10.3. It is obvious that if X™* is a left dual of an object X then
X is a right dual of X* with evly. = evx and coev’y. = coevyx, and vice versa.
Therefore, *(X*) = X = (*X)* for any object X admitting left and right duals.
Also, in any monoidal category, 1* = *1 = 1 with the evaluation and coevaluation
morphisms ¢ and ¢~!. Also note that changing the order of tensor product switches
left duals and right duals, so to any statement about right duals there corresponds
a symmetric statement about left duals.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



2.10. RIGID MONOIDAL CATEGORIES 41

EXERCISE 2.10.4. Let C be a category and End(C) be the monoidal category
of endofunctors of C. Show that a left (respectively, right) dual of F' € End(C) is
the same thing as a functor left (respectively, right) adjoint to F'. This justifies our
terminology.

PROPOSITION 2.10.5. If X € C has a left (respectively, right) dual object, then
it is unique up to a unique isomorphism.

PrOOF. Let X7, X5 be two left duals of X. Denote by e, c1, ez, ca the cor-
responding evaluation and coevaluation morphisms. Then we have a morphism
o X{ — X5 defined as the composition

—1

idy* ®c [« *
x;® X¥.X,X3

2
X (X®X35)

* * * 61®idxg *
Xy XieX)®X; — X5
Similarly, one defines a morphism 8 : X3 — X;. We claim that S o« and avo 3
are the identity morphisms, so « is an isomorphism. Indeed, consider the following
diagram:

X3 e X;@X®X;

id ®ch id ®c2®idl \

XioX0X; ———— X0 X0 X;0 X0 Xf .———— X ® X © X{
i c1 i ea®i

61®idJ{ €1®idl lel@id

X3 X5 0 X ® XY X7.

id ®cq es®id

Here we suppress the associativity constraints. It is clear that the three small
squares commute. The triangle in the upper right corner commutes by axiom (2.43))
applied to X5. Hence, the perimeter of the diagram commutes. The composition
through the top row is the identity by (Z44) applied to Xj. The composition
through the bottom row is o« and so 8o« = idx:. The proof of v o 3 =idx; is
completely similar.

Moreover, it is easy to check that « : X7 — X3 is the only isomorphism which
preserves the evaluation and coevaluation morphisms. This proves the proposition
for left duals. The proof for right duals is similar. |

If X, Y are objects in C which have left duals X*,Y* and f : X — Y is a
morphism, one defines the left dual f*:Y* — X* of f by

—1
By * X, x*

framyr RO, v g (X @ XY) Y (Ve X) @ X*

(2.47)
(idy* Qf)®id x =

(V' oY) @ X+ 28, ys
Similarly, if X, Y are objects in C which have right duals *X,*Y and f : X - Y
is a morphism one defines the right dual *f : *Y — *X of f by

coev’y ®idxy axx X *y

=Y FXeX)®*Y X (X®'Y)
(248) id id id ’
xBTSV, v x @ (v @ 1Y) LIy
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EXERCISE 2.10.6. Let C, D be monoidal categories. Suppose F' = (F, J, ) is a
monoidal functor, F': C — D. Let X be an object in C with a left dual X*. Prove
that F'(X™) is a left dual of F'(X) with the evaluation and coevaluation given by

F(er) -1

vy ¢ F(XT) @ F(X) 5% P(X* @ X) P £,

—1
F(coevx)

Iy x*
coevp(xy 15 F(1) —5 F(X ® X*) =25 F(X)® F(X").
State and prove a similar result for right duals.

EXERCISE 2.10.7. Let C be a monoidal category, let U, V, W be objects in C,
and let f:V — W, g:U — V be morphisms in C. Prove that
(a) If U, V, W have left (respectively, right) duals then (f o g)* = ¢g* o f*

(respectively, *(fog) =*go™*f).
(b) If U, V have left (respectively, right) duals then U ® V has a left dual
V* @ U* (respectively, right dual *V @ *U).

PROPOSITION 2.10.8. Let C be a monoidal category and let V be an object in

C.

(a) If V has a left dual V* then there are natural adjunction isomorphisms
(2.49) Home(U®V, W) = Homc(U, W @ V*),
(2.50) Home(V*@ U, W) = Home(U, V@ W).

(b) If V has a right dual *V then there are natural adjunction isomorphisms
(2.51) Home (U @ *V, W) = Home(U, W @ V),
(2.52) Home(V @ U, W) = Home(U, *V @ W).

PROOF. An isomorphism in (2:49)) is given by f — (f ® idy+) o (idy ® coevy )
and has the inverse g — (idy ® evy ) o (¢ ® idy). Other isomorphisms are similar
and are left to the reader as an exercise. (]

REMARK 2.10.9. Proposition 2108 says, in particular, that when a left (re-
spectively, right) dual of V exists, then the functor V* @ — is the left adjoint of
V ® — (respectively, — ® V* is the right adjoint of — @ V).

REMARK 2.10.10. Proposition 2-T0.8 provides another proof of Proposition
Namely, setting U = 1 and V = X in (250), we obtain a natural
isomorphism Home(X™*, W) = Home(1, X ® W) for any left dual X* of X.
Hence, if Y7, Ys are two such duals then there is a natural isomorphism
Hom¢ (Y1, W) = Home(Ya, W), whence there is a canonical isomorphism Y7 2 Y5
by the Yoneda Lemma. The proof for right duals is similar.

DEFINITION 2.10.11. An object in a monoidal category is called rigid if it has
left and right duals. A monoidal category C is called rigid if every object of C is
rigid.

EXAMPLE 2.10.12. The category Vec of finite dimensional k-vector spaces is
rigid: the right and left dual to a finite dimensional vector space V are its dual
space V*, with the evaluation map evy : V* ® V — k being the contraction,
and the coevaluation map coevy : k — V ® V* being the usual embedding. On
the other hand, the category Vec of all k-vector spaces is not rigid, since for
infinite dimensional spaces there is no coevaluation maps (indeed, suppose that
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2.11. INVERTIBLE OBJECTS AND GR-CATEGORIES 43

c:k -V ®Y is a coevaluation map, and consider the subspace V' of V' spanned
by the first component of ¢(1); this subspace is finite dimensional, and yet the
composition V —- VRY ®V — V| which is supposed to be the identity map, lands
in V' - a contradiction).

EXAMPLE 2.10.13. Let k be a field. The category Rep(G) of finite dimensional
representations of a group G over k is rigid: for a finite dimensional representation
V, the (left or right) dual representation V* is the usual dual space (with the
evaluation and coevaluation maps as in Example ZT0.12), and with the G-action
given by py«(g9) = (pv(g)~1)*. Similarly, the category Rep(g) of finite dimensional
representations of a Lie algebra g is rigid, with py+(a) = —pv(a)*.

EXAMPLE 2.10.14. The category Vecq (see Example 2236 is rigid if and only
if the monoid G is a group; namely, d; = *d, = d,-1 (with the obvious structure
maps). More generally, for any group G and 3-cocycle w € Z3(G, k*), the category
Vecs, is rigid. Namely, assume for simplicity that the cocycle w is normalized (as
we know, we can do so without loss of generality). Then we can define duality as
above, and normalize the coevaluation morphisms of d, to be the identities. The
evaluation morphisms will then be defined by the formula evs, = w(g, g~', g) ids.

It follows from Proposition that in a monoidal category C with left (re-
spectively, right) duals, one can define a contravariant left (respectively, right)
duality functor by

X=X f=f:C=>C
(respectively, by X — *X, f — *f) for every object X and morphism f in C.
By Exercise [ZI0.7(ii), these are monoidal functors C¥ — C°P, where the monoidal
structure of the opposite category C°P is given in Definition Hence, the func-
tors X — X**, X — **X are monoidal. Also, it follows from Proposition 2.10.8|(a)
that the functors of left and right duality, when they are defined, are fully faithful.

Moreover, it follows from Remark that in a rigid monoidal category, the
functors of left and right duality are mutually quasi-inverse monoidal equivalences
of categories CV = C°P (so for rigid categories, the notions of dual and opposite
category are the same up to equivalence). This implies that the functors X — X**
and X — **X are mutually quasi-inverse monoidal autoequivalences. We will see
later in Example[[.19.5]that these autoequivalences may be nontrivial; in particular,
it is possible that objects V* and *V are not isomorphic.

EXERCISE 2.10.15. Show that if C,D are rigid monoidal categories,
Fy, F5 : C — D are monoidal functors, and n : F; — F5 is a morphism of monoidal
functors, then 7 is an isomorphism (as we have seen in Remark 2256 this is false
for non-rigid categories).

EXERCISE 2.10.16. Let A be an algebra. Show that M € A—bimod has a
left (respectively, right) dual if and only if it is finitely generated projective when
considered as a left (respectively, right) A-module. Similarly, if A is commutative,
M € A—mod has left and right duals if and only if it is finitely generated projective.

2.11. Invertible objects and Gr-categories
Let C be a rigid monoidal category.

DEFINITION 2.11.1. An object X in C is invertible if evy : X* ® X — 1 and
coevy : 1 — X ® X* are isomorphisms.
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44 2. MONOIDAL CATEGORIES

Clearly, this notion categorifies the notion of an invertible element in a monoid.

ExXAMPLE 2.11.2. Let G be a group.

(1) The objects ¢, in Vecg (see Example 2:3.8) are invertible.
(2) The invertible objects in Rep(G) (see Example 234 are precisely the
1-dimensional representations of G.

PRrROPOSITION 2.11.3. Let X be an invertible object in C. Then
(i) *X =2 X* and X* is invertible;
(ii) if Y is another invertible object then X ® Y is invertible.

PRroOOF. Dualizing coevy and evy we get isomorphisms X ® *X = 1 and
*X®X 2 1. Hence *X =2 *X ® X ® X* =2 X*. In any rigid category the
evaluation and coevaluation morphisms for *X can be defined by ev«x := * coevy
and coev:x := *evy, so *X is invertible. The second statement follows from the
fact that evxgy can be defined as a composition of evx and evy, and similarly
coevxgy can be defined as a composition of coevy and coevy. O

Proposition ZI1.3] implies that invertible objects of C form a monoidal subca-
tegory Inv(C) of C.

DEFINITION 2.11.4. A Gr-category, or a categorical group, is a rigid monoidal
category in which every object is invertible and all morphisms are isomorphisms.

The second condition of Definition2Z I T Almeans that a Gr-category is a groupoid.
In fact, it is precisely a group object in the category of groupoids.
The next theorem provides a classification of Gr-categories.

THEOREM 2.11.5. Monoidal equivalence classes of Gr-categories are in bijection
with triples (G, A, w), where G is a group, A is a G-module, and w is an orbit in

H3(G, A) under the action of Out(G).

PrROOF. We may assume that a Gr-category C is skeletal, i.e., there is only one
object in each isomorphism class, and objects form a group G. Also, by Proposi-
tion 2Z:2710] Endc (1) is an abelian group; let us denote it by A. Then for any g € G
we can identify End¢(g) with A, by sending f € Ende(g) to f®id,-1 € Ende(1) = A.
Then we have an action of G on A by

a € End¢(1) — g(a) :=id, ®a € End¢(g).

Let us now consider the associativity isomorphism. It is defined by a function
w:G X G x G— A. The pentagon relation gives

(2.53) w(g192,93,94)w(91, 92, 9391) = w(g1, 92, 93)w (91,9293, 94)91(w (g2, 93, 94)),

for all g1, 92,93,94 € G, which means that w is a 3-cocycle of G with coeflicients
in the (in general, nontrivial) G-module A. We see that any such 3-cocycle defines
a rigid monoidal category, which we call C&(A). The analysis of monoidal equiva-
lences between such categories is similar to the case when A is a trivial G-module
and yields that for a given group G and G-module A, equivalence classes of C&(A)
are parametrized by H?(G, A)/ Out(G). O
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2.12. 2-categories

The notion of a 2-category extends the notion of a category, in the sense that
in a 2-category one has in addition to objects and morphisms between them, also
“morphisms between morphisms”. Here is the formal definition.

DEFINITION 2.12.1. A strict 2-category C consists of objects A, B, ..., l-mor-
phisms between objects f : A — B,... and 2-morphisms « : f = g¢,... between
1-morphisms f,g: A — B such that the following axioms are satisfied:

(1) The objects together with the 1-morphisms form a category C. The com-
position of 1-morphisms is denoted by o.

(2) For any fixed pair of objects (A, B), the 1-morphisms from A to B together
with the 2-morphisms between them form a category C(A, B). The unital
associative composition (along 1-morphisms) -« : f = h of two 2-
morphisms « : f = g, f: g = h is called the vertical composition

f

A———B.

N

h

f

The identities are denoted by idy : f = f; A {id;  _B.
\_/
f
(3) There is a unital associative horizontal composition (along objects)
Boa:hof = iog of 2-morphisms o : f = g, 8 : h = i, where
f,g:A— Band h,i: B— C:

f h hof

A/FB@—@C.

~_ '

g i 109

ida
The identities are idiq, : idg = ida; A l} ida, ~A.
\_/f
ida
(4) For any triple of objects (A, B,C), l-morphisms f,g,h : A — B and
i,7,k : B — C, and 2-morphisms a : f = g, 8:9 = h, v :1 = 7,
d:7=k,wehave (dof) - (yoa)= (0 7)o (B a) (“interchange law”).
(5) The horizontal composition preserves vertical units, i.e., for any objects
A, B,C, and 1-morphisms f : A = B,i: B = C, we have id; oidf = id;o¢.

DEFINITION 2.12.2. A 2-category C consists of the same data as a strict 2-
category C, except that the composition of 1-morphisms is required to be unital
associative only up to associativity and unital constraints. Namely, there exist
natural families of invertible 2-morphisms

aggn:ho(gof)=(hog)of, A\f: foida= f, py:idpof = f,
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satisfying the pentagon aziom

Qf g ioh - Qgof,h,i = (idi 0Qn,g.f) - Qf hogi * (Qg,n,i ©idy)

and the triangle axiom
(idias ©Af) - Qfidp,g = proidy .

REMARK 2.12.3. The objects, 1-morphisms and 2-morphisms are called in some
texts, 0-cells, 1-cells and 2-cells, respectively.

EXAMPLE 2.12.4. ( The 2-category of categories) The objects are categories,
the 1-morphisms are functors between categories, and the 2-morphisms are natural
transformations between functors. The horizontal composition of natural transfor-
mations is the so called Godement product.

EXAMPLE 2.12.5. (Rings and bimodules) Rings are the objects, bimodules are
the 1-morphisms, and homomorphisms between bimodules are the 2-morphisms.

EXAMPLE 2.12.6. Recall that the notion of a monoid is a special case of the
notion of a category; namely, a monoid is the same thing as a category with one ob-
ject (the morphisms of this category are the elements of the corresponding monoid).
Similarly, the notion of a monoidal category is a special case of the notion of a 2-
category [Mac2]: a monoidal category is the same thing as a 2-category with one
object. Namely, the 1-morphisms and 2-morphisms of such a 2-category are the
objects and morphisms of the corresponding monoidal category, and composition
of 1-morphisms is the tensor product functor.

Below we will see other examples of 2-categories: a multitensor category (see
Remark [377) and the 2-category of module categories over a multitensor category

(see Remark [[T2.15]).

2.13. Bibliographical notes

2.1.-2.2. Monoidal categories were introduced by Bénabou [Benl] as “catego-
ries with multiplication”. The pentagon and triangle axioms (2Z2]) and (Z.I0) were
introduced by Mac Lane [Macl|. Definition [ZT1] (with unit being an idempotent
that can be cancelled) and Proposition [ZZZ10 appeared in the paper [Sa] by Saave-
dra Rivano. Note that Proposition 2.2.10] is a categorical version of the famous
Eckmann-Hilton argument. Proposition 2:2.4] is due to Kelly [Ke].

2.3. Categories of tangles considered in Example [Z3.14] were introduced by
Turaev [Tu2] and Yetter [Ye2]. These categories are important for applications to
low-dimensional topology. A detailed description of such categories can be found
in books by Kassel, Turaev, and Bakalov-Kirillov [Kas), [Tu4, BakK].

2.4-2.6. For a discussion of monoidal functors, see e.g. the papers by Joyal and
Street [JoyS5|] and Miiger [Mu6].

2.7. For a discussion of equivariantization, see e.g. [DrGNOZ2].

2.8-2.9. The proof of the Mac Lane strictness Theorem presented here
is given by Joyal and Street |[JoyS5]. The coherence Theorem is due to
Mac Lane [Macl]. Remark 2:87is due to Kuperberg [Kul.

2.10. The notions of duality and of a rigid monoidal category appeared inde-
pendently in many classical works, in particular in the papers by Saavedra Rivano
[Sa] and Kelly [Ke|. A convenient way to do computations involving duality, e.g.,
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in the proof of Proposition [ZI0.8) is via the graphical calculus (see, e.g., Kassel’s
book [Kas Chapter XIV]).

2.11. Definition ZIT4] of a Gr-category goes back to Sinh [Sin]. Gr-categories
are also known as “2-groups”. A theorem of Verdier establishes an equivalence
between the category of Gr-categories (with monoidal functors as morphisms) and
the category of crossed modules, see the paper by Barrett and Mackaay [BarM] for
definition and discussion.

2.12. Good references for the theory of 2-categories are the books of Mac Lane
[Mac2| and Lenster [Le].
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CHAPTER 3
Z . -rings

3.1. Definition of a Z,-ring
Let Z, denote the semi-ring of non-negative integers.

DEFINITION 3.1.1. Let A be a ring which is free as a Z-module.
(i) A Z, -basis of Ais a basis B = {b; }scs such that bib; = >, ; cF;by., where
k
cij S Z+.
(ii) A Z4-ring is a ring with a fixed Z-basis and with identity 1 which is a
non-negative linear combination of the basis elements.
(iii) A wnital Z-ring is a Z,-ring such that 1 is a basis element.

REMARK 3.1.2. Every Z,-ring is assumed to have an identity, but according
to our terminology a Z-ring is not necessarily unital.

Let A be a Z,-ring, and let Iy be the set of ¢ € I such that b; occurs in the
decomposition of 1. Let 7: A — Z denote the group homomorphism defined by

(1 iel
(3.1) T(b”>_{ 0 if igl.

DEFINITION 3.1.3. A Z,-ring A with basis {b; };cr is called a based ring if there
exists an involution ¢ — ¢* of I such that the induced map

a = Zalbl —at = Zaibi*, a; € Z,
iel il
is an anti-involution of the ring A, and

1 i a=g7
PROPOSITION 3.1.4. In any based ring one has 1 = ZiEIo b;.

Proor. We have 1 = Zz‘elo a;b;, a; > 0. Hence 1 = Zielo a;by. Thus, for
Jj€elp
a; =7(b;(> b)) =7(b; - 1) = 7(b;) = 1,
i€l
as desired. [l

EXERCISE 3.1.5. (i) Show that in a Z,-ring, i,j € Iy, ¢ # j implies that
bf = b;, bib; = 0, and in a based ring ¢* = 1 for ¢ € Ij.

(ii) Show that for a given Z-ring A, being a (unital) based ring is a property,
not an additional structure.

PROPOSITION 3.1.6. In any based ring, the number ci?j* 1s invariant under cyclic
permutations of 1, j, k.

49
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50 3. Z4-RINGS

PROOF. It is easy to see that cfj* = 7(b;ib;by), and 7(zy) = 7(yx). Thus, cfj* is
cyclically symmetric.

DEFINITION 3.1.7. A multifusion ring is a based ring of finite rank. A fusion
ring is a unital based ring of finite rank.

PROPOSITION 3.1.8. Let A be a multifusion ring with basis {b;}. Then for any
x € A, the element Z(x) := ), bjxb} is central in A.

PRrROOF. It suffices to show that in A ® A,
(3.3) > bibi@b; =Y b @ bby, for all k € I;
i€l il
then

biZ(z) = Z bbb = Z bbby = Z(x)by.
el i€l
We compute

Z brb; ® b: = Z Czibr ® br
= ) dub @b

> b @biby,

where the equality c}, = cf; i is established in Proposition B.1.6l This implies the
proposition. O

ExAMPLE 3.1.9. Here are some examples of Z-rings.

(i) The ring of matrices Mat,(Z) is a multifusion ring, with the basis con-
sisting of the elementary matrices E;; (i.e., I is the set of pairs (i, ),
1,7 = 1,...,n), and * being the transposition. The set I is the set of
diagonal pairs (4,7). This ring is not a fusion ring unless n = 1 (since
[Lo| =n).

(ii) If G is a group, then the group ring ZG is a unital based ring, with the
basis of group elements, and g* = ¢! for g € G. This is a fusion ring if
G is finite.

(iii) The center C'(Z@G) for a finite group G is a unital Z,-ring, with basis
consisting of the sums of group elements over conjugacy classes C of G,
be = quc g. This ring admits an involution induced by g* = ¢!, but
is not a based (or fusion) ring for a nonabelian G, since 7(bcbe-1) = |C],
which may be > 1.

(iv) The ring Rg of complex representations of a finite group G, with basis of
irreducible representations, is a commutative fusion ring (the involution
* is the operation of taking the dual representation). For example, if G
is abelian, then Rg = ZG", where GV is the character group of G. If
G = S3, the symmetric group on 3 letters, then Rg has basis 1, x, V with
relations

XV=Vx=V,\*=1V=14+x+V

and the involution * being the identity map.
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(v) The ring of real representations of a finite group G is a unital Z -ring
with involution, but it is not a fusion ring, since for a real irreducible
representation V', V' ® V* may contain more than one copy of the trivial
representation (e.g., take V' to be the defining 2-dimensional representa-
tion of the group Z/3Z of rotations of an equilateral triangl). The same
happens over any field of characteristic zero which is not algebraically
closed. Also, the representation ring over an algebraically closed field of
positive characteristic is not, in general, a fusion ring, for essentially the
same reason. For example, if V' is the 2-dimensional irreducible represen-
tation of S in characteristic 2 then V' ® V* contains in its composition
series two copies of the trivial representation (since in characteristic 2, the
trivial representation is indistinguishable from the sign representation).

(vi) Let G be a compact Lie group or a reductive complex algebraic group.
Then the ring Rg of representations of G is a unital based ring (which
is not a fusion ring if G is infinite). For example, if G = SU(2) or
G = SL(2,C), then Rg has * = id and basis V; for ¢ € Z, with

min(%,5)

(3.4) ViV = Z Vigj—at-
1=0

Formula (34)) is called the Clebsch-Gordan rule.

(vii) The Yang-Lee fusion ring has two basis elements 1 and X with the mul-
tiplication rule X2 = 1 + X and the identity involution. It appears as a
subring of the Verlinde fusion ring, see Example

(viii) The Ising fusion ring has 3 basis elements 1, x, V with the multiplication
rules

'=1, xV=Vx=V, V’=1+y
and the identity involution. It arises in the Ising model of statistical
mechanics. It is a special case of the Tambara-Yamagami fusion ring, see
Example

3.2. The Frobenius-Perron theorem

The following classical theorem from linear algebra [Gantl, XIII.2] plays a cru-
cial role in the theory of tensor categories.

THEOREM 3.2.1. (Frobenius-Perron) Let B be a square matriz with non-nega-
tive real entries.

(1) B has a non-negative real eigenvalue. The largest non-negative real eigen-
value A\(B) of B dominates the absolute values of all other eigenvalues p
of B: |u] < A(B) (in other words, the spectral radius of B is an eigen-
value). Moreover, there is an eigenvector of B with non-negative entries
and eigenvalue \(B).

(2) If B has strictly positive entries then A(B) is a simple positive eigenvalue,
and the corresponding eigenvector can be normalized to have strictly pos-
itive entries. Moreover, |u| < MN(B) for any other eigenvalue pu of B.

(3) If a matriz B with non-negative entries has an eigenvector v with strictly
positive entries, then the corresponding eigenvalue is A\(B).

T However, this ring, as well as the ring C'(ZG) for a finite G, are weak fusion rings, see Section

B3
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PROOF. Let B be an n-by-n matrix with non-negative entries. Let us first
show that B has a non-negative real eigenvalue and that there is an eigenvector
with non-negative real entries corresponding to this eigenvalue.

If B has an eigenvector v with non-negative entries and eigenvalue 0, then
there is nothing to prove. Otherwise, let ¥ be the set of column vectors x € R"”
with non-negative entries z;, i = 1,...,n, and s(x) := > .1 | #; equal to 1 (this is
a simplex). Define a continuous map

Bx
s(Bx)’

This is well defined because s(Bx) > 0 for every x € ¥ (as we have assumed that
B does not have a null vector with non-negative entries). By the Brouwer fixed
point theorem, this map has a fixed point. For any fixed point e we have Be = ve,
where v > 0, as desired.

Now let A = A(B) be the maximal non-negative eigenvalue of B for which
there is an eigenvector with non-negative entries. Let us denote this eigenvector by
f= (fl,--'afn)'

Now let us prove (2). Assume that B has strictly positive entries. Then Bf = Af
has strictly positive entries, so f must have strictly positive entries as well, and
A>0. Ifd = (dy,...,d,) is another real eigenvector of B with eigenvalue A, let
z be the smallest of the numbers d;/f;, i = 1,...,n. Then the vector v =d — 2f
satisfies Bv = Av, has non-negative entries, and at least one of its entries is equal
to zero. Hence v = 0 and A is a simple eigenvalue.

Now lety = (y1,...,yn) € C" be arow vector. Define the norm |y| := > |y;|f;.

Then
lyB| = E | E Yyibij|fj < E lyilbij f; = Alyl,
i i

and the equality holds if and only if all the complex numbers y; which are nonzero
have the same argument. So if yB = puy, then |u| < A, and if |u| = A then all y;
which are nonzero have the same argument, so we can renormalize y to have non-
negative entries. This implies that g = A. Thus, (2) is proved (since eigenvalues of
B coincide with eigenvalues of BT).

Now let us return to the general case (B has non-negative entries), and finish
the proof of (1) (i.e., prove that the spectral radius p(B) of B equals A\(B)). To do
so, let By be a sequence of matrices with strictly positive entries that converges to
B (for instance, By = B+ =1, where I is the matrix consisting of ones). Since the
spectral radius is a continuous function of the matrix, we see that p(Bn) — p(B)
as N — oo. Also, p(By) = M(By) for all N by (2). Hence, p(B) is an eigenvalue
of B, and there is an eigenvector of B with non-negative entries for this eigenvalue.
This implies that p(B) = A(B), hence (1).

Assume that B has a row eigenvector y with strictly positive entries and eigen-
value . Then

fB: X=X x—

pyf = yBf = \yf,
which implies 1 = ), as yf # 0. This implies (3) (for the matrix BT), since by (1),
A(B) = \(BT). O
3.3. The Frobenius-Perron dimensions

Let A be a Z,-ring with Z-basis I.
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DEerFINITION 3.3.1. We will say that A is transitive if for any X,Z € I there
exist Y7, Y5 € I such that XY7 and Y5 X contain Z with a nonzero coefficient.

EXERCISE 3.3.2. Show that any unital based ring is transitive. (Take Y7 to be
a suitable summand of X*Z and Y5 to be a suitable summand of ZX*).

Let A be a transitive unital Z-ring of finite rank. Define a group homomor-
phism FPdim : A — C as follows. For X € I, let FPdim(X) be the maximal
non-negative eigenvalue of the matrix of left multiplication by X. It exists by
the Frobenius-Perron theorem, since this matrix has non-negative entries. Let us
extend FPdim from the basis I to A by additivity.

DEFINITION 3.3.3. The function FPdim is called the Frobenius-Perron dimen-
sion.

PROPOSITION 3.3.4. Let X € I.

(1) The number a = FPdim(X) is an algebraic integer, and for any algebraic
conjugate & of o we have a > |o/|.

(2) FPdim(X) > 1.

PROOF. (1) Note that « is an eigenvalue of the integer matrix Nx of left
multiplication by X, hence « is an algebraic integer. The number o’ is a root of
the characteristic polynomial of Nx, so it is also an eigenvalue of Nx. Thus by the
Frobenius-Perron theorem o > |&/].

(2) Let r be the number of algebraic conjugates of «. Then a” > |N(«)| where
N(a) is the norm of a. This implies the statement since |N(a)| > 1. O

REMARK 3.3.5. Thus, the Frobenius-Perron dimensions of all elements of A
are algebraic integers.

PROPOSITION 3.3.6. (1) The function FPdim : A — C is a ring homo-
morphism.

(2) There exists a unique, up to scaling, nonzero element R € Ac := A®zC
such that XR = FPdim(X)R for all X € A, and it satisfies the equality
RY = FPdim(Y)R for allY € A. After an appropriate normalization this
element has positive coefficients, and thus FPdim(R) > 0.

(3) FPdim is the unique character of A which takes non-negative values on I,
and these values are actually strictly positive.

(4) If X € A has non-negative coefficients with respect to the basis of A, then
FPdim(X) is the largest non-negative eigenvalue A\(Nx) of the matriz Nx
of multiplication by X .

REMARK 3.3.7. Note that in Proposition 3.3.6] the condition that A is unital
cannot be removed. E.g., A = Mat,,(Z) with basis of elementary matrices {E;;}
does not admit any homomorphisms to C for n > 2.

ProOF. Consider the matrix M of right multiplication by 3 y.; X in A in the
basis I. By transitivity, this matrix has strictly positive entries, so by Theorem
B2 part (2), it has a unique, up to scaling, eigenvector R € A¢ with eigenvalue
A(M) (the maximal positive eigenvalue of M). Furthermore, this eigenvector can
be normalized to have strictly positive entries.

Since R is unique, it satisfies the equation XR = d(X)R for some function
d: A — C. Indeed, XR is also an eigenvector of M with eigenvalue A(M), so it
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must be proportional to R. Furthermore, it is clear that d is a character of A. Since
R has positive entries, d(X) = FPdim(X) for X € I. This implies (1). We also see
that FPdim(X) > 0 for X € I (as R has strictly positive coefficients), and hence
FPdim(R) > 0.

Now, by transitivity, R is the unique, up to scaling, solution of the system
of linear equations XR = FPdim(X)R (as the matrix N of left multiplication by
> xer X also has positive entries). Hence, for any Y € A, RY = d'(Y)R for some
number d'(Y) (as both RY and R are solutions of the above system of equations).
Moreover, it is clear that the assignment Y — d’(Y') is a character. Applying FPdim
to both sides of the equation RY = d'(Y)R and using that FPdim(R) > 0, we find
d' = FPdim, proving (2).

If x is another character of A taking nonnegative values on I, then the vector
with entries x(Y), Y € I is an eigenvector of the matrix N of left multiplication
by the element )y .; X. Because of transitivity of A the matrix N has positive
entries. By the Frobenius-Perron theorem there exists a positive number A such
that x(Y) = AFPdim(Y"). Since x is a character, A = 1, which completes the proof.

Finally, part (4) follows from part (2) and the Frobenius-Perron theorem (part
(3))- O

DEFINITION 3.3.8. An element R € A®zR as in Proposition B.3.6] will be called
a regqular element of A.

The terminology of Definition B.3.8 will be justified in Example

PROPOSITION 3.3.9. Let A be as above and x : I — I be a bijection which
extends to an anti-automorphism of A. Then FPdim is invariant under x.

PrROOF. Let X € I. Then the matrix of right multiplication by X* is the
transpose of the matrix of left multiplication by X modified by the permutation .
Thus the required statement follows from Proposition B:3.6(2). O

COROLLARY 3.3.10. Let A be a fusion ring and let X be a basis element of A.
If FPdim(X) =1 then XX* = X*X = 1.

PROOF. It is sufficient to show that X X* = 1. This follows from the facts that
1 is contained in the decomposition of X X* and

FPdim(X X*) = FPdim(X) FPdim(X™*) = 1. O

Note that an element R in Proposition[3.3.6lis only defined up to normalization
(i.e., up to multiplication by a positive real number). However, if A is a fusion ring,
there is a certain specific normalization which is preferable.

ProprosiTION 3.3.11. If A is a fusion ring then the element

R=)_ FPdim(Y)Y
Yel

s a reqular element.
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ProoF. Using Proposition B.1.6l and Proposition B.3.9, we have

XR =Y FPdim(Y)XY = 3 FPdim(Y)c%yZ = 3 FPdim(Y)cy. 2
Y,Z Y. Z

Y
= FPdim(Y)ck.,Z =Y FPdim(X*2)Z
Y,Z Z
= FPdim(X*)(} _ FPdim(2)Z) = FPdim(X)R. 0
zZ

DEFINITION 3.3.12. The element R normalized as in Proposition BT (i.e., so
that the coefficient of 1 € I is 1) is called the canonical regular element of A. The
number FPdim(R) = Y ., FPdim(X)? is called the Frobenius-Perron dimension
of A and will be denoted by FPdim(A).

Note that FPdim(A) is an algebraic integer. Moreover, FPdim(A4) —1 is totally?
non-negative since FPdim(A) — 1 = FPdim(3>_yc; xz XX ), and the matrix of
multiplication by >y 1,x41 XX is symmetric and non-negative definite, so all its
eigenvalues are non-negative.

Now let Ay, Ao be transitive unital Z-rings of finite rank with Z,-bases I, I>.

ProroSITION 3.3.13. Let f : Ay — Ag be a unital homomorphism, whose
matriz in the bases I1, Io has non-negative entries. Then

(1) f preserves Frobenius-Perron dimensions.

(2) Suppose that for any Y in Iy there exists X € Iy such that the coefficient
of Y in f(X) is nonzero. If R is a regular element of Ay then f(R) is a
regular element of As.

(3) If in the situation of (2), Ay, As are fusion rings and Ry, Ry are their
canonical regular elements, then f(Ry) = %RQ. In particular,
FPdim(4;) - o
FPdm(Ay) 'S 0N algebraic integer.

PRrROOF. (1) The function X — FPdim(f(X)) is a character of A; with non-
negative values on the basis. By Proposition B3:6(3), FPdim(f(X)) = FPdim(X)
for all X in 1.

(2) By part (1) we have

(3.5) FOY- X)f(R) =FPdim(f( Y X))f(R).

Xel Xel

But f(3> xc;, X) has strictly positive coefficients in I3, hence f(R) is a regular
element of As,.

(3) The equality f(R1) = %Rg follows from (1), (2) by applying FPdim
FPdim(A,)

to both sides. By taking the coefficient of 1, we see that FPaim(As) is an algebraic
integer. O

We observed in Remark [3.3.5] that the values of Frobenius-Perron dimensions
in a Z,-ring are algebraic integers. Below we show that for fusion rings there are
further strong restrictions. We will need a classical result of Kronecker.

2We say that an algebraic number has some property totally if it does so under any embedding
of algebraic numbers into complex numbers. E.g., we can talk about totally real numbers, totally
non-negative numbers, etc.
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LEMMA 3.3.14. Let g € C* be an algebraic integer such that all its algebraic
conjugates have absolute values < 1. Then q is a oot of unity.

PROOF. Let ¢ denote the degree of the minimal polynomial p € Z[t] of ¢q. Let
q=qi,---,q¢ be the roots of p. For all k =1,2,... let

pr(t) = Hf:l(t - (Jf)

The coefficients of p; are symmetric polynomials on ¢1,...,q; with integer co-
efficients, hence by the Fundamental Theorem on symmetric functions, they are
polynomials with integer coefficients of the coefficients of p = p;. Thus, py € Z]t]
foreach Kk =1,2,....

Observe that the set of integral monic polynomials of degree ¢ having all their
roots inside the unit disk is finite (indeed, the absolute values of coefficients of such
polynomials are bounded by max,—i . ¢ (f;)) Thus, for each 4, the sequence ¢F,
k > 1, takes finitely many values. This implies that each g; is a root of unity. 0O

Recall that for a square matrix B with non-negative real entries its largest
non-negative real eigenvalue is denoted by A(B).

PROPOSITION 3.3.15. (Kronecker) Let B be a matriz with non-negative integer
entries, such that \(BBT) = X\(B)?2. If A\(B) < 2 then \(B) = 2cos(w/n) for some
mnteger n > 2.

PROOF. Let A\(B) = ¢+ ¢~ !. Since the ring of algebraic integers is integrally
closed, ¢ is an algebraic integer. Also, |g| = 1 since A(B) is real. Moreover, all
conjugates of A\(B)? are non-negative (since they are eigenvalues of the matrix
BBT | which is symmetric and non-negative definite), so all conjugates of \(B) are
real. Thus, if g, is a conjugate of ¢ then g, + ¢; ! is real with absolute value < 2
(by the Frobenius-Perron theorem), so |¢.| = 1. By Lemma B3T4] ¢ is a root of
unity: g = e2™*/™ where k and m are coprime. By the Frobenius-Perron theorem,
k = +1, and m is even (indeed, if m = 2p + 1 is odd then |¢? + ¢~ P| > |q + ¢ 1|).
So g = e™/™ for some integer n > 2, and we are done. O

COROLLARY 3.3.16. Let A be a fusion ring, and X € A a basis element. Then
if FPdim(X) < 2 then FPdim(X) = 2cos(w/n), for some integer n > 3.

PROOF. This follows from Proposition B:3.15] since FPdim(X X*)=FPdim(X)2.
O

3.4. Z,-modules

DEFINITION 3.4.1. Let A be a Z,-ring with basis {b;}. A Z-module over A is
an A-module M with a fixed Z-basis {m;};cr, such that all the structure constants
al (defined by the equality b;m; = Y, akmy,) are non-negative integers.

The direct sum of Z-modules is also a Z-module whose basis is the union of
the bases of the summands. We say that a Z;-module is indecomposable if it is not
isomorphic to a nontrivial direct sum of Z-modules.

DEFINITION 3.4.2. A Z,-module M over a Z,-ring A is called irreducible if it
has no proper Z-submodules (in other words, the Z-span of any proper subset of
the basis of M is not an A-submodule).
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EXERCISE 3.4.3. (i) Prove that a Z-module over a based ring is irreducible if
and only if it is indecomposable.

(ii) Give an example of a Z,-module over a Z,-ring which is not irreducible
but is indecomposable.

PRrROPOSITION 3.4.4. Let M be an irreducible Z-module over a fusion ring
A with a Zy-basis {m;}icr,. For each X € A let [X]|ym denote the matriz of the
operator of multiplication by X on M. There exists a unique up to a scalar common
eigenvector m of all matrices [X]|ar, X € A, which has strictly positive entries. The
corresponding eigenvalue of [X]|a s FPdim(X).

PRrROOF. Consider the following element of A:
Z =Y bibb;.
i’j

It is easy to check that Z has strictly positive coefficients in the basis {b;}. Also,
by Proposition B.I.8 Z belongs to the center of A.

Define m to be an eigenvector of [Z]|p; with positive entries. This eigenvector
exists and is unique up to a positive scalar by Theorem B2ZT|2). Since Z is in
the center of A, we conclude that m is a common eigenvector of the matrices
[X]|ar- The assertion about the corresponding eigenvalue of [X]|ys follows from
Proposition B.3.6](3). O

DEFINITION 3.4.5. The vector m from Proposition B.4.4] is called a regular
element of M. The coefficients of m in the basis {m;} are called Frobenius-Perron
dimensions of basis elements of M.

Unlike Frobenius-Perron dimensions of elements of A that are unique by Propo-
sition [3.3.6] the Frobenius-Perron dimensions of elements of M are determined only
up to a common positive factor.

PROPOSITION 3.4.6. Let A be a based ring of finite rank over Z. Then there
exists only finitely many irreducible Z-modules over A.

PRrROOF. First of all, it is clear that an irreducible Z;-module M over A is of
finite rank over Z. Let {m;},cr be the basis of M. Let us consider the element
b= e bi of A. Let b2 = > ;. nib; and let N = max;ern; (IV exists since I is
finite). For any I € L let bm; = >, . digmy and let dy := >, .; dip > 0. Let
lo € I be such that d := dj, equals minjey, d;. Let b*my, = EleL cymy. Calculating
b*my, in two ways — as (b%)my, and as b(bmy,), and computing the sum of the
coefficients, we have:

Nd>> ¢ >d
l

and consequently d < N. So there are only finitely many possibilities for | L|, values
of ¢; and consequently for expansions b;m; (since each m; appears in bmy,). The
proposition is proved. (Il

EXERCISE 3.4.7. (a) Classify irreducible Z-modules over ZG (Answer:
such modules are in bijection with subgroups of G up to conjugacy).
(b) Classify irreducible Z-modules over the ring of representations of Ss, see
Example B1.9(v). Consider all the cases: char(k) # 2,3, char(k) = 2,
char(k) = 3.
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(¢) Classify irreducible Z;-modules over the Yang-Lee and Ising based rings
from Example BTO(vii) and (viii).

3.5. Graded based rings
Let A be a unital based ring with a Z-basis B = {b; }ic71.
DEFINITION 3.5.1. Let G be a group. A grading of A by G is a partition
B = Ugeq By

of the basis of A into disjoint subsets such that for all g, h € G and for all basis
elements b; € By and b; € By, the product b;b; is a Z-linear combination of
elements of Bgy,.

Note that if b; € By then b; € B,-1. We will call By the component of B
corresponding to g € G, and By (where 1 denotes the identity element of G) the
trivial component of B. Note that the trivial component includes all basis elements
contained in the decomposition of b;b;+, i € I. In particular, the trivial component
contains b; for all ¢ € Iy.

If A is G-graded, we have a decomposition

A=Ep 4,,
geG

where A, is the Z-span of By, g € G. We will say that A, is the component of A
corresponding to g. The subring A; will be called the trivial component of A.
The grading is called faithful if all the components By, g € G, are nonempty.
Let A be a fusion ring faithfully graded by a finite group G. Let R € A®; C
be the regular element of A (see Definition B3TTl) and let

R=) R,
geG
be its decomposition with respect to the grading. For all g € G set
FPdim(A,) = FPdim(Ry)
and call it the Frobenius-Perron dimension of the component A, of A.

THEOREM 3.5.2. Let A be a fusion ring faithfully graded by a finite group G.
The Frobenius-Perron dimensions of the components Ay are equal for all g € G, so

FPdim(A) = |G| FPdim(A1). In particular, |G| divides FPdim(A).
PROOF. We have RRj, = FPdim(Ry)R = FPdim(A,)R. Taking the gh-compo-

nent of this equation, we find

Rth = FPdIm(Ah)Rgh
Similarly, RyR = FPdim(A,)R, which yields Ry Ry, = FPdim(A4,)Ryn. But Ry # 0,
so we get FPdim(A,) = FPdim(A4;), i.e., FPdim(A,) = FPdim(A4)/|G|. O

PROPOSITION 3.5.3. Let A be a fusion ring with a fusion subring Ay (i.e., a sub-
ring spanned by a *-stable subset of the basis) such that FPdim(A) = 2FPdim(Ay).
Then A has a faithful grading by Z/2Z with the trivial component Ag.
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ProOOF. Write A as a direct sum A = Ay @ A, where A; is a Z;-module
over Ay (such a decomposition exists by Exercise B:43(i)). Let R and Ry be the
regular elements of A and Ay and let Ry be the regular element of A; such that
R = Ry + R;. Note that RyR1 = R1 Ry = FPdIm(Ao)Rl

We have R? = FPdim(A)R. On the other hand,

R? = R2 + RoR1 + R1 Ry + R? = FPdim(Ag) Ry + 2FPdim(Ao) Ry + R3.

Comparing the two expressions and using that FPdim(A) = 2 FPdim(Ay), we obtain
R? = FPdim(Ag)Rp. This means that the product of any pair of simple objects in
A; belongs to Ay, i.e., that A is Z/2Z-graded. |

REMARK 3.5.4. Taking in Proposition B.5.3] A = ZG, where G is a finite group,
one recovers a classical result in group theory: a subgroup of index 2 is normal.

DEFINITION 3.5.5. A fusion ring A is said to be weakly integral if FPdim(A) € Z.
It is called integral if the Frobenius-Perron dimensions of all elements of A are
integers.

Let us analyze the structure of weakly integral fusion rings.

LEMMA 3.5.6. Let A be a fusion ring. Let Xy, Xo, Y be non-negative integral
combinations of basis elements in A such that Y = X1 + Xo. If FPdim(Y") is an
integer then so are FPdim(X1) and FPdim(X3)

PrOOF. The Frobenius-Perron eigenvalue of a non-negative matrix has strictly
largest real part among its algebraic conjugates. Since FPdim(X;)+FPdim(X3) is an
integer, the algebraic numbers FPdim(X;) and FPdim(X5) have both strictly largest
and strictly smallest real parts among their conjugates, hence they are integers. [

PRrROPOSITION 3.5.7. Let A be a weakly integral fusion ring. Then there is
an elementary abelian 2-group E, a set of distinct square free positive integers
ng, x € E, with ng = 1, and a faithful grading A = ®.cg A(ng) such that
FPdim(X) € Z/ng for each X € A(n,). Moreover, the map x + n, is an in-
clusion of E into Q* /(Q*)2.

PROOF. First, let us show that every basis element of A has dimension v N
for some N € Z. Indeed, since FPdim(}_, bib;<) = FPdim(A) is an integer, we
conclude from Lemma 356 that each FPdim(b;b;+) is an integer, whence FPdim(b;)
is a square root of an integer.

Let A(1) C A be the based subring of A generated by all basis elements of
integer dimension. Observe that for each square free n € Z the basis elements of A
whose dimension is in Z+/n generate an A(1)-sub-bimodule A(n) of A. Let

E = {n is square free | A(n) # 0}.

It is clear that for X € A(n) and Y € A(m) their product XY is in A((nm)’) where
I denotes the square free part of [. This defines a commutative group operation on
E and a grading of A by E. Since the order of every e € E is at most two, F is an
elementary abelian 2-group. |

COROLLARY 3.5.8. Let A be a fusion ring of odd Frobenius-Perron dimension.
Then A is integral.

PROOF. This follows from the fact that FPdim(A) = |E|FPdim(A(1)), where
A(1) is integral, and |E| = 2V, for some positive integer N. O
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3.6. The adjoint based subring and universal grading

Let A be a unital based ring with a Z-basis B = {b; }ic7.

DEFINITION 3.6.1. The adjoint subring Ay,q C A is the minimal based subring
of A with the property that b;b] belongs to Aqq for all ¢ € I; ie., Ayq is generated
by all basis elements of A contained in b;b}, i € I.

79
If A is of finite rank (i.e., a fusion ring), let us define J := >, ; bibj (note
that this is a central element of A by Proposition BI§ for 2 = 1). Then A.4
can be alternatively defined as the Z-linear span of basis elements contained in
J'n=0,1,2,....

PROPOSITION 3.6.2. Any one-sided (i.e., left or right) based Agq-submodule
M C A of a based ring A is automatically an Agq-sub-bimodule.

ProoF. It suffices to prove the statement for left modules. We have

bibibie = > cbibie = Y b

r:b,.EbLb; 7r:b,-Ebrb;
(where b, € bib; means that b, occurs in the decomposition of bib;). On the other
hand,
> chgbebis = (O brbye )by
T T
But

i i

E Cr*kbrbi* = E Cr*kbrbi* + Ei;,
7,4 r:b,.Ebrb;

where Ey; is a non-negative linear combination of basis elements. Hence,

() brbpe )by, = bibibi + Exs.

So if by, € M then byb;b;» € M for all 7, as desired. O

Let A be a based ring. We can view A as a based Z-bimodule over A,q4.
As such, it decomposes into a direct sum of indecomposable based A,4-bimodules:
A = @ueq Ag, where G is the index set. This decomposition is unique up to a
permutation of G. We may assume that there is an element 1 € G such that
Ay = Aga- Note that (4,)* = {X* | X € Ay}, a € G, is an indecomposable based
Agq-submodule of A and hence (A,)* = A,~ for some a* € G.

LEMMA 3.6.3. For all x,y € A,, a € G, we have xy* € Ayq.
PrOOF. We may assume that z,y are basis vectors. Observe that

M, = span{X € A, | X is contained in b;, b, ---b;, b; y for some n,iy,..., iy}

21
is a based left A,4-submodule of A,. Since A, is an indecomposable based Agq4-
bimodule, by Exercise B-43(i), it is irreducible, and so it follows from Proposi-
tion that it is in fact irreducible as a based left A,4-module. Thus, M, = A,.
Therefore, z € M,, so x is contained in b;, b7, ...b; b y for some n, iy, ..., i, i.e., zy*

in
is a summand in bilb;»‘l i, b;‘nyy* € Aquq, as required. O

THEOREM 3.6.4. There is a canonical group structure on the index set G with
the multiplication defined by the following property:
(3.6) ab=c if and only if xqxy € Ae,  for all x, € Ay, xp € Ay, a,b,c € G.
The identity of G is 1 and the inverse of a € G is a*.
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PRrROOF. We need to check that the binary operation in ([B.6) is well defined.
Let a,b € G and let x4,y € Aq, Ty, yp € Ap be basis elements of A.

Suppose that the product x,x;, contains a basis element . € A, and the prod-
uct y,yp contains a basis element yq € Ay for ¢ # d. By Lemma [B.6.3] there is a
positive integer n and indices i1, ..., i, such that the element z := x,b;, b, ...b;, b} vz
contains ozpypys = (e%p)(Yayp)*. But by Proposition B.6.2] the left based
Agg-module generated by x, is also a right based A,4-module, which means that
Tqbi, b, ...b;, b7 is a summand in a sum of elements of the form bj, b7 ...b;, b7 g,
and hence z € A;. Therefore, Y := z.y] is in A;. Multiplying both sides of the last
equality by y4 on the right, we conclude that Yy, is in A. N A4, a contradiction.

Thus, z,x, and y,yp both belong to the same component A, and so the binary
operation ([B.0) is well-defined. It is easy to see that it defines a group structure

on G. O

DEFINITION 3.6.5. We will call the grading A = @,cq A, constructed in The-
orem [B.6.4] the universal grading of A. The group G will be called the universal
grading group of A and denoted by U(A).

COROLLARY 3.6.6. Fvery based ring A has a canonical faithful grading by the
group U(A). Any other faithful grading of A by a group G is determined by a
surjective group homomorphism w: U(A) = G.

PROOF. Let A = ®g4cq AY be a faithful grading of A. Since for every basis
element X € A we have XX* € Al it follows that A' contains A,; as a based
subring. Hence, each AY is a based A,gq-submodule of A. This means that every
component A,, a € U(A), of the universal grading A = @,cp(a) Aa of A belongs
to some A™(®) for some well-defined 7(a) € G. Clearly, the map a +— 7(a) is a
surjective homomorphism. O

Let A be a unital based ring. Let A = A, A = A, and A = (A1),
for every integer n > 1.

DEFINITION 3.6.7. The non-increasing sequence of based subrings of A
(3.7) A:A(O)QA(”Q---QA(")Q-~-
will be called the upper central series of A.
DEFINITION 3.6.8. A based ring A is nilpotent if its upper central series con-

verges to Z1; i.e., A = Z1 for some n. The smallest number n for which this
happens is called the nilpotency class of A.

DEFINITION 3.6.9. Suppose that the based ring A is commutative. Let B be
a based subring of A. The commutator of B in A is the based subring B« C A
generated by all basis elements z € A such that za* € B.

Equivalently, B is the biggest based subring A C A such that A,y C B.
Clearly (B®)qq C B C (Bga)®°.
The following Example motivates the terminology used in Definition

EXAMPLE 3.6.10. Let A = Ky(G) be the based ring of characters of a finite
group G. Any based subring B C A is of the form B = Ky(G/N) for some normal
subgroup N of G, and B = Ky(G/[G, N)).

EXERCISE 3.6.11. Show that (B),q C B C (Bgq)® for any based subring
B CA.
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3.7. Complexified Z,-rings and *-algebras

DEFINITION 3.7.1. A x-algebra over C is a C-algebra A with a map x: A — A
which is anti-linear (i.e., such that (Aa)* = Aa* for A € C) and such that
(ab)* = b*a* and a*™* = a for all a,b € A. A positive trace on A is a linear

functional [ : A — C such that I(ab) = l(ba), I(a*) = l(a), and I(aa*) > 0 for a # 0.

EXAMPLE 3.7.2. Let A = Mat,(C). For a € Mat,(C) let a* be the usual
Hermitian conjugate matrix. Define [ : A — C by I(a) := pTr(a), p > 0. Then A is
a #-algebra and [ is a positive trace.

Let Ay,..., A, be x-algebras and A = A1 & ---® A,.. Let l; : A; — C be
a positive trace, ¢ = 1,...,7r. Then the linear functional [ : A — C defined by
l(ay,...,ar) = li(a1) + -+ + I-(a,) is a positive trace on A. In this situation we
write (A, 1) = @;_,(A;, ;). The following proposition is classical.

PROPOSITION 3.7.3. Any finite dimensional x-algebra with a positive trace is
semisimple and isomorphic to @;_,(A;, l;), where each (A;, 1;) is as in Exam-
ple B2

PrOOF. Let End A denote the algebra of linear operators A — A. Equip
End A with the x-algebra structure corresponding to the Hermitian scalar product
(a, b) = l(ab*) on A. The left action of A on itself defines an injective *-homo-
morphism A < End A. Thus A identifies with a *-subalgebra of the algebra of
operators in a finite dimensional Hilbert space. Such an algebra is clearly semisim-
ple since every submodule N of any A-module M has the orthogonal complement
N+ such that M = N @ N+. So the x-algebra A is isomorphic to a product of

matrix algebras Ay, ..., A, equipped with their standard anti-involutions. For each
i€ {l,...,r} the restriction |4, is proportional to the usual matrix trace, and the
coeflicient is positive because [ is. ([l

COROLLARY 3.7.4. Let A be a finite dimensional x-algebra with a positive trace
l.Ife€ A, e? =e, e #0 then l(e) > 0. O

REMARK 3.7.5. Corollary [3.7.4]is not an immediate consequence of the inequal-
ity I(ee*) > 0 because we do not assume that e* = e.

LEMMA 3.7.6. Let A be a finite dimensional x-algebra with a positive trace .
If a € A and l(a™) = 0 for all n € N then a is nilpotent.

PROOF. If a is not nilpotent then there exists a nonzero idempotent e of the
N .
form > A;a® (this can be seen using the Jordan normal form theorem). Then
i=1
l(e) = 0, which contradicts Corollary B.7.4l O

COROLLARY 3.7.7. ([Lus2, 1.2(a)]) For any multifusion ring A the algebra
A ®z C is semisimple.

PROOF. It is clear that A ®z C is a finite dimensional *-algebra with positive
trace being the anti-linear extension of the involution 7 defined in BIl). So the
statement follows from Proposition B.7.3 O
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3.8. Weak based rings

One can define the notion of a weak (unital) based ring, which generalizes
the notion of a (unital) based ring. Namely, the definition of a weak based ring is
obtained from the definition of a based ring by relaxing the condition that 7(b;b;) =
0i;+: instead one requires that 7(b;b;) = d;d;;-, where d; are positive integers. A
weak based ring of finite rank is called a weak multifusion ring, and it is called a
weak fusion ring if it is unital (see [E£G10]).

A basic example of a weak unital based ring is the center ZG of the group
algebra ZG of a finite group G, with basis b; = Y gec: 9 labeled by conjugacy
classes C; of G. In this case, d; = |C;]. Another example is the convolution algebra
Fun(H\G/H,Z) of integer-valued functions on G which are two-sided invariant
under a subgroup H C G, with basis b, = xg, of characteristic functions of double
cosets S; of H in G; in this case d; = |S;|/|H].

Weak based rings enjoy similar properties to usual based rings; in particular, in
the case of finite rank (weak multifusion and weak fusion rings), there is a theory of
Frobenius-Perron dimensions. However, a detailed discussion of weak based rings
is outside of the scope of this book.

EXERCISE 3.8.1. Generalize the results of this chapter on based rings to the
case of weak based rings.

3.9. Bibliographical notes

3.1. The terminology on Z_ -rings is borrowed from the paper by Lusztig [Lus2]
as well as [EtKh| [Os1]. Such rings (with a different terminology) were considered
by Davydov in [Da2}, Da3]|. For basic facts about based and fusion rings see [Os1].
Proposition B.I.8 is borrowed from [ENOZ2]| (see Theorem 8.2).

3.2. The Frobenius-Perron theorem was proved by Perron in 1907 and Frobe-
nius in 1912. This theorem has many applications in various fields of pure and
applied mathematics. For more details on this theorem, see [Gantl, Chapter XIII].

3.3. The notion of the Frobenius-Perron dimension is motivated by the notion
of the index of a subfactor (see the paper by Jones, [Jonl]). Frobenius-Perron
dimensions for commutative fusion rings were defined and used in the book by
Frohlich and Kerler, [FroK]. A theory of Frobenius-Perron dimensions for general
fusion rings and categories was developed in [ENOZ2], and in the not necessarily
semisimple case in [E|, [EtO1]. The notion of a transitive Z-ring is defined in [E|
Section 3]. Proposition B34 is contained in [ENO2]. For Proposition B3.6] see
[ENOZ2| Section 8], and [E] Section 3]. The regular element of a fusion ring and its
Frobenius-Perron dimension are defined in [ENOZ2|, 8.2] (for Z,-rings arising from
finite tensor categories, this is done in [E| Section 3]). Proposition B:313]is modeled
after Proposition 8.8 in [ENO2|. Corollary was pointed out to us by Miiger
(see [ENOZ2| Remark 8.4]). It is closely related to the Jones Index Theorem in the
theory of subfactors ([Jonl]); namely, the index of a subfactor in [Jonl], when it
is < 4, is the square of the Frobenius-Perron dimension of an object of a certain
fusion category.

3.4. The terminology on Z -modules is borrowed from [Lus2), [EtKh| [Os1].
Proposition B.4.4] is taken from [ENO2| Section 8| (see Proposition 8.5). Proposi-
tion is from the paper by Gannon [Gann2| (see also [Osll, Proposition 2.1}).

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



64 3. Z4-RINGS

3.5. The theory of graded based rings is motivated by the theory of graded
fusion categories, discussed briefly in [ENO2] 5.9], and then developed further in
[GelaN, [GeNN}, DrGNO2), [ENO4|. For basic material on graded based rings,
see [GelaN]. Proposition B:571 is taken from [GelaN| Theorem 3.10]. Corollary
B58is also from [GelalN].

3.6. The notion of the adjoint subring of a fusion ring is motivated by the
notion of the adjoint subcategory of a fusion category, introduced in [ENQOZ2], 8.5],
and developed in [GelaN]. The material on the adjoint subring, the universal
grading, and nilpotent based rings is taken from [GelalN].

3.7. The material on complexified Grothendieck rings is taken from [DrGNOZ2]
Appendix FJ.

3.8. The material on weak based rings is taken from [EtG10] 4.1].
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CHAPTER 4

Tensor categories

4.1. Tensor and multitensor categories
Let k be an algebraically closed field.

DEFINITION 4.1.1. Let C be a locally finite k-linear abelian rigid monoidal
category. We will call C a multitensor category over k if the bifunctor ® : C xC — C
is bilinear on morphisms. We will say that C is indecomposable if C is not equivalent
to a direct sum of nonzero multitensor categories. If in addition Ende(1) 2 k then
we will call C a tensor category.

A multifusion category is a finite semisimple multitensor category. A fusion
category is a multifusion category with End¢ (1) = k, i.e., a finite semisimple tensor
category.

ExaMPLE 4.1.2. The following are examples of tensor categories (cf. Section
23): the category Vec of finite dimensional k-vector spaces (a fusion category), the
category Rep(G) of finite dimensional k-representations of a group G (or algebraic
representations of an affine algebraic group G), the category Rep(g) of finite di-
mensional representations of a Lie algebra g, and the category Vecg of G-graded
finite dimensional k-vector spaces with associativity defined by a 3-cocycle w. If G
is a finite group then Vec¢: is a fusion category, and Rep(G) is a fusion category if
char(k) = 0, or char(k) is coprime to |G].

ExXAMPLE 4.1.3. Let A be a finite dimensional semisimple algebra over k. Let
C = A—bimod be the category of finite dimensional A-bimodules with bimodule
tensor product over A:

(M, N)—» M ®4 N.

Then C is a multifusion category with the unit object 1 = A, the left dual defined
by M +— Hom(4M, 4A), and the right dual defined by M — Hom(M4, A4)l. The
category C is fusion if and only if A is simple, in which case it is equivalent to
Vec. More generally, if A has n matrix blocks, the category C can be alternatively
described as the category whose objects are n-by-n matrices of vector spaces, V =
(Vi;), and the tensor product is matrix multiplication:

n
VeW),= @ Vij @ Wjy.
Jj=1
This category will be denoted by Mat,, (Vec).
1Note that if A is a finite dimensional non-semisimple algebra then the category of finite

dimensional A-bimodules is not rigid, since the duality functors defined as above do not satisfy
the rigidity axioms (cf. Exercise 2.10.16).

65
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66 4. TENSOR CATEGORIES

In a similar way, one can define the multitensor category Mat, (C) of n-by-n
matrices of objects of a given multitensor category C. If C is a multifusion category,
so is Mat,,(C).

4.2. Exactness of the tensor product

PROPOSITION 4.2.1. Let C be a multitensor category. Then the bifunctor & :
C x C — C is exact in both factors (i.e., biexact).

ProOF. By Proposition [2Z10.8 the functors (V ® —) and (— ® V) have left
and right adjoint functors (the functors of tensoring with the corresponding duals).
The statement follows since any functor between abelian categories that has left
and right adjoint functors is exact (Exercise [6.4]). |

REMARK 4.2.2. The proof of Proposition [£.2.1] shows that the biadditivity of
the functor ® holds automatically in any rigid monoidal abelian category. However,
this is not the case for bilinearity of ®, and thus the condition of bilinearity of tensor
product in the definition of a multitensor category is not redundant.

This may be illustrated by the following example. Let C be the category of
finite dimensional C-bimodules in which the left and right actions of R coincide.
This category is C-linear abelian; namely, it is semisimple with two simple objects
C4+ =1 and C_, both equal to C as a real vector space, with bimodule structures
(a,b)z = azb and (a, b)z = azb, respectively. It is also rigid monoidal, with ® being
the tensor product of bimodules. But the tensor product functor is not C-bilinear
on morphisms (it is only R-bilinear).

DEFINITION 4.2.3. A multiring category over k is a locally finite k-linear abelian
monoidal category C with bilinear and biexact tensor product. If in addition
Endc(1) =k, we will call C a ring category.

EXAMPLE 4.2.4. The category Vecq of finite dimensional vector spaces graded
by a monoid G is a ring category, with tensor product given by the formula [217).

Thus, the difference between Definition LTIl of a (multi)tensor category and
Definition [£2.3lis that for the latter we do not require existence of duals, but instead
require biexactness of the tensor product. Note that Proposition [£.2.I] implies that
any multitensor category is a multiring category, and any tensor category is a ring
category.

DEFINITION 4.2.5. Let C, D be multiring categories over k, and let F': C — D
be an exact and faithful k-linear functor.

(i) F is said to be a quasi-tensor functor if it is equipped with a functorial
isomorphism J : F(—) ® F(—) - F(—® —), and F(1) = 1.

(ii) A quasi-tensor functor (F, .J) is said to be a tensor functor if it is a
monoidal functor in the sense of Definition 2:41] i.e., satisfies diagram

2.23).

REMARK 4.2.6. The requirement that a (quasi)tensor functor be exact and
faithful is imposed only inside this book; in other sources, this term may be used
in more general settings, when these conditions do not necessarily hold.

EXAMPLE 4.2.7. The functors of Examples 2511 2.5.2] and Section (for

the categories Vecy,) are tensor functors. The identity functor Vec — Vecg? for
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non-cohomologous 3-cocycles wy,wy does not admit a structure of a tensor functor,
but it can be made quasi-tensor by any choice of J.

PROPOSITION 4.2.8. For any pair of morphisms f1, fo in a multiring category
C one has Im(f1 ® f2) = Im(f1) ® Im(f2).

PROOF. Let Iy, I be the images of f1, fa. Then the morphisms f; : X; — Y;,

i = 1,2, have decompositions X; — I; — Y;, where the sequences
X; — 1, =0, 0—-I1I,—-Y, i=1,2,
are exact. Tensoring the sequence X; — I; — 0 with I5, and using Proposition
2Tl we get the exact sequence
Xi®lh—->0L&I,—0
Tensoring X; with the sequence Xo — I — 0, we get the exact sequence
X1 ®X2 —>X1®12 — 0.

Combining these, we get an exact sequence X; ® Xo — [} ® I, — 0. Arguing
similarly, we see that the sequence 0 — I} ® Is — Y7 ® Y5 is exact. This implies
the statement. [l

ProOPOSITION 4.2.9. If C is a multiring category with left duals, then the left
dualization functor is exact. The same applies to right duals.

PROOF. Let 0 - X — Y — Z — 0 be an exact sequence. We need to show
that the sequence 0 — Z* — Y* — X* — 0 is exact. Let T be any object of C,
and consider the sequence

0 — Hom¢ (T, Z*) — Home (T, Y™*) — Home (T, X™).
By Proposition 2.I0.8] it can be written as
0 — Home(T'® Z, 1) - Home(T' ® Y, 1) — Home (T ® X, 1).

Using the definition of a multiring category, we see that the last sequence is exact.
This implies that the sequence 0 — Z* — Y* — X* is exact.
Similarly, consider the sequence

0 — Home(X™, T) — Home (Y™, T') — Home(Z*, T).
By Proposition 2.T0.8] it can be written as
0 — Home(1, X ®T) = Home(1,Y ® T) — Home (1, Z® T),

which is exact since 0 - X ® T — Y ® T — Z ® T is exact by the definition
of a multiring category. This implies that the sequence Z* — Y* — X* — 0 is
exact. 0

PROPOSITION 4.2.10. A finite ring category C with left duals is a tensor category
(i.e., it also has right duals).

PrOOF. We know that the left duality functor X — X* is fully faithful (see
Proposition [ZT0.]]), exact (see Proposition .2.9]), and monoidal (see Exercise 210.1]
(b)). In particular, this functor respects the Frobenius-Perron dimension by Propo-
sition (1). We claim that this functor sends simple objects to simple ones.
Let dy < ds < ... < d, be the list of possible Frobenius-Perron dimensions of simple
objects in C. Let O;(C) C O(C) be the isomorphism classes of simple objects L with
FPdim(L) =d;, i =1,...,r.
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LEMMA 4.2.11. Let L € O;(C). Then L* is simple and there exists L' € O;(C)
such that L ~ (L')*.

PROOF. We prove the lemma by induction in 7. The base (i = 1) is obvious. If
L* is not simple then there exists a nonzero map K — L*, where K is simple with
FPdim(K) < FPdim(L*) = d;. By the induction assumption K ~ (K')*, where K’
is simple with FPdim(K’) < d;. Since the duality functor is full, we get a nonzero
map L — K’ which is a contradiction. Thus we have a map L — L* from O;(C)
to itself. Again by the fullness of duality we see that this map is injective. Since
the set O;(C) is finite, it is also surjective, which proves the lemma. O

By Lemma [L.2.T7] the functor X — X** induces a permutation of O(C). Thus
there exists a finite power F' = (%)™ of the double duality functor such that F'(L) ~
L for any L € O(C). Also, the functor F is exact and fully faithful. Let P be the
projective cover of L € O(C). Since the functor F' is full we see that the object
F(P) has a unique simple quotient F'(L) ~ L. It follows that we have a surjection
P — F(P). Since the length of F'(P) equals the length of P, this must be an
isomorphism P ~ F(P). Thus F is surjective on isomorphism classes of projective
objects. Since any object of C is isomorphic to a cokernel of a map of projective
objects and the functor F' is fully faithful, we get that F'is surjective on isomorphism
classes of objects and hence is an equivalence. Thus the duality functor X — X*
is surjective on isomorphism classes of objects. The proposition is proved. O

PROPOSITION 4.2.12. Let P be a projective object in a multiring category C. If
X € C has a left dual, then the object P ® X is projective. Similarly, if X € C has
a right dual, then the object X ® P 1is projective.

PRrooOF. In the first case by Proposition E.10.8] we have
Hom¢(P® X,Y) = Home(P, Y @ X™),

which is an exact functor of Y, since the functors (— ® X*) and Hom¢ (P, —) are
exact. So P ® X is projective. The second statement is similar. (Il

COROLLARY 4.2.13. If C is a multiring category with left duals (e.g., a multi-
tensor category), then 1 € C is a projective object if and only if C is semisimple.

PROOF. If 1 is projective then by Proposition [£.2.121 X =2 1 ® X is projective
for any X € C. This implies that C is semisimple. The converse is obvious. O

REMARK 4.2.14. Corollary £.2.13] can be regarded as a categorical analog of
Maschke’s theorem for group algebras saying that for a finite group G the category
Rep(G) of finite dimensional representations of G over k is semisimple if and only
if |G| # 0 in k. The latter condition is equivalent to the trivial representation k
being projective, as the map kG — k : g — 1 is the right inverse to the map
k= kG: 1w 15 Yoeq 9-

There is a generalization of this theorem for finite dimensional Hopf algebras,
see [Mon]. It says that the value of the counit on a nonzero integral is nonzero.
This result (well known in the theory of Hopf algebras) is a special case of Corol-

lary 2131
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4.3. SEMISIMPLICITY OF THE UNIT OBJECT 69

4.3. Semisimplicity of the unit object

THEOREM 4.3.1. Let C be a multiring category. Then Endc(1) is a semisimple
algebra, so it is isomorphic to a direct sum of finitely many copies of k.

PROOF. By Proposition 22210, End(1) is a commutative algebra, so it is suf-
ficient to show that for any a € End(1) such that a®> = 0 we have a = 0. Let
J =Im(a). Then by Proposition £2Z8 J ® J = Im(a ® a) = Im(a® ® 1) = 0.

Now let K = Ker(a). Then by Proposition 2.8, K ® J is the image of 1 ® a
on K ® 1. But since K ® 1 is a subobject of 1 ® 1, this is the same as the image
of a®1 on K ® 1, which is zero. So K ® J = 0.

Now tensoring the exact sequence 0 - K — 1 — J — 0 with J, and applying
the definition of a multiring category, we get that J =0, so a = 0. (|

Let {p;}icr be the primitive idempotents of the algebra End(1). Let 1; be the

image of p;. Then we have 1 = @,; 1;.

COROLLARY 4.3.2. In any multiring category C the unit object 1 is isomorphic
to a direct sum of pairwise non-isomorphic indecomposable objects.

EXERCISE 4.3.3. Prove that 1;®1; = 0 for ¢ # j. Prove that there are canonical
isomorphisms 1; ® 1; = 1;, and that each 1; has both left and right duals such that

171,21,

REMARK 4.3.4. Let C be a multiring category and let C;; :=1; ® C ® 1;.

(1) We have a decomposition
(4.1) C = ®ijerCij-

Thus every indecomposable object of C belongs to some C;;.

(2) The tensor product maps C;; X C; to Cy, and it is zero unless j = k.

(3) The categories C;; are ring categories with unit objects 1; (which are tensor
categories if C is rigid).

(4) If X € C;; has a left or right dual, then this dual belongs to Cj;.

DEFINITION 4.3.5. The subcategories C;; will be called the component subca-
tegories of C.

EXERCISE 4.3.6. Prove the statements of Remark .3.4]

Remark .34 motivates the terms “multiring category” and “multitensor ca-
tegory”, as such a category gives us multiple ring categories, respectively tensor
categories Cy;.

REMARK 4.3.7. Any multitensor category C = @; jc;C;; may be viewed as a
2-category in the following way: the objects are the elements of I, the 1-morphisms
from j to ¢ are the categories C;;, and the 2-morphisms are the morphisms in C.

THEOREM 4.3.8. (i) In a ring category with left duals, the unit object 1
s stmple.
(ii) In a multiring category with left duals, the unit object 1 is semisimple,
and is a direct sum of pairwise non-isomorphic simple objects 1;.

PRrOOF. Clearly, (i) implies (ii) (by applying (i) to the component categories
Cii). So it is enough to prove (i).
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Let X be a simple subobject of 1 (it exists, since 1 has finite length). Let
(4.2) 0—X—>1—Y—0

be the corresponding exact sequence. By Proposition 2.9 the left dualization
functor is exact, so we get an exact sequence

(4.3) 0 —Y" —1—X"—0.
Tensoring this sequence with X on the left, we obtain
(4.4) 0 = XY —X —-XX"—0.

Since X is simple and X ® X* # 0 (because the coevaluation morphism is nonzero)
we obtain that X ® X* =2 X. So we have a surjective composition morphism
1 - X ®X* — X. From this and (£2) we have a nonzero composition morphism
1 » X < 1. Since End¢(1) = k, this morphism is a nonzero scalar, whence
X =1 O

COROLLARY 4.3.9. In a ring category with left duals, the evaluation morphisms
are monomorphisms and the coevaluation morphisms are epimorphisms.

REMARK 4.3.10. If C is a ring category with left duals and F : C — D is an
exact k-linear monoidal functor into a multiring category D, then F' is faithful, i.e.,
a tensor functor. Indeed, let 0 # X € C. Since F' is exact and coevy : 1 — X @ X*
is a monomorphism, we have a monomorphism 1 — F(X) ® F(X*), which implies
that F'(X) # 0. Now, let f be a morphism in C such that F(f) = 0. Then again
by the exactness of F', we have F(Im(f)) = 0. Thus Im(f) = 0 and hence f = 0.

EXERCISE 4.3.11. Let C be a multiring category with left duals and let X € C;;
and Y € Cj;, be nonzero objects.

(1) Show that X ® Y £ 0.

(2) Deduce that length(X ® Y) > length(X )length(Y").

(3) Show that if C is a ring category with left duals then an invertible object
in C is simple.

(4) Let X be an object in a multiring category with left duals such that
X ® X* =2 1. Show that X is invertible.

ExXAMPLE 4.3.12. An example of a ring category where the unit object is not
semisimple is the category C of finite dimensional representations of the quiver of
type As. Such representations are triples (V, W, A), where V, W are finite dimen-
sional vector spaces, and A : V' — W is a linear operator. The tensor product on
such triples is defined by the formula

(V, W, ) (V' W, A)=VeV WaeW, K6 Ag A,
with obvious associativity isomorphisms, and the unit object (k, k,id). Of course,
this category has neither left nor right duals.
4.4. Absence of self-extensions of the unit object
Assume that k has characteristic 0.

THEOREM 4.4.1. Let C be a finite ring category over k with simple object 1.
Then Ext'(1, 1) = 0.
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PRrROOF. Assume the contrary, and suppose that V is a nontrivial extension of
1 by itself. Let P be the projective cover of 1. Then Hom(P, V) is a 2-dimensional
space, with a filtration induced by the filtration on V', and both quotients naturally
isomorphic to E := Hom(P,1). Let vy, v1 be a basis of Hom(P, V') compatible to the
filtration, i.e., vy spans the 1-dimensional subspace defined by the filtration. Let
A = End(P) (this is a finite dimensional algebra). Let € : A — k be the character
defined by the (right) action of A on E. Then the matrix of a € A in the basis
Vg, V1 has the form

(4.5) la] = (5(51) x;(ig))

where x; € A* is nonzero. Since a — [a]; is a homomorphism, x; is a derivation:
x1(zy) = xa(@)e(y) + e(z)x1(y).-

Now consider the representation V ® V. Using the exactness of the tensor
product, we see that the space Hom(P,V ® V) is 4-dimensional, and has a 3-
step filtration, with successive quotients F/, E & E, E, and basis vgg; Vo1, V10; V11,
consistent with this filtration. The matrix of a € End(P) in this basis is

g(a) xi(a) xi(a) x2(a)
0 e(a) 0 x1(a)
0 0 e(a)  xi(a)
0 0 0 e(a)

(46) [a]g =

Since a — [a]s is a homomorphism, we find
xz(ab) = e(a)x2(b) + x2(a)e(b) + 2x1(a)x1(b), a,be€ A

We can now proceed further (i.e., consider V@ V ® V etc.) and define for every
positive n, a linear function x,, € A* which satisfies the equation

ulah) =3 (4) v@aso),

=0 \J

where xo = e. Thus for any s € k, we can define ¢; : A — k((¢)) by
ds(a) = 3,50 Xm(a)s™t™/m! (this is where we use that k has characteristic 0)
and we find that ¢, is a family of pairwise distinct homomorphisms. This is a
contradiction, as A is a finite dimensional algebra and can have only finitely many
1-dimensional representations over any extension field. We are done. (I

COROLLARY 4.4.2. If a finite ring category C over a field of characteristic zero
has a unique simple object 1, then C is equivalent to the category Vec.

REMARK 4.4.3. The conclusion of Corollary 4.4.2] does not hold when the
ground field has a positive characteristic. We give a counterexample: the category
Rep(Z/pZ) over a field of characteristic p.

4.5. Grothendieck ring and Frobenius-Perron dimension

In Section we introduced the notion of the Grothendieck group Gr(C) of a
locally finite abelian category C.
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Now let C be a multiring category over k. Let X;, i € I, be representatives of
the isomorphism classes of simple objects in C. The tensor product on C induces a
natural multiplication on Gr(C) defined by the formula
(4.7) XiX; =X 0X;]=> [X;®X;: X¢]Xp, d,jel
kel

Here and below, if X, Y are objects of C and Y is simple, recall that we denote
[X : Y] the multiplicity of Y in the Jordan-Hoélder series of X.

LEMMA 4.5.1. The above multiplication on Gr(C) is associative.
PRrROOF. Since the tensor product functor is exact,
(X X)) ®X,: X)) =) [Xi®X; : X3][X ® X, : Xi], Vi, j,p, 1.
k
On the other hand,
[XZ ® (XJ ® Xp) : Xl] = Z [X] ® Xp : XkHXz ® Xk : Xl]
k

Therefore, the associativity of the multiplication follows from the isomorphism
(Xi®X;)9X,=2X,0(X;,®X,). O

Thus, Gr(C) is a Z,-ring with the unit [1].

DEFINITION 4.5.2. Gr(C) is called the Grothendieck ring of C.

REMARK 4.5.3. Formula ([{7) is called the fusion rule (or fusion rules) of C
(a terminology coming from physics). We will see below that fusion rules do not
determine the tensor category C (even when C is semisimple).

PROPOSITION 4.5.4. If C is a ring category with left duals then Gr(C) is a
transitive unital Z, -ring in the sense of Definition 3311

PRroOF. Recall from Theorem that the unit object 1 in C is simple. So
Gr(C) is unital. This implies that for any simple objects X, Z of C, the object
X ® X* ® Z contains Z as a composition factor (as X ® X* contains 1 as a
composition factor), so one can find a simple object Y7 occurring in X*®Z such that
Z occurs in X ® Y7. Similarly, the object Z ® X* ® X contains Z as a composition
factor, so one can find a simple object Y5 occurring in Z ® X™* such that Z occurs
in Yo ® X. Thus Gr(C) is transitive. O

In particular, Proposition 5.4l shows that for a ring category C with left duals,
we can talk about Frobenius-Perron dimensions of objects and regular objects, see

Section 3.3l

EXAMPLE 4.5.5. Let C = Rep(G) be the category of finite dimensional repre-
sentations of a finite group G, and let A be its Grothendieck ring. Let kG denote
the regular representation of G. Then by Proposition Z10.8] for any X,Y € C

dimy, Hom(X ® kG, Y) = dimy Hom(lkG, X ® Y) = dlmk(X) dimy, (Y)
Hence, X ® kG = dim(X)kG, so FPdim(X) = dimy(X) for all X, and a regular
element of A is R = kG up to scaling.

REMARK 4.5.6. Let C and D be multiring categories and let F' : C — D be
a quasi-tensor functor. Then F' defines a homomorphism of unital Z,-rings [F] :

Gr(C) — Gr(D).
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PROPOSITION 4.5.7. Let C and D be tensor categories with finitely many classes
of simple objects. If F : C — D is a quasi-tensor functor, then FPdimp(F(X)) =
FPdim¢(X) for any X in C.

Proor. This follows from Proposition B.3.13 |

REMARK 4.5.8. Proposition 5.7 fails in the situation when C has infinitely
many classes of simple objects, see Remark B.12.101

Thus, we see that (multi)ring categories categorify rings (which justifies the
terminology), while quasi-tensor (in particular, tensor) functors between them cat-
egorify unital ring homomorphisms. Note that Remark 3.4l may be regarded as a
categorical analog of the Peirce decomposition in classical algebra.

EXERCISE 4.5.9. Show that an object X of a finite tensor category C is invertible
if and only if FPdim(X) = 1.

4.6. Deligne’s tensor product of tensor categories

Let C, D be multiring categories. Recall the definition of Deligne’s tensor prod-
uct of locally finite abelian categories from Section [L11}

PROPOSITION 4.6.1. Deligne’s tensor product C XD is a multiring category,
which is a ring category, a multitensor category and a tensor category respectively
if so are C and D.

ProoF. If C is a multiring category then the tensor product functor ® : C x
C — C extends to an exact functor Tz : C X C — C, which is equipped with an
isomorphism of functors T o(id X7 ) = Tro(TeKid) (the associativity isomorphism)
which satisfies the pentagon relation (where we regard Deligne’s tensor product as
a strictly associative operation). Thus, in the situation of the proposition, we can
define an exact functor

(Te ®Tp)o(23): CRDRCKD — CHD,

where (23) stands for the permutation of components 2 and 3. Now, for X,Y €
CRD,set X®Y = ((Te ®Tp) o (23))(X WY). The associativity isomorphism
for ® comes from the associativity isomorphisms for T¢ and Tp, and it satisfies
the pentagon relation because so do the associativity isomorphisms for T¢ and Tp.
The existence of the unit object and the unit axiom are obvious. This implies that
C XD is a multiring category, which is a ring category if (and only if) so are C and
D. If the categories C and D admit duals, then so does C XD (namely, its duality
functor is simply Deligne’s tensor product of the duality functors for C and D). The
proposition is proved. ([l

COROLLARY 4.6.2. Deligne’s tensor product of (multi)tensor categories is a
(multi)tensor category. Deligne’s tensor product of (multi)fusion categories is a
(multi)fusion category.

4.7. Quantum traces, pivotal and spherical categories

DEFINITION 4.7.1. Let C be a rigid monoidal category, V' be an object in C,
and a € Home¢(V, V**). Define its left categorical (or quantum) trace

coevy evy *

(4.8) Trl(a) 1 1 22 v @ vr 22V, e g e S0 g
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Similarly, if a € Hom(V, **V') then we can define the right quantum trace

coevi v

(4.9) Tri(a) : 1 200, 1y @ 7 VB0 vy gy Sy g

REMARK 4.7.2. By definition, Tr*(a), Tr(a) € End¢(1). When C is a tensor
category over k, Tr¥(a) and Tr®(a) can be regarded as elements of k.

The following proposition shows that usual linear algebra formulas hold for the
quantum trace.
PROPOSITION 4.7.3. If a € Hom¢(V, V**), b € Home (W, W**) then
(1) Tr¥(a) = Tr(a*);
(2) Tr(a @ b) = Tr¥(a) + Tr¥(b) (in additive categories);
(3) Tr(a @ b) = Tr¥(a) Tr(b);
(4) If c € Hom(V, V) then Tr¥(ac) = Tr¥(¢**a), Tr'(ac) = Tr¥(**ca).
Equalities similar to (2) and (3) also hold for right quantum traces.
EXERCISE 4.7.4. Prove Proposition E.7.3]

When C is a multitensor category, it is useful to generalize Proposition .7.3(2)
as follows.

PROPOSITION 4.7.5. If a € Home(V, V**) and W C V such that a(W) C W**
then Triz(a) = Tr¥(alw) + Tr" (alvyw). That is, Tr" is additive on exact sequences.
The same statement holds for right quantum traces.

EXERCISE 4.7.6. Prove Proposition [4.7.5]
Hint: use the 3-step filtration on V* ® V induced by the exact sequence 0 —
W=V ->V/W-—=0.

DEFINITION 4.7.7. Let C be a rigid monoidal category. A pivotal structure on
C is an isomorphism of monoidal functors ax : X — X**.

That is, a pivotal structure is a collection of isomorphisms ax : X = X**
natural in X and satisfying axgy = ax ® ay for all objects X, Y in C.

DEFINITION 4.7.8. A rigid monoidal category C equipped with a pivotal struc-
ture is said to be pivotal.

EXERCISE 4.7.9. Show that if a is a pivotal structure on C then ay~ = (av)*_l.
Hence, ay -~ = aj/.

EXAMPLE 4.7.10. The categories Vec, Vece, Rep(G) have a canonical pivotal
structure coming from the natural isomorphisms of vector spaces V = V** for
objects V.

Let a be a pivotal structure on a rigid monoidal category C.
DEFINITION 4.7.11. The dimension Tr" of an object X with respect to a is
dim,(X) = Tr(ax) € Ende(1).

Thus, in a tensor category over k, dimensions are elements of k. Also, it follows
from Exercise I.7.9] that dim, (V') = dim, (V**).

PROPOSITION 4.7.12. IfC is a tensor category, then the function [X]— dim,(X)
is a character of the Grothendieck ring Gr(C).
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PRrooF. Proposition implies that dim, is additive on exact sequences,
which means that it gives rise to a well-defined linear map from Gr(C) to k. The
fact that this map is a character follows from the obvious fact that dim,(1) =1
and Proposition [L7.3](3). O

COROLLARY 4.7.13. Dimensions of objects in a pivotal finite tensor category
are algebraic integers in B

PRrOOF. This follows from the fact that a character of any ring that is finitely
generated as a Z-module takes values in algebraic integers. |

DEFINITION 4.7.14. A pivotal structure a on a tensor category C is spherical if
dim, (V) = dim,(V*) for any object V in C. A tensor category is spherical if it is
equipped with a spherical structure.

Since dim, is additive on exact sequences, it suffices to require the property
dim, (V) = dim,(V*) only for simple objects V.

THEOREM 4.7.15. Let C be a spherical category and V' be an object of C. Then
for any x € Home(V, V) one has

Tt (avx) = Trf(zayt).

PRrOOF. We first note that Tr'(a3!) = dim,(X*) for any object X by Propo-
sition 73[(1) and Exercise [779(1). Now let us prove the proposition in the
special case when V is semisimple. Thus V = @Z Y; ® V;, where V; are vector
spaces and Y; are simple objects. Then z = @, x; ® idy, with z; € Endy(Y;) and
ay = @ idy, ®ay, (by naturality of a). Hence

Tt (ayz) = ZTr ) dim(V;),
TrR(xa‘_/l) = ZTr ) dim(V;*).

This implies the result for a semisimple V.
Consider now the general case. Then V has the socle filtration (LI0)

(4.10) 0=VycWVicVoC---CV,=V

such that V;41/V; is a maximal semisimple subobject in V/V;. This filtration is
preserved by = and by a (i.e., a : V; — V**). Since traces are additive on exact
sequences by Proposition 7.5 this implies that the general case of the required
statement follows from the semisimple case. O

EXERCISE 4.7.16. Let Autg(idc) be the group of natural monoidal automor-
phisms of the identity endofunctor of C. Show that the set of isomorphism classes
of pivotal structures on C is a torsor over Autg(idc), and the set of isomorphism
classes of spherical structures on C is a torsor over the subgroup Autg(idc)s in
Autg (id¢) of elements which have order < 2 on simple objects.

2If k has positive characteristic, by an algebraic integer in k we mean an element of a finite
subfield of k.
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4.8. Semisimple multitensor categories

Let k be an algebraically closed field. In this section we will more closely
consider semisimple multitensor categories over k. They have some important
additional properties compared to the general case.

PRrROPOSITION 4.8.1. Let C be a semisimple multitensor category over k and let
V be an object in C. Then *V =2 V*. Hence, V = V**.

PROOF. We may assume that V is simple.

We claim that the unique simple object X such that Hom¢(1,V®X) #£ 0is V*.
Indeed, Hom¢(1,V ® X) = Home(*X, V) which is nonzero if and only if *X =V,
ie., X 2 V*. Similarly, the unique simple object X such that Hom¢(V® X, 1) # 0
is *V. But since C is semisimple, dimy Hom¢(1,V @ X) = dimy Home(V @ X, 1),
which implies the result. (Il

REMARK 4.8.2. The result of Proposition .81] is false without the semisim-
plicity assumption, see Example [.19.5]

Proposition .81] gives rise to the following question.

QUESTION 4.8.3. Does every semisimple tensor category admit a pivotal struc-
ture? A spherical structure?

This is the case for all known examples. The general answer is unknown to us at
the moment of writing (even for fusion categories over ground fields of characteristic
zero).

PROPOSITION 4.8.4. Let C be a semisimple tensor category over k, let V' be a
simple object in C and a : V. =5 V** be an isomorphism. Then TrR(a) # 0 and
Tk (a) #£0 .

PROOF. The trace of a is the composition 1 — V ® V* — 1, where both
morphisms are nonzero. If this composition is zero then there is a nonzero morphism
(V®V*)/1 — 1, which means that [V ® V* : 1] > 2. Since C is semisimple, this
implies that dimg Hom(1, V ® V*) is at least 2. Hence, dimy Hom(V, V') > 2 which
contradicts the simplicity of V. ([l

REMARK 4.8.5. The above result is false for non-semisimple categories over
fields of positive characteristic. For example, let C = Repy (GL,(F,)), the represen-
tation category of the group GL,(F,) over a field k of characteristic p. Let V' be
the p-dimensional vector representation of GL,(F,) (which is clearly irreducible).
Let a: V — V** be the identity map. Then Tr(a) = dimy (V) =p=0in k.

A counterexample in characteristic 0 is the vector representation of the Lie
superalgebra gl(n|n), or the Steinberg representation (irreducible of dimension p)
of the small quantum group u,(sly), where ¢ is a root of unity of order p (see
Chapter 5).

4.9. Grothendieck rings of semisimple tensor categories

PROPOSITION 4.9.1. If C is a semisimple multitensor category then Gr(C) is a
based ring. If C is a semisimple tensor category then Gr(C) is a unital based ring.
If C is a (multi)fusion category, then Gr(C) is a (multi)fusion ring.
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PRrOOF. The Z,-basis in Gr(C) consists of the isomorphism classes of simple
objects of C. The set I consists of the classes of simple subobjects of 1. The
involution # is the duality map (by Proposition 8] it does not matter whether to
use left or right duality). This implies the first two statements. The last statement
is clear. |

REMARK 4.9.2. The conclusion of Proposition B.9.7] fails for non-semisimple
tensor categories. This happens because axiom ([B.:2)) in the definition of a based
ring fails, i.e., one can have [X ® X* : 1] > 1 for a simple object X. E.g., we saw
in Example B.T9(v) that this is the case when X is the 2-dimensional irreducible
representation of the group Ss over a field of characteristic 2.

EXAMPLE 4.9.3. Let C be the category of finite dimensional representations of
the Lie algebra sl3(C). Then the simple objects of this category are irreducible rep-

resentations V,,, of dimension m + 1 for m =0,1,2,...; Vj = 1. The Grothendieck
ring of C is determined by the Clebsch-Gordan rule, cf. (3.4):

min(z,5)
(4.11) ViaVi= @ Vie-a

The duality map on this ring is the identity.

Let C be a semisimple multitensor category with simple objects {X;}icr. Let
Iy be the subset of I such that 1 = @®,e5, X;. Let Hﬁj = Hom(X;, X; ® X;) (if
X, € Cij with p € I and 4,5 € Iy, we will identify the spaces H,; and H} with k
using the left and right unit morphisms).

We have X; ® X; = @, H}; ® X;. Hence,

(X, ® Xip) @ Xy = @@ H],;, ® Hji, ® Xi,

Je3

X, ® (X, ® X;,) = @ @H“ H . ®Xi,.

Thus the associativity constraint reduces to a collection of linear isomorphisms

~/ l
(412) (bz;llzis @ 1112 ® H]thls @ Hizfl ® Hz’ﬂs
l
The matrix blocks of these 1somorphisms
) ) .
(4.13) (D iig)it : Hiyiy @ Hity — HYy @ HY

are called 67-symbols because they depend on six indices.

ExAMPLE 4.9.4. Let C be the category of finite dimensional representations
of the Lie algebra sly(C). Then the spaces HL are 0- or 1-dimensional. In fact,

it is obvious from the Clebsch-Gordan rule that the map ((I)mzzs )ji is a map be-
tween nonzero (i.e., 1-dimensional) spaces if and only if the numbers 41, i, i3, 94, J, [
are edge lengths of a tetrahedron with faces corresponding to the four H-spaces
(i1i2], jisia,iqliy, i2isl, such that the perimeter of every face is even (this tetra-
hedron is allowed to be in Euclidean 3-space, the Euclidean plane, or hyperbolic
3-space, so the only conditions are the triangle inequalities on the faces). In this
case, the 6j-symbol can be regarded as a number, provided we choose a basis vector
in every nonzero Hf] Under an appropriate normalization of basis vectors these
numbers are the Racah coefficients or classical 6j-symbols.
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EXERCISE 4.9.5. Write down explicitly the relation on 6j-symbols coming
from the pentagon identity. If C = Rep(sly(C)) this relation is called the Elliott-
Biedenharn relation.

EXERCISE 4.9.6. More generally, if C = Rep(U,(sl2)), where ¢ is not a root of
unity (see Section below), then the numbers (®;!, . );i are called the q-Racah
coefficients or the quantum 6j-symbols.

Further, the evaluation and coevaluation maps define elements
(4.14) ay; € (HJ.)* and By € HL.,  j€l.

Now the axioms of a rigid monoidal category, i.e., the triangle and pentagon
identities and the rigidity axioms translate into non-linear algebraic equations with
respect to the 6j-symbols (®;%; ;) and vectors aj, fBij.

4.10. Categorification of based rings

Proposition [£.9.] gives rise to the following general question of categorification
of based rings, which is one of the main problems in the structure theory of tensor
categories.

DEFINITION 4.10.1. Given a based ring R, its categorification over k is a mul-
tifusion category over k together with an isomorphism of based rings R — Gr(C).

REMARK 4.10.2. We use the word “categorification” in a very narrow sense
suitable for our book, and there are many other meanings of this word in the
literature.

How can one find all possible categorifications (up to equivalence of multitensor
categories) of a given based ring R?

It is clear from the discussion of 6j-symbols in Section [£.9] that this problem is
equivalent to finding all solutions of the system of algebraic equations coming from
the axioms of the rigid monoidal category modulo the group of automorphisms of
the spaces Hfj (“gauge transformations”). In general, this problem is very difficult
because the system of equations involved is nonlinear, contains many unknowns
and is usually over-determined. In particular, it is not clear a priori whether for a
given R this system has at least one solution, and if it does, how many solutions
are there, e.g., whether the set of these solutions is finite. It is therefore amazing
that the theory of tensor categories allows one to solve the categorification problem
in a number of nontrivial cases.

Here is the simplest result in this direction.

Let ZG be the unital based group ring of a group G, with basis {g | g € G}
and involution ¢g* = ¢g~*, see Example B.1.9(ii).

PROPOSITION 4.10.3. The categorifications of ZG are Vecg, and they are para-
metrized by H3(G, k*).

PrRoOOF. This follows from the results of Section O

REMARK 4.10.4. The tensor equivalence classes of categories Vecg: are parame-
trized by H3(G, k*)/Out(G), where Out(G) is the group of outer automorphisms
of G.
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EXAMPLE 4.10.5. (Tambara-Yamagami fusion rings) Let G be a finite group,
and TYg be an extension of the unital based ring ZG:

TYq =7G o 7X,

where X is a new basis vector with gX = Xg =X, X2 = quG g. This is a fusion
ring with X* = X. Tt is easy to see that FPdim(g) = 1, FPdim(X) = |G|'/2. Tt is
possible to show that these rings are categorifiable if and only if G is abelian, and
such categorifications are parametrized by symmetric isomorphisms G' =2 GV and a
choice of sign.

EXAMPLE 4.10.6. (Verlinde rings for sly). Let k be a non-negative integer.
Define a unital Z-ring Very, = Very(slz) with basis V;, i = 0,...,k (Vp = 1), with
duality given by V;* = V; and multiplication given by the truncated Clebsch-Gordan
rule:

min(i, 5)
(4.15) ViV = > Vitj-a1-
l=max(i+j—k,0)

It other words, one computes the product by the usual Clebsch-Gordan rule, and
then deletes the terms that are not defined (V; with ¢ > k) and also their mirror
images with respect to the point k + 1. We will later see that this ring admits
categorifications coming from quantum groups at roots of unity.

Note that Verg = Z, Ver; = Z[Zs], Vers = T'Y7,. The latter is the Ising fusion
ring from Example BT0(viii).

P i1
Jj+ —q7

- where
q—q=—1

EXERCISE 4.10.7. Show that FPdim(V;) = [j + 1], = 4

q:ek+2'

Note that the Verlinde ring has a subring Verg spanned by V; with even j.
If £ = 3, this ring has basis 1,X = V5 with X2 = X + 1, X* = X. This is the
Yang-Lee fusion ring from Example BT.9{(vii). In the Yang-Lee ring, FPdim(X) is
the golden ratio 1+2—‘/5

Note that one can define the generalized Yang-Lee fusion rings YL, n € Z,
with basis 1, X, multiplication X2 = 1 4+ nX and duality X* = X. It is, however,
shown in [Os2] that these rings are not categorifiable over C when n > 1.

REMARK 4.10.8. It is tempting to say that any Z-ring R has a canonical cate-
gorification over any field k: one can take the skeletal semisimple category C = Cgr
over k whose Grothendieck group is R, define the tensor product functor on C ac-
cording to the multiplication in R, and then “define” the associativity isomorphism
to be the identity (which appears to make sense because the category is skeletal,
and therefore by the associativity of R one has (X ®Y)® Z = X @ (Y ® 2)).
However, a more careful consideration shows that this approach does not actually
work. Namely, such “associativity isomorphism” fails to be functorial with respect
to morphisms; in other words, if g : Y — Y is a morphism, then (idx ®g) ® idz is
not always equal to idx ®(g ® idz).

To demonstrate this explicitly, denote the simple objects of the category C by
Xi, i =1,..,r, and let X; @ X; = @lNilel. Take X = X;, Y = mXj;, and
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Z = Xj; then g is an m-by-m matrix over k. The algebra End((X ® V) ® Z) =
End(X ® (Y ® Z)) is equal to &5 Mat,,,_ (k), where

ne =D NGNG = NigNjis
p q

and in this algebra we have

T

(idx ®g)®idz = @ idyr @9 @idns,
p=1

idx ®(g® idz) = @ideq ®g ® idNJ{Il .
q:

We see that these two matrices are, in general, different, which shows that the
identity “associativity isomorphism” is not natural.

4.11. Tensor subcategories

DEFINITION 4.11.1. A (multi)tensor subcategory in a (multi)tensor category
D is a full subcategory C C D which is closed under taking subquotients, tensor
products, and duality (in particular, contains the unit object of C).

EXERCISE 4.11.2. (i) Let G be a group and let C = Vec{: be the category
of G-graded vector spaces with the associativity constraint defined by a
3-cocycle w € Z3(G, k*). Show that tensor subcategories of C are in
bijection with subgroups of G. Namely, the subcategory corresponding to
a subgroup H C G consists of vector spaces supported on H.

(ii) Let G be a finite group and suppose that k is algebraically closed of
characteristic 0. Show that tensor subcategories of Rep(G) are in bijection
with normal subgroups N C G. Namely, the subcategory corresponding
to a normal subgroup N C G consists of representations of G trivial on
N and, hence, is equivalent to Rep(G/N).

Let C be a fusion category and A = Gr(C) ®z C. We extend the involution
X — X* to A by anti-linearity. Let [ : A — C be the linear functional such that
[([X]) = dim¢ Home (1, X)) for any X € C. Then (A4, *) is a x-algebraand i : A — C
is a positive trace.

LEMMA 4.11.3. Let C be a fusion category. For any simple object X in C there
exists a positive integer N such that Home(1, X®N) £ 0.

PRrROOF. Tt is obvious that [X] € Gr(C) C Gr(C) ®z C is not nilpotent. So the
result follows from Lemma B.7.6 O

COROLLARY 4.11.4. Let D # 0 be a full abelian subcategory of a fusion category
C which is closed under subquotients and tensor products. Then D contains the unit
object 1 and is rigid, i.e., is a tensor subcategory of C.

PRrROOF. Let X be a simple object in D. Then X®" € D for all n > 1. For N
as in Lemma EETT3 we get Hom(1, X®V) #£ 0, hence Hom(X*, X®N=1) £ 0. So
1, X* € D, as desired. O
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4.12. Chevalley property of tensor categories

THEOREM 4.12.1. (Chevalley) Let k be a field of characteristic zero. Then the
tensor product of two simple finite dimensional representations of any group or Lie
algebra over k is semisimple.

PROOF. Let V be a finite dimensional vector space over a field k (of any char-
acteristic), and G C GL(V) be a Zariski closed subgroup.

LEMMA 4.12.2. If V is a completely reducible representation of G, then G is
reductive.

PrOOF. Let V be a nonzero rational representation of an affine algebraic group
G. Let U be the unipotent radical of G. Let VY C V be the subspace of invariants.
Since U is a normal subgroup, VY is a subrepresentation. Since U is unipotent,
VU £ 0. So if V is irreducible, then VU = V| ie., U acts trivially. Thus, U acts
trivially on any completely reducible representation of G. So if V is completely
reducible and G C GL(V'), then U = 1 and hence G is reductive. O

Now let G be any group, and V, W be two finite dimensional irreducible repre-
sentations of G. Let Gy, Gy be the Zariski closures of the images of G in GL(V)
and GL(W), respectively. Then by Lemma BI22] Gy,Gw are reductive. Let
Gyw be the Zariski closure of the image of G in Gy X Gyy. Let U be the unipotent
radical of Gyw. Let py : Gyw — Gy, pw : Gyw — Gyw be the projections.
Since py is surjective, py (U) is a normal unipotent subgroup of Gy, so py (U) = 1.
Similarly, pw (U) = 1. So U =1, and Gyw is reductive.

Let G{,iy be the closure of the image of G in GL(V ® W). Then Gy, is a
quotient of Gy, so it is also reductive. Since char(k) = 0, this implies that the
representation V' ® W is completely reducible as a representation of Gy, hence
of G.

This proves Chevalley’s theorem for groups. The proof for Lie algebras is
similar. O

DEFINITION 4.12.3. A tensor category C is said to have the Chevalley property

if the category Cy of semisimple objects of C is a tensor subcategory.

Thus, Chevalley’s theorem says that the category of finite dimensional repre-
sentations of any group or Lie algebra over a field of characteristic zero has the
Chevalley property.

PROPOSITION 4.12.4. A tensor category in which every simple object is invert-
ible has the Chevalley property.

PrROOF. Obvious. O

REMARK 4.12.5. Tensor categories in which all simple objects are invertible
are called pointed, see Section .11}

Recall from Section[[I3]that for any object X in a locally finite abelian category
we denote by Lw(X) the Loewy length of X.
Let Cy C C; C --- be the socle filtration of C, see Definition

PROPOSITION 4.12.6. In a tensor category with the Chevalley property,
(4.16) Lw(X®Y)<Lw(X)+Lw(Y)— 1.
Thus C; ® Cj C CiJrj.
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ProoF. Let X(i), 0 < i < m, Y(j), 0 < j < n, be the successive quotients
of the socle filtrations of X,Y. Then Z := X ® Y has a filtration with successive
quotients Z(r) = @i4;=rX (1) ® Y(j), 0 < r < m + n. Because of the Chevalley
property, these quotients are semisimple. This implies the statement. O

REMARK 4.12.7. Tt is clear that the converse to Proposition B.I12.6] holds as
well: equation (£I6]) (for simple X and Y') implies the Chevalley property.

EXERCISE 4.12.8. Let k be a field of characteristic p, and let G be a finite
group. Show that the category Repy(G) has the Chevalley property if and only if
G has a normal p-Sylow subgroup.

4.13. Groupoids

The most basic examples of multitensor categories arise from groupoids. Recall
that a groupoid is a small category where all morphisms are isomorphisms. Thus,
a groupoid G entails a set X of objects of G and a set G of morphisms of G, the
source and target maps s,t : G — X, the composition map p : G X x G — G (where
the fibered product is defined using s in the first factor and ¢ in the second factor),
the unit morphism map v : X — G, and the inversion map i : G — G satisfying
certain natural axioms.

Here are some examples of groupoids.

(1) Any group G is a groupoid G with a single object whose set of morphisms
to itself is G.
(2) Let X be a set and let G = X x X. Then the product groupoid G(X) :=
(X, @) is a groupoid in which s is the first projection, ¢ is the second
projection, u is the diagonal map, and 7 is the permutation of factors. In
this groupoid for any =,y € X there is a unique morphism from z to y.
(3) A more interesting example is the transformation groupoid T'(G, X) arising
from the action of a group G on a set X. The set of objects of T(G, X)
is X, and arrows correspond to triples (g, x, y) where y = gz with an
obvious composition law. In other words, the set of morphisms is G x X
and s(g, ) =z, t(g,2) = gz, u(z) = (1,2), i(g,x) = (gilagx)'
Let G = (X,G, u,s,t,u,1) be a groupoid whose set of objects X is finite and let
C(G) be the category of finite dimensional vector spaces graded by the set G of
morphisms of G, i.e., vector spaces of the form V = @©4eq V,. Introduce a tensor
product on C(G) by the formula

(4.17) VeW),= B V,ow,.

(91,92):9192=¢g

Then C(G) is a multitensor category. The unit object is 1 = @®,¢x 1., where 1, is
a 1-dimensional vector space which sits in degree id, in G. The left and right duals
are defined by (V*), = (*V)y = Vj-1.

We invite the reader to check that the component subcategories C(G),, are the
categories of vector spaces graded by Mor(y, x).

We see that C(G) is a tensor category if and only if G is a group, which is the
case of Vecq already considered in Example Note also that if X = {1,...,n}
then C(G(X)) is naturally equivalent to Mat,,(Vec), see Example .T.3l
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EXERCISE 4.13.1. Let C; be isomorphism classes of objects in a finite groupoid
g, n; = |Ci|, x; € C; be representatives of C;, and G; = Aut(z;) be the corre-
sponding automorphism groups. Show that C(G) is (non-canonically) monoidally
equivalent to @, Mat,, (Vecg, ).

REMARK 4.13.2. The condition of local finiteness in Definition 1] is not
superfluous: there exists a rigid monoidal k-linear abelian category with bilinear
tensor product which contains objects of infinite length. An example of such a
category is the category C of Jacobi matrices of finite dimensional vector spaces.
Namely, the objects of C are semi-infinite matrices V' = {Vi;}; jez, of finite di-
mensional vector spaces V;; with finitely many nonzero diagonals, and morphisms
are matrices of linear maps. The tensor product in this category is defined by the
formula

(4.18) (VeW)u=>Y_ V;eWs,
J

and the unit object 1 is defined by the condition 1;; = k%i. The left and right
duality functors coincide and are given by the formula

(4.19) (V)i = (Vi)™

The evaluation map is the direct sum of the canonical maps V;; ® V;; — 1;;, and
the coevaluation map is a direct sum of the canonical maps 1;; — V;; @ V7.

Note that the category C is a subcategory of the category C of G(Z4)-graded
vector spaces with finite dimensional homogeneous components. Note also that the
category C is not closed under the tensor product defined by (£I8)) but the category
C is.

EXERCISE 4.13.3. (1) Show that if X is a finite set then the group of
invertible objects of the category C(G(X)) is isomorphic to Aut(X) (the
group of permutations of X).

(2) Let C be the category of Jacobi matrices of vector spaces from Exam-
pleI32 Show that the statement of Exercise 3TI)(d) fails for C. Thus
the finite length condition is important in Exercise 3111

4.14. The adjoint subcategory and universal grading

In this section we extend the definitions and results of Section to tensor
categories.

DEFINITION 4.14.1. A Serre subcategory of an abelian category C is a full sub-
category S such that for all short exact sequences

0-X—-Y—=>2Z-=0
in C, the object Y belongs to S if and only if both X and Z do.

It follows that a Serre subcategory contains an object X if and only if it contains
all Jordan-Hoélder composition factors of X. Thus, Serre subcategories of C are in
bijection with subsets of the set of isomorphism classes of simple objects of C.

A grading of a tensor category C by a group G is a decomposition

c=@apc,

geG
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where C; C C, g € G, are abelian subcategories, such that the tensor product ®
maps Cy4 X Cp, to Cgp. The subcategory C; is a tensor subcategory; it is called the
trivial component of the grading. In this case we also say that C is an extension of
Cy.

A grading is said to be trivial if C; = C. It is said to be faithful if C4 # 0 for all
g € G. For any two faithful gradings of C there is a common refinement, so there
exists a universal grading of C.

Clearly, gradings of C are in bijection with gradings of its Grothendieck ring
Gr(C).

The following definition is a direct analog of Definition

DEFINITION 4.14.2. The group corresponding to the universal grading of C will
be called the universal grading group and denoted by Uc.

PROPOSITION 4.14.3. The group Autg(idc) of tensor automorphisms of the
identity functor idc is canonically isomorphic to Hom(Ue, k* ).

PrOOF. The homomorphism fy, € Hom(Ug, k*) corresponding to ¢ € Autg (idc)
is defined as follows: assigning to a simple X € C the element 1x € Aut(X) = k*,
one gets a grading of C by k*, which defines a homomorphism fy : U — k* by
the universality of Uc. It is easy to check that the assignment ¢ — fy is a group
isomorphism. O

REMARK 4.14.4. The universal grading of C is faithful.

Recall that the notion of the adjoint subring of a based ring was introduced in
Section

Let C be a semisimple tensor category and let Gr(C) be its Grothendieck based
ring. Let Gr(C)qq be the adjoint based subring of Gr(C), see Definition B.6.1]

DEFINITION 4.14.5. The adjoint subcategory of C is the tensor Serre subcategory
Cad C C generated by objects from Gr(C).q. Equivalently, C,q4 is the smallest tensor
Serre subcategory of C containing all objects X @ X*, X € O(C).

It is clear from the results of Section that C,q is the trivial component of
the universal grading of C.

EXAMPLE 4.14.6. Let G be a finite group and let C = Rep(G) be the category
of finite dimensional representations of G. Then C,q = Rep(G/Z(@G)), where Z(QG)
is the center of G. Similarly, if G is a complex reductive algebraic group and
C = Rep(G), then Coq = Rep(Gaq), where Goq = G/Z(G) is the adjoint group of
G. This justifies our terminology.

PROPOSITION 4.14.7. There is a one-to-one correspondence between Serre ten-
sor subcategories D C C containing Coq and subgroups G C Ue, namely

D'—)GD::{QEU0|'DQCQ7§O}’ GHDG::®C9.
geG

Proor. This follows from the fact that C = ©4ecp.Cy, where C; = Cyq, and
Gr(C,) are indecomposable Gr(C;)-modules. O

Let D C C be a tensor subcategory. Among all gradings of C trivial on D
there is a universal one, namely, the grading by Uc/G, where G C Ug is the
normal subgroup generated by the image of Up under the natural homomorphism
Up — Upe.
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COROLLARY 4.14.8. There is a one-to-one correspondence between equivalence
classes of faithful gradings of C and Serre tensor subcategories D C C containing
Caq such that the subgroup Gp C Ue is normal. Namely, one associates to D the
universal grading of C trivial on D; one associates to a grading its trivial component.

PRrROOF. For every normal subgroup G C U¢ the homomorphism Uz — U /G
gives a faithful grading of C by Uz /G. By the universality of the grading O(C) — Ug,
one thus gets a one-to-one correspondence between normal subgroups of Ue and
equivalence classes of faithful gradings of C. Now use Proposition 147 |

REMARK 4.14.9. If the Grothendieck ring of C is commutative (e.g., if C is
braided, see Section8lfor definition) then Ug is abelian. So in this case the normality
condition in Corollary £.14.8 holds automatically.

Recall that the notion of commutator of a subring of a based ring was introduced
in Definition 3.6.9

DEFINITION 4.14.10. Let C be a tensor category. Suppose that the Grothendieck
ring of C is commutative. Let I be a Serre tensor subcategory of C. The commu-
tator of IC is the Serre tensor subcategory K C C generated by all simple objects
X € C such that X ® X* € K.

Equivalently, K¢ is the biggest Serre tensor subcategory R C C such that
Raa C K. We have (ICC")ad cKc (ICad)C".

REMARK 4.14.11. We have Gr(K) = Gr(K)°°.

Let
c=ec,

geG
be a tensor category faithfully graded by a group G. By Theorem the
Frobenius-Perron dimensions of components C, are equal for all g € G.
For a tensor category C we define C(© = C, M) = C,q, and C™ = (C(»~ ),y
for every integer n > 1.

DEFINITION 4.14.12. The non-increasing sequence of tensor subcategories of C
(4.20) c=c®oc®o...o¢cm ...
will be called the upper central series of C.

ExAMPLE 4.14.13. For every group H let Z(H) denote its center. Let G be a
finite group and C = Rep(G). Let
1}=Cc’'@)ccl(@)c---cc™(G)C---
be the upper central series of G; i.e., C°(G) := {1},C*(G) := Z(G) and for n >
1 the subgroup C™(G) is defined by C"(G)/C"YG) = Z(G/C"}(G)). Then
C(") = Rep(G/C™(@)), so that our definition of the upper central series agrees with
the classical one.

DEFINITION 4.14.14. A tensor category C is nilpotent if its upper central series
converges to Vec; i.e., C(™ = Vec for some n. The smallest such n is called the
nilpotency class of C.

REMARK 4.14.15. A tensor category C is nilpotent if and only if its Grothen-
dieck ring Gr(C) is nilpotent in the sense of Definition B.6.8
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REMARK 4.14.16. A tensor category C is nilpotent if and only if there is a
sequence of Serre tensor subcategories

CoZVeC§C1§“'§CN=C

such that for each i = 1,..., N the category C; has faithful grading by a group G;
with the trivial component C;_1. We say that C is cyclically nilpotent if each G; is
a cyclic group.

REMARK 4.14.17. Let G be a finite group and C = Rep(G). Then C is nilpotent
if and only if G is nilpotent.

EXERCISE 4.14.18. Let C be a nilpotent tensor category.

(i) Show that every Serre tensor subcategory £ C C is nilpotent.
(ii) Show that if F': C — D is a surjective tensor functor, then D is nilpotent.

4.15. Equivariantization of tensor categories

Recall that in Section 271 we introduced the notions of a group action and
equivariantization in the setting of monoidal categories.

For a multitensor category C we will denote by Autg(C) the monoidal category
of tensor autoequivalences of C.

As in Section 27 for a group G we denote by Cat(G) the monoidal category
whose objects are elements of GG, the only morphisms are the identities, and the
tensor product is given by multiplication in G.

DEFINITION 4.15.1. An action of a group G on a multitensor category C is a
monoidal functor

(4.21) Cat(G) — Autg(C).

The category C¢ of G-equivariant objects in C (see Definition ZZ7.2) is a multi-
tensor category. It is tensor if and only if C is tensor. The forgetful functor C¥ — C
is a tensor functor. If k is an algebraically closed field of characteristic 0 and C is
a fusion category then so is C¢.

ExAMPLE 4.15.2. Let C = Vec be the trivial fusion category. Every group G has
a unique action on Vec, namely the trivial action. We claim that Vec® = Rep(G),
the category of representations of G. Indeed, a G-equivariant object in Vec is a
vector space V' together with a collection of automorphisms v, : V >V, g € G,
satisfying compatibility conditions (2.7.2)). These conditions say precisely that the
assignment g — u, is a representation of G.

EXERCISE 4.15.3. This is a generalization of Example Let N be a
normal subgroup of a group G. Show that the quotient group G/N acts on Rep(NN)
and Rep(N)%/N = Rep(G).

EXAMPLE 4.15.4. Let G be a finite group. It acts on the category Vecg of
G-graded vector spaces by conjugation. The resulting equivariantization Vecg is
the Drinfeld center of Vecg, see Definition [.T3.1]

DEFINITION 4.15.5. Let G be a finite group acting on a tensor category C. A
crossed product category C x GG is defined as follows. We set C x G = C K Vecg as
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an abelian category (here X denotes Deligne’s tensor product of abelian categories)
and define a tensor product by

(4.22) (XRg)®(YRh) :=(XT,(Y)Rgh, X, YeC, gheg.

The unit object is 1 X e and the associativity and unit constraints come from those
of C.

Note that C x G is a G-graded tensor category,

CxG=EP(Cxa),, where (C % G)y =C® (1K g).
geG

In particular, C x G contains C = C ® (1K e) as a tensor subcategory.
EXAMPLE 4.15.6. For the trivial action of G on Vec we have Vec XxG = Vecg.

REMARK 4.15.7. We will see later that the equivariantization category C¢ and
the crossed product C x G are related to each other by a certain form of duality,

see Example [[[12.19]

REMARK 4.15.8. Let X be a simple object of C and Gx C G the stabilizer of
its isomorphism class. We have a central extension 1 — k* — Gx — Gx — 1,
where Gx is the set of pairs consisting of an element h € Gx and an isomorphism
Th(X) = X. (Here h — T}, denotes the action.) The set of isomorphism classes
of simple objects of C¢ whose image under the forgetful functor C% — C contains
X is in natural bijection with the set Irr'(Gx) of irreducible finite dimensional
representations of Gx such that each A € k* C Gx acts as multiplication by A.

PROPOSITION 4.15.9. If C is a tensor category and Y is the object of C% cor-
responding to V€ Irr* (Gx) as above then

(4.23) FPdim(Y) = dimy (V) - [G : Gx] - FPdim(X).

PROOF. Let Forg : CY — C denote the canonical forgetful tensor functor.
The stated bijection is defined by restricting the equivariant structure of Y € Cq
such that X C Forg(Y) to V := Hom¢ (X, Forg(Y)). Equation [@23) follows from
the formula FPdim(Y) = FPdim(Forg(Y")), which is a consequence of Proposition
457 O

4.16. Multitensor categories over arbitrary fields

We have developed the theory of multitensor categories over an algebraically
closed field, but the definition of a (finite) (multi)tensor and (multi)fusion category
actually makes sense over any field k. For instance, if G is a finite group, then the
category of finite dimensional representations of G over k is a tensor category over
k.

Moreover, if k C k' is a field extension, and C is a locally finite abelian category
over k, then we can naturally define the extension of scalars — the locally finite
abelian category C' := C ® k' over k' (which is (multi)tensor if so was C), such
that every object X of C gives rise to an object X’ := X ®yk’ of C’. This procedure,
however, is less innocent than one might think: for instance, for a simple object
X of C, the object X’ may not be simple (e.g., take X to be the 2-dimensional
rotation representation of Z/3Z over k = R, and k’ = C).

One defines C to be split if X’ is simple for any simple X (for any choice of
k’). This is equivalent to saying that End(X) = k for any simple X. For example,
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88 4. TENSOR CATEGORIES

the category of representations of a finite group G over k is split if and only if all
irreducible G-modules over k are defined over k.

If C is a (multi)fusion category over any field k then the Grothendieck ring of
C is a weak (multi)fusion ring (see Section B.8)); namely, if b; is the class of a simple
object X; then numbers d; = 7(b;bf) equal dim D;, where D, := End(X;). This
gives rise to the problem of categorification of a given weak fusion ring R over a
given field k. This problem is quite nontrivial, and even for simplest weak fusion
rings leads to the study of torsion in the Brauer group of k. It is discussed in the
paper [EtG10]. For example, it is shown in [EtG10] that the fusion ring with
basis 1 and b with b2 = n -1, n > 1, is categorifiable over a field of characteristic
zero if and only if n = 4™ for a non-negative integer m, but over a global field and
over R, only n =1 and n = 4 are possible.

Finally, note that a split (multi)fusion category can be defined over any com-
mutative ring k (not necessarily a field). We leave it to the reader to give a precise
definition, and just note that the monoidal structure of such a category is deter-
mined by a collection of isomorphisms (4.12) for H]} = kN N{? > 0, which satisfy
the pentagon relation, and the evaluation and coevaluation morphisms are defined
similarly.

4.17. Bibliographical notes

4.1. Tensor categories with a commutativity isomorphism were first considered
by Saavedra Rivano in [Sa] and later by Deligne and Milne in [DelM]. General
tensor categories (in particular, fusion categories) became a popular subject in the
1980s, with the advent of quantum groups, quantum knot invariants, and conformal
field theory. Some basic references on this subject are the books by Bakalov and
Kirillov [BakK], Kassel [Kas|, Turaev [Tud4] and the paper by Moore and Seiberg
[MooS1]. The term “multifusion category” appears in [ENO2] and “multitensor
category” in [EtO1], although such categories (at least in the commutative case)
were considered much earlier, in [DelM].

4.2. Proposition @211 is Proposition 1.16 in [DelM] (see also [BakK], Propo-
sition 2.1.8). Proposition is a slightly more general version of Kazhdan and
Lusztig [KazL5], Corollary 2 (p.441), see also [EtO1], Proposition 2.1.

4.3. Theorem L3 8is due to Deligne and Milne, [DelM]|, Proposition 1.17. The
decomposition of a multitensor category into component categories is considered in
[ENO2, [EtO1].

4.4. The results on absence of self-extensions are taken from [E€O1] (see The-
orem 2.17).

4.5. The material on Grothendieck rings and Frobenius-Perron dimensions (in
particular, Proposition L5.7)) is taken from [EtO1], see also [E].

4.6. This section is just the explanation that Deligne’s tensor product (defined
in [Del]) of (multi)tensor categories is itself a (multi)tensor category.

4.7. The notions of pivotal and spherical categories and quantum traces are
discussed in Barrett and Westbury [BarW]|. In the setting of ribbon categories,
these notions are considered earlier by Reshetikhin and Turaev in [RT1), [RT2].
See also the paper by Miiger [Mu2]| for a review of these notions.

4.8. Proposition [£81] is taken from [OsI]. Proposition is taken from
[BakK].

4.9. For classical and quantum 6;j-symbols see the books by Carter, Flath, and
Saito [CarFS] and Biedenharn and Louck [BiL].
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4.10. The notion of categorification was first suggested by Crane and Frenkel in
[CraF]. Tambara-Yamagami fusion rings and their categorifications are considered
in [TaY]. On Verlinde rings and their categorifications see [BakK].

4.11. The results of this section are taken from [DrGNO2| Appendix F].

4.12. Chevalley’s theorem is proved in [Che|, p.88. The notion of Chevalley
property for tensor categories was introduced in [AEG].

4.13. The book by Renault [Ren| is a good reference about groupoids. See
also the reviews by Brown [Bro| and Weinstein [Wein].

4.14. The notion of the adjoint subcategory of a fusion category was intro-
duced in [ENOZ2|, 8.5, and developed in [GelaN|. The material on the adjoint
subcategory and the universal grading is taken from [GelalN].

4.15. Our exposition of the theory of equivariantization of tensor categories
follows [DrGNO2], Section 4 (which develops the ideas of Bruguiéres [Brul| and
Muger [Mull]).

4.16. Our discussion of multitensor categories over arbitrary fields follows
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CHAPTER 5

Representation categories of Hopf algebras

5.1. Fiber functors
Let C be a ring category over a field k.
DEFINITION 5.1.1. A quasi-fiber functor on C is an exact faithful functor

F: C— Vec

from C to the category of finite dimensional k-vector spaces, such that F(1) = k,
equipped with a natural isomorphism

J:F(X)®FY)—> F(X®Y), X, YeC.

If in addition J is a tensor structure (i.e., satisfies axioms in Definition 24T, one
says that F' is a fiber functor.

In other words, a (quasi-)fiber functor is a (quasi-)tensor functor to the category
of vector spaces.
Let G be a group.

EXAMPLE 5.1.2. The forgetful functors Vecs — Vec and Rep(G) — Vec are
fiber functors.

EXAMPLE 5.1.3. Let w € Z3(G, k*) be a cohomologically non-trivial 3-cocycle.
The forgetful functor Vecg — Vec is quasi-fiber, for any choice of the isomorphism
J. It follows from the results of Section that Vec does not admit a fiber
functor.

ExaMPLE 5.1.4. The functor Loc(X) — Vec on the category of local systems
of finite dimensional k-vector spaces on a connected topological space X which
attaches to a local system FE its fiber E, at a point = € X is a fiber functor, which
justifies the terminology. (Note that if X is Hausdorff, then this functor can be
identified with the above mentioned forgetful functor Rep(m (X, x)) — Vec).

5.2. Bialgebras

Let C be a finite ring category and let F': C — Vec be a fiber functor with the
tensor functor structure Jxy : F(X)® F(Y) - F(X®Y), X, Y € C. Consider
the algebra H := End(F'). This algebra has two additional structures: a comultipli-
cation (or coproduct) A: H - H ® H and a counit € : H — k defined as follows.
Let

a:End(F)®End(F) = End(F X F),
where FXF : CKC — Vec is Deligne’s tensor product of functors, see Section [[LT1]
denote the natural isomorphism. The comultiplication is defined by the formula

A(a) = a7 (A(a)),
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92 5. REPRESENTATION CATEGORIES OF HOPF ALGEBRAS
where A(a) € End(F X F) is given by

Ala)xy = J;(}an®YJX,Y7
and the counit is defined by the formula
e(a) = a1 €k.

THEOREM 5.2.1. Let H = End(F') be as above.

(i) The algebra H is a coalgebra with comultiplication A and counit €.
(ii) The maps A and € are unital algebra homomorphisms.

PROOF. The coassociativity of A follows from axiom ([2.:23]) of a monoidal func-
tor. The counit axiom follows from ([Z25) and (2.20). Finally, observe that for all
7,v € End(F) the images under « of both A(n)A(v) and A(nv) have components
J)_(,ly (nv)xey Jx,v; hence, A is an algebra homomorphism (which is obviously uni-
tal). The fact that ¢ is a unital algebra homomorphism is clear. ([l

DEFINITION 5.2.2. An algebra H equipped with a comultiplication A and a
counit ¢ satisfying properties (i),(ii) of Theorem [(.21] is called a bialgebra. A
homomorphism of bialgebras is a unital algebra homomorphism between bialgebras
which preserves the coproduct and counit.

Thus, Theorem [£.2.1] claims that the algebra H = End(F') has a natural struc-
ture of a bialgebra.

Now let H be any bialgebra (not necessarily finite dimensional). Then the
category Rep(H) of representations (i.e., left modules) of H and its subcategory
Rep(H) of finite dimensional representations of H are naturally monoidal categories
(and the same applies to right modules). Indeed, one can define the tensor product
of two H-modules X,Y to be the usual tensor product of vector spaces X ® Y, with
the action of H defined by the formula

pxev(a) = (px ® py)(A(a), a € H

(where px : H — End(X),py : H — End(Y)), the associativity isomorphism to
be the obvious one, and the unit object to be the 1-dimensional space k with
the action of H given by the counit, a — £(a). Moreover, the forgetful functor
Forget : Rep(H) — Vec is a fiber functor.

Thus, one has the following theorem.

THEOREM 5.2.3. The assignments
(5.1) (C,F)— H =End(F), H > (Rep(H), Forget)

are mutually inverse bijections between (1) finite ring categories C with a fiber func-
tor F': C — Vec, up to tensor equivalence and isomorphism of tensor functors and
(2) isomorphism classes of finite dimensional bialgebras H over k.

PROOF. Straightforward from the above. O

Theorem [5.2.3]is called the reconstruction theorem for finite dimensional bial-
gebras (as it reconstructs the bialgebra H from the category of its modules using a
fiber functor).
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5.3. HOPF ALGEBRAS 93

REMARK 5.2.4. Below we will prove a number of versions of this theorem, which
apply to ring categories with additional structures and/or properties. All of these
theorems admit a stronger “categorical” version. Namely, to give a stronger version
of Theorem (23] let Fbialg be the category of finite dimensional bialgebras over
k (with morphisms being isomorphisms), and let FRCF be the category of finite
ring categories with a fiber functor, with morphisms being isomorphism classes of
equivalences compatible with fiber functors. Then the stronger form of Theorem
E23]says that the functor Rep : Fbialg — FRCF, H — Rep(H ), is an equivalence.
This follows from our arguments in the same way as Theorem 523

We will not formulate such categorical versions for the other reconstruction
theorems below, and leave this to the reader.

EXERCISE 5.2.5. Show that the axioms of a bialgebra are self-dual in the follow-
ing sense: if H is a finite dimensional bialgebra with multiplication y: H® H — H,
unit 7 : k — H, comultiplication A : H — H ® H and counit ¢ : H — k, then H*
is also a bialgebra, with the multiplication A*, unit £*, comultiplication p*, and
counit ¢*.

EXERCISE 5.2.6. (i) Let G be a finite monoid, and C = Vecg. Let F :
C — Vec be the forgetful functor. Show that H = End(F) is the bialgebra
Fun(G, k) of k-valued functions on G, with comultiplication

Af) (@, y) = flay), =,y € G,

where we identify H ® H with Fun(G x G, k), and counit (f) = f(1).

(ii) Show that Fun(G, k)* = kG, the monoid algebra of G (with basis G and
product z - y = xy), with coproduct A(z) = z ® x, and counit (z) = 1,
x € G. Note that the bialgebra kG may be defined for any G (not
necessarily finite).

EXERCISE 5.2.7. Let H be a k-algebra, C = Rep(H) be the category of H-
modules, and F : C — Vec be the forgetful functor (we do not assume finite
dimensionality). Assume that C is a k-linear abelian monoidal category with a
bilinear and biexact tensor product, and that F' is a tensor functor. Show that
this endows H with the structure of a bialgebra, such that F' defines a monoidal
equivalence C — Rep(H).

Note that not only modules, but also comodules over a bialgebra H form a
monoidal category. Indeed, for a finite dimensional bialgebra, this is clear, as right
(respectively, left) modules over H is the same thing as left (respectively, right)
comodules over H*. In general, if X, Y are, say, right H-comodules, then the right
comodule X ® Y is the usual tensor product of X,Y with the coaction map defined
as follows: if z € X,y € Y, mx(x) = > 2, @ a;, 7y (y) = Y y; ® bj, then

Txey (T ®y) = Zd?i ®y; @ ab;.
For a bialgebra H, the monoidal category of right H-comodules will be denoted by
H — comod, and the subcategory of finite dimensional comodules by H — comod.
5.3. Hopf algebras

In the next few sections, we will review some of the most important basic results
about bialgebras and Hopf algebras.
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94 5. REPRESENTATION CATEGORIES OF HOPF ALGEBRAS

Let us now consider the additional structure on the bialgebra H = End(F") from
the previous section in the case when the category C has left duals. In this case,
one can define a linear map S : H — H by the formula

S(a)X = a’;{*a
where we use the natural identification of F(X)* with F'(X™*) (see Exercise 2-10.0)).

PROPOSITION 5.3.1. (“The antipode axiom.”) Let p: HQH — H and i :k —
H be the multiplication and the unit maps of H. Then
(5.2) po(id®S)oA=ioe=po(S®id)o A
as maps H — H.

PROOF. For any b € End(F ® F) the linear map o (id®S)(a=1(b))x, X €C
is given by
(5.3)

bx.x
F(X) F(X)®F(X)*®@F(X) =5 F(X)®F(X)* @ F(X) F(X),
where we suppress the identity isomorphisms, the associativity constraint, and the
isomorphism F(X)* = F(X*). Indeed, it suffices to check (53) for b = n®v, where

n,v € H, which is straightforward.
Now the first equality of the proposition follows from the commutativity of the

coevF(X) evF(X)

diagram
(5.4) F(X) T L P(X) @ F(X)* @ F(X)
id JIx, x*
F(coevx)
F(X) F(X®X*)® F(X)
71 Nxex*
F(X) F(coevy) F(X@X*)(X)F(X)
id J);,lx*
evF(X)
F(X) F(X)® F(X)* ® F(X),

for any n € End(F).

Namely, the commutativity of the upper and the lower squares follows from
the fact that upon identification of F/(X)* with F(X*), the morphisms evpx) and
coevp(x) are given by the diagrams of Exercise2.I0.61 The middle square commutes
by the naturality of 7. The composition of left vertical arrows gives £(n)idp(x),
while the composition of the top, right, and bottom arrows gives po (id ®5) o A(n).

The second equality is proved similarly. (]

DEFINITION 5.3.2. An antipode on a bialgebra H is a linear map S : H — H
which satisfies the equalities of Proposition [(£.3.11

EXERCISE 5.3.3. Show that the antipode axiom is self-dual in the following
sense: if H is a finite dimensional bialgebra with antipode Sp, then the dual
bialgebra H* from Example [5.2.5] also admits an antipode Sy- = Sj;.

EXERCISE 5.3.4. Let H be a bialgebra (not necessarily finite dimensional).
Show that the finite dual Hf (see Definition [[LT2.1]) is a bialgebra.
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The following is a “linear algebra” analog of the fact that the left dual, when
it exists, is unique up to a unique isomorphism.

PROPOSITION 5.3.5. An antipode on a bialgebra H is unique if exists.

PROOF. The proof essentially repeats the proof of uniqueness of left dual, cf.

Proposition 2105 Let S,.S5’ be two antipodes for H. Then

S o (S®[po(idesS)oAl)oA
o(idou)o (S®id®S") o (id®@A) o A
o(p®id)o(S®ideS’)o (A®id)o A
o([uo(S®id)oAl® S)o A =5,

where we used the antipode properties (52)) of S and S’, associativity of u, and

coassociativity of A. |

PROPOSITION 5.3.6. If S is an antipode on a bialgebra H then S is an antiho-
momorphism of algebras with unit and of coalgebras with counit.

ProOF. Let
(A®id) o Aa) = (id @A) o Ala Za ®a? ®al,

(A@id)o A(b) = (Id®A) o A(b) = > b} @ b3 @b,
J
Then using the definition of the antipode, we have

Zs (alb)a2S(a Zs (atb})a?b2S(b%)S(af) = S(b)S(a).

Thus S is an antihomomorphism of algebras (which is obviously unital). The fact
that it is an antihomomorphism of coalgebras then follows using the self-duality of
the axioms (see Exercises [5.2.5] [5.3.3]), or can be shown independently by a similar
argument. (]

COROLLARY 5.3.7. (i) If H is a bialgebra with an antipode S, then the
category C = Rep(H) has left duals. Namely, for any object X, the left
dual X* is the usual dual space of X, with action of H given by

px-(a) = px(S(a))*,a € H,

and the usual evaluation and coevaluation morphisms of the category Vec.
(ii) If in addition S is invertible, then C also admits right duals, i.e., is rigid

(in other words, C is a tensor category). Namely, for any object X, the

right dual * X is the usual dual space of X, with action of H given by

p-x(a) = px (S~} (a))",
and the usual evaluation and coevaluation morphisms of the category Vec.

ProoF. Part (i) follows from the antipode axiom and Proposition (.3.6] Part
(ii) follows from part (i) and the fact that the operation of taking the left dual is
inverse to the operation of taking the right dual. (I
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REMARK 5.3.8. A similar statement holds for finite dimensional comodules.
Namely, if X is a finite dimensional right comodule over a bialgebra H with an
antipode, then the left dual is the dual vector space X* with the coaction defined
by

(mx=(f), 2 ® ¢) := ((i[d@9)(7x(x)), f ® ¢),
re X, feX* ¢e H* If Sis invertible, then the right dual *X is defined by the
same formula with S replaced by S~!.

REMARK 5.3.9. The fact that S is an antihomomorphism of coalgebras is the
“linear algebra” version of the categorical fact that dualization changes the order
of tensor product (Proposition ZI0.7(ii)).

DEFINITION 5.3.10. A bialgebra equipped with an invertible antipode S is
called a Hopf algebra.

REMARK 5.3.11. We note that many authors use the term “Hopf algebra” for
any bialgebra with an antipode (not necessarily invertible).

Thus, Corollary .37 states that if H is a Hopf algebra then Rep(H) is a tensor
category. So, we get the following reconstruction theorem for finite dimensional
Hopf algebras.

THEOREM 5.3.12. The assignments
(5.5) (C, F)— H =End(F), H — (Rep(H), Forget)

are mutually inverse bijections between (1) equivalence classes of finite tensor cate-
gories C with a fiber functor F, up to tensor equivalence and isomorphism of tensor
functors, and (2) isomorphism classes of finite dimensional Hopf algebras over k.

PrROOF. Straightforward from the above. ]

EXERCISE 5.3.13. The bialgebra of functions Fun(G, k) on a finite monoid G
from Exercise [.2.6{(1) is a Hopf algebra if and only if G is a group. In this case, the
antipode is given by the formula S(f)(z) = f(z71), z € G.

More generally, if G is an affine algebraic group over k, or still more generally
an affine group scheme, then the algebra O(G) of regular functions on G is a Hopf
algebra, with the comultiplication, counit, and antipode defined as in the finite
case.

Similarly, kG is a Hopf algebra if and only if G is a group, with S(z) = 271,
re@q.

EXERCISE 5.3.14. Show that if g is a grouplike element of a Hopf algebra H
(see Definition [L0.7), then g is invertible, with g=1 = S(g). Also, show that the
product of two grouplike elements is grouplike. In particular, grouplike elements of
any Hopf algebra H form a group, denoted G(H). Show that G(H) can also be
defined as the group of isomorphism classes of 1-dimensional H-comodules under
tensor multiplication.

ProposITION 5.3.15. If H is a finite dimensional bialgebra with an antipode
S, then S is invertible, so H is a Hopf algebra.

ProOOF. Let H, be the image of S™. Since S is an antihomomorphism of
algebras and coalgebras, H,, is a sub-bialgebra of H. Let m be the smallest n such
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that H,, = H,4+1 (it exists because H is finite dimensional). We need to show that
m = 0. If not, we can assume that m = 1 by replacing H with H,,_1.

We have a map S’ : Hy — H; inverse to S|g,. For a € H, let the triple
coproduct of a be

(A®id)(Ala)) =D a} ®a} @a.

Consider the element

b= 5'(S(a}))S(a7)a;.

On the one hand, collapsing the last two factors using the antipode axiom, we have
b=5'(S(a)). On the other hand, writing b as

b= ZS’(S(@))S(S’(S(G?)))G?

and collapsing the first two factors using the antipode axiom, we get b = a. Thus
a = 5"(S(a)) and thus @ € Hy, so H = Hy, a contradiction. O

REMARK 5.3.16. Proposition [5.3.15]is a special case of Proposition [.2.10l

EXERCISE 5.3.17. Let (H, u, i, A, €, S) be a Hopf algebra with the multipli-
cation pu, the unit 4, the comultiplication A, the counit ¢, and the antipode S. Let
1°P and A°P be obtained from p and A by permutation of components.

(i) Show that

(56) HOP = (Ha :Ufop’ iaAa & S_l)a
(5.7) HEP = (H, i, i, A%, ¢, §71),
(5.8) HEP = (H, 1, i, A%, ¢, 5)
are Hopf algebras. Show that H is isomorphic to HgP, and Hop to HP.

Deduce that Rep(H,p,) = Rep(H)°P, where Rep(H)P is the category op-
posite to Rep(H), see Definition

(ii) Suppose that a bialgebra H is a commutative (u = u°P) or cocommutative
(A = A°P). Let S be an antipode on H. Show that S% = idy.

DEFINITION 5.3.18. The Hopf algebras (or bialgebras) in (G.0) and (57) will
be called the opposite and co-opposite Hopf algebras (or bialgebras) of H.

EXERCISE 5.3.19. Show that if A, B are bialgebras, bialgebras with antipode,
or Hopf algebras, then so is the tensor product A ® B.

5.4. Reconstruction theory in the infinite setting

In this section we would like to generalize the reconstruction theory to the
situation when the category C is not assumed to be finite.

Let C be a ring category over k. Then the coalgebra Coend(F') (defined in
Section [[T0]) also carries a multiplication and unit, dual to the comultiplication and
counit of End(F'). More precisely, since End(F) may now be infinite dimensional,
the algebra End(F ® F') is in general isomorphic not to the usual tensor product
End(F) ® End(F), but rather to its completion End(F)& End(F) with respect to
the inverse limit topology. Thus, the comultiplication of End(F) is a continuous
linear map A : End(F) — End(F)®End(F). The dual A* of this map defines a
multiplication on Coend(F).
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If C has left duals, the bialgebra Coend(F') acquires an antipode, defined in
the same way as in the finite dimensional case. This antipode is invertible if there
are also right duals (i.e., if C is rigid). Thus, Theorem [[LTOT] implies the following
“infinite” extensions of the reconstruction theorems.

THEOREM 5.4.1. The assignments
(5.9) (C,F)— H = Coend(F), H +— (H — Comod, Forget)

are mutually inverse bijections between the following pairs of sets:

(1) ring categories C over k with a fiber functor F, up to tensor equivalence
and isomorphism of tensor functors, and bialgebras over k, up to isomor-
phism;

(2) ring categories C over k with left duals with a fiber functor F, up to tensor
equivalence and isomorphism of tensor functors, and bialgebras over k
with an antipode, up to isomorphism;

(3) tensor categories C over k with a fiber functor F', up to tensor equivalence
and isomorphism of tensor functors, and Hopf algebras over k, up to
isomorphism.

REMARK 5.4.2. This theorem allows one to give a categorical proof of Propo-
sition [5.3.5] deducing it from the fact that a left dual, when it exists, is unique up
to a unique isomorphism.

REMARK 5.4.3. Corollary is not true, in general, in the infinite dimen-
sional case: there exist bialgebras H with a non-invertible antipode S, see [Tak1].
Therefore, there exist ring categories with simple object 1 and left duals that do
not have right duals, i.e., are not tensor categories (namely, H — comod).

Reconstruction theory was first developed by T. Tannaka and M. Krein ([Tanl],
[Kx]) for compact topological groups, to reconstruct such a group from the category
of its representations; it was a nonabelian analog of Pontryagin’s duality and is
called the Tannaka-Krein duality. Later this duality was adapted by P. Cartier
and Grothendieck’s school to algebraic groups, which led to creation of the theory
of Tannakian categories (see [Carl|] and [Sal, [DeIlM]). The following example
summarizes some of the main results of this theory, and explains how to use this
theory to define various completions of an abstract group.

EXAMPLE 5.4.4. (i) Let C be the category of algebraic representations
of an affine algebraic (or, more generally, proalgebraic) group G over k.
Let F : C — Vec be the forgetful functor. Then it is easy to check that
Coend(F) = O(G), the Hopf algebra of regular functions on G. More
generally, the same holds for affine group schemes.

(ii) Let C be the category of finite dimensional representations over k of any
(discrete) group G, and let the functor F' be as in (i). It is easy to check
that Coend(F’) is a commutative Hopf algebra. So Coend(F) = (’)(@alg),
where éalg = Spec Coend(F) is a certain proalgebraic group canonically
attached to G (its closed points are characters of the algebra Coend(F)).
The group éalg is called the proalgebraic completion of G.

(iii) Let G be asin (ii), char(k) = 0, and C be the category of semisimple finite
dimensional representations of G. By Chevalley’s theorem, C is a tensor
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category. In this case, Spec Coend(F') = Ged, the proreductive completion
of G.

(iv) Let char(k) = 0, and C be the category of triangular representations
of G, i.e., finite dimensional representations whose composition factors
are 1-dimensional. Then Spec Coend(F') = @Solv, called the prosolvable
completion of G.

(v) Let C be the category of unipotent representations of G, i.e., finite di-
mensional representations whose composition factors are trivial. Then
Spec Coend(F’) = CA}’unip, called the prounipotent completion of G.

(vi) Let C be the category of finite dimensional representations of G' which
factor through a finite group. Then Spec Coend(F) = @ﬁn, called the
profinite completion of G.

Note that all the completions é* defined above are equipped with
a canonical homomorphism ¢ : G — CAJ*, since every g € G acts as an
automorphism of F'. Moreover, the group @* is an inverse limit of alge-
braic groups, so it carries an inverse limit topology (where the topology
on honest algebraic groups is discrete), and the image of £ is dense in CAY'*
in this topology.

We note, however, that the map £ need not be injective. For exam-
ple, if G has no nontrivial finite dimensional representations (e.g., G is
a finitely generated infinite simple grou) then C = Vec, and G, is the
trivial group.

(vii) Let g be a Lie algebra over a field of characteristic zero (not necessarily
finite dimensional). Similarly to (ii)-(vi), one can define the completions
Galgs Oreds Otrs Gunip, Which are proalgebraic groups defined using the ca-
tegories of all, semisimple, triangular, and unipotent finite dimensional
representations of g.

5.5. More examples of Hopf algebras

Let us give a few more examples of Hopf algebras. As we have seen, to define
a Hopf algebra, it suffices to give an associative unital algebra H, and define a
coproduct on generators of H (this determines a Hopf algebra structure on H
uniquely if it exists). This is what we’ll do in the examples below.

ExaMPLE 5.5.1. (Enveloping algebras) Let g be a Lie algebra, and let H = U(g)
be the universal enveloping algebra of g. Define the coproduct on H by setting
Alz)=z®1+1®«z for all z € g. It is easy to show that this extends to the whole
H, and that H equipped with this A is a Hopf algebra. Moreover, it is easy to see
that the tensor category Rep(H) is equivalent to the tensor category Rep(g).

This example motivates the following definition.

DEFINITION 5.5.2. An element z of a bialgebra H is called primitive if
A(z) =z ® 1+ 1® x. The space of primitive elements of H is denoted Prim(H).

In the notation of Section [[L9 we have Prim(H) = Primy 1 (H).

1A finitely generated infinite simple group G cannot have nontrivial finite dimensional rep-
resentations over any field. Indeed, otherwise G would be a linear group, and a finitely generated
linear group is known to be residually finite.
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EXERCISE 5.5.3. (i) Show that Prim(H) is a Lie algebra under the com-
mutator.
(ii) Show that if z is a primitive element then e(x) = 0, and in presence of an
antipode S(z) = —x.

Let V' be a vector space, and SV be the symmetric algebra of V. Then SV
is a Hopf algebra (namely, it is the universal enveloping algebra of the abelian Lie
algebra V).

PROPOSITION 5.5.4. Let k have characteristic zero.
(i) One has Prim(SV) =1V.
(ii) Let g be a Lie algebra over k. Then Prim(U(g)) = g.

ProOOF. (i) It suffices to assume that V is finite dimensional. Then an element
P € SV is a polynomial on V*, and A(P) is the polynomial P(z +y) on V* x V*.
Thus, P is primitive if and only if P(z 4+ y) = P(x) + P(y). If this equation holds,
then by setting © = y = 0 we see that P(0) = 0; moreover replacing y with ty and
tending t to zero, we get that 0, P is independent of . This implies that P is a
homogeneous linear function, i.e., an element of V.

(ii) Consider the symmetrization map s : Sg — U(g) defined by the formula

1
1 Q... Q0 Ty — ﬁ Z To(1)--Lo(n)-
oSy
It is easy to see that this map is an isomorphism of coalgebras. Thus, it suffices to
prove the statement when g is commutative, which is part (i). |

REMARK 5.5.5. Note that this proposition fails in characteristic p. Indeed, the
element z? is primitive in SV, where V is 1-dimensional and spanned by x. The
proof fails because in characteristic p, derivative being constant does not imply that
a polynomial is linear.

EXAMPLE 5.5.6. (Taft algebras) Let ¢ be a primitive n-th root of unity in k
(n > 2). Let H be the algebra (of dimension n?) generated over k by g and x
satisfying the following relations: ¢” = 1, 2™ = 0 and gzg~' = gx. Define the
coproduct on H by A(g) = g® g, Alx) =2 ®g+ 1®z. It is easy to show that
this extends to a Hopf algebra structure on H. This Hopf algebra H is called the
Taft algebra. For n = 2, one obtains the Sweedler Hopf algebra of dimension 4.
Note that H is neither commutative nor cocommutative, and S? # 1 on H (as
S?(x) = qx).

Note that the skew-primitive element x in Example [£.5.6] is nontrivial, i.e., it
is not a difference of two grouplike elements, cf. Remark [L9.1T]

EXERCISE 5.5.7. Let « be a (g, h)-skew-primitive element in a Hopf algebra H

(see Definition [L9.10).
(i) Show that e(x) =0, S(x) = —g tzh~1.
(ii) Show that if a, b € H are grouplike elements, then axb is an (agb, ahb)-
skew-primitive element.

EXAMPLE 5.5.8. (Nichols Hopf algebras of dimension 2"!) Let H = C[Z/2Z] x
A(21, ..., 2,), where the generator g of Z/2Z acts on z; by gr;g~' = —x;. Define

the coproduct on H by making g grouplike, and setting A(z;) == 2, ® g+ 1 ®@ x;
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(so x; are skew-primitive elements). Then H is a Hopf algebra of dimension 271,
For n =1, H is the Sweedler Hopf algebra from the previous example.

EXERCISE 5.5.9. Show that the Hopf algebras of Examples B.5.1] £.5.6] and
B.5.8 are well defined.

EXERCISE 5.5.10. (Semidirect product Hopf algebras) Let H be a Hopf algebra,
and G a group of automorphisms of H. Let A be the semidirect product H x kG.

(i) Show that A admits a unique structure of a Hopf algebra in which kG
and H are Hopf subalgebras.

(ii) Show that the action of G on H induces an action of G on Rep(H) such
that Rep(A) = Rep(H)®, see Section E.I5

5.6. The quantum group Ug(slz)

Let us consider the Lie algebra sly. Recall that there is a basis h, e, f € sl
such that

(510) [ha 6] = 267 [ha f] = _2f7 [6, f] = h.
This motivates the following definition.

DEFINITION 5.6.1. Let ¢ € k*, ¢ # £1. The quantum group U,(sl2) is gener-
ated by elements E, F' and an invertible element K with defining relations
K—-K!

q—q'

THEOREM 5.6.2. There exists o unique Hopf algebra structure on Uy (sls), given

by

(5.11) KEK'=¢E, KFK'=q%F, |[E, F]=

AK) = K®K,
A(E) = E®@K+1QEF,
A(F) = Fl+K'®F,

with
e(K)=1, ¢(B)=¢(F)=0, S(K)=K ', S(E)=-EK™!', S(F)=-KF.
Thus, K is a grouplike element and E, F are skew-primitive elements.

EXERCISE 5.6.3. Prove Theorem [5.6.2]

There are also several versions of quantum sl with the number ¢ being replaced
by a variable v. Namely, first of all, one can use the above definition (with ¢ replaced
by v) to define a Hopf algebra U} (sl) over the field k(v) of rational functions of v.
Secondly, we have two important k[v,v~!]-lattices (or orders) in this Hopf algebra
— the De Concini-Kac quantum group UP¥ (sly) and the Lusztig quantum group
UUL (5[2).

Namely, UP¥(sly) is the k[v,v~!]-subalgebra of U (sly) generated by
K+ E, F.

To define UL (sly), we need the following definition.

DEFINITION 5.6.4. The g-analog of n is

n

q" —q

[’I’L}q = q_qfl N
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The g-analog of the factorial is

[n]q' = ﬁ[l]q — (q — qfl) e (qn _ q,n) |

_ qg—1\n
iy (¢—q7")

Now, Ul (sly) is the k[v,v~1]-subalgebra of Ur*(sly) generated by K*! and
the divided powers E(") := [S]Z! and F(") = %, n > 1.

It is easy to check that both UPX(sly) and UL (sly) are closed with respect
to the coproduct, counit, and antipode, i.e., they are Hopf algebras over k[v,v1].
Moreover, we have a tautological inclusion UPX (sl;) — UF(sly). Note also that

for any q € k*, U,(sl2) = UPE (slz)/(v — q).

REMARK 5.6.5. Heuristically, K = ¢", and thus

K—-K!
lim —— = h.
=1 q—q*
So in the limit ¢ — 1, the relations of U, (sl2) degenerate into the relations of U(sls),
and thus Uy (sl2) should be viewed as a Hopf algebra deformation of the enveloping
algebra U(sly). In fact, one can make this heuristic idea into a precise statement,

see e.g. [Kas].

If g is a root of unity, then one can define three interesting versions of quantum
sl with parameter g. Assume for simplicity that the order of ¢ is an odd number
¢ > 3. Then, first of all, we have the De Concini-Kac quantum group U, (sly) =
UqD K(sl,), already defined above. Secondly, we have the Lusztig quantum group
with divided powers, Uk (sly) = UF(sl2)/(v — ¢). And finally, we can define a finite
dimensional version of quantum sl,. Namely, let u,(slz) be the quotient of Uy (sls)
by the additional relations

E'=F'=K'-1=0.

Then it is easy to show that u,(sly) is a Hopf algebra (with the coproduct inherited
from Uy(sl2)). This Hopf algebra is called the small quantum group attached to sls.
We have dimy (u,(slz)) = £3.

We have a chain of Hopf algebra maps UPH (sly) — ug(sly) — UF(slz), whose
composition is the reduction to v = g of the inclusion UP¥ (sly) — UL(sl). But
this reduction itself is not an inclusion, since it factors through a finite dimensional
Hopf algebra.

Also, one may consider the quotient H of UqL (slp) by the relations E = F =
0, K = 1. One may show that H is isomorphic to the ordinary enveloping algebra
U(sly), generated by e = E® and f = F®. Thus, we have a surjective Hopf
algebra homomorphism F, : U (sly) — Ul(sly), called the quantum Frobenius map.

The above constructions make sense if k is any commutative ring. In particular,
we can take k = Z. This allows one to define the above quantum groups over the
Laurent polynomial ring Z[v,v~1] and the cyclotomic ring Z[g]. The latter allows
us to reduce to positive characteristic. Namely, assume that ¢ is a prime. Then
there is a natural homomorphism Z[g] — Fy, sending ¢ to 1. So we can tensor the
small quantum group with F; using this homomorphism. Then we get:

u5(5[2) ®Z[q] I]:Z = Ures(5[2)
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where the superscripts res stands for the restricted enveloping algebra of sly over
Fy (i.e., the quotient of the usual enveloping algebra by the ideal generated by
E‘ F' H' — H).

Similarly, reductions modulo ¢ of the quantum groups UP* (sly) and UF(sl»)
in an appropriate sense give the ordinary enveloping algebra of sly, respectively the
enveloping algebra of sly with divided powers, and the quantum Frobenius map
reduces to the ordinary Frobenius map on the enveloping algebra with divided
powers (dual to the Frobenius map on the corresponding group SLs), see Remark

B8

5.7. The quantum group Uq(g)

The example of the previous section can be generalized to the case of any finite
dimensional simple Lie algebra. Namely, let g be a simple Lie algebra of rank r,
and let A = (ai;), t,j = 1,...,r, be its Cartan matrix. Recall that there exist
unique relatively prime positive integers d;,¢ = 1,...7 such that d;a;; = d;a;;. Let
q € k*, g := q%, and suppose that ¢; # +1.

DEFINITION 5.7.1. The quantum group U,(g) is generated by elements FE;, F;
and invertible elements K;, i = 1,...,r, with defining relations

(5.12) K,K; = K;K;, K,E;K;'=q¢"E;, KFK '=q “F;,
K, - K;
qi — 4;
and the g-Serre relations:
(=
(5.14) E T BB =0,i # j
lg; [l]%'[l—a” —l]q1' J
and
1—a;; (_1)1 L .
5.15 F, T R E =0, # j.
(5.15) 2 (g1 = ai; — g, sF =007
1=0 - i

More generally, the same definition can be made for any symmetrizable Kac-
Moody algebra g.

THEOREM 5.7.2. (see e.g. [ChP]) There exists a unique Hopf algebra structure
on Uy(g), given by
A(Kl) =K, ® K;;
A(E) =E;® K +1® Ej;
AF)=F o1+ K '®F,.
e(K;) =1, e(E;) =e(F;) =0,
S(K;)=K;*', S(E;) =—E;K;*, S(F;) = —K,F;.

REMARK 5.7.3. Similarly to the case of sly, in the limit ¢ — 1, these relations
degenerate into the relations for U(g), so U,(g) should be viewed as a Hopf algebra
deformation of the enveloping algebra U(g).

REMARK 5.7.4. Similarly to the case of sly one can define the quantum group
Urat(g) over k(q), the De Concini-Kac and Lusztig forms UP¥ (g), UL(g) over
k[v,v™!], the corresponding specialized versions UP*(g), UF(g) at v = ¢, and the
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small quantum group u4(g) at an ¢-th root of unity of dimension ¢dim(8) - Moreover,
these algebras reduce to the usual, divided power, and restricted enveloping algebras
in positive characteristic, respectively. The details of these constructions are rather
involved, and we refer the reader to the book [Lus5| for details.

5.8. Representations of quantum groups
and quantum function algebras

Suppose that ¢ is not a root of unity, and consider the representation theory
of Uy(sly). Given an integer A, we can define the Verma module M)y generated
by the vector vy with defining relations Evy = 0, Kvy = ¢*vy. This module has
a basis vy, Fuy, F2vy,.... It is easy to show that M)y is irreducible if and only if
A¢gZ,. If A€ Z, then M has a submodule Jy spanned by F’/vy for j > A, and
the quotient V), = M) /J) is irreducible, of dimension A+ 1. The representations V)
are deformations of finite dimensional representations of sls, and thus they satisfy
the Clebsch-Gordan rule:

min(4,5)

(5.16) V,iaVi= > Vigian
=0

Thus, we have a semisimple tensor category with simple objects V; (Vy = 1), which
categorifies the Clebsch-Gordan unital based ring (for any ¢ which is not a root of
unity).

In a similar way, if g is a simple Lie algebra, and X is an integral weight, then we
can define the Verma module M) over U,(g) generated by vy with relations E;vy =
0, K;vy = q(/\’aiv)w\, where o are the simple coroots. Then, if A is dominant, then
M has a maximal proper submodule J) generated by the vectors Fi()"a"v)ﬂv \, and
My /Jy =V is a finite dimensional irreducible representation. The representations
V) have characters given by the classical Weyl character formula for g. They span
a semisimple tensor category, whose fusion rules are the same as for the category

Rep(g).

REMARK 5.8.1. Unlike the case of the Lie algebra sly, for U,(slz) it is not
quite true that the representations V) exhaust all the irreducible finite dimensional
representations. However, this statement is almost true, in the following sense:
any finite dimensional irreducible representation is a tensor product of V) with a
1-dimensional representation, and there are two 1-dimensional representations: the
trivial one and y given by x(E) = x(F) =0, x(K) = —1.

A similar statement holds for any simple Lie algebra g. In this case, there are
2" 1-dimensional representations, which map F; and F; to zero and K; to signs &;.

Representations V) are called representations of type I (they correspond to the
case when ¢; = 1 for all 7).

EXERCISE 5.8.2. (i) Prove that for U, (sly), M) has a basis F'vy, i > 0. Deduce
from this the Poincare-Birkhoff-Witt theorem for U,(sl): the elements F'KIE",
i,7 >0, j € Z, form a basis of U,(sly).

(ii) Find the center of Uy(slz) when ¢ is not a root of unity, and compute the
action of the center on the representations V).

Let us now describe the irreducible representations of the small quantum group
uq(slz). It is easy to see that the representations V) for A =0,1,...,¢ — 1 of U,(slz)
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are defined for ¢ being an ¢-th root of 1, factor through u4(sly) and are irreducible.
Also, these representations are Z-graded.

The fusion rules for V) can therefore be easily derived by looking at the Z-
grading. Namely, we have the usual Clebsch-Gordan rule (5.16), where if m > ¢
then V,,, := 2V,,,_y + Voy_,n_o. In particular, we have

WVi=Vip+ Vi
for any ¢ < £ — 2, and
ViVie1 =242V, .
For example, if £ = 3, we obtain (using that Vy = 1):
VE=1+Vo, Vo =242V, V¥ =2+2V) + Va.

Note that this is only the multiplication law in the Grothendieck ring; the under-
lying tensor category Repu,(sly) is not semisimple. Also, the Grothendieck ring of
this category is a transitive unital Z-ring with an involution, but not a based (or
even a weak based) ring: the product V1V,_; involves two copies of 1, even though
Ve—1 # Vi* (note that in the tensor product V3 ® Vy_1, the corresponding two copies
of 1 are necessarily in the middle of the composition series).

If 7 is a prime, then we can reduce modulo ¢, and obtain the representation
category of U (sly) in characteristic £. This category has the same description of
simple objects and the same fusion rules.

EXERCISE 5.8.3. Let £ be a positive integer.

(i) Show that Vj, ..., Vo1 are the only irreducible representations of u,(sls).

(i) Prove the tensor product rule for V.

(iii) Do (i),(ii) for the Lie algebra sly in characteristic £ and show that the
answer is the same.

EXERCISE 5.8.4. Let ¢ be a primitive root of unity of odd order ¢ > 3.
(i) Show that E, F*, K¢ are central elements of U, (sls).

(ii) Classify irreducible representations of Uy (slz).

(iii) Describe the Grothendieck ring of Uy (sls).

(iv) Do (i)-(iii) for sly in characteristic .

Now let G be the simply connected algebraic group with Lie algebra g, and
consider the semisimple tensor category C,(G) spanned by the representations V.
We have a fiber functor F' : C;(G) — Vec. Let O,(G) := Coend(F). Then O,(G) =
@AV ® V' as a vector space, and it is a Hopf algebra. More specifically, it is easy
to see that O4(G) = Uq(g)zq(G), the algebra of linear functionals on U,(g) that
generate representations from C,(G) under both left and right translations. Note
that for ¢ = 1 (i.e., when we work with the category C;(G) := Rep(G)), the algebra
04(G) coincides with the usual Hopf algebra O(G) of regular functions on G.

DEFINITION 5.8.5. The algebra O,(G) is called the quantum function algebra
attached to G.

EXERCISE 5.8.6. Give an explicit description of the operations in the Hopf
algebra O, (G) = @2V @ V¥ (choose bases in all Vy, consider the corresponding
basis in O4(G), and write the operations explicitly in this basis).
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REMARK 5.8.7. Let us explain in more detail the motivation for the term
“quantum Frobenius” for the map F, from Section The (finite) dual of Fy is
a Hopf algebra map Fy : O(SLz) — O4(SLz). Now assume that the order £ of ¢
is a prime. Then, reducing modulo ¢, we get a Hopf algebra map F* : O(SLs)s —
O(SLs), in characteristic ¢ (since the reduction of ¢ modulo ¢ is 1). One can show
that F™* is the pullback for the usual Frobenius map F : SLy — SLs in characteristic
¢, which simply raises all the coordinates to the ¢-th power.

5.9. Absence of primitive elements

We have seen that many interesting finite dimensional Hopf algebras contain
nontrivial (g, h)-skew-primitive elements with g # h.

However, it follows from Theorem E.4.] that this is no longer the case for
primitive elements.

COROLLARY 5.9.1. A finite dimensional bialgebra H over a field of character-
istic zero cannot contain monzero primitive elements.

Proor. Apply Theorem [£.4.1] to the category H — comod and use Proposition
1.9 12 U

REMARK 5.9.2. Here is a “linear algebra” proof of this corollary. Let x be
a nonzero primitive element of H. Then we have a family of grouplike elements
e’ € H((t)), s € k, i.e., an infinite collection of characters of H*((t)), which is
impossible, as H is finite dimensional.

COROLLARY 5.9.3. If H is a finite dimensional commutative Hopf algebra over
an algebraically closed field k of characteristic 0, then H = Fun(G, k) for a unique
finite group G.

PROOF. Let G = Spec(H) (a finite group scheme), and z € T1G = (m/m?)*
where m is the kernel of the counit. Then z is a linear function on m. Extend it to
H by setting (1) = 0. Then z s a derivation:

z(fg) = z(f)g(1) + f()z(g).

This implies that x is a primitive element in H*. So by Corollary 5.9 =z = 0.
This implies that G is reduced at the point 1. By using translations, we see that
G is reduced at all other points. So G is a finite group, and we are done. O

5.10. The Cartier-Gabriel-Kostant theorem

ProPOSITION 5.10.1. If H is a Hopf algebra over a field of characteristic zero,
then the natural map & : U(Prim(H)) — H is injective.

ProOF. By Proposition [[L13.8], it suffices to check the injectivity of £ in degree
1 of the coradical filtration. Thus, it is enough to check that £ is injective on
primitive elements of U(Prim(H)). But by Proposition (53], all of them lie in
Prim(H), as desired. O

THEOREM 5.10.2. Any cocommutative Hopf algebra H over an algebraically
closed field of characteristic zero is of the form kG x U(g), where g is a Lie algebra,
and G is a group acting on g.
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5.10. THE CARTIER-GABRIEL-KOSTANT THEOREM 107

PrOOF. Let G be the group of grouplike elements of H. Since H is cocommu-
tative, it is pointed (see Definition FIT.3), and Ext'(g,h) = 0 if g,h € G, g # h.
Hence the category C = H — comod splits into a direct sum of blocks C = ®4ecCy,
where C, is the category of objects of C which have a filtration with successive quo-
tients isomorphic to g. So H = ©4eqHy, where C; = H,; — comod, and Hy = gH;.
Moreover, A = H;j is a Hopf algebra, and we have an action of G on A by Hopf
algebra automorphisms.

Now let g = Prim(A) = Prim(H). This is a Lie algebra, and the group G acts
on it (by conjugation) by Lie algebra automorphisms. So we need just to show that
the natural homomorphism v : U(g) — A is actually an isomorphism.

It is clear that any morphism of coalgebras preserves the coradical filtration, so
we can pass to the associated graded morphism g : Sg — Ap, where Ay = gr(A).
It is enough to check that g is an isomorphism.

The morphism )y is an isomorphism in degrees 0 and 1, and by Proposition
B.I0TL it is injective. So we only need to show surjectivity.

We prove the surjectivity in each degree n by induction. To simplify notation,
let us identify Sg with its image under 1y. Suppose that the surjectivity is known
in all degrees below n. Let z be a homogeneous element in Ag of degree n. Then it
is easy to see from the counit axiom that

(5.17) Alz)—z@1-1®z=u

where u € Sg ® Sg is a symmetric element (as A is cocommutative).
Equation .17 implies that the element u satisfies the equation

(5.18) (A@id)(u)+u®1l=(d®A)(u)+1Qu.

LEMMA 5.10.3. Let V be a vector space over a field k of characteristic zero.
Let u € SV ® SV be a symmetric element satisfying equation (BI8]). Then u =
Alw)—w®1l—1Qw for some w € SV.

Proor. Clearly, we may assume that V is finite dimensional. Regard u as a
polynomial function on V* x V*; our job is to show that
u(z,y) = w(x +y) — wx) - wy)
for some polynomial w.

If we regard u as a polynomial, equation (B.I8) takes the form of the 2-cocycle
condition

w(@ +y,t) +u(z,y) = u(z,y + 1) +uly, t).
Thus u defines a group law on U := V* @ k, given by
(z,a) + (y,b) = (z +y,a+ b+ u(z,y)).

Clearly, we may assume that u is homogeneous, of some degree d # 1. Since u
is symmetric, the group U is abelian. So in U we have

((z,0) + (2,0)) + ((5,0) + (3,0)) = ((2,0) + (,0)) + ((x,0) + (3,0))
Computing the second component of both sides, we get
(e, x) +uly,y) + 2%u(z,y) = 2u(e,y) +ulz +y,z +y).
So one can take w(z) = (2¢ — 2)~tu(z, x), as desired. O

Now, applying Lemma [5.10.3, we get that there exists w € Ap such that z — w
is a primitive element, which implies that z — w € Ap, so z € Ayp. |
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REMARK 5.10.4. The Cartier-Gabriel-Kostant theorem implies that any co-
commutative Hopf algebra over an algebraically closed field of characteristic zero in
which the only grouplike element is 1 is of the form U(g), where g is a Lie algebra
(the Milnor-Moore theorem, [MiM]), in particular it is generated by primitive ele-
ments. The latter statement is false in positive characteristic. Namely, consider the
commutative Hopf algebra Q[z, z] where z, z are primitive, and set y = z + zP/p,
where p is a prime. Then

p—1
1 p ) .
1 A = 1+1 - v LS
(5.19) () =y®1l+ ®y+;p<i>x ®

Since the numbers % (P) are integers, this formula (together with A(z) = z®1+1®z,
S(z) = —z, S(y) = —y) defines a Hopf algebra structure on H = k|xz,y| for any
field k, in particular, one of characteristic p. But if k has characteristic p, then it
is easy to see that H is not generated by primitive elements (namely, the element
y is not in the subalgebra generated by them).

The Cartier-Gabriel-Kostant theorem implies that any affine pro-algebraic
group scheme over a field of characteristic zero is in fact a pro-algebraic group.
Namely, we have

COROLLARY 5.10.5. Let H be a commutative Hopf algebra over a field k of
characteristic zero. Then H has no nonzero nilpotent elements.

PROOF. It is clear that H is a union of finitely generated Hopf subalgebras
(generated by finite dimensional subcoalgebras of H), so we may assume that H is
finitely generated. Let m be the kernel of the counit of H, and B = U2 (H/m")*
(i.e., B is the continuous dual of the formal completion of H near the ideal m). It is
easy to see that B is a cocommutative Hopf algebra, and its only grouplike element
is 1. So by the Cartier-Gabriel-Kostant theorem B = U(g), where g = (m/m?)*.
This implies that G = Spec(H) is smooth at 1 € G, i.e., it is an algebraic group,
as desired. |

REMARK 5.10.6. Note that Corollary is a generalization of Corollary
£I9.1

5.11. Pointed tensor categories and Hopf algebras

DEFINITION 5.11.1. A tensor category C is pointed if every simple object of C
is invertible.

EXAMPLE 5.11.2. The category Vecg is a pointed tensor category. If G is a
p-group and k has characteristic p, then Repy (G) is pointed.

DEFINITION 5.11.3. A Hopf algebra H is pointed if it is pointed as a coalgebra.

Note that a Hopf algebra H is pointed if and only if the tensor category of
finite dimensional H-comodules is pointed.

EXERCISE 5.11.4. Show that any cocommutative Hopf algebra, the Taft and
Nichols Hopf algebras, as well as the quantum groups U, (g) are pointed Hopf alge-
bras.
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REMARK 5.11.5. It follows from Section [£.12] that in a pointed Hopf algebra H
the coradical filtration is a Hopf algebra filtration, i.e., H;H; C H;y; and S(H;) =
H;, so gr(H) (the associated graded algebra of H under the coradical filtration) is
a Hopf algebra.

In this situation, the Hopf algebra H is said to be a lifting of the coradically
graded Hopf algebra gr(H).

EXAMPLE 5.11.6. The Taft algebra and the Nichols Hopf algebras are corad-
ically graded. The associated graded Hopf algebra of U,(g) is the Hopf algebra
defined by the same relations as U,(g) (see Section [5.7), except that the commu-
tation relation between F; and F} is replaced with the condition that E; and Fj
commute (for all 7, 7). The same applies to the small quantum group u,(slz).

It is easy to see that any Hopf algebra generated by grouplike and skew-
primitive elements is automatically pointed.

On the other hand, there exist pointed Hopf algebras which are not generated
by grouplike and skew-primitive elements. Perhaps the simplest example of such
a Hopf algebra is the commutative Hopf algebra H of regular functions on the
Heisenberg group

1
0 |z, y, z€R
0

(=R
— < W

with values in an algebraically closed field k of characteristic 0. It is easy to see
that H is the polynomial algebra in generators x, y, z (entries of the matrix), so
that x, y are primitive, and

Alz)=201+1Qz+xRy.

Since the only grouplike element in H is 1, and the only skew-primitive elements
are x,y, H is not generated by grouplike and skew-primitive elements.

However, one has the following conjecture, due to Andruskiewitsch and Schnei-
der, see [AndrS].

CONJECTURE 5.11.7. Any finite dimensional pointed Hopf algebra over a field
of characteristic zero is generated in degree 1 of its coradical filtration, i.e., by
grouplike and skew-primitive elements.

It is easy to see that it is enough to prove this conjecture for coradically graded
Hopf algebras. It holds in all known examples, and has been proved in the case
when the group of grouplike elements is abelian ([Ang2]), and a number of other
special cases.

The reason we discuss this conjecture here is that it is essentially a categorical
statement. Let us make the following definition.

DEFINITION 5.11.8. We say that a tensor category C is tensor-generated by a
collection of objects X, if every object of C is a subquotient of a finite direct sum
of tensor products of X,.

PRrROPOSITION 5.11.9. A pointed Hopf algebra H is generated by grouplike and
skew-primitive elements if and only if the tensor category H — comod is tensor-
generated by objects of length 2.
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PRrROOF. This follows from the fact that matrix elements of the tensor product
of comodules V, W for H are products of matrix elements of V, W. O

Thus, one may generalize Conjecture E.IT.7] to the following conjecture about
tensor categories.

CONJECTURE 5.11.10. Any finite pointed tensor category over a field of char-
acteristic zero is tensor generated by objects of length 2.

As we have seen, this property fails for infinite categories, e.g., for the category
of rational representations of the Heisenberg group. In fact, this is very easy to
see categorically: the center of the Heisenberg group acts trivially on 2-dimensional
representations, but it is not true for a general rational representation.

5.12. Quasi-bialgebras

Let us now discuss reconstruction theory for quasi-fiber functors. This leads to
the notions of quasi-bialgebra and quasi-Hopf algebra.

DEFINITION 5.12.1. Let C be a tensor category over k, and (F,J) : C — Vec

be a quasi-fiber functor. (F,J) is said to be normalized if J1x = Jx1 = idp(x) for
all X e C.

DEFINITION 5.12.2. Two quasi-fiber functors (F, J;) and (F, J3) are said to be
twist equivalent (by the twist J; *Jy).

Since for a quasi-fiber functor (unlike a fiber functor), the isomorphism J is not
required to satisfy any equations, it typically does not carry any valuable structural
information, and thus it is more reasonable to classify quasi-fiber functors not up
to isomorphism, but rather up to twist equivalence combined with isomorphism.

EXERCISE 5.12.3. Show that any quasi-fiber functor is equivalent to a normal-
ized one.

Now let C be a finite tensor category over k, and let (F,J) be a normalized
quasi-fiber functor. Let H = End F' be the corresponding finite dimensional algebra.
Then H has a coproduct A and a counit ¢ defined exactly as in the case of a
fiber functor, which are algebra homomorphisms. The only difference is that, in
general, A is not coassociative, since J does not satisfy the monoidal structure
axiom. Rather, there is an invertible element ® € H®3, defined by the commutative

diagram
(F(X)® F(Y))® F(Z) Pron.ren.r F(X)® (F(Y)® F(Z))
JX,Y®idF(z)l idp(x) ®JY,zl
(5.20) F(X®Y)® F(Z) FX)®F(Y ®Z)
oz | nvos |
F(ax,y,z)

F(X®Y)® 2) FX®((Y®Z2)

for all X,Y,Z € C, and we have the following proposition.
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PRrROPOSITION 5.12.4. The following identities hold:
(5.21) (id®@A)(A(h)) = (A ®id)(A(R)®', heH,

(5.22)  (d®id®A)(@)(A®ideid)(®) = (1 &)(id ®A ©id)(®)(® ® 1),
(5.23) (¢ ®id)(A(h)) = h = (id ®e)(A(R)),

(5.24) (id @ ® id)(®) = 1 @ 1.

ProOOF. The first identity follows from the definition of ®, the second one
from the pentagon axiom for C, the third one from the condition that (F,J) is
normalized, and the fourth one from the triangle axiom and the condition that
(F, J) is normalized. |

DEFINITION 5.12.5. An associative unital k-algebra H equipped with unital
algebra homomorphisms A : H — H ® H (the comultiplication or coproduct) and
¢ : H — k (the counit) and an invertible element ® € H®? satisfying the identities
of Proposition B.12.4]is called a quasi-bialgebra. The element P is called the associ-
ator of H. A homomorphism of quasi-bialgebras is a unital algebra homomorphism
that preserves the coproduct, counit, and associator.

Thus, the notion of a quasi-bialgebra is a generalization of the notion of a
bialgebra; namely, a bialgebra is a quasi-bialgebra with & = 17

For a quasi-bialgebra H, the tensor product of (left) H-modules V and W is
an H-module via A, i.e., in the same way as for bialgebras. Also, it follows from
(EZ1) that for any H-modules U, V, W the mapping

(5.25) avyw  (U@V)WZU(VaW):uuw— (ud v w)

is an H-module isomorphism. Axiom (5:23) implies that the natural maps Iy = id :
1V S Vandry =id: V®1 =V are also H-module isomorphisms. Finally,
equations (5:22) and (5:24) say, respectively, that the pentagon axiom (Z2]) and
the triangle axiom (2I0]) are satisfied for Rep(H). In other words, Rep(H) is a
monoidal category.

DEFINITION 5.12.6. A twist for a quasi-bialgebra H is an invertible element
J € H® H such that (¢ ® id)(J) = (id®e)(J) = 1. Given a twist, we can define
a new quasi-bialgebra H” which is H as an algebra, with the same counit, the
coproduct given by

Al (z) =T 1A(x)J,
and the associator given by
®7 = (id®J) " (id®A)(J) (A ®@id)(J)(J @id)
The algebra H” is called twist equivalent to H, by the twist .J.

It is easy to see that twist equivalent quasi-fiber functors produce twist-equiva-
lent quasi-bialgebras, and vice versa.
Therefore, we have the following reconstruction theorem.

2However, note that A can be coassociative even if ® # 1.
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THEOREM 5.12.7. The assignments
(5.26) (C, F)—~ H =End(F), H w (Rep(H),Forget)

are mutually inverse bijections between (1) the set of monoidal equivalence classes
of finite ring categories C over k with a quasi-fiber functor and (2) the set of equiva-
lence classes of finite dimensional quasi-bialgebras H over k up to twist equivalence
and isomorphism.

PROOF. Straightforward from the above. O
Also, we have the following proposition.

PROPOSITION 5.12.8. If a finite ring category C with left dual® over k admits
a quasi-fiber functor, then this functor is unique up to twisting (i.e., changing the
quasi-tensor structure).

ProoOF. Let X;, i = 1,...,n be the (representatives of isomorphism classes
of) simple objects of C. The functor F is exact, so it is determined up to an
isomorphism by the numbers d; = dim F(X;). So we need to show that these
numbers are uniquely determined by C. This is a consequence of Propositions [£.5.4]
and B:3.6/(3), since d; = FPdim(X;). O

EXERCISE 5.12.9. Suppose that in the situation of Exercise [(.2.7) the functor
F' is equipped with a normalized quasi-tensor structure J, i.e., an isomorphism

J:F(-)@F(-) > F(—®-)
such that Jix = Jx1 = idp(x). Show that this endows H with the structure of a
quasi-bialgebra, such that (F,.J) defines a monoidal equivalence C — Rep(H).

REMARK 5.12.10. Proposition 5.12.§ is false for infinite categories. For exam-
ple, it is known that if C = Rep(SL2(C)), and V € C is a 2-dimensional represen-
tation, then for any positive integer n > 2 there exists a fiber functor on C with
dim F(V) = n (see [Bi]).

5.13. Quasi-bialgebras with an antipode and quasi-Hopf algebras

Now consider the situation of the previous section, and assume that a finite ring
category C has left duals. In this case, by Proposition f2.9] the left dualization
functor is exact; it is also faithful by Proposition 2I0.8l Therefore, the functor
F(V*)* is another quasi-fiber functor on C. So by Proposition E12.8 this functor
is isomorphic to F. Let us fix such an isomorphism & = (&), & : F(V) —
F(V*)*. Then we have natural linear maps k — F(V)QF(V*), F(V*)@F(V) — k
constructed as in Exercise Z.I0.6] which can be regarded as linear maps & : F(V) —
F(V*)* and § : F(V*)* — F(V). Thus, the quasi-bialgebra H = End(F) has the
following additional structures.

1. The elements «, 8 € H such that forany V € C, ay = §;1Odv, By = Bvofv-

2. The antipode S : H — H, which is a unital algebra antihomomorphism such
that if A(a) =", a; ® a?, a € H, then

(5.27) Z S(a})aa? = e(a)a, Z alBS(a?) = e(a)B.

3By Proposition EEZ10} such a category is always a tensor category (i.e., also admits right
duals), but we don’t use this here.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



5.13. QUASI-BIALGEBRAS WITH AN ANTIPODE AND QUASI-HOPF ALGEBRAS 113

Namely, for a € H the element S(a) acts on F(V) by £1o Wy ©&-

Let us write the associator as ® = }_; ¢! @ ®? @ &3 and its inverse as
Pt =30 @ P? ® 3.

PrOPOSITION 5.13.1. One has
(5.28) D 0[BS(R)adl =1, > S(2])a®lBS(D)) = 1.
PRrROOF. This follows directly from the duality axioms. O

DEFINITION 5.13.2. An antipode on a quasi-bialgebra H is a triple (S, a, ),
where S : H — H is a unital antthomomorphism and «, 8 € H, satisfying identities
E20) and G25).

A quasi-Hopf algebra is a quasi-bialgebra (H, A, e, ®) for which there exists an
antipode (S, a, 8) such that S is bijective.

Thus, the notion of a quasi-Hopf algebra is a generalization of the notion of a
Hopf algebra; namely, a Hopf algebra is a quasi-Hopf algebrawith ® =1, a« = g = 1.

We see that if in the above setting C is rigid (i.e., a tensor category), then
H = End(F) is a finite dimensional quasi-Hopf algebra.

Conversely, if H is a quasi-bialgebra with an antipode (not necessarily finite
dimensional), then the category C = Rep(H) admits left duals. Indeed, the left
dual module of an H-module V is defined as in the Hopf algebra case: it is the dual
vector space V* with the action of H given by

(ho,v) = (¢, S(hyv), wveV,peV* heH.

Let > v; ® f; be the image of idy under the canonical isomorphism End(V) =
V' @ V*. Then the evaluation and coevaluation maps are defined using the elements
a and 3:
evy (f ®@v) = f(av),coevy (1) = > Bu; @ f;.

Axiom (B.27)) is then equivalent to evy and coevy being H-module maps. Equations
(B2]) are equivalent, respectively, to axioms (2.43]) and ([244) of a left dual.

If S is invertible, then the right dualization functor is an equivalence of catego-
ries, so the representation category Rep(H) of a quasi-Hopf algebra H is rigid, i.e.,
is a tensor category.

REMARK 5.13.3. Proposition EE2Z.10] implies that any finite dimensional quasi-
bialgebra with an antipode is a quasi-Hopf algebra (i.e., the antipode is automati-
cally invertible).

EXERCISE 5.134. Let H := (H,A,e,®,5,a,8) be a quasi-bialgebra with an
antipode, and v € H be an invertible element.

(i) Show that if one sets
(5.29) S(h) = uS(h)u™t, a=ua, and f=pu"

then the triple (S, @, 3) is an antipode.
(i) Conversely, show that any S, @, and § satisfying conditions (5.27) and
(BE28) are given by formulas (£29) for a uniquely defined w.

Hint: if H is finite dimensional, (ii) can be formally deduced from the
uniqueness of the left dual in a tensor category up to a unique isomor-
phism. Use this approach to obtain the unique possible formula for u, and
check that it does the job for any H.
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REMARK 5.13.5. The non-uniqueness of S, «, and 3 observed in Exercise [5.13.4]
reflects the freedom in choosing the isomorphism &.

EXAMPLE 5.13.6. (cf. Example ZI0.14) Let G be a finite group and let
w € Z3(G, k*) be a normalized 3-cocycle, see ([2.I8). Consider the algebra H =
Fun(G, k) of k-valued functions on G with the usual coproduct and counit. Set

o= w(f.g.h)pr@py@pn, a=> wlgg ' 9)pg B=1,

where p, is the primitive idempotent of H corresponding to g € G. It is straightfor-
ward to check that these data define a commutative quasi-Hopf algebra, which we
denote Fun(G, k),. The tensor category Rep(Fun(G, k),) is obviously equivalent
to Vecg.

It is easy to show that a twist of a quasi-bialgebra H with an antipode is again a
quasi-bialgebra with an antipode (this reflects the fact that in the finite dimensional
case, the existence of an antipode for H is the property of the category of finite
dimensional representations of H). Indeed, if the twist J and its inverse have the

form

J:§:m®m,f4:§:¢®ﬁ
then H” has an antlpode (87, a7, B87) with S = S and

= S(ai)ab, B =>"a;BS(b)).

Thus, we have the following reconstruction theorem.

THEOREM 5.13.7. The assignments
(C,F)— H =End(F), H > (Rep(H),Forget)

are mutually inverse bijections between tensor equivalence classes of finite tensor
categories C admitting a quasi-fiber functor, and equivalence classes of finite dimen-
stonal quasi-Hopf algebras H over k, up to twist equivalence and isomorphism.

EXERCISE 5.13.8. Generalize Example [4.5.5] to quasi-Hopf algebras and show
that Frobenius-Perron dimensions in Rep(H), where H is a quasi-Hopf algebra,
coincide with vector space dimensions.

REMARK 5.13.9. One can define the dual notions of a coquasi-bialgebra and
coquasi-Hopf algebra, and prove the corresponding reconstruction theorems for
tensor categories which are not necessarily finite. This is straightforward, but fairly
tedious, and we will not do it here.

5.14. Twists for bialgebras and Hopf algebras

Let H be a bialgebra. We can regard it as a quasi-bialgebra with ® = 1. Let
J be a twist for H.

DEFINITION 5.14.1. J is called a bialgebra twist if H” is a bialgebra, i.e.,
o/ = 1.

Thus, a bialgebra twist for H is an invertible element J € H ® H such that
(e®id)(J) = (id®e)(J) = 1, and J satisfies the twist equation

(5.30) (id @A) (J)(id@J) = (A @ id)(J)(J @ id).
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EXERCISE 5.14.2. Show that if a bialgebra H has an antipode S, and J is a
bialgebra twist for H, then the bialgebra HY also has an antipode. Namely, let
J=>a;®b, J7' =3 a, @0, and set Q; = >, S(a;)b;. Then Q is invertible
with Q' =37, alS(b}), and the antipode of H is defined by S”(z) = Q;'S(x)Q..
In particular, if H is a Hopf algebra then so is H”.

REMARK 5.14.3. Twisting does not change the category of H-modules as a
monoidal category, and the existence of an antipode (for finite dimensional H) is a
categorical property (existence of left duals). This yields the above formulas, and
then one easily checks that they work for any H (not necessarily finite dimensional).

Any twist on a bialgebra H defines a fiber functor (Forget, J) on the category
Rep(H). However, two different twists Jy, Jo may define isomorphic fiber functors.
It is easy to see that this happens if and only if there is an invertible element v € H
such that

Jo=AW)J (v P @vt).
In this case the twists J; and Jy are called gauge equivalent by the gauge transfor-
mation v, and the bialgebras H”/*, H”2 are isomorphic (by conjugation by v). So,
we have the following result.

PROPOSITION 5.14.4. Let H be a finite dimensional Hopf algebra. Then J —>
(Forget, J) is a bijection between:

(1) gauge equivalence classes of bialgebra twists for H, and
(2) fiber functors on C = Rep(H), up to isomorphism.

PrRoOF. By Proposition [B.I2.8 any fiber functor on C is isomorphic to the
forgetful functor Forget as an additive functor. So any fiber functor, up to an iso-
morphism, has the form (Forget, J), where J is a bialgebra twist. Now it remains to
determine when (Forget, J;) and (Forget, Jz) are isomorphic. Let v : (Forget, J;) —
(Forget, J2) be an isomorphism. Then v € H is an invertible element, and it defines
a gauge transformation mapping J; to Js. ]

REMARK 5.14.5. By Proposition [2.6.1ii), the isomorphism classes of fiber func-
tors on Vecg are in bijection with H?(G, k*). This shows that there may exist
non-isomorphic fiber functors on a given finite tensor category C, defining isomor-
phic Hopf algebras. Indeed, all fiber functors on Vecg yield the same Hopf algebra
Fun(G, k). (These fiber functors are, however, all equivalent to each other by com-
posing them with monoidal autoequivalences of C.)

Note that Vecg does not admit fiber functors for cohomologically nontrivial w.

5.15. Bibliographical notes

5.1. Fiber functors were first discussed in Deligne-Milne [DelM], Section 3
(in the setting of symmetric categories). In the nonsymmetric situation they were
considered by Drinfeld [Dr3|, p.812, and Lyubashenko, [Ly1]. Quasi-fiber functors
were essentially first considered by Drinfeld in [Dr4].

5.2, 5.3. Bialgebras and Hopf algebras were introduced by H. Hopf in topol-
ogy. For a review discussing the theory of Hopf algebras and their applications
see [Car2]. They were studied independently in early 1960s under the name of
ring groups by Kac in [KacG1]. An early classical source on Hopf algebras is the
textbook by Sweedler [Sw]. For a much more detailed treatment of Hopf algebras,
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see also the books by Montgomery [Mon| and Radford [Ra5]. The categorical ap-
proach to the definitions of bialgebras and Hopf algebras which we are taking here
follows the standard lines of reconstruction theory (see, e.g., the book by Majid
[Maj2], Chapter 9, and also [EtS] and references therein).

5.4. Reconstruction theory for bialgebras and Hopf algebras is a noncommuta-
tive version of the classical Tannaka-Krein duality ([Tanl, (Kx]). For other accounts
of this theory, see the books [Maj2], [EtS], the papers by Schauenburg [Schaul],
Joyal and Street [JoyS5|, [JoyS4], and references therein.

5.5. The material of this section can be found in [Rab]. Taft algebras were
introduced by Taft ([Taf]) long before the invention of quantum groups, as exam-
ples of finite dimensional Hopf algebras with antipodes of arbitrarily large order.
Nichols Hopf algebras were introduced by Nichols (|[Nic|); they capture all finite
dimensional pointed Hopf algebras over a field of characteristic zero with Z/2Z as
their group of grouplike elements.

5.6, 5.7, 5.8. Quantized universal enveloping (QUE) algebras of semisimple Lie
algebras and, more generally, symmetrizable Kac-Moody algebras were introduced
by Drinfeld [Dr2, [Dr3] and Jimbo [Ji] in the 1980’s, based on the ideas devel-
oped by the St. Petersburg school (see the paper of Faddeev, Reshetikhin, and
Takhtajan [FaRT]). They showed that the QUE algebras attached to semisimple
Lie algebras are quasi-triangular, making their representation categories braided.
The representation theory of QUE algebras (and other closely related quantum
groups) was developed and studied by many authors, notably by Lusztig. (See,
e.g., the books of Lusztig [Lus5|, Jantzen |Ja|, Joseph [Jos|, Chari and Pressley
[ChP], [EtS], and references therein.) The material on quantum sly can also be
found in Kassel’s book [Kas]. Quantum function algebras are discussed in [KoS]
and references therein and in the analytic setting in [Wol].

5.9-5.10. The Cartier-Gabriel-Kostant theorem was proved independently by
Cartier, Gabriel, and Kostant, see |[Di], [Kos]; it is a generalization of the Milnor-
Moore theorem, [MiM], well known in topology. For an exposition, see e.g. [Car2].
Corollary [£.9:3] and Proposition can be found in [DemG] and references.

5.11. Pointed Hopf algebras are the Hopf-algebraic counterpart of solvable
algebraic groups. Their theory in the finite dimensional case was developed by
Andruskiewitsch, Heckenberger and Schneider using the so-called Lifting Method
(see [AndrS]| and references therein). This method is based on the theory of Nichols
algebras that were introduced in [Nic]. See also Radford’s textbook [Ra5| for more
details.

5.12, 5.13. Quasi-bialgebras and quasi-Hopf algebras were introduced by Drin-
feld in [Dr4] as linear algebraic counterparts of tensor categories with quasi-fiber
functors. They were also studied in [Dr6]. A detailed discussion of quasi-Hopf
algebras can be found in Kassel’s book [Kas].

5.14. Twists were introduced by Drinfeld in [Drl] (see also [Dr4]), as an alge-
braic counterpart of tensor structures on the forgetful functor on the representation
category of a Hopf algebra. For a more detailed discussion of twists, see e.g. the
book of Majid [Maj2| and [EtS].
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5.16. Other results

5.16.1. QUE algebras and quantization of Lie bialgebras. Quantized
universal enveloping (QUE) algebras were defined by Drinfeld in [Dr3]. By defi-
nition, a QUE algebra over a field k is a flat formal deformation over k[[A]] of an
enveloping algebra U(g) of some Lie algebra g as a Hopf algebra. In other words,
a QUE algebra is a Hopf algebra A in the category of topologically free k[[A]]-
modules such that A/hA = U(g) (recall that a topologically free k[[h]]-module is
a module of the form V[A]], where V is a k-vectors space, and that tensor prod-
uct of such modules is defined to be the completion of the usual tensor product,
ie. VA @ W[A]] == (V® W)[[A]]). For example, if g is a simple Lie algebra
and ¢ = €% € k[[h]], and if we set K; = ¢" = /2 then the definition of the
quantum group U,(g) actually defines a QUE algebra (the formal version of the
quantum group). This notion has good properties: i.e., if dimg < co then, even
though A is infinite dimensional, there is a good notion of the dual QUE alge-
bra, A*, such that (A*)* = A. Also, the notion of a QUE algebra is equivalent
to the notion of a Poisson formal group (if chark = 0). Finally, one can consider
the quasiclassical limit of a QUE algebra A. For this purpose, consider the ex-
pression A(z) — A% (x) for x € A. Since A is cocommutative modulo #, we have
A(x) — A°P(z) = O(h), and thus h™1(A(z) — A°P)(z) has a limit at i = 0, which
is an element of U(g) ® U(g) that depends only on the reduction zg of  modulo
h. This element is denoted by 0(zo). It is not hard to show that if xo € g C U(g)
then in fact 6(zg) C A%2g C U(g) ® U(g). Thus, § defines a map d : g — A2g, which
is called the cobracket. One can show that ¢ satisfies the co-Jacobi identity (i.e.,
5% : A%g* — g* is a Lie bracket), and ¢ is a 1-cocycle of g with values in A%g. Such
a structure 0 on g is called a Lie bialgebra structure, and (g, d) is called a Lie bial-
gebra. One says that (g, 9) is the quasiclassical limit of A, and A is a quantization
of (g,9).

Drinfeld asked whether any Lie bialgebra over a field of characteristic zero
can be quantized. The answer to this question turned out to be positive, see
[EtKall, [EtKa2]. Moreover, it is shown in [EtKall, [EtKa2] that quantization of
Lie bialgebras can be accomplished by a functor from the category of Lie bialgebras
over k[[h]] to the category of QUE algebras over k, which is actually an equivalence
of categories.

This result has an application to Hopf algebra theory: it provides a classification
of coconnected Hopf algebras over a field of characteristic zero, i.e. those whose
every simple comodule is trivial, in terms of Lie bialgebras, see [EtG9].

A similar quantization theory can be developed in the more general setting
of quasi-Hopf QUE algebras (i.e. flat formal deformations of U(g) as quasi-Hopf
algebras). This is done in [EnH]J, see also [SaS].
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CHAPTER 6

Finite tensor categories

In this chapter we will undertake a systematic study of finite multitensor and
tensor categories which are not necessarily semisimple. There are several interre-
lated motivations to consider nonsemisimple finite tensor categories:

(1) Representations of finite groups in positive characteristic.

(2) Finite dimensional Hopf algebras, in particular quantum groups u,(g) at
roots of unity, see Section [B.71

(3) Logarithmic conformal field theories; they lead to nonsemisimple finite
tensor categories, similarly to how rational conformal field theories lead
to semisimple ones (see [Gabel).

(4) Fusion categories of zero categorical dimension, see Section [[2ZIl Their
dual tensor categories with respect to module categories (see Section[7.12])
may be non-semisimple.

6.1. Properties of projective objects

In this section we will study general properties of finite multitensor and tensor
categories.

Let C be a multitensor category. By Definition [[.L8.G] every simple object X
has a projective cover P(X). The object P(X) is unique up to a non-unique
isomorphism.

In Section [[L8 we introduced the group Ky(C) freely generated by isomorphism
classes of indecomposable projective objects of C and the Cartan matrix C, see
Definition [[8T4l Recall that the entries of C' are [P(X) : Y], where X, Y are
simple objects of C.

Let {X;};cr be the set of isomorphism classes of simple objects of C, and let ¢*
and *i be such that X = X;. and *X; = X.;. Let N;k = [X; ® X : X;] denote
the multiplicity of X; in the Jordan-Hoélder series of X; ® Xj. Let P; denote the
projective cover of X;.

Let Gr(C) be the Grothendieck ring of C, see Definition

PROPOSITION 6.1.1. Let C be a finite multitensor category. Then Ko(C) is a
Gr(C)-bimodule.

PRrOOF. This follows from the fact that the tensor product of a projective
object with any object is projective, Proposition 4.2.12] (Il

Let us describe this bimodule explicitly.
PROPOSITION 6.1.2. For any object Z of C,
P®Z=P N 1Z: X;|Pe, Z@ P =D N2 Xj)P.
Jik Jsk

119
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120 6. FINITE TENSOR CATEGORIES

PROOF. Hom¢(P;®Z, Xi) = Home(P;, X, ®Z*), and the first formula follows
from Proposition and formula (7). The second formula is analogous. O

PROPOSITION 6.1.3. Let P be a projective object in a multitensor category C.
Then P* is also projective. Hence, any projective object in a multitensor category
1s also injective.

PrOOF. We need to show that the functor Home(P*, —) is exact. This functor
is isomorphic to Home(1, P ® —). The functor P ® — is exact, and by Proposi-
tion L2.T12] any exact sequence splits after tensoring with P, as an exact sequence
consisting of projective objects. O

REMARK 6.1.4. A finite abelian category A is called a quasi-Frobenius cate-
gory if any projective object of A is injective, and vice versa. Proposition [G.1.3]
says that any multitensor category is a quasi-Frobenius category. It is well known
that any object of a quasi-Frobenius category admitting a finite projective resolu-
tion is projective (indeed, the last nonzero arrow of this resolution is an embedding
of projective (= injective) modules and therefore is an inclusion of a direct sum-
mand. Hence the resolution can be replaced by a shorter one, and we can use
induction in the length of the resolution). Thus, any quasi-Frobenius category is
either semisimple or of infinite homological dimension.

REMARK 6.1.5. Proposition [6.1.3] implies that an indecomposable projective
object P has a unique simple subobject, i.e., that the socle of P is simple.

Recall the notion of Frobenius-Perron dimension FPdim(X) of an object X of
a finite tensor category, introduced in Section

DEFINITION 6.1.6. For any finite tensor category C the virtual projective object
(6.1) Re =Y FPdim(X;)P; € Ko(C) ® C.
i€l
will be called the regular object of C.

DEFINITION 6.1.7. Let C be a finite tensor category. Then the Frobenius-Perron
dimension of C is defined by

(6.2) FPdim(C) := FPdim(R¢) = Z FPdim(X;) FPdim(F;).
icl
REMARK 6.1.8. If C is semisimple (i.e., a fusion category) then Gr(C) is a fusion
ring, and FPdim(C) = FPdim(Gr(C)).

EXAMPLE 6.1.9. Let H be a finite dimensional quasi-Hopf algebra. Then
FPdim(Rep(H)) = dimy (H).

EXERCISE 6.1.10. Let G be a group acting on a finite tensor category C.

(i) Show that FPdim(C x G) = |G|FPdim(C), where C x G is the crossed
product category introduced in Definition
(ii) Prove that FPdim(C%) = |G| FPdim(C).

PROPOSITION 6.1.11. Z® Re = Re ® Z = FPdim(Z)R¢ for all Z €
Gr(C), and hence the image of Re in Gr(C) ®z C is a regular element.
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6.1. PROPERTIES OF PROJECTIVE OBJECTS 121

PRrROOF. We have ), FPdim(X;) dim; Hom¢(P;, Z) = FPdim(Z) for any object
Z of C. Hence,

Z FPdim(X;) dimy Hom¢ (P, ® Z,Y)

Y) FPdim(Z)

im(

= FPdlm(Y) FPdim(Z*)
(

= FPdim(Z) Z FPdim(X;) dimy Hom¢ (P, Y).

Now, P; ® Z are projective objects by Proposmon Hence, the formal sums
S, FPdim(X;)P;® Z = Re ® Z and FPdim(Z) 3", FPdim(X;)P; = FPdim(Z)Rc are
linear combinations of P;, j € I with the same coefficients. |

REMARK 6.1.12. We note the following inequality:
(6.3) FPdim(C) > N FPdim(P),
where N is the number of simple objects in C, and P is the projective cover of the

unit object 1. Indeed, for any simple object V' the projective object P(V)®*V has
a nontrivial homomorphism to 1, and hence contains P. So

FPdim(P(V)) FPdim(V) > FPdim(P).
Adding these inequalities over all simple V', we get ([63)).

DEFINITION 6.1.13. A finite tensor category C is called integral if Gr(C) is
integral in the sense of Definition [3.5.5]

PROPOSITION 6.1.14. A finite tensor category C is integral if and only if C is
equivalent to the representation category of a finite dimensional quasi-Hopf algebra.

PRroOOF. The “if” part is clear from Proposition .5.7], see also Exercise B.13.8
To prove the “only if” part, it is enough, in view of Theorem (E.I3.7 to construct
a quasi-fiber functor on C. Define P = @; FPdim(X;)P;, where X; are the simple
objects of C, and P; are their projective covers. Define F' = Hom¢ (P, —). Obviously,
F is exact and faithful, F(1) = 1, and

(6.4) dimy F(X) = FPdim(X)
for all X € C. Using Proposition [[.TT.2] we continue the functors
F(-®—-) and F(—)® F(-)

to the functors C X C — Vec. Both of these functors are exact and take the same
values on the simple objects of C X C. Thus these functors are isomorphic and we
are done. 0

COROLLARY 6.1.15. The assignment H — Rep(H) defines a bijection between
finite dimensional quasi-Hopf algebras H over k (up to twist equivalence and iso-
morphism) and integral finite tensor categories over k (up to a tensor equivalence).

THEOREM 6.1.16. Let C, D be finite tensor categories, and let F': C — D be a
surjective quasi-tensor functor. Then F maps projective objects to projective ones.
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122 6. FINITE TENSOR CATEGORIES

ProOF. The notion of a surjective functor was introduced in Definition [[L8.3]
Let X be an object of C. Let us write X as a direct sum of indecomposable objects
(recall that by the Krull-Schmidt theorem such a representation is unique). Define
the projectivity defect p(X) of X to be the sum of Frobenius-Perron dimensions of all
the non-projective summands in this sum. It is clear that p(X ®Y) = p(X) +p(Y).
Also, it follows from Proposition that p(X @ V) < p(X)p(Y).

Let P; be the indecomposable projective objects in C. Let P; @ P; = @kaij,
and let B; be the matrix with entries ij Also, let B =5 B;. Obviously, B has
strictly positive entries, and the Frobenius-Perron eigenvalue of B is ), FPdim(F;).

Let F : C — D be a surjective quasi-tensor functor between finite tensor ca-
tegories. Let p; = p(F(P;)), and p be the vector with entries p;. Then we get
DiDj > Y g ijpk, so (3, pi)p > Bp. So, either p; are all zero, or they are all
positive, and the norm of B with respect to the norm |z| = Y p;|z;| is at most
> p;. Since p; < FPdim(F;), this implies p; = FPdim(F;) for all i (as the largest
eigenvalue of B is ), FPdim(P;)).

Assume the second option is the case. Then F(P;) does not contain nonzero
projective objects as direct summands, and hence for any projective P € C, F(P)
cannot contain a nonzero projective object as a direct summand. However, let @ be
a projective object of D. Then, since F is surjective, there exists an object X € C
such that @ is a subquotient of F(X). Since any X is a quotient of a projective
object, and F' is exact, we may assume that X = P is projective. So @) occurs as a
subquotient in F(P). As @ is both projective and injective, it is actually a direct
summand in F'(P). Contradiction.

Thus, p; = 0 and F(P;) are projective. a

EXERCISE 6.1.17. A quasi-Hopf subalgebra of a quasi-Hopf algebra H is a unital
subalgebra K C H which is closed under the coproduct, counit, and antipode, and
such that the associator and its inverse belong to K®3. Show that a quasi-Hopf
subalgebra of a semisimple quasi-Hopf algebra is semisimple (over a field of any

characteristic).
Hint: Apply Theorem [6.1.16] to the restriction functor and the trivial represen-
tation.

6.2. Categorical freeness

Let C, D be finite tensor categories and let F' : C — D be a surjective quasi-
tensor functor. Let Re, Rp denote the regular objects of C and D, see Defini-
tion [6.1.06l

THEOREM 6.2.1. We have
FPdim(C)
6.5 F(R¢) = —— = Rp.
(6.5) (fe) FPdim(D) " "

PRrOOF. By Theorem [B.TTI6, F(R¢) is a virtually projective object. Thus,
F(R¢) must be proportional to Rp, since both (when written in the basis P;) are
eigenvectors of a matrix with strictly positive entries with its Frobenius-Perron
eigenvalue, see Theorem [B2ZI[(ii). (For this matrix we may take the matrix of
multiplication by F'(X), where X is such that F'(X) contains as composition factors
all simple objects of D; such a matrix exists by the surjectivity of F'). The coefficient
is obtained by computing the Frobenius-Perron dimensions of both sides. (|
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6.2. CATEGORICAL FREENESS 123

COROLLARY 6.2.2. In the above situation, one has FPdim(C) > FPdim(D), and
FPdim(D) divides FPdim(C) in the ring of algebraic integers. In fact,

FPdi
(6.6) FPd.Is Z FPdim(X;) dimy Homp (F(P;), 1p),

where X; runs over simple objects of C.

PROOF. The statement is obtained by comparing the dimensions of
Homp (X, 1p) where X is taken to be the left (respectively, right) side of ([@3]). O

REMARK 6.2.3. Note that in the case when C is semisimple (i.e., a fusion
category), and thus Gr(C) is a fusion ring, Corollary [6.2:2] reduces to Proposition
3313(3).

LEMMA 6.24. Let I : D — C be the right adjoint to F'. For any object X € D

one has
. ~ FPdim(C) .
PRrROOF. We compute:
FPdim(I(X)) = Y FPdim(V)[I(X):V]
Veo(C)
= Y FPdim(V)dimy Home(P(V), I(X))
Veo(C)
= dimg Hom¢(Re, I(X))
FPdim(C) .
FPdim(D) 1 Homa (Fp. X)
_ FPdim(C) .
where we used () and Theorem Note that dimg Homp(Rp, X) is well
defined since Rp is a virtual projective object. O

Suppose now that C is integral, i.e., by Proposition [6.1.14] it is the represen-
tation category of a quasi-Hopf algebra H. In this case, R is an honest (not only
virtual) projective object of C, namely the free rank 1 module over H. Therefore,
multiples of R¢ are free H-modules of finite rank, and vice versa.

Then Theorem and the fact that F(R¢) is proportional to Rp implies
the following categorical freeness result.

COROLLARY 6.2.5. If C is integral, and F : C — D is a surjective quasi-tensor

functor then D is also integral, and the object F(R¢) is free of rank FFESI;:(D)) (which

is an integer).

PROOF. The Frobenius-Perron dimensions of simple objects of D are coordi-
nates of the unique eigenvector of the positive integer matrix of multiplication by
F(R¢) with integer eigenvalue FPdim(C), normalized so that the component of 1
is 1. Thus, all coordinates of this vector are rational numbers, hence integers (be-
cause they are algebraic integers). This implies that the category D is integral.
The second statement is clear from the above. (]
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COROLLARY 6.2.6. A finite dimensional quasi-Hopf algebra H is a free module
over its quasi-Hopf subalgebra B. In particular dim H is divisible by dim B.

For Hopf algebras, this is the famous theorem of Nichols and Zoeller, [NicZ].

COROLLARY 6.2.7. Let G := G(H) be the group of grouplike elements of a
finite dimensional Hopf algebra H. Then G is linearly independent in H, i.e., kG
is a Hopf subalgebra of H. Moreover, the order of G divides the dimension of H.
In particular, the order of any grouplike element of H divides the dimension of H.

ProoF. Consider the natural Hopf algebra homomorphism ¢ : kG — H. Let
B be the image of ¢. Then we have a Hopf algebra inclusion ¢* : B* — Fun(G, k).
Thus, B* is commutative and semisimple, so B* = Fun(K k) for some finite group
K, and we have a surjective group homomorphism G — K. This homomorphism
is in fact the restriction of ¢, so it must be an isomorphism (as ¢|¢ is injective by
definition). Thus ¢ is injective, and B = kG. So by Corollary [6.2.6, the order of G
divides dim H. The last statement is just Lagrange’s theorem for finite groups. O

6.3. Injective and surjective tensor functors

Let F': C — D be a tensor functor from a finite tensor category C to a tensor
category D. By Proposition [[.8.J9] the image ImF is a finite abelian category. Also,
ImF is clearly a tensor category. Thus, ImF is a finite tensor category which is a
full tensor subcategory of D.

The notions of injective and surjective additive functors were introduced in

Definition [[LR.3]

PROPOSITION 6.3.1. Let F': C — D be an injective tensor functor from a finite
to a locally finite tensor category. Then F' sends simple objects to simple ones.

PRrROOF. Let @ be an indecomposable projective object in ImF. Then there
exists X € C such that @ = F(X). Indeed, we can find X’ such that F(X’) contains
Q as a subquotient. Since @ is both projective and injective by Proposition [6.1.3]
Q is a direct summand of F(X’). Since F is fully faithful, there exists a direct
summand X of X’ such that FI(X) = Q.

Now let X € C be such that F(X) = @ is indecomposable projective. Then X
is indecomposable projective. Indeed, X is a quotient of some projective object P,
so @ is a quotient of F(P'). Since @Q is projective, it is a direct summand of F(P’).
Since F is fully faithful, there is an indecomposable summand P” of P’ such that
F(P") = Q; clearly, P” is isomorphic to X.

Thus the indecomposable projectives of ImF" are precisely the images of inde-
composable projectives in C under F' (by Theorem applied to F': C — ImF).
Let X; € C be the simple objects, and P; the projective covers of X;. Then
dim Hom(P;, X;) = 0;;. Hence dimHom(F(P;), F(X;)) = &;;. Thus, the set of
the composition factors of F(X;) contains exactly one simple object. In other
words, F(X;) is simple. O

REMARK 6.3.2. Note that Proposition [6.3.]lis a statement solely about tensor
categories, and it fails for non-tensor exact injective functors between finite abelian
categories. For example, let C be the category of finite dimensional modules over the
algebra of 2 by 2 matrices, and D be the category of finite dimensional modules over
the subalgebra of upper triangular 2 by 2 matrices. Then the restriction functor
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6.3. INJECTIVE AND SURJECTIVE TENSOR FUNCTORS 125

F :C — D is exact and injective, but it maps the simple 2-dimensional module to
a non-simple module.

PROPOSITION 6.3.3. Let C and D be finite tensor categories and let F : C —
D be an injective tensor functor. Then FPdim(C) < FPdim(D). The equality is
achieved if and only if F' is an equivalence.

PROOF. We may assume that C is a tensor subcategory of D. Let X be a
simple object of C. Then by Proposition 3.1l X is also a simple object of D. Let
Pe(X), Pp(X) be the projective covers of X in C, D. Then we have projections
ac : Pe(X) - X, ap : Pp(X) — X (in C, D, respectively), and there exists a
morphism b : Pp(X) — Pe¢(X) such that ac o b = ap. We claim that b is onto.
Indeed, assume the contrary. Let L be a simple quotient of the cokernel of b, and f
a projection Po(X) — L. It is clear that L = X and f is proportional to ac. But
this is a contradiction, since f o b = 0.

Thus, FPdim(Pp(X)) > FPdim(Pz(X)). This implies the first statement of the
proposition.

Let us now prove the second statement. The equality FPdim(C) = FPdim(D)
implies that 1) all simple objects of D are also contained in C, and 2) b is an
isomorphism, i.e., Pc(X) = Pp(X) (i.e., C is a Serre subcategory of D, see Defini-
tion LIZT]). This implies that C = D. O

PROPOSITION 6.3.4. Let C and D be finite tensor categories and let F : C —
D be a surjective tensor functor. Then FPdim(C) > FPdim(D). The equality is
achieved if and only if F' is an equivalence.

PROOF. The first statement has already been proved, so let us prove the sec-
ond one. Let X;, P;,7 = 1,...,n be the simple and projective objects in C,
and X7, P}, j = 1,...,m the simple and projective objects in D. Let d;, d; be
the Frobenius-Perron dimensions of X;, Xi. We have FI(X;) = 3, a;; X} (in the
Grothendieck group Gr(C)), and F(F;) = ©,b;; P (in Ko(C)). From the first equa-
tion we get d; = > _ a;;d}, and since F(R¢) = Rp, from the second equation we get
> bjid; = dj, So if d, d’ are the vectors with entries d;, d};, and A, B matrices with
entries a;j, bj;, respectively, then Ad’ =d, Bd = d’. Thus, ABd =d.

Now, the functor F is faithful. Hence, Homp(F(P;), F(X;)) # 0. But the
dimension of this space is Zj a;;bj; = (AB);;. Hence the diagonal entries of AB
are > 1. Since ABd = d, the entries of d are positive, and the entries of AB are
non-negative, we conclude that AB = 1.

We will now show that n > m. This will imply that BA = 1. Since AB = 1,
for any 4 there exists a unique j such that a;;b;; # 0; call it j(¢). It suffices to show
that for any j there exists ¢ such that j = j(¢). Assume the contrary, i.e., some
j # j(i) for any . Then a;;b;, = 0 for all i, k. Choose i so that X7 is contained as
a constituent in F'(X;) (it must exist as F is surjective). Then a;; # 0, so bz =0
for all k. This means that P; is not a direct summand of F(P) for any , i.e., is
not a subquotient of F'(Q) for any projective object (). This is a contradiction with
the surjectivity of F'.

Thus AB = 1, BA = 1. This means that A is a permutation matrix, and
B = A~'. This easily implies that F is an equivalence. O

Now let F': C — D be any tensor functor between finite abelian categories. The
functor F' is naturally written as a composition of two tensor functors: F' = F;o Fj,
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where Fy : C — ImF is surjective, and F; : ImF — D is injective. Clearly, F' is
surjective if and only if F; is an equivalence, and F' is injective if and only if Fj is
an equivalence.

COROLLARY 6.3.5. Let F' : C — D be a tensor functor between finite tensor
categories.
(i) FPdim(ImF) = FPdim(C) if and only if F' is injective.
(ii) FPdim(ImF') = FPdim(D) if and only if F is surjective.
PRrROOF. (i) follows from Proposition [63.3] and (ii) follows from Proposition
0.5.4 ]

COROLLARY 6.3.6. Suppose that a tensor functor F : C — D between finite
tensor categories factors through a finite tensor category &, such that FPdim(E) <
min(FPdim(C), FPdim(D)). Then F is neither surjective nor injective.

PROOF. We have F' = Fi o Fy, Fp : C — &, F1 : £ — D. Clearly, ImF is a
tensor subcategory in ImFy, so FPdim(ImF) < FPdim(ImF;) < FPdim(E). Thus, by
Proposition [6.3.5] F' is neither surjective nor injective. a

6.4. The distinguished invertible object

Let C be a finite tensor category with simple objects X;, i € I. Let P; denote
the projective cover of X;. Since duals to projective objects are projective, we can
define a map D : I — I such that P; = Pp;. It is clear that D?(i) = i**

Let 0 be the label for the unit object. Let p = D(0). (In other words, *X, is
the socle of Py = P(1)). We have

Hom¢ (P, X;) = Home(1, P, ® X;) = Home(1, @kN]ij*Pk)-
This space has dimension Npij*. Thus we get

Npj» = 0p().-
Let now X, be the corresponding simple object. By Proposition 6.1.2] we have
X, ® Py =2 OkNj Py = Pp(m)--

LEMMA 6.4.1. X, is an invertible object.

Proor. The last equation implies that the matrix of action of X,« on projec-
tives is a permutation matrix. Hence, the Frobenius-Perron dimension of X« is 1,
hence, X, is invertible by Corollary B.3.101 O

LEMMA 6.4.2. One has: Ppy = Pi @ X,; Xpiy = X+ @ X,

PRrROOF. It suffices to prove the first statement. Therefore, our job is to show
that dimy Home (P}, X;) = dimy Home(Ps;, X; @ X,+). The left hand side was
computed before, it is N;j*. On the other hand, the right hand side is IV ;j)* (we

use that p* = *p for an invertible object p). These numbers are equal by the
properties of duality, so we are done. O

COROLLARY 6.4.3. Pps = X ® Py @ X, and Xjeo = X @ Xov; ® X
PRrROOF. Again, it suffices to prove the first statement. We have
Po = P = (Py®X,)" =X, @ P5; = X, @ Py ® X))
by Lemma O
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DEFINITION 6.4.4. X, is called the distinguished invertible object of C.

We see that for any ¢, the socle of P; is X, = X, @™ X; = X" ®X,. This
implies the following result.

COROLLARY 6.4.5. Any finite dimensional quasi-Hopf algebra H is a Frobenius
algebra, i.e., H is isomorphic to H* as a left H-module.

PROOF. It is easy to see that a Frobenius algebra is a quasi-Frobenius algebra
(i.e., a finite dimensional algebra for which projective and injective modules coin-
cide) in which the socle of every indecomposable projective module has the same
dimension as its cosocle (i.e., the simple quotient). As follows from the above, these
conditions are satisfied for finite dimensional quasi-Hopf algebras (namely, the first
condition follows from Proposition [6.1.3] and the second condition follows from the
fact that X, is 1-dimensional). O

REMARK 6.4.6. An alternative characterization of the distinguished object X,
will be given in Theorem [.I87]

6.5. Integrals in quasi-Hopf algebras and unimodular categories

DEFINITION 6.5.1. A left integral in an algebra H with a counit (i.e., a charac-
ter) e : H — k is an element I € H such that #I = ¢(z)I for all x € H. Similarly,
a right integral in H is an element I € H such that Ix = ¢(z)! for all z € H.

Note that any antiautomorphism of H preserving the counit (e.g., an antipode
of a quasi-Hopf algebra) maps left integrals to right integrals, and vice versa.

REMARK 6.5.2. Let H be the convolution algebra of compactly supported dis-
tributions on a locally compact topological group (e.g., a Lie group) G. This algebra
has a counit & defined by £(¢) = £(1). Let dg be a right-invariant Haar measure on
G. Then the distribution I(f) = [, f(g)dg (which is compactly supported, i.e., lies
in H, if and only if G is compact) is a right integral in the sense that I« = ()]
for any ¢ € H (it is also a left integral if and only if G is unimodular, which is
always true if G is compact). This motivates the terminology.

Note that this example makes sense for a finite group G over any field k. In

this case, H = kG, and I = dec g is both a left and a right integral.

PROPOSITION 6.5.3. Any finite dimensional quasi-Hopf algebra admits a unique
nonzero left integral up to scaling and a unique nonzero right integral up to scaling.

PRroOF. It suffices to prove the statement for left integrals (for right integrals
the statement is obtained by applying the antipode). A left integral is the same
thing as a homomorphism of left H-modules k — H. Since H is Frobenius, this is
the same as a homomorphism k — H*, i.e., a homomorphism H — k. But such
homomorphisms are just multiples of the counit. O

EXAMPLE 6.5.4. Let H be the Taft Hopf algebra of dimension n? (Example
(.5.6). Then the element I := (14 g+ ... + g" 1)z ! is a left integral, and I, :=
2" Y14 g+ ... +¢" 1) is a right integral (both are nonzero and not proportional
to each other).

Note that the space of left integrals of an algebra H with a counit is a right
H-module (indeed, if I is a left integral, then so is Iy for all y € H). Thus, for
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finite dimensional quasi-Hopf algebras, we obtain a character « : H — k, such that
Ix = oz)I for all z € H. This character is called the distinguished character of H.

PROPOSITION 6.5.5. Let H be a finite dimensional quasi-Hopf algebra, and
C =Rep(H). Then X, coincides with the distinguished character a.

PRrROOF. Let I be a nonzero left integral in H. We have zI = e(z)] and
Iz = a(z)I. This means that for any V € C, I defines a morphism from V ® a~!
to V given by v — Iwv.

The element I belongs to the submodule P; of H, whose socle is the trivial
H-module. Thus, P} = P(1), and hence by Lemma [6:22 i = p. Thus, I defines
a nonzero (but rank 1) morphism P, ® al = P,. The image of this morphism,
because of rank 1, must be Xg =1, so 1 is a quotient of P, ® o~ !, and hence « is

a quotient of P,. Thus, o = X,, and we are done. O

PROPOSITION 6.5.6. The following conditions on a finite dimensional quasi-
Hopf algebra H are equivalent:
(i) H is semisimple,
(ii) e(I) # 0 (where I is a left integral in H ),
(iii) 1% #0,
(iv) I can be normalized to be an idempotent.
ProOF. (i) implies (i): If €(I) # 0 then k = 1 is a direct summand in H as
a left H-module. This implies that 1 is projective, hence Rep(H) is semisimple
(Corollary 2ZT3)).
(i) implies (iv): If H is semisimple, the integral is a multiple of the projector
to the trivial representation, so the statement is obvious.
(iv) implies (iii): obvious.
(iii) implies (ii): clear, since I? = e(I)I. O

DEFINITION 6.5.7. A finite tensor category C is unimodular if X, = 1. A
finite dimensional quasi-Hopf algebra H is unimodular if Rep(H) is a unimodular
category, i.e., if left and right integrals in H coincide.

REMARK 6.5.8. This terminology is motivated by the notion of a unimodular
Lie group, which is a Lie group on which a left invariant Haar measure is also right
invariant, and vice versa.

REMARK 6.5.9. Every semisimple finite tensor category is automatically uni-
modular. In particular, if H is a semisimple quasi-Hopf algebra, then a = ¢, and
any left integral in H is a right integral and vice versa.

EXERCISE 6.5.10. (i) Let H be the Nichols Hopf algebra of dimension
271 (Example (.5.8). Find the projective covers of simple objects, the
distinguished invertible object, and show that H is not unimodular. In
particular, Sweedler’s finite dimensional Hopf algebra is not unimodular.

(ii) Do the same if H is the Taft Hopf algebra (Example E.5.6]).

(iii) Let H = uq(slz) be the small quantum group at a root of unity ¢ of
odd order (see Section [5.6]). Show that H is unimodular, but H* is not.
Find the distinguished character of H* (i.e., the distinguished grouplike
element of H). What happens for the corresponding graded Hopf algebra
gr(H)?
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6.6. Degeneracy of the Cartan matrix

Let C be a finite tensor category. Let X;, P;, ¢ € I be the simple objects in C
and their projective covers. Let C;; = [P; : X,] be the entries of the Cartan matrix
of C, see Definition [[.8.141

THEOREM 6.6.1. Suppose that C is not semisimple, and admits an isomorphism
of additive functors u : ide — x*. Then the Cartan matrix C' is degenerate over the
ground field k.

PROOF. Let dim(V) = Tris(u) be the dimension function defined by the (left)
categorical trace of u. This function is additive on exact sequences, so it is a linear
functional on Gr(C).

On the other hand, the dimension of every projective object P with respect to
this function is zero. Indeed, the dimension of P is the composition of maps

evp v u®idpx

1— PP

P** @ P* coev px
If this map is nonzero then 1 is a direct summand in P ® P*, which is projective.
Thus 1 is projective, So C is semisimple by Corollary Contradiction.

Since the dimension of the unit object 1 is not zero, 1 is not a linear combination
of projective objects in the Grothendieck group tensored with k. This means that
the linear endomorphism of Gr(C) given by C' is not surjective. O

1.

6.7. Bibliographical notes

6.1. For the results in this section, see [EtO1].

6.2. The results in this section were proved in [EtO1]. Corollary for the
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CHAPTER 7

Module categories

We have seen that the notion of a tensor category categorifies the notion of a
ring. In a similar way, the notion of a module category categorifies the notion of a
module over a ring. In this section we will develop a systematic theory of module
categories over tensor categories. This theory is interesting by itself, but is also
crucial for understanding the structure of tensor categories, similarly to how the
study of modules is important in understanding the structure of rings.

We will begin with a discussion of module categories over general monoidal
categories, and then pass to the k-linear case.

7.1. The definition of a module category
Let C = (C, ®, 1, a, I, r) be a monoidal category.

DEFINITION 7.1.1. A left module category over C is a category M equipped
with an action (or module product) bifunctor ® : C x M — M and a natural
isomorphism

(7.1) mxym:(X®@Y)eM S X (Y oM), X,YeC, MeM,

called module associativity constraint such that the functor M — 1@ M : M — M
is an autoequivalence, and the pentagon diagram:

(7.2) (XeY)oZ2)oM

ax,y,z®idy MXQY,Z,M

XelYe2)eoM (X®Y)® (Z® M)

mx,y@z,Ml J{mx,y,zegM

Xo(Y®Z) M) XY ®((ZeoM)
is commutative for all objects X,Y,Z in C and M in M.

idx @my, z, m

Clearly, this definition categorifies the notion of a module over a monoid.

In a similar way one defines a right C-module category. Namely, a right C-
module category is the same thing as a left C°P-module category. By a module
category we will always mean a left module category unless otherwise specified.

Similarly to the case of monoidal categories, for any C-module category M, one
has a canonical functorial unit isomorphism of a module category

(7.3) Iy :1®M = M,

called the unit constraint, and one can give the following equivalent definition of a
module category, making this isomorphism a part of the data.

131
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132 7. MODULE CATEGORIES

DEFINITION 7.1.2. A left module category over C is a category M equipped
with a bifunctor ® : C x M — M and natural isomorphisms (TIl) and (T3] such
that the pentagon diagram (C2)) and the triangle diagram:

mx,1,M

(7.4) Xel)eoM X®(1eo M)

M/M

commute for all X € C, M € M.

We leave it to the reader to establish the equivalence of the two definitions;
this is entirely parallel to the case of monoidal categories, cf. Section 211

The following proposition gives an alternative definition of a module category.
Let M be a category. Consider the category End(M) of endofunctors of M. As we
have seen in Example End(M) is a monoidal category.

PROPOSITION 7.1.3. There is a bijective correspondence between structures of
a C-module category on M and monoidal functors F : C — End(M).

PRrROOF. Let F': C — End(M) be a monoidal functor with the monoidal struc-
ture Jxy : F(X)o F(Y) = F(X ®Y), see Definition ZZ41l Set

X®M:=FX)(M), XeC MeM,

and define the associativity constraint m of M using the monoidal structure of F"

gt

mxym:(X@Y)oM=FX®Y)M) =5 F(X)(FY)(M) =X (Y ® M),
forall X,Y € C, M € M. Conversely, let M be a module category over C. Then
for any X € C we have the functor M — X ® M of left tensor multiplication by X.

Thus we have a functor F' : C — End(M). Using the associativity isomorphism m
of M, one defines a monoidal structure on F':

(Jxy)m : FX)(FY)(M)) =X®((YM) M (XQY)oM = F(XQY)(M).

Note that under the above correspondence the hexagon diagram ([223) for the
monoidal structure on F' corresponds to the pentagon diagram (Z.2]). This is because
one of the sides of the hexagon ([Z23]) disappears due to the fact that the category
End(M) is strict, so its associativity constraint is the identity. ]

Clearly, Proposition [(.1.3] categorifies the fact in elementary algebra that a
module over a ring is the same thing as a representation.

DEFINITION 7.1.4. A module subcategory N of a C-module category M is a full
subcategory N’ C M which is closed under the action of C.

REMARK 7.1.5. Let C be a rigid monoidal category, and let M be a right C-
module category. Let MY be the category dual to M. Then MV is a left C-module
category with the C-action ® : C x MY — MY given by X ® M := M ® *X and
the associativity constraint given by

(XQY)OM =M (XY)2Me('Y®*'X) = (Me*Y)®*X = Xo (Yo M),

forall X,Y € C, M € MV, where the middle arrow is the associativity constraint
of M. Similarly, if A is a left C-module category, then AV is a right C-module
category, with the C-action ® given by N ® X := X* ® N.
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Analogously, for a right C-module category M we can define the left module
category ¥ M, which is dual to M as a category, with the left action of C defined
by X ®© M := M ® X*, and likewise for left module categories. Then we have
VIMY) =2 (YM)Y = M, but (MY)Y (which is the twist of M by the tensor
autoequivalence X — X** of C) is, in general, not equivalent to M as a C-module
category.

PROPOSITION 7.1.6. Let C be a rigid monoidal category and let M be a C-
module category. There is a canonical isomorphism

(7.5) Homy(X* ® M, N) = Hom (M, X @ N)
natural in X € C and M, N € M.

PRrRoOF. This is completely parallel to Proposition Z.10.8 |

Thus, if C is rigid, the endofunctor M — X* @ M : M — M is a left adjoint
toM—X®M and M — *X ® M is a right adjoint to M — X ® M.

Let us also define a notion of a bimodule category over a pair of monoidal
categories.

DEFINITION 7.1.7. Let C, D be monoidal categories. A (C, D)-bimodule category
is a category M that has left C-module and right D-module category structures with
modules associativity constraints myyy : (X ®@Y) @ M = X @ (Y ® M) and
nuwz: Mo (WeZ) = (M®W)® Z respectively, compatible by a collection
of natural isomorphisms bx .z : (X @ M) ® Z — X ® (M ® Z) called middle
associativity constraints such that the diagrams

(XY)oM)® Z

(XY M)eZ XeY)o(M® Z)

bX,Y@M,Zl lmx,y,M(@z

Xo(YoM)®Z) XY oMe2Z)

idx @by, v,z
and

X@(Me(We2))

Xo(MeaW)® Z) (XoM)e(WeZ)

bX,JVI@W,ZT J{”X®M,W,Z

XeMeW)®Z (XoM)oW)® Z

bx, v, w ®idz

commute for all X, Y € C, Z, W € D, and M € M.
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7.2. Module functors

DEFINITION 7.2.1. Let M and N be two module categories over C with as-
sociativity constraints m and n, respectively. A C-module functor from M to N
consists of a functor F' : M — A and a natural isomorphism

sxa: F(X©M) = X®F(M), XeC MeM,

such that the following diagrams

(7.6)
F(X®Y)® M)

F(mx,v,m SX®Y,M
F(X® (Y ®M)) (X®Y)® F(M)
SX,Y@JVIl J{nX,Y,F(Z\/I)
X @ F(Y ® M) x B X ® (Y ®F(M))

and
(7.7) F(1® M) 1@ F(M)
F(lm) y
F(M)

commute for all X|Y € C and M € M.
A C-module equivalence F' : M — N of C-module categories is a module functor
(F,s) from M to N such that F is an equivalence of categories.

Clearly, the notion of a C-module functor categorifies that of a homomorphism
of modules over a ring.

Let M;, My be two module categories over a monoidal category C, and let
(F, s), (G, t) be two module functors My — M.

DEFINITION 7.2.2. A morphism of C-module functors from (F, s) to (G, t)
is a natural transformation v between F' and G such that the following diagram
commutes for any X € C and M € M:

(7.8) F(XoM)—=" X g F(M)
VX®MJ/ lvx(@idM
tx, M
X ® GM) —22 L G(X) @ M.

It is easy to see that C-module functors between M; and My with module
functor morphisms introduced above form a category.

EXERCISE 7.2.3. Let M, N, £ be C-module categories and let Iy, : M — N
and Iy : N — L be C-module functors. Show that the composition F, o F; has a
canonical structure of a C-module functor.

REMARK 7.2.4. Similarly to the case of monoidal categories, one can prove an
analog of Mac Lane’s strictness theorem for module categories stating that positions
of brackets are, essentially, immaterial, see Section [Z.8 We leave it to the reader
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to state and prove this theorem. Hence, one can assume without loss of generality
that 1 ® M = M and Iy = idps for all M € M. We will often do so from now on.

REMARK 7.2.5. Note that in the strict case diagram (1) reduces to the con-
dition that S1,.M = 'dF(M)

7.3. Module categories over multitensor categories

We will be interested in module categories over multitensor categories (defined
over a field k), see Definition LTIl In this case, we would like to consider module
categories with an additional structure of an abelian category.

Let C be a multitensor category over k.

DEFINITION 7.3.1. A module category over C (or C-module category) is a locally
finite abelian category M over k which is equipped with a structure of a C-module
category, such that the module product bifunctor ® : C x M — M is bilinear on
morphisms and exact in the first variable.

EXERCISE 7.3.2. Show that the module product ® : C x M — M is always
exact in the second variable.

Let End;(M) be the category of left exact functors from M to M. This is an
abelian category. (Namely, if M is the category of finite dimensional comodules
over a coalgebra C' then End;(M) is equivalent to a full subcategory of the category
of C-bicomodules, via F' — F(C); note that F(C) is well defined, since F, being
left exact, commutes with direct limits, and thus extends to the ind-completion of

M.

PROPOSITION 7.3.3. There is a bijection between structures of a C-module ca-
tegory on M and tensor functors F : C — Endl(./\/l)

PRrROOF. The proof is the same as that of Proposition [[.1.3 a

We will also need to consider module functors between module categories over
multitensor categories. Unless otherwise specified, we will consider only left exact
module functors, referring to them just as “module functors”.

There is an obvious construction of the direct sum of module categories.

PROPOSITION 7.3.4. Let M1, My be two module categories over C. Then the
category M = My & My with module product, associativity constraints, and the
unit constraints being sums of those of M1 and My is a module category over C.

PrOOF. Obvious. O

DEFINITION 7.3.5. The module category M is called the direct sum of the
module categories M; and Ms.

DEFINITION 7.3.6. We will say that a module category M over C is indecom-
posable if it is not equivalent to a nontrivial direct sum of module categories (that
is, with M1, M5 nonzero).

IThe category Endc(M) is not, in general, a multiring category, so we use the term
“tensor functor” in a broader sense (meaning an exact monoidal functor). Also, note that for any
X € C, F(X) is dualizable, i.e., has left and right duals of all orders, so we also have that
F : C — End,(M), where End, (M) is the category of right exact end functors of M. In other
words, F(X) is exact for any X € C.
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7.4. Examples of module categories

The following are some basic examples of module categories.

EXAMPLE 7.4.1. Any (multi)tensor category C is a module category over itself:
the module product is the tensor product of C and m = a is the associativity
constraint of C. This module category can be considered as a categorification of
the regular representation of an algebra.

More generally, if D C C is a (multi)tensor subcategory of C then C is a D-
module category.

EXAMPLE 7.4.2. Let C be a multitensor category. Then one considers M =C
as a module category over C K C via (XXY)® Z := X ® Z®Y. (This can
be extended to the entire category C X C°P by resolving objects of this category
by injective X-decomposable objects). The associativity and unit constraints for
this category are defined using associativity and unit constraints in C. This module
category corresponds to the algebra considered as a bimodule over itself.

EXERCISE 7.4.3. Let C, D be multitensor categories. A (C, D)-bimodule category
is a module category over Deligne’s tensor product C X D°P.

EXERCISE 7.4.4. Let M be a (C, D)-bimodule category. Show that the dual
category MY is a (D, C)-bimodule category. (The left and right module category
structures on MY were defined in Remark [Z.T.H]).

EXAMPLE 7.4.5. Let C be a multitensor category and let C = @” Cij be
its decomposition into components (see Remark 3.4). Then obviously C;; is a
(Cis,C;j)-bimodule category.

EXAMPLE 7.4.6. Let us study when the simplest category M = Vec is a module
category over a tensor category C. Obviously Ende (M) = Vec as a tensor category.
Hence by Proposition the structures of the module category over C on M
are in a natural bijection with tensor functors F' : C — Vec, that is, with fiber
functors. Thus the theory of module categories can be considered as an extension
of the theory of fiber functors.

EXAMPLE 7.4.7. Let I : C = D be a tensor functor. Then M = D has a
structure of a module category over C with X @ Y :=F(X)®Y.

EXERCISE 7.4.8. Define the associativity and unit constraints in Example [.Z.7]
using the tensor structure of the functor F' and verify the axioms.

EXAMPLE 7.4.9. Let G be a finite group and let L C G be a subgroup. Since
the restriction functor Res : Rep(G) — Rep(L) is a tensor functor, we conclude
from Example [[.47] that Rep(L) is a module category over C = Rep(G).

More generally, let ¢ € Z2(L, k*) be a 2-cocycle on L. By definition, a pro-
jective representation of L on a vector space V with the Schur multiplier i is a
map p : L — GL(V) such that p(g) o p(h) = (g, h)p(gh) for all g,h € L. Let
Rep, (L) denote the abelian category of projective representations of L with the
Schur multiplier ©. These representations are the same as representations of the
twisted group algebra kL, with multiplication

g-h=1(g, h)gh, g,h € L.
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The usual tensor product and usual associativity and unit constraints endow
Rep, (L) with the structure of a Rep(G)-module category. We will see in Corol-
lary [[12:20] that all semisimple indecomposable Rep(G)-module categories are of
this form.

ExaMpPLE 7.4.10. Let C = Vecg, where G is a group. In this case, a module
category M over C is an abelian category M with a collection of autoequivalences

Fog-M—=6d,@0M: M—= M,
together with a collection of tensor functor isomorphisms
ng,h:Fgth_)Fgm g,hEG,

satisfying the 2-cocycle relation: ngp, k © Mg = 7g.nk © Mhk as natural isomorphisms
Fyo FyoFy = Fypy for all g,h, k€ G.

Recall from Definition 2.7.1] that such data is called an action of G on M. So,
module categories over Vecg is the same thing as abelian categories with an action
of G.

Let us describe indecomposable semisimple Vecg-module categories explicitly.
In any such category M the set of simple objects is a transitive G-set X = G/L,
where a subgroup L C G is determined up to a conjugacy. Let us view the group
of functions Fun(G/L, k*) as the coinduced module Coind{ k*. The Vecg-module
associativity constraint on M defines a function

¥ : G x G — Coind¥ k*,

by ¥(z,y,b) = my 1,15 It is easy to see that the pentagon axiom (Z.2) implies
that ¥ € Z%(G, Coindglkx). Clearly, the equivalence class of ¥ depends only
on the cohomology class of M in H?(G, Coind$ k*). By Shapiro’s Lemma the
restriction map
Z2(@, Coind§ k*) — Z2(L, k*) : U — ¢

induces an isomorphism H?(G, Coind$ k*) = H2(L, k*).

Thus, an indecomposable Vecg-module category is determined by a pair (L, v),
where L C G is a subgroup and ¢ € H?(L, k*). Let M(L, ) denote the corre-
sponding category.

EXERCISE 7.4.11. Show that Vecg-module categories M(L, ¢) and M(L’, ¢')
are equivalent if and only if there is ¢ € G such that L' = gLg~' and v is
cohomologous to %9 in H?(L', k*), where ¥9(z, y) = ¥(grg~?t, gyg~!) for all
z, y € L. Here we abuse notation and identify 1) and 1)’ with cocycles representing
them.

REMARK 7.4.12. Note that indecomposable Rep(G)-module categories in Ex-
ample [.4.9] and indecomposable Vecg-module categories in Example are
parametrized by the same set of data. We will see in Section below that this
is not merely a coincidence.

EXAMPLE 7.4.13. Here is an example which we consider as somewhat patho-
logical with respect to finiteness properties: let C = Vec and let M = Vec be the
category of all (possibly infinite dimensional) vector spaces. Then the usual tensor
product and the usual associativity and unit constraints determine the structure of
a module category over C on M.
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7.5. Exact module categories over finite tensor categories

Consider the simplest tensor category C = Vec. Let M be any locally finite
abelian category over k. Then M has a unique (up to equivalence) structure of a
module category over C. Thus in this case the understanding of all locally finite
module categories over C is equivalent to the understanding of all k-linear abelian
categories. This seems to be too complicated even if we restrict ourselves only
to finite categories. Thus in this section we introduce a much smaller class of
module categories which is quite manageable (for example, this class admits an
explicit classification for many interesting tensor categories C) but on the other
hand contains many interesting examples. Here is the main definition:

DEFINITION 7.5.1. Let C be a multitensor category with enough projective ob-
jects. A locally finite module category M over C is called ezact if for any projective
object P € C and any object M € M the object P ® M is projective in M.

EXERCISE 7.5.2. Let M be an arbitrary module category over C. Show that for
any object X € C and any projective object @ € M the object X ® @ is projective
in M.

It is immediate from the definition that any semisimple module category is
exact (since any object in a semisimple category is projective).

REMARK 7.5.3. We will see that the notion of an exact module category may
be regarded as the categorical analog of the notion of a projective module in ring
theory.

EXAMPLE 7.5.4. Notice that in the category C = Vec the object 1 is projective.
Therefore for an exact module category M over C any object M = 1 ® M is
projective. Hence an abelian category M considered as a module category over
C is exact if and only if it is semisimple. Thus the exact module categories over
Vec are classified by the cardinality of the set of the isomorphism classes of simple
objects. More generally, the same argument shows that if C is semisimple (and
hence 1 is projective) then any exact module category over C is semisimple. But
the classification of exact module categories over non-semisimple categories C can
be quite nontrivial.

EXAMPLE 7.5.5. Since in a multitensor category, the tensor product of a pro-
jective object with any object is projective, any finite multitensor category C con-
sidered as a module category over itself (see Example [[AT]) is exact. Also the
category C considered as a module category over C X C°P (see Example [[42) is
exact.

EXAMPLE 7.5.6. Let C and D be finite multitensor categories and let F' : C — D
be a surjective tensor functor. Then the category D considered as a module category
over C (see Example [[47]) is exact by Theorem G110

EXERCISE 7.5.7. Show that the assumption that F' is surjective is essential for
Example [7.5.0]
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7.6. First properties of exact module categories
Let C be a finite multitensor category.

LEMMA 7.6.1. Let M be an exact C-module category. Then the category M
has enough projective objects.

ProOF. Let Py denote the projective cover of the unit object in C. Then the
natural map Py ® X — 1 ® X ~ X is surjective for any X € M since ® is exact.
Also Py ® X is projective by the definition of an exact module category. (]

COROLLARY 7.6.2. Assume that an exact module category M over C has finitely
many isomorphism classes of simple objects. Then M is finite.

LEMMA 7.6.3. Let M be an exact module category over C. Let P € C be
projective and X € M. Then P ® X 1is injective.

PrOOF. The functor Homaq(—, P ® X) is isomorphic to the functor
Homa(P* ® —, X). The object P* is projective by Proposition Thus for
any exact sequence

0-YT—>Y,—>Y;—>0

the sequence
0P RYT > P" QY > P*"®Y3 =0
splits, and hence the functor Hom(P* ® —, X) is exact. The lemma is proved. O

COROLLARY 7.6.4. In an exact C-module category any projective object is in-
jective, and vice versa.

PrROOF. Any projective object X of M is a direct summand of the object of
the form Py ® X and thus is injective. (]

REMARK 7.6.5. Corollary [.6.4] says that any exact module category over a
finite multitensor category (in particular, any finite multitensor category itself) is
a quasi-Frobenius category, cf. Remark [6.1.4]

Let M be an exact C-module category. Let O(M) denote the set of (isomor-
phism classes of) simple objects in M. Let us introduce the following relation on
O(M): two objects X, Y € O(M) are related if Y appears as a subquotient of
L ® X for some L € C.

LEMMA 7.6.6. The relation above is reflexive, symmetric and transitive.

PROOF. Since 1 ® X = X, we have the reflexivity. Let X,Y,Z € O(M) and
Li,Ly € C. IfY is a subquotient of L; ® X and Z is a subquotient of L, ®Y then Z
is a subquotient of (L ® L1) ® X (since ® is exact), so we get the transitivity. Now
assume that Y is a subquotient of L ® X. Then the projective cover P(Y) of Y is a
direct summand of Py®L® X; hence there exists S € C such that Hom(S®X,Y) # 0
(for example S = Py ® L). Thus Homap (X, S* ®Y) = Hompm(S® X, Y) #£ 0 and
hence X is a subobject of S* ® Y. Consequently, our relation is symmetric. |

Thus our relation is an equivalence relation. Hence O(M) is partitioned into
equivalence classes,
OM) = [ |oM)i.

el
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For an equivalence class i € I let M; denote the full subcategory of M consist-
ing of objects whose simple subquotients lie in O(M);. Clearly, M; is a module
subcategory of M.

We have the following complete reducibility property for exact module catego-
ries.

PROPOSITION 7.6.7. The module categories M; are exact. The category M is
the direct sum of its module subcategories M;, i.e.,

(79) M=@D M.
iel

PRrROOF. For any X € O(M); its projective cover is a direct summand of Py®X

and hence lies in the category M,. Hence the category M is the direct sum of its

subcategories M;, and M; are exact. O

DEFINITION 7.6.8. We will call the indecomposable categories M;, i € I, in
[@9) the components of M.

A crucial property of exact module categories is the following

PROPOSITION 7.6.9. Let My and My be two module categories over C. Assume
that M1 is exact. Then any additive module functor F : My — My is exact.

PrOOF. Let 0 - X - Y — Z — 0 be an exact sequence in M;. Assume that
the sequence 0 — F(X) — F(Y) — F(Z) — 0 is not exact. Then the sequence
0>PRFX)—>PeFY)— P®F(Z) — 0is also non-exact for any nonzero
object P € C since the functor P ® — is exact and P ® X = 0 implies X = 0. In
particular, we can take P to be projective. But then the sequence

0=-PRX—=-PRQY PRZ—0
is exact and split and hence the sequence
0 FP®X)—=>FPRY)=>FP®Z)—0
is exact and we get a contradiction. (I

REMARK 7.6.10. We will see in Proposition [.9.7] that Proposition [.6.9in fact
characterizes exact module categories.

7.7. Module categories and Z,-modules

Recall that for any multitensor category C its Grothendieck ring Gr(C) is nat-
urally a Z,-ring. The notion of a Z-module over a Z,-ring was introduced in
Section [3.4

Let M be a module category over C. Recall from Definition [[5.8] that the
Grothendieck group Gr(M) is a free abelian group with the basis given by the
isomorphism classes of simple objects. It is easy to see that Gr(M) is a Z-module
over Gr(C). Obviously, the direct sum of module categories corresponds to the
direct sum of Z,-modules.

EXAMPLE 7.7.1. There exists an indecomposable module category M over C
such that Gr(M) is not indecomposable over Gr(C). E.g., take C = Vec and M the
category of modules over the algebra of upper-triangular 2 x 2 matrices.
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Note, however, that, as follows immediately from Proposition [Z.6.7] for an in-
decomposable exact module category M the Z-module Gr(M) is indecomposable
over Gr(C). In fact, even more is true.

PropOSITION 7.7.2. Let M be an indecomposable exact module category over
C. Then Gr(M) is an irreducible Z-module over Gr(C).

PROOF. By the way of contradiction, let A be a Z,-submodule of Gr(M). Let
A’ C Gr(M) be the subgroup spanned by simple objects of M not contained in A.
We would like to show that A’ is a Z-submodule of Gr(M). Then Gr(M) = A® A/,
a contradiction. Let N’ € A’ be a simple object. It suffices to show that for each
projective object @ of C the object @ ® N’ is in A’. Since M is exact, for every
simple N € A its projective cover P(N) also belongs to A. We have

[Q ® N’ : N] = dimy Homy(P(N), Q ® N') = dimy, Hom(Q* @ P(N), N') =0,
where we used Equations (7)) and (ZH). Thus, Q ® N’ € A’ O

By Proposition [3.4.6] for a given finite multitensor category C there are only
finitely many Z-modules over Gr(C) which are of the form Gr(M) where M is an
indecomposable exact module category over C.

7.8. Algebras in multitensor categories

Let C be a multitensor category.

DEFINITION 7.8.1. An algebra in C is a triple (4, m, u), where A is an object
of C,and m: A® A — A and u:1 — A are morphisms (called multiplication and
unit, respectively) such that the following diagrams

(7.10) (A0 A)® A faas A®(A® A)

m®idAl lidA ®Xm
A®A A® A
\A,/

and

(7.11) ) P —'| Apl—"2 54
u®idAl JidA ida ®uJ lidA

A A—" 5 A, A A—" A

commute. Here, as usual, a, [, 7 denote the associativity and unit constraints of C.

Axiom (I0) represents associativity of multiplication m and (7.I1]) represents
the properties of unit with respect to the multiplication. Of course, in the case
when C = Vec, we get the definition of an associative algebra with unit, and in the
case C = Vec we get the definition of a finite dimensional associative algebra with
unit.
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REMARK 7.8.2. If C is not closed under direct limits (e.g., C is a multitensor
category), one can generalize the above definition, allowing A to be an ind-object
(i.e., “infinite dimensional”). However, we will mostly deal with algebras honestly
in C (i.e., “finite dimensional”), and will make this assumption unless otherwise
specified.

ExAMPLE 7.8.3. The following are simple examples of algebras in multitensor
categories.

(1) In any multitensor category C the unit object 1 is an algebra.

(2) The algebra of functions Fun(G) on a finite group G (with values in the
ground field k) is an algebra in Rep(G) (here G acts on Fun(G) by right
translations).

(3) An algebra in Vecg is the same thing as a G-graded algebra. In particular,
if L is a subgroup of G then the group algebra kL is an algebra in Vecg.

(4) More generally, let w be a 3-cocycle on G with values in k*, and 3 be a
2-cochain of H such that w = dst. Then one can define the twisted group
algebra (kH)y in Vecg, cf. Example [[4.9] where

(kH)¢ = @ (Sh

heH

as an object of Vecg, and the multiplication §, &8, — dpp is the operation
of multiplication by ¢ (h, h'). If w =1 (i.e., ¥ is a 2-cocycle), the twisted
group algebra is associative in the usual sense, and is a familiar object from
group theory. However, if w is nontrivial, this algebra is not associative
in the usual sense, but is only associative in the tensor category Vec¢.

(5) Let H be a bialgebra. An algebra in the category of H-comodules, or an
H-comodule algebra A is an algebra which is also an H-comodule such
that the multiplication A ® A — A and unit k — A are H-comodule
homomorphisms (equivalently, the comodule structure map A - H ® A
is an algebra homomorphism). A special class of H-comodule algebras
consists of coideal subalgebras of H, i.e., subalgebras K C H such that
A(K) C H® K, where A is the comultiplication of H.

(6) One defines an algebra in Rep(H), or an H-module algebra A as an algebra
which is also an H-module such that the multiplication and unit of A are
H-module homomorphisms. That is, the structure map

HRA—A:hQa—h-a

satisfies m(A

(h) - (a®Db)) = h-(ab), where m is the multiplication map
in A, and h-1=

e(h)l for all h € H, a, b € A.

ExaMpPLE 7.8.4. Let C be a multitensor category and X € C. Then the object
A = X ® X* has a natural structure of an algebra with unit v = coevx and
multiplication m = idy ® evx ®idx«. In particular for X = 1 we get a (trivial)
structure of an algebra on A = 1.

Now we define modules over algebras:

DEFINITION 7.8.5. A right module over an algebra (A, m, u) (or, simply, a right
A-module) in C is a pair (M, p), where M is an object in C and p: M ® A — M is
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a morphism such that the following diagrams

aM,AA

(7.12) MexA)eA Mo (A® A)

p®idAl lidM ®m

M®A M®A
M
and
(7.13) Mol—2 M
id s ®ul lidhl
M@A—"— M

commute.

We leave it to the reader to define subalgebras, ideals, homomorphisms of
algebras and modules, etc. in the categorical setting.

REMARK 7.8.6. (i) One can similarly define the notion of a left A-mod-
ule. If (M, p) is a right A-module then (*M, q) is a left A-module with the
structure morphism ¢ : AQ*M — M given by the image of p: M@A— M
under the isomorphism

Home (M ® A, M) 2 Home (* M, *A® *M) = Home(A & * M, * M),

where the last isomorphism is (252). Similarly, if M is a left A-module
then M* is a right A-module.

(ii) Given A-modules M;, M5 in C, module homomorphisms between them
form a subspace of the vector space Hom¢ (M7, Ms). We will denote this
subspace by Hom 4 (M7, Ms). Tt is easy to see that a composition of ho-
momorphisms is a homomorphism. Thus, right A-modules in C form a
category Mod¢(A).

EXERCISE 7.8.7. Check that Mod¢(A) is an abelian category.

The following observations relate the categories Mod¢(A) and module catego-
ries.

EXERCISE 7.8.8. Show that for any A-module (M, p) and any X € C the object
X ® M also has a structure of an A-module given by the composition

(X ®M)® A X224 X @ (Mo A) 2258 X @ M.
Thus, we have a functor
(7.14) C x Mod¢(A) — Mod¢(A4).

EXERCISE 7.8.9. (This exercise defines associativity and unit constraints for the
category Mod¢(A)). Show that for any A-module (M, p) and objects X,Y € C the
associativity morphism axy,m : (X QY)®@ M — X ® (Y ® M) is an isomorphism
of A-modules. Similarly, the unit morphism 1 ® M — M is an isomorphism of
A-modules.
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PROPOSITION 7.8.10. The category Modc(A) together with module product
[I4) and associativity and unit constraints is a left C-module category.

PROOF. The proof amounts to verification of axioms (2)) and (). This is
left to the reader as an exercise. ]

EXAMPLE 7.8.11. Let A = X ® X* be the algebra from Example [[.34l Then
for each Y € C the object My :=Y ® X* is an A-module via

idy @evx Qidx- : Y @ X" @ XX - Y ®X".

Furthermore the functor Y — My gives rise to a C-module functor between the
regular C-module category C and Mod¢(A). We will see below in Example [7.10.2)
that this functor is an equivalence.

Note that for any algebra A € C we have a C-module functor assigning to
X € C the “free” A-module, namely, X — X ® A : C — Mod¢(A). We also have
the forgetful C-module functor Forg : Mod¢(A) — C. The next Proposition shows
that these functors are adjoints of each other.

LEMMA 7.8.12. For any X € C we have a natural isomorphism
(7.15) Hom4 (X ® A, M) = Hom¢ (X, Forg(M)).

PROOF. Define a linear map ¢ : Hom4 (X ® A, M) — Hom¢ (X, Forg(M)) by
defining ¢(f) for f € Hom4s(X ® A, M) as

o(f) X2 X1 2% x4t M.

Define a linear map v : Home (X, Forg(M)) — Hom (X ® A, M) by defining ¢(g)
for g € Hom¢ (X, Forg(M))

D(g): X @ A L2 oA R

where m and u are the multiplication and unit of A and p: M ® A — M is the
module structure on M. It is easy to check that ¢ and 1 are inverses of each
other. |

REMARK 7.8.13. In what follows we will usually abuse notation and denote
Forg(M) simply by M.

EXERCISE 7.8.14. Show that for any M € Mod¢(A) there exists X € C and a
surjection X ® A — M (e.g., X = M regarded as an object of C).

EXERCISE 7.8.15. Assume that the category C has enough projective objects.
Then the category Mod¢(A) has enough projective objects.

EXERCISE 7.8.16. Assume that the category C is finite. Then the category
Mod¢(A) is finite.

Thus we get a general construction of module categories from algebras in the
category C. Not any module category over C is of the form Mod¢(A): for C = Vec the
module category of all (possibly infinite dimensional) vector spaces (see Example
[CZT13)) is not of this form. But note that for C = Vec any finite module category is
of the form Mod¢(A) (just because every finite abelian category over k is equivalent
to Mod(A) for some finite dimensional k-algebra A). We will show later that all
finite module categories over a finite C are of the form Mod¢(A) for a suitable A.
But of course different algebras A can give rise to the same module categories.
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DEFINITION 7.8.17. We say that two algebras A and B in C are Morita equiv-
alent if the module categories Modc(A) and Mod¢(B) are equivalent C-module
categories.

Note that in the case C = Vec this definition specializes to the usual notion of
Morita equivalence of finite dimensional algebras.

EXAMPLE 7.8.18. We will see later in Example [7.10.2] that all the algebras from
Example [[.84] are Morita equivalent (cf. Example [L8TT]); moreover any algebra
which is Morita equivalent to A = 1 is of the form X ® X* for a suitable X € C.

Not every module category of the form Mod¢(A) is exact.

EXERCISE 7.8.19. Give an example of module category of the form Mod¢(A)
which is not exact.

DEFINITION 7.8.20. An algebra A in a multitensor category C is called exact if
the module category Mod¢(A) is exact.

It is obvious from the definition that the exactness is invariant under Morita
equivalence.
We will need the notion of a tensor product over an algebra A € C.

DEFINITION 7.8.21. Let A be an algebra in C and let (M, p) be a right A-
module, and (N, q) be a left A-module. A tensor product of M and N over A is
the object M ®4 N € C defined as the co-equalizer of the diagram

pRidN
(7.16) M@A®N M&N——s Moy N,
idv ®q

i.e., the cokernel of the morphism p ® idy — idy; ®q.

EXERCISE 7.8.22. Prove that for a right A-module M and a left A-module N
one has M ® 4 A= M and A4 N = N.

EXERCISE 7.8.23. Show that the functor ®,4 is right exact in each variable
(that is, for fixed M, N, the functors M ® 4 — and — ®4 N are right exact).

LEMMA 7.8.24. Let A be an algebra in C, and let M, N be left A-modules. There
is a natural isomorphism
(7.17) Hom¢ (M ®4 "N, X) = Homy (M, X ® N),
where *N is a left A-module by Remark [[.8.0](7).
PROOF. The required isomorphism is defined using the composition
Home(M ®4 *N, X) — Home(M ® *N, X) = Hom¢(M, X ® N),

where the first arrow comes from (7ZI6). We leave it to the reader to show that the
image of this composition is in Hom 4 (M, X ® N) C Hom¢ (M, X ® N) and that the
resulting map Home (M ®4 *N, X) — Hom 4 (M, X ® N) is an isomorphism. O

DEFINITION 7.8.25. Let A, B be two algebras in C. An (A, B)-bimodule in C is
a triple (M, p, ¢) where M €e Candp: AQ M — M, qg: M ® B — M such that

(1) The pair (M, p) is a left A-module in C.
(2) The pair (M, q) is a right B-module in C.
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(3) The following diagram commutes:

(7.18) (Ao M)® B s A® (M ® B)
p®id3l J/idA ®q
M® B Ao M

A homomorphism of (A4, B)-bimodules is a morphism in C which is a homomor-
phism of both left A-modules and right B-modules. Given (A, B)-bimodules M, N,
let Hom4_p(M, N) denote the space of bimodule homomorphisms from M to N.
It is clear that (A, B)-bimodules in C and their homomorphisms form a category
which we will denote Bimod¢ (A4, B).

REMARK 7.8.26. Note that in the categorical setting, we cannot, in general,
define (A, B)-bimodules as modules over A® B°P, since neither the opposite algebra
nor the tensor product of algebras is defined in a general multitensor category.

We will say “A-bimodule” instead of “(A, A)-bimodule” and write Bimodc¢(A)
instead of Bimod¢ (A, A).

EXERCISE 7.8.27. Let A, B, and C be algebras in C. Let M be an (A, B)-
bimodule and N be a (B, C)-bimodule. Show that M ® 4 N has a canonical structure
of an (4, C')-bimodule.

EXERCISE 7.8.28. Let A, B, C, and D be algebras in C. Let M be an (A, B)-
bimodule, N be a (B, C)-bimodule, and P be a (C, D)-bimodule. Construct a
natural (A, D)-bimodule associativity isomorphism

(7.19) aMﬁva:(M®BN) ®cP:—>M®B (N ®c P)

and bimodule unit isomorphisms iy; : A®a M = M and ryy : M @ B = M.
Prove the pentagon and triangle relations for these isomorphisms.

DEFINITION 7.8.29. An algebra A in a tensor category C is called separable if
the multiplication morphism m : A ® A — A splits as a morphism of A-bimodules.

For example, an absolutely semisimple algebra over a field (i.e., one remaining
semisimple after any field extension) is separable.

PRrROPOSITION 7.8.30. Let A be a separable algebra in a fusion category C. Then
the category Mod¢(A) is semisimple.

PROOF. Note that A considered as a bimodule over itself is a direct summand
of the A-bimodule A ® A. Thus any right A-module M = M ®4 A is a direct
summand of M ® 4 AQ A = M ® A. It follows from Lemma [T.8.12 that the functor
Homa(M ® A, —) is exact, i.e., the object M ® A € Mod¢(A) is projective. Thus
any M € Mod¢(A) is projective, i.e., Mod¢(A) is semisimple. O

REMARK 7.8.31. Proposition [Z.8.30limplies that a separable algebra in a fusion
category is exact.
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EXERCISE 7.8.32. Let A be an H-module algebra, i.e., an algebra in the cate-
gory Rep(H), where H is a bialgebra. Define the smash product A#H to be the
tensor product A ® H with multiplication rule

(a®@h)(a @K):=alhy-d)@hl, a,a’ € A h, b € H,
where A(h) = hy ® hy (Sweedler’s notation)
(i) Show that if H = kG for a group G then A#H is the usual semidirect
product A x G.

(ii) Show that the category of A-modules in Rep(H) is equivalent to the cate-
gory of A# H-modules.

7.9. Internal Homs in module categories

An important technical tool in the study of module categories is the notion of
internal Hom.

Let C be a finite multitensor category (the finiteness condition is not strictly
necessary in this Section but simplifies the exposition). Let M be a C-module
category and fix objects M7, My € M. Consider the functor

(7.20) X — Homu (X ® My, Ms) : C — Vec.

This functor is left exact and thus is representable, i.e., there exists an object
Hom (M7, M) € C and a natural isomorphism

(721) HOI’T‘IM(X ®M1, MQ) = Homc(X, Hom(Ml,Mg)).

REMARK 7.9.1. If we do not assume that the category C is finite, the functor
above is still representable, but by an ind-object of C. Working with ind-objects,
one can extend the theory below to this more general case. We leave this for an
interested reader.

DEFINITION 7.9.2. The object Hom(Mj, M>) representing the functor (T20)) is
called the internal Hom from M to Ms.

Note that by the Yoneda Lemma
(7.22) (My, M3) — Hom(My, M3) : MP x M — C
is a bifunctor.
EXERCISE 7.9.3. Show that bifunctor (.22]) is left exact in both variables.

LEMMA 7.9.4. There are canonical natural isomorphims

(7.23) Homa (X ® My, Ms) = Home (X, Hom(Mi, My)),
(7.24) Homa (M7, X @ M) =2 Home (1, X ® Hom(M;, Ms)),
(7.25) Hom(M;, X ® M) = X ® Hom(M;, M),
(7.26) Hom(X ® M , Ms) = Hom(M;, M>) ® X*.

2 “Sweedler’s notation” means that for the sake of brevity we abuse notation and write A(z) =
x1 ® x2 instead of the more appropriate A(z) = Y, x1; ® ®2;, implying summation on the right
hand side, and similarly for triple coproduct, etc. This is a common convention in the theory of
Hopf algebras, which does not cause confusion after some practice (one needs to remember that
this does not mean that A(z) is a pure tensor). This convention is somewhat similar to Einstein’s
convention in tensor calculus — implied summation over repeated indices.
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PRrROOF. Ismorphism (7.23) is just the definition of Hom(Mj, M5). Isomorphism
([C24) is the composition

Homa (M1, X @ M) = Homa(X™ @ My, Ma)
HOmC(X*, M(Ml7 MQ))
Homc(la X ®M(M1a M2))7

where we used adjunction (TH). We get isomorphism ((25) and (T26) by the
Yoneda Lemma from the following calculations:

1

1%

Home (Y, Hom(M;, X ® My)) = Hom (Y ® My, X @ My)
= Homm(X* ® (Y ® M), Ma)
= Homm((X*®Y) ® My, Ma)
= Home(X™ ® Y, Hom(M;, My))
>~ Home (Y, X ® Hom(My, Ms))

Hom¢ (Y, Hom(X ® My, Ms)), = Homy(Y ® (X ® My), My)
= Homum((Y ® X) @ My, Ms)
= Home(Y ® X, Hom(M;, My))

1%

Hom¢ (Y, Hom(M;, Ms) ® X*),

where we used the definition of internal Hom and adjunctions (2.49), (2.50), and
@.3). O

COROLLARY 7.9.5. Let M be a fized object of a C-module category M. The
assignment

(7.27) N — Hom(M, N): M = C
is a C-module functor.

PRrOOF. The module functor structure for ([C27)) is given by natural isomor-

phism (7.28)) of Lemma [7.9.4 O

COROLLARY 7.9.6. Assume that M is an exact module category. Then bifunc-
tor (C22)) is exact in each variable.

Proor. This follows from Corollary and Proposition [7.6.91 O

The mere definition of the internal Hom allows us to prove the following con-
verse to Proposition [(.6.9

PROPOSITION 7.9.7. (1) Suppose that for a C-module category M the bi-
functor Hom is exact in the second variable, i.e., for any object N € M
the functor M — Hom(N, M) : M — C is exact. Then M is exact.

(2) Let My, My be nonzero C-module categories. Assume that any module
functor from My to My is exact. Then the module category My is exact.

PROOF. (1) Let P € C be any projective object. Then for any N € M one has
Homm (P®N, —) = Home (P, Hom(N, —)), and thus the functor Homa(P® N, —)
is exact. By the definition of an exact module category, we are done.

(2) We claim that under our assumptions any module functor F' € Fun¢ (M, C)
is exact. Indeed, let 0 # M € Msy. The functor F(—) ® M € Fung(My, Mz) is
exact. Since —® M is exact, and X ® M = 0 implies X = 0, we see that F is exact.
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In particular, we see that for any object N € M;, the functor Hom(N, —) :
M; — C is exact, since it is a module functor. Now (2) follows from (1). O

EXAMPLE 7.9.8. It is instructive to calculate Hom for the category Mod¢(A).
Let M, N € Mod¢(A). Then M* has a natural structure of a left A**-module and
Hom(M, N) = N ®* M* where
N @A M* := (M @4 *N)*
(recall that by Remark [L8.6(i) *N is a left A-module). Thus N ®* M* is naturally
a subobject of N ® M* while N ® 4 *M is a quotient of N ® *M. We leave to the
reader to state and prove the associativity properties of ®4. One deduces from this

description of Hom that exactness of A is equivalent to biexactness of the product
®4 (and to biexactness of ®4).

For two objects My, Ms of a module category M we have the canonical “eval-
uation” morphism

(7.28) evan, M, - Hom(My, My) @ My — Mo
obtained as the image of idyom(ar,,11,) Under natural isomorphism (Z.2T)):

Hom¢ (Hom(M;, M), Hom(My, Ms)) = Hom g (Hom(My, Ms) @ My, Ms).
Let My, My, M3 be objects of M. Consider the following canonical composition:

(Hom(M,, M) @ Hom(M;, My)) @ My =

idHom (M, M3) ® VMY, My

Hom(Mz, M3) ® (Hom (M7, M) ® M)

Hom(My, Ms) ® My =228 M.
By (21)) this composition produces the following multiplication morphism:

(729) Hom(Mg, Mg) (39 Hom(Ml, Mg) — Hom(Ml, Mg)
We also have for every M € M a canonical unit morphism:
(7.30) up 21— Hom(M, M)

obtained from (Z21]) with X = 1 as the image of idy;.

EXERCISE 7.9.9. Check that multiplication ([.29]) is associative and compatible
with unit (C30) and with natural isomorphisms of Lemma [[.9.4]

In particular, for every M € M the object Hom(M, M) has a canonical struc-
ture of an algebra in C and for every N € M the object Hom(M, N) is a right
Hom(M, M)-module. Furthermore, the assignment

(7.31) F: N~ Hom(M, N): M — Modc(Hom(M, M))

is a C-module functor (recall that Modc(Hom(M, M)) is a left C-module category
by Proposition[I.810). The C-module functor structure of functor (Z31]) is provided
by isomorphism (725]). We will see in Theorem [TT01] that (T3T]) is an equivalence.

ExaMPLE 7.9.10. Let C, D be multitensor categories, let F': C — D be a tensor
functor, and let I : D — C be the right adjoint of F'. We can view D as a C-module
category. Then I(Y) = Hom(1, Y'), where 1 denotes the unit object of D. Indeed,
this is a direct consequence of the adjunction isomorphism

Homp (F(X) ® 1, Y) 2 Home (X, 1(Y)).
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In particular, the object (1) = Hom(1,1) € C has a canonical structure of an
algebra in C and Y — I(Y) : D — Mod¢(I(1)) is a C-module functor.

EXAMPLE 7.9.11. As a special case of Example [L9.10] consider the situation
when C = Rep(H), the representation category of a finite dimensional Hopf algebra
H, D = Vec, and F : Rep(H) — Vec is the fiber functor. Then Hom(k, k) = H*,
the Hopf algebra dual to H, viewed as an algebra in Rep(H ), where H acts on H*
by right translations.

Let C be a multitensor category viewed as a (C X C°P)-module category.

DEFINITION 7.9.12. We will call the algebra A := Hom(1, 1) in C X C°P the
canonical algebra of C.

REMARK 7.9.13. If C is the representation category of a finite dimensional Hopf
algebra H then A = H* viewed as an algebra in the category of H-bimodules, where
H acts on H* by left and right translations.

EXAMPLE 7.9.14. Suppose that C is a multifusion category and let O(C) denote
the set of simple objects in C. We claim that
(7.32) A= P X®°X
Xeo(e)
as an object of CXIC°P. Indeed, (Z32) is a consequence of the natural isomorphism
Home(Y ® Z,1) = Home(Y, Z7)

~ P Home(Y, X)® Home (X, Z¥)
Xeo(C)

>~ Homeweer (YR Z, @ XR*X
Xeo()

Using (C.29)) one explicitly describes the multiplication in the algebra A as follows.
We have

AgAd= P XY)R*(X®Y).

X,Yeo(C)
For any Z € O(C) the vector spaces Hom¢(X ® Y, Z) and Home(*(X @ Y), *Z) =
Hom(Z, X ® Y) are canonically dual to each other via the pairing
Home(X @Y, Z) @ Home(Z, X ® Y) — Hom¢(Z, Z) = k,

hence there is a canonical morphism (X @ V)X *(X ® Y) — ZX *Z. Then the
multiplication A® A — A is the direct sum (over Z € O(C)) of all such morphisms.

7.10. Characterization of module categories in terms of algebras
Let C be a finite multitensor category.

THEOREM 7.10.1. Let M be a C-module category, and let M € M be an object
satisfying the following two conditions:

(i) The functor Hom(M, —) is right exact (note that it is automatically left
exact).
(ii) For any N € M there ezists X € C and a surjection X @ M — N.
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Let A = Hom (M, M). Then the functor F': M — Mod¢(A) defined in (T31) is an
equivalence of C-module categories.

ProoF. We will proceed in steps by proving the following claims.
(1) The map F : Homag (N1, Na) — Hom4(F(Ny), F(N2)) is an isomorphism
for any No € M and Ny of the form X ® M with X € C, M € M.
Indeed, by ([C25) we have F(N;) = Hom(M, X ® M) = X ® A and the claim
follows from the following calculation:
Hom4(F(N1), F(N2)) = Homu(X ® A, F(N3)) = Home (X, F(N2))
= Hom¢(X,Hom(M, N2)) = Homam (X ® M, Na)
= HomM(Nl, NQ),
where we used Lemma and the definition (Z21]) of internal Hom.
(2) The map F : Homag(Ny, Na) = Homu(F(Ny), F(N2)) is an isomorphism
for all objects N1, Ny € M.
By condition (ii), there exist objects X, Y € C and an exact sequence

YOM—->X®M — Ny — 0.
Since F' is exact, the sequence
FY®QM)—F(X®M)— F(N;)—0

is exact. Since for each N € M the functor Homy(—, N) is left exact, the rows
in the commutative diagram

0 — > Hom g (N1, No) — > Hom (X ® M, No) — > Hom (Y ® M, Na)

lF JF k

0 — > Homq (F(N7), F(N32)) — Hom(F(X ® M), F(N3)) — > Hom(F(Y ® M), F(N2))
are exact. Since by step (1) the second and third vertical arrows are isomorphisms,
so is the first one.

(3) The functor F is surjective on isomorphism classes of objects of Modc(A).

We know (see Exercise [[814]) that for any object L € Mod¢(A) there exists
an exact sequence

YoAL X®A—>L -0
for some X, Y € C. Let f € Hom(Y ® M, X ® M) be the image of f under the

isomorphism
Homa(Y ® A, X ®A) Z Homu(F(Y @ M), F(X®@M)) =2 Homu (Y @ M, X @ M),

and let N € M be the cokernel of f. Then F(N) 2 L by the exactness of F.
Thus, F' is an equivalence of categories. O

ExXAMPLE 7.10.2. Let X be an object in C and let A = X ® X* be the algebra
from Example [[.84] It follows from Theorem [[.T0T] that the assignment

Y=Y ®X":C— Modc(A)

is an equivalence of C-module categories (here C is viewed as the regular C-module
category). Similarly, the assignment ¥ — X ® Y is an equivalence between C and
the category of left A-modules in C.
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We have two situations where condition (i) of Theorem [.I0.1]is satisfied:

(1) M is an arbitrary indecomposable C-module category and M € M is
projective.

(2) M is an indecomposable exact C-module category and M € M is arbi-
trary.

EXERCISE 7.10.3. Check that in both of these cases Hom(M, —) is exact.
Hint: in the first case first prove that Hom(M, N) is a projective object of C
for any N € M.

EXERCISE 7.10.4. Show that condition (2) above is equivalent to the fact that
[M] generates Gr(M) as a Z-module over Gr(C).

COROLLARY 7.10.5. (i) Let M be a finite module category over C. Then
there exists an algebra A € C and a module equivalence M = Modc(A).
(ii) Let M be an exact module category over C and let M € M be an object
such that [M] generates Gr(M) as a Z-module over Gr(C). Then there
is a module equivalence M = Mod¢(A) where A = Hom(M, M).

EXERCISE 7.10.6. Show that any indecomposable exact algebra A in a finite
tensor category C can be written as Hom(M, M), where M is an exact indecom-
posable C-module category and M € M a nonzero object. Moreover, show that the
pair (M, M) is unique up to equivalence.

Hint: Take M = Mod¢(A) and M = A.

This implies the following corollary.

COROLLARY 7.10.7. Let H be a finite dimensional Hopf algebra. Let N be the
category of left H*-modules in Rep(H), where H acts on H* by right translations
(Example [[9TT]). Then:

(i) The functor G : Vec = N given by G(V) =V @ H* is an equivalence of
categories.

(i) The algebra H*#H (see Exercise [[832) is naturally isomorphic to the
matriz algebra Endy (H™).

ProoOF. Part (i) follows from Corollary [ 10.5ii) with M = Vec, and part (ii)
follows from part (i). O

DEFINITION 7.10.8. A left H*-module in the category of left H-modules is
called a Hopf module for H. B

Corollary [I07(i) is called the Fundamental Theorem for Hopf modules; it
states that any Hopf module for H is a multiple of H* (see also Exercise[7.T0.T0(iii)).

DEFINITION 7.10.9. The algebra H*#H is called the Heisenberg double of H.

EXERCISE 7.10.10. Let H be a finite dimensional Hopf algebra over an alge-
braically closed field k of any characteristic. Consider the linear map n: H*® H —
H given by n(f ® h) = f(S7(h1))ha, where A(h) = hy ® hs.

(i) Show that n is an action of H* on the vector space H.

3In [Mon]|, Definition 1.9.1, a Hopf module is defined as left H*-module (or, equivalently, a
right H-comodule) in the category of right H-modules. But this is equivalent to our setting by
using the antipode.
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(ii) Show that 7 is H-invariant (where H* is regarded as a left H-module via
right translations, and H via left translations). Deduce that 1 equips H with the
structure of a Hopf module for H.

(iii) Show that H is isomorphic to H* as a Hopf module for H (use the Funda-
mental theorem). Moreover, show that any Hopf module isomorphism ¢ : H — H*
maps 1 € H to a nonzero left integral A € H*. Thus, any Hopf module for H is a
multiple of H, which is a more usual formulation of the Fundamental Theorem for
Hopf modules.

(iv) Show that ¢(h)(x) = A(zh), h,z € H. Deduce that the pairing (z,h) :=
A(zh) on H is non-degenerate for any nonzero left integral A of H*.

(v) Deduce that if I is a nonzero left or right integral of H, then A(I) # 0.

(vi) Show that if I is a left integral of H then for each x € H one has

ASHD)z = MNS™H(I)x) s,
and
MDDz = \NzIy)S™H(Iy),

where A(I) = I} ® Iy. Deduce that A(S71(I)) = A(I) (set z = I in the first
identity). I Deduce that

.’ﬂIQ & 571(1—1) = Ig & Sil(Il)ZE

and
xzl; ® S(Ig) =L ® S(IQ)CC, re H

(multiply these identities on the left by a € H and apply A to the first component).

(vii) Let A : H — H be a linear operator. Show that in the notation of (vi),
if A\(I) = 1, then Tr(A) = M(A(S~Y(I1))I2). (Choose a basis {z}} of H and write
Tr(A) as Y, o) (Axy).)

(viii) Prove that if I is a left integral in H and A(I) = 1 then Tr(5?) = e(I)A(1).
(Use (vii)). Prove the same statement if I is a right integral in H (replace I with
S(I) and use (vi)).

(ix) Deduce the Larson-Radford theorem: H is semisimple and cosemisimple if
and only if Tr(S5?) is nonzero.

(x) Show that 7 commutes with the left action of HP defined by hox = xS(h)
forz € H, and (ho f)(z) = f(S~'(h)x) for f € H* (where S is the antipode of H).

REMARK 7.10.11. The Fundamental Theorem for Hopf modules (see Exercise
[[I0.T0(iii)) also holds in the infinite dimensional situation, when H is replaced
by any Hopf algebra K, and the category Rep(H) is replaced by the category of
K-modules. Specifically, a Hopf module for K is a left K-module and a right K-
comodule M such that 7(zm) = A(z)7(m), where 7 : M — M ® K is the coaction
map (i.e., 7 is a module homomorphism). Namely, this theorem states that any
Hopf module for K is a multiple of K, with the left multiplication action of K, and
T=A.

EXERCISE 7.10.12. Prove the Fundamental Theorem for Hopf modules in the
general case, by generalizing the finite dimensional proof.

4Note that in general A(S(I)) # A(I), as S%(I) # I. Indeed, for the Taft algebra (Example
BE58), S2(1) =q'1.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



154 7. MODULE CATEGORIES

7.11. Categories of module functors

Let M7, M5 be two module categories over a multitensor category C.

The category of C-module functors between M; and My was introduced in
Section This category is very difficult to work with (consider the case C =
Vec!) and we are going to consider its subcategory which is more manageable.
Let Fung (M1, Ms) denote the full subcategory of the category of module functors
consisting of right erxact module functors (which are not necessarily left exact).
First of all, this category can be described in down-to-earth terms:

PROPOSITION 7.11.1. Assume that My ~ Mod¢(A) and My ~ Mod¢(B) for
some algebras A, B € C. The category Fungc(Mq, Mas) is equivalent to the category
of A — B-bimodules via the functor

(733) M — (— XA M) : Bimodc(A, B) — Func(Ml,Mg).
In particular, Fungc(My, Ms) is an abelian category.

PROOF. The proof repeats the standard proof from ring theory in the categor-
ical setting. O

In a similar way one can show that the category of left exact module functors
is abelian (using Hom 4 instead of ®4).

We would like now to construct new tensor categories in the following way.
Given a C-module category M, the category Func(M, M) is a monoidal category
with the tensor product being composition of functors.

Note that in general the category Fungc (M, M) is not rigid (consider the case
C = Vec!). Thus to get a good theory (and examples of new tensor categories), we
restrict ourselves to the case of ezact module categories, see Definition [[L5.1l In
this case we can say much more about the categories Fungc (M, M) than in general.

Let M; and My be two exact module categories over C. Note that the category
Func(My, Mz2) coincides with the category of the additive module functors from
M1 to My by Proposition

EXERCISE 7.11.2. Any object of Fung(Mj, Ms) is of finite length.

LEMMA 7.11.3. Let My, My, M3 be exact module categories over C. The bi-
functor of composition Fung(Ma, M3) x Fung(My, M3) — Fung(My, M3) is biex-
act.

Proovr. This directly follows Proposition [7.6.91 |
Another immediate consequence of Proposition [7.6.9]is the following:

LEMMA 7.11.4. Let M1, My be exact module categories over C. Any functor
F € Fung(M1, Ma3) has left and right adjoints.

COROLLARY 7.11.5. Let M1, My be exact module categories over C. Any func-
tor F' € Fung(Mq, Ma) maps projective objects to projective objects.

In view of Example [.5.6] this Corollary is a generalization of Theorem [6.1.10]
(but this does not give a new proof of Theorem G.T.T6I).

PROPOSITION 7.11.6. Let C be a finite multitensor category. Then category
Func(My, M) is finite.
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Proor. We will use Theorem [ I0.Jl There are C-module equivalences M; =
Modc(A41) and My = Modc(As) for some algebras Ay, A € C. By Proposi-
tion [Tl the category Func(My, Ms) is equivalent to the category of (A1, As)-
bimodules. But this category clearly has enough projective objects: for any pro-
jective P € C the bimodule A; ® P ® Az is projective. O

7.12. Dual tensor categories and categorical Morita equivalence

Let C be a multitensor category, let M, N be exact C-module categories, and
let F': M — N be a C-module functor. The right adjoint G : N' — M of F has
a natural structure of a C-module functor. Its module structure is defined by the
natural isomorphism

Hom (M, G(X ® N)) 2 Homy (F(M), X ® N) = Hompy (*X ® F(M), N) =
Homu (F(*X ® M), N) = Hom(M, X @ G(N)),

where the first and the last isomorphisms come from Proposition [Z.1.6] combined
with the adjunction between F and G and the middle arrow comes from the C-
module structure of F'. Similarly, the left adjoint of F' has a structure of a C-module
functor.

EXERCISE 7.12.1. Show that that the category Fune (M , M) is a rigid monoidal
category (namely, the left and right duals are left and right adjoint functors and
the evaluation and coevaluation morphisms are the counit F'G — id4 and the unit
idpr = GF of the adjunction, respectively).

DEFINITION 7.12.2. We denote category Func(M , M) as Ci, and call it the
dual tensor category to C with respect to M.

By Proposition [[.IT.6, C}, is a finite multitensor category. Moreover, it is a
tensor category if and only if M is indecomposable.

ExXAMPLE 7.12.3. Let C be a multitensor category viewed as the regular module
category over itself, see Example [[.41] It is clear that every C-module endofunctor
of C is of the form (— ® X) for some X € C (the module structure on this functor
is given by the associativity constraint of C) and that X — (— ® X) : C°? — C} is
a tensor equivalence.

REMARK 7.12.4. The notion of the dual category is a categorical version of
notion of the endomorphism ring of a module, i.e., the centralizer algebra. We will
see that it gives rise to many new examples of tensor categories.

REMARK 7.12.5. Let A € C be an algebra such that M = Mod¢(A). By
Proposition [[.TT1l the category Cj, is identified with the category Bimod¢(A)°P of
A-bimodules with opposite tensor product (because A-bimodules act naturally on
Mod¢(A) from the right).

Recall from ([C9)) that an exact C-module category M is decomposed into the
sum of its components:
M =P M.

icl
LEMMA 7.12.6. The unit object 1 € C}, is a direct sum of the projectors to the
subcategories M;. Each such projector is a simple object.
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PRrROOF. The first statement is clear. For the second statement it is enough
to consider the case when M is indecomposable. Let F' be a nonzero module
subfunctor of the identity functor. Then F(X) # 0 for any X # 0. Hence F(X) =
X for any simple X € M and thus F(X) = X for any X € M since F is exact. O

Thus, the category C}, is a finite multitensor category. In particular, if M is
indecomposable then C}, is a finite tensor category.
Note that by definition M is a left module category over C}.

LemMA 7.12.7. The module category M over C}, is ezact.

PrOOF. Note that C}, = Bimod¢(A)°? by Remark Any projective
object in the category of A-bimodules is a direct summand of the object of the
form A® P ® A for some projective P € C. Now for any M € Mod¢(A) one has
that M ®4 AQ P® A= (M ® P)® A is projective by exactness of the category
Modc(A). O

EXAMPLE 7.12.8. It is instructive to consider the internal Hom for the cate-
gory Mod¢(A) considered as a right module category over Cy;” = Bimodc(A) (cf.
Example [[.9.8). We leave to the reader to check that Ho_mcj\;p(M, N)="M®N
(by Remark [C80(i) *M is a left A-module and so * M ® N has an obvious structure
of an A-bimodule). In particular, B := Homg-or (A, A) = *A® A is an algebra
in the category of A-bimodules. Thus B is an algebra in the category C and it
follows from (C29]) that its multiplication comes from the evaluation morphism
evig : A®*A — 1, cf. Example [[.8.4l Moreover, there is an embedding of algebras

idx 4 @m

(7.34) Ax1@ALra®ds oA A 2% s g A= B,

where m : A® A — A is the multiplication of A, and the A-bimodule structure of
B comes from the left and right multiplication by A.

By Lemma [ZI2.7 for any exact C-module category M the category (C} )i, is
well defined. There is an obvious tensor functor can : C — (Cj,) -

DEFINITION 7.12.9. A module category M over C is faithful if each 1; € C acts
by a nonzero functor in M.

It is clear that M is faithful if and only if any nonzero object of C acts by
a nonzero functor in M. Note also that if C is an indecomposable multitensor
category then any nonzero exact module category M over C is faithful.

REMARK 7.12.10. In what follows we will always assume that module categories
are faithful. Many statements for faithful module categories have obvious extensions
to the non-faithful case.

THEOREM 7.12.11. Suppose that M is faithful. Then the functor
(7.35) can: C — (Ciy)m
s a tensor equivalence of categories.

PrOOF. By Theorem[TI0.Ilthere is an algebra A in C such that M = Mod¢(A).
The category C}, is identified with the category Bimodc(A)°P. The category (Ch, )
is identified with the category of B-bimodules in the category of A-bimodules (here

B is the same as in Example[Z.12.8 and is considered as an algebra in the category of
A-modules). But this latter category is tautologically identified with the category
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of B-bimodules (here we view B as an algebra in C) since for any B-module one
reconstructs the A-module structure via the algebra embedding (34]). It follows
from Example that any B-bimodule is of the form *A ® X ® A and it is
easy to see that can(X) = *A ® X ® A. This is clearly an equivalence, using the
faithfulness of M. O

REMARK 7.12.12. Theorem [[ TZ.TTl categorifies the classical “double centralizer
theorem” for projective modules, which says that if A is a finite dimensional algebra
and P is a faithful projective A-module then the centralizer of End 4(P) in Endy(P)
is A.

COROLLARY 7.12.13. Assume that C is a finite tensor (not only multitensor)
category. Then an exact module category M over C is indecomposable over C},.

ProoF. This is an immediate consequence of Theorem [[.12.11] and Lemma
(. 12.0 O

Let C be a multitensor category, and M be a fixed module category over C. For
any other module category M over C the category Func(Mi, M) has an obvious
structure of a module category over Cy, = Func(M, M).

PROPOSITION 7.12.14. The module category Func(My, M) over C}, is exact.

PROOF. Assume that M = Mod¢(A) and M; = Mod¢(A;) for some algebras
A and A; in C. Identify C}, with the category of A-bimodules and Fung (M, M)
with the category of (A1, A)-bimodules. Any projective object of Bimod¢(A) is a
direct summand of an object of the form A® P ® A for some projective P € C. Let
M be an (A;, A)-bimodule, then M @4 (AQPRA) 2 MRP®A. By Lemmall.812

Homa,— Aa(M ® P® A, —) 2 Hom4, (M ® P, —),

S0 it is enough to check that M ® P is a projective left A;-module. This is equivalent
to (M ® P)* being injective (since N — N* is an equivalence between the category
of left A-modules and the category of right A-modules). But (M ® P)* = P*® M*,
and the result follows from projectivity of P* and Lemma [(.6.3] |

REMARK 7.12.15. Let C be a multitensor category. The collection of all ex-
act C-module categories forms a 2-category Mod(C) (the 1-morphisms in Mod(C)
are C-module functors, and 2-morphisms are natural transformations of C-module
functors, see Definition [[2.2)).

THEOREM 7.12.16. Let M be a faithful exact module category over C. The
2-functor

(7.36) N = Fung(M, N) : Mod(C) — Mod((Cx)°P)
is a 2-equivalence.

PROOF. This is similar to the proof of Theorem [.IZ.I1] and is left to the
reader. O

DEFINITION 7.12.17. Let C, D be tensor categories. We will say that C and D
are categorically Morita equivalent if there is an exact C-module category M and a
tensor equivalence D°P = C} .
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Note that by Remark[.12.5]the category D is categorically Morita equivalent to
C if and only if there exists an exact algebra A € C such that D is tensor equivalent
to Bimod¢(A).

ProprosITION 7.12.18. Categorical Morita equivalence is an equivalence rela-
tion.

PROOF. The reflexivity of categorical Morita equivalence follows from Exam-
ple Its symmetry is proved in Theorem [C.T2.TT1

So it remains to prove that categorical Morita equivalence is transitive. Let
A € C be an exact algebra. Note that an algebra B € Bimod¢(A) is the same
as an algebra B € C endowed with a homomorphism A — B. It is a tautology
that a B-bimodule in the category Bimodc(A) is the same as a B-bimodule in the
category C, and this correspondence is compatible with the tensor product over B.
Thus, in order to prove the transitivity, we just need to show that an exact algebra
B € Bimod¢(A) is exact when considered as an algebra in C.

Let P € C be a projective object and let M € Mod¢(B). We need to show that
P®M € Mod¢(B) is projective. Note that AQ P® A € Bimod¢(A) is projective and
A® M is a B-module in the category Bimodc(A4). Since the algebra B considered as
an algebra in Bimod¢(A) is exact, we see that AQPRARQARM = AQPRARM
is projective in the category of B-modules in Bimod¢(A), which is the same as the
category Bimod¢ (A, B). We claim that AQ P® A® M is projective when considered
as an object of Mod¢(B). Indeed,

Homp(A@ PR A M,—)
=Homp(PR AQ M,*A® —) =Homs (A PRARM,"A® ),

so the functor Homg(A ® P ® A ® M, —) is isomorphic to a composition of exact
functors. Finally, P is a subobject of A ® P ® A, hence P is a direct summand of
A® P ® A by Proposition [6.1.3] Hence, the B-module P ® M is a direct summand
of the B-module A ® P® A® M, so it is projective. O

Let us consider examples of categorical Morita equivalence.

ExAMPLE 7.12.19. Let G be a finite group and let C = Vecg be the category
of G-graded vector spaces. The category Vec is an exact Vecg-module category
via the forgetful tensor functor Vecg — Vec. Let us determine the dual category
(Vecq)Vee- By definition, a Vecg-module endofunctor F' of Vec consists of a vector
space V := F(k) and a collection of isomorphisms

sg € Homyec (F(04 ® k), 0, ® F(k)) = Endi(V), g € G.

It follows from axiom (6] in Definition [[21] of module functor that the map
g — sg : G = GL(V) is a representation of G on V. Conversely, any such rep-
resentation determines a Vecg-module endofunctor of Vec. It is easy to check
that homomorphisms of representations are precisely morphisms between the cor-
responding module functors. Thus, (Vecg)ye. = Rep(G), i.c., the categories Vecg
and Rep(G) are categorically Morita equivalent, cf. Remark 15.7

COROLLARY 7.12.20. Let G be a finite group. Any indecomposable exact
Rep(G)-module category is equivalent to Rep,, (L) for some subgroup L C G and
a 2-cocycle ¢ € Z*(L, k*).
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Proor. This follows from Theorem Example [[.12.19] and Example
.4.10 ([l

Corollary implies the classification of twists J (see Definition E.T4.T]) for
the group algebra kG of a finite group G, obtained by Movshev, [Mov]. Namely,
let J be a twist for kG. Then J defines a Hopf algebra H = kG” and hence a fiber
functor F : Rep(G) — Vec, which is the forgetful functor with the tensor structure
defined by J. Such a functor endows Vec with a structure of a module category
over Rep(G). By Corollary [LT2.20 this module category is of the form Rep,, (L)
for some (L,1). Moreover, since Repd,(L) = Vec, the twisted group algebra kL,
must be simple.

DEFINITION 7.12.21. A 2-cocycle ¢ on a finite group L is said to be non-
degenerate if the twisted group algebra kL, is simple. A group L which admits a
nondegenerate 2-cocycle is called a group of central type.

EXERCISE 7.12.22. (i) Let L = A® AV, where A is a finite abelian group, and
¥((a1, f1), (az, f2)) = fi(az), where a; € A, f; € AV. Show that 1 is a nondegerate
2-cocycle, so L is of central type.

(ii) More generally, let a finite group K act on an abelian group A, let L =
K x AV, and let 7 : K — A be a bijective 1-cocycle (this reduces to (i) in the case
K = A, 7 =id). Show that L is a group of central type, with ¢ ((k1, f1), (k2, f2)) =
fr(m(k2)).

Hint: Construct an irreducible projective action of L on Fun(A, k) by (k¢)(a) =
o(k~ta+ m(k)), k € K, and (f6)(a) = f(a)(a), f € AV.

(iii) Show that if ¢ is a nondegenerate 2-cocycle on L then kL, is isomorphic
to the regular representation of L (where L acts on kL, by conjugation).

Hint: Let V be the irreducible kL-module, and L be a central extension of L
by a finite cyclic group acting linearly in V', so that kL, =V @ V* as a L-module.
Show that g € L has zero trace in V unless g projects to 1 € L. Deduce the same
statement about the trace of g in V ® V*, and conclude the required statement.

(iv) Prove the converse to (iii).

Hint: Use that kL, is semisimple (why?) and the center of kL, carries a
trivial action of L.

(v) Show that if ¢ is a 2-cocycle on L then the function x,(y) := ¥(z,y) /¥ (y, )
is a character of the centralizer Z, of x in L, and v is nondegenerate if and only if
Xz is nontrivial for every z # 1.

Hint (for the second statement): Compute the trace of the conjugation operator
by = on kL, using the basis of group elements. Then use (iii), (iv).

(vi) Let [ be a nilpotent finite dimensional Lie algebra over a prime field Fp,
p > 2, whose nilpotency index (i.e., length of the lower central series) is < p. In
this case, we can define the group L = exp([), which is the same as [ as a set, with
multiplication defined using the Campbell-Hausdorff series

1
xxy=CH(z,y)=z+y+ §[x,y]+

(this is well defined since the length is < p). Now assume that [ is a nilpotent Lie
algebra of length < p — 1 which is quasi-Frobenius, i.e., carries a non-degenerate
2-cocycle w € A%I* (ie., w([z,y],2) + w([y, 2], x) + w([z,z],y) = 0). Show that the
group L = exp(l) is of central type, and compute its nondegenerate 2-cocycle.
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Hint: Use that 2-cocycles correspond to central extensions, for both groups and
Lie algebras.
(vii) Give examples of nonabelian nilpotent quasi-Frobenius Lie algebras.

It is clear that the order of a group of central type is a square. A much deeper
result is the following theorem of Howlett and Isaacs (conjectured by Iwahori and
Matsumoto in 1964):

THEOREM 7.12.23. [Hol| Any group of central type is solvable.

The proof is based on the method of Liebler and Yellen, which uses the classi-
fication of finite simple groups.

Thus, we see that the subgroup L obtained from a twist J must be a group of
central type (in particular, its order is a square and it is solvable), and J gives rise
to a non-degenerate 2-cocycle ¥ on L. Conversely, given a central type subgroup
L C G and a non-degenerate 2-cocycle @ on L, the algebra kL, is simple, so
Rep, (L) is a module category over Rep(G) equivalent to Vec, which gives rise to a
fiber functor on Rep(G) and thus a twist J. It is easy to see that this correspondence
is a bijection between equivalence classes. Thus, we have the following classification
of twists in kG.

COROLLARY 7.12.24. The above assignments J — (L,), (L,¢) — J are
mutually inverse bijections between the gauge equivalence classes of twists J for
kG and conjugacy classes of pairs (L,v), where L is a subgroup of G and 1 is a
non-degenerate 2-cocycle on L.

For more details, see [Mov], [EtG3].

ExAMPLE 7.12.25. This is a generalization of Example Let G be a
finite group with an action g — 7, on a finite tensor category C. Recall the
equivariantization category C¢ introduced in Section 7] and the crossed product
category C x GG introduced in Definition

Note that C has a natural structure of a C ¥ G-module category:

(XN @V =TH(XV),
for all objects X, V in C and g € G.
We claim that the dual category (C x G)j is equivalent to (C%)°P, i.e., that

C x G and C% are categorically Morita equivalent. (Note that for C = Vec this

reduces to Example [[.T2.19).

Indeed, let F' € (CxG)} be a (CxG)-module endofunctor of C. In particular, F
is a C-module functor, hence F(V) =V ® X for some X in C. It is straightforward
to check (and the reader is invited to do so) that a (C x G)-module functor structure
on the latter functor is the same thing as a G-equivariant structure on X.

EXAMPLE 7.12.26. Here is another generalization of Example [[TZT9 Let
H be a finite dimensional Hopf algebra. The category Vec is a Rep(H)-module
category via the fiber functor F' : Rep(H) — Vec, see Section 51l Let us determine
the corresponding dual category. Any k-linear additive endofunctor FE of Vec is
completely determined by a vector space V such that E(k) = V. The Rep(H)-
module functor structure on E gives rise to a natural isomorphism

F(X)@ VS F(X)eyV, Xec,

50ur terminology is slightly different from that of Howlett and Isaacs. Namely, they use the
term “central type” for the central extension of L by a cyclic group obtained from the cocycle .
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and, hence to a homomorphism 7y : V' — End(F) @k V. As we know from the
reconstruction theory (see Sections and [1.3]) there is a canonical Hopf algebra
structure on End(F'). Furthermore, the module functor axioms (6] and (Z7) are
equivalent to 7y being an End(F)-comodule structure on V. By Theorem (23]
there is a Hopf algebra isomorphism End(F) = H. So V is an H-comodule, and
hence, an H*-module. It follows that Rep(H)y.. = Rep(H*). Thus, the notion of
categorical duality extends that of duality for Hopf algebras (namely, Rep(H) is
categorically Morita equivalent to Rep(H*°°P), where “cop” denotes the opposite
coproduct).

EXERCISE 7.12.27. Fill the details in Example [[.12.26] In particular, prove
that 7y is indeed a End(F')-comodule structure on V' and that the corresponding
functor Rep(H )3y, — Rep(H*) is tensor.

Let M be an exact module category over C. For X, Y € M we have two notions
of internal Hom: one taking values in C and another taking values in C}, denoted
by Hom, and Homcjw7 respectively. The following consequence of calculations in
Examples and [.T2.8 is very useful.

ProOPOSITION 7.12.28. Let X,Y,Z € M. There is a canonical isomorphism
(7.37) Hom,(X,Y) ® Z =" Home. (Z,X)®Y.

ProoF. By Theorem [ 12.11] it suffices to find a canonical isomorphism
(7.38) *Homc(Z,X)®Y%Hom%(X,Y)®Z, X, Y, Z e M.

This isomorphism is constructed as follows. Choose an algebra A such that M =
Modc(A). By Example [L0.8 the left hand side of (738) is *(X ®4 Z*) @ Y =
*(Z@4a*X))QY 2 (Z®a*X)®Y. On the other hand, by Example [[T2§
the right hand side of (T38)) is Z ®4 (*X ® Y'). Thus, the associativity constraint
provides a canonical isomorphism (7Z.38]). Note that the inverse to this isomorphism
is the image of idy under the following morphism

Hom (Y, Y) = Hom(Home. (X,Y)® X, Y) —
Hom i (Hom(Z, X) ® Home. (X,Y)® Z,Y) =
HomM(Homcjvl (X,Y)® Z,"Hom(Z,X)®Y),

where the arrows are given by the evaluation morphism (Z.28]). Thus, isomorphism

[T310) does not depend on the choice of the algebra A. O

REMARK 7.12.29. The isomorphism (Z.37) is C-equivariant in the following
sense. Given W € C, the diagram

(7.39) Hom (X, W ®Y) ® Z ————— *Hom¢. (Z,X)® (W®Y)
| |
—_ * *

W ® Hom.(X,Y)® Z W ® HomcM(Z,X)(X)Y,

where the horizontal arrows are given by isomorphism (7Z37]), the left vertical ar-
row is given by isomorphism (25]), and the right vertical arrow comes from the
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Cr-module functor structure on W (since C is identified with (C},)}%, by Theo-

rem [C12.1T]).

7.13. The center construction

The notion of the center of a monoidal category categorifies that of the center
of a ring.
Let C be a monoidal category with the associativity constraint

axyz: (X@Y)eZ S5 Xe(Y®Z), X,Y,ZecC.

DEFINITION 7.13.1. The center of C is the category Z(C) defined as follows.
The objects of Z(C) are pairs (Z, 7), where Z € C and

(7.40) vx:X®ZS5ZX, XeC
is a natural isomorphism such that the following diagram
(7.41)
X0 (ZoY)—2X" (XoZ2) oY
W’ W‘
X® (Y ®2) (ZoX)oY,

-1 -1
m 4

(XQY)®Z ————ZR(X®Y)

TXQY

is commutative for all X, Y € C.
A morphism from (Z, ¥) to (Z’, 4') is a morphism f € Hom¢(Z, Z’) such that
for each X € C we have (f ®idx) oyx =~ o (idx ®f).

It turns out that Z(C) is a monoidal category with tensor product defined as
follows. If (Z, ) and (Z’, 4) are objects in Z(C) then

(Za ’Y) ® (Z/a ')/) = (Z® Z/a ’?)7

where 9x : X ® (Z®Z') = (Z®Z')® X, X € C, is defined by the following
commutative diagram:

—1
0CX z,z'

(742) X®(ZeZ)—22 ,(X92Z)® 2 (ZoX)® 7'

’S’Xl J{O‘Z,x,z’
—1

Xy g id .
ZoZ)oX 22" 7070 X)X 7o (X7,

’yx®idzl

The unit object of Z(C) is (1, r~1l), where r and [ are the unit constraints.

EXERCISE 7.13.2. Show that the associativity constraint of C is a morphism in
Z(C) and so the latter is indeed a monoidal category.

If Z € C has a left dual Z* then (Z, ) has a left dual (Z*, 7), where x :=
(v-%)*. Similarly for right duals. Thus, if C is rigid then so is Z(C).

REMARK 7.13.3. Isomorphisms (TZ40) equip Z(C) with an additional structure
called braiding. Tensor categories with such structures are called braided. We study
braided categories in Chapter 8
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REMARK 7.13.4. Note that there is an obvious forgetful monoidal functor

(7.43) F:Z2(C)—=C:(Z, v)— Z.
EXERCISE 7.13.5. Show that (Z, ) — (Z, v~ 1) : Z(C) — Z(C°P) is a tensor
equivalence.

EXERCISE 7.13.6. Show that if C is a pivotal category, then so is its center
Z(C).

Hint: Check that if Z € Z(C) and a is a pivotal structure on C, then
vz 0 (az ®id) = (id®az) o vz. Use functoriality of vz x in X, the fact that
VETY = ryzw« y== (the definition of vz««), tensoriality of ax and functoriality of ax
with respect to X € C.

EXERCISE 7.13.7. Show that the center of an indecomposable multitensor ca-
tegory is a tensor category (i.e., show that it is abelian, and End(1) = k).

Let C be a finite multitensor category. Then C is an exact module category
over CXIC°P| i.e., a C-bimodule category.

PROPOSITION 7.13.8. There is a canonical equivalence (C X CP)% = Z(C). In
particular, the center of a finite multitensor category is finite.

ProOF. Let F': C — C be a C-bimodule endofunctor. Since F is, in particular,
a left C-module functor, we have F' = — ® Z for some Z € C. Since F is also a
right C-module functor, we must have a natural isomorphism

(XeY)Z=FX®Y) S FX)eY=X®2)®Y, X,YecC(.
Taking X = 1 we obtain a natural isomorphism
(7.44) v (-®Z) S (Ze -).

The compatibility conditions (T.41]) for the components vx : X ® Z = Z® X come
from the axiom (7.6]) of a module functor. Finally, one checks that composition of
C-bimodule endofunctors of C corresponds to the tensor product of objects of the
center and that this correspondence is a tensor functor. O

EXERCISE 7.13.9. Verify the last statement in the proof of Proposition [.13.8

REMARK 7.13.10. Proposition [.T3.8 shows that the above notion of the center
of C categorifies the notion of the center of a ring. Indeed, the center of a ring R is
isomorphic to the ring of R-bimodule endomorphisms of R.

COROLLARY 7.13.11. The forgetful functor [L43) is surjective (in the sense of
Definition [[83]).

PROOF. This is an immediate consequence of Corollary [[T2.13] O

7.14. The quantum double construction for Hopf algebras

In this section we will explain what the center construction gives, in more ex-
plicit terms, for the category of representations of a finite dimensional Hopf algebra.
It turns out that in this case the center construction reduces to Drinfeld’s quantum
double construction.

Namely, let H be a finite dimensional Hopf algebra with coproduct A, counit €
and antipode S, and let C be the category Rep(H) of finite dimensional representa-
tions of H. Then by the reconstruction theory for Hopf algebras, we have a natural
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forgetful functor F' : C — Vec, such that H = End F. Now, Z(C) is a finite tensor
category with a natural tensor functor Z(C) — C. Composing this functor with F,
we get a tensor functor F : £ (C) — Vec. Thus we have a finite dimensional Hopf
algebra D := End F.

DEFINITION 7.14.1. The Hopf algebra D is called the quantum double of H and
is denoted by D(H).

Let us describe the structure of D(H) more explicitly. For this purpose, let
Z € Z(C). Then Z is a representation of H with some additional structure. Let us
spell this structure out. The additional structure is a map 7x : X ® 72 - Z® X
for each X € C such that diagram (C4I]) commutes. We have yx = o o Rxz,
where Rxz : X ® Z — X ® Z is a linear isomorphism, and ¢ is the permutation of
components. The map Rx 7 is functorial in X, so it suffices to know it for X = H
being the free rank 1 H-module. Now, Ryz commutes with right multiplications
by elements of H in the first component, so we can view Ryz as an element of
H ® Endy(2).

EXERCISE 7.14.2. Show that the commutative diagram for v is equivalent to
the equation RY, R%, = (A ®id)(Ruz).

Define a linear map p: H* ® Z — Z by the formula p(f ® z) = (f ®id)(Ruz)=.
Exercise implies that p is an action of H* on Z. Thus, by definition, Ry z is
the action on H ® Z of the canonical element of H ® H*, R := ). h; ® h}, where
h; is a basis of H and h} is the dual basis of H* (here h} acts via p). Note that
(A ®id)(R) = R3R?.

PROPOSITION 7.14.3. Let H*°°P be the Hopf algebra H* with the opposite co-
product (so that the antipode of H*°P is inverse to the antipode S of H*). Then R
is invertible in H @ H*°P with
(7.45) R™!'=(S®id)(R) = (id®S™')(R).

EXERCISE 7.14.4. Prove Proposition [[.14.3]

Thus, we have an action of the free productﬁ H % H**°P on Z. However, there
are certain commutation relations between H and H *°°P.

To write these relations down, note that yx is an H-morphism, which implies
that RgzA(a) = A°P(a)Ryz for a € H. Thus, R?(A®id)(R) = (A?®id)(R)R*2.
Thus, we have the quantum Yang-Baxter equation in H ® Z ® H*°°P:

R12R13R23 — R23R13R12.
Using (.43]), this can be rewritten as
RZ(ideS ) (R)* = (doS™H)(R)¥(idoS™ 1) (R)** R R
In components, this looks like
> hi@hih; @ STHRY) = Y hphphy @ hehy @ ST (h2) ST (hy)h.

.3 D,q,7,8

6Recall that for two unital algebras A1, As, the free product Aq * Ay is the unital algebra such
that Hom(A; x A2, B) = Hom(A1, B) x Hom(Ag, B) for any unital algebra B. If A; = TV;/(R;),
i = 1,2, where T'V; is the tensor algebra of a space V;, and R; C T'V; is the space of relations, then
A1 %Ay =T (Vi @ V2)/(R1 @ R2). It is easy to see that if A1, A2 are bialgebras or Hopf algebras
then so is A; * A2, with the coproduct, counit and antipode induced by those on the factors.
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Taking the inner product with A} in the first component and with Sfl(hj) in the
third component, and using that .S preserves the inner product between H and
H*°P_we obtain
hihg =Y (hfs hphehs) (ST (hp) ST (hi)h%, S (hy)) hghy
P,q,7r,8
Using the coproduct rule for the R-matrix, this can be written as
hfhj = Z(S(hfl)h;hfgv hj)hqhzz-
q

where we use Sweedler’s notation (A®id)(A(h)) = hj;®hj,®hl; (i.e., a summation
is implied).

Finally, we can rewrite this as

(7.46) fho=(f1,57(h1))(f3, ha)ha fa,
where h € H, f € H*? and (A ® id)(A(h)) = h1 ® ha @ hs (again Sweedler’s
notation).

DEFINITION 7.14.5. The quotient of the free product H * H*°°P by the relation
([T44)) is called the quantum double (or Drinfeld double) of H and denoted by D(H).

Thus, we see that each object of Z(C) is naturally a module over D(H). Con-
versely, it is clear that any D(H)-module Z is naturally an object of Z(C). Thus,
we obtain

PROPOSITION 7.14.6. The category Z(C) is naturally equivalent to the category
Rep(D(H)) of finite dimensional D(H)-modules.

EXERCISE 7.14.7. Show that the commutation relation (746) of D(H) can be
rewritten as

(f2, 87 (h2)) frha = (f1, 5 (h1))hafo,
and as
hf = (f1,h1)(f3, S " (h3)) f2ho.

The properties of D(H) are summarized in the following proposition.

PROPOSITION 7.14.8. (i) The multiplication map H @ H*°? — D(H) s an
isomorphism of vector spaces; in other words, the algebra D(H) is H @ H*°P with
H, H*°P being subalgebras, and the multiplication defined by

(7.47) hphy - hihy = (hiy, S™4(hyja)) (his, hys)hphjahiphs.
In particular, diim D(H) = (dim H)2.

(ii) Relation (I46l) defines a Hopf ideal in H «x H*°P | and thus D(H) is a Hopf
algebra with the coproduct and antipode induced by those of H and H*“°P.

(i1i) The equivalence of Proposition is naturally an equivalence of tensor
categories. This equivalence identifies D(H) with the Hopf algebra D := End F.

EXERCISE 7.14.9. Prove Proposition [[.14.8]
Hint: Show that the product defined by (7.47) is associative and compatible
with the coproduct.

REMARK 7.14.10. It is essential that we use the opposite coproduct in H* in
(ii); with the usual coproduct, this construction does not work.
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EXERCISE 7.14.11. Let ¢ be an odd integer > 2, and H be the Taft algebra of
dimension 2, see Example Show that the double D(H) is isomorphic to the
tensor product u,(sly) ® kZ/¢Z as a Hopf algebra.

REMARK 7.14.12. A similar result holds for the small quantum group u4(g)
of any simple Lie algebra g. Namely, let u,(b) denote the subalgebra of uy(g)
generated by the elements K; and E; for all i. Then under appropriate conditions
on the root of unity ¢ (namely, if the order of ¢ is coprime to the determinant of
the Cartan matrix of g), one has D(u,(b)) = u4(g) ® kT, where T is the group
generated by the K;.

EXERCISE 7.14.13. Find an explicit presentation by generators and relations
for the double D(H) for the Nichols Hopf algebra H, see Example £.5.8

7.15. Yetter-Drinfeld modules

Now let C = K —comod, where K is a Hopf algebra not assumed to be finite
dimensional. Let us generalize the description of the center Z(C) from the previous
section to this case (the case of the previous section is K = H*, dim H < o0). To
do so, we just need to rewrite the compatibility condition between the actions of
H and H* on an object Z € Z(C) in terms of a coaction 7 : Z — K ® Z and an
action n: K ® Z — Z. If we do this, the compatibility relation takes the form:

(748) T(kﬁZ) = klzls(k3) &® k?gZQ,

where we use Sweedler’s notation (A ® 1)(A(k)) = k1 ® ke @ k3 and 7(z) = 21 ® 29
(in both cases, implicit summation is assumed).

EXERCISE 7.15.1. Verify relation (T48]).
Hint: use Exercise [[L14.71

DEFINITION 7.15.2. A Yetter-Drinfeld module over K is a left K-module Z
equipped with a left K-comodule structure 7 : Z — K ® Z such that relation (48]
is satisfied.

The tensor product of Yetter-Drinfeld modules is defined as the tensor product
of K°P-modules and of K-comodules. This endows the category of Yetter-Drinfeld
modules with a monoidal structure. Moreover, it is easy to see that the category
Y D(K) of finite dimensional Yetter-Drinfeld modules over K is a tensor category.

Thus, we obtain

PropoOSITION 7.15.3. Let K be a Hopf algebra. The center of the category
K —comod is naturally equivalent to the category Y D(K) as a tensor category.

EXERCISE 7.15.4. Fill in the details in the proof of Proposition [[.15.3]

7.16. Invariants of categorical Morita equivalence

Let C be a finite multitensor category and let M be an exact faithful C-module
category. Consider M as a (CXC},)-module category. Clearly, this module category
is exact. We have the following generalization of Proposition [[.T3.8

THEOREM 7.16.1. The category (C X C} )i is canonically equivalent to Z(C).
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PROOF. An object of (CXC},)}, is, in particular, a C},-module functor, and
so by Theorem [[.T2.11] it is isomorphic to the functor Z ® — of multiplication by
some object Z € C. The (CKC},)-module structure on this functor yields a natural
isomorphism of the following endofunctors of M:

(7.49) X®F(Z® -)2Zo(X®F(-)), XeC FeCi,.

This, in turn, gives rise to an isomorphism between C},-module functors (Z®X)® —
and (X®Z)® —. By Theorem[LI2ITX — (X®—) : C — (Ciy)}, is an equivalence,
therefore we get a natural isomorphism vy : X ® Z = Z ® X. The compatibility
condition of isomorphism (749) coming from axioms of a module functor translates
to diagram (7ZA41]) from Definition [.I3.1] of the center of C. Thus, the functorial
isomorphism v = {vx} makes Z an object of the center of C.

Conversely, given a central object (Z,7) there is a natural (C X C},)-module
functor structure on Z ® —. It is clear that the above assignments are tensor
functors quasi-inverse to each other. O

COROLLARY 7.16.2. There is a canonical tensor equivalence
(7.50) Z(C) = Z(Chy)-

PROOF. In view of Theorem [[TZTTl the equivalence in Theorem [I.16.1]is sym-
metric in C and C},. Thus both Z(C) and Z(Cj3,) are canonically equivalent to
(CRC)m- O

REMARK 7.16.3. Let A be an algebra in C such that M = Modc(A), see
Theorem [.T0Il Then tensor equivalence (TH0) can be described as follows. For
any (Z, v) € Z(C) the free right A-module Z® A has a structure of a left A-module

via

—1
Ap 7, A az,AA

AR(Z2A) 222 (ApZ)0A 229 (70 A)9 A 22224 7o (AvA) B2, Z0A,
where a denotes the associativity constraint of C and m : A® A — A is the
multiplication of A. It is easy to check that (Z, ) is an A-bimodule. Furthermore,
it has a structure of a central A-bimodule via

(751) X@a(Z2A)=2XRZZ5 Z0X=(Z0A)@aX, X €Bimode(A).
Equivalence (T.50) is identified with

(7.52) Z—Z®A:Z(C)— Z(Bimod¢(A)).

Note that Bimod¢(A) = (Ciy)°® by Remark and Z((Cy,)°P) = Z(Cyy) as
tensor categories by Exercise

REMARK 7.16.4. We will see in Proposition B5.3 that (Z52) is in fact an
equivalence of braided tensor categories.

As we have seen in Proposition [T I3.8 the dual category of (C K C°P) with
respect to C is Z(C), the center of C. Let I : C — Z(C) be the right adjoint of the
forgetful functor F' : Z(C) — C (.43). We have canonical algebras I(1) € Z(C)
and A := Homegeor (1, 1) € C X C°P, see Example [[L9.10 and Definition

PROPOSITION 7.16.5. Let C, F, and I be as above.

(i) FI(1) is isomorphic to the image of *A under the tensor product functor
®:CRCP —C.
(ii) If C is a tensor category then FPdim(I(1)) = FPdim(C).
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ProoF. Taking X =Y = Z =1 € C in Proposition [[.12.28] we have
(7.53) FI(1) =Homz(1,1)®1="A®1,

which implies (i).

To prove (ii), observe that (Z53]) implies FPdim(I(1)) = FPdim(A4). Let O(C)
denote the set of simple objects of C. The simple objects of C XICP are of the form
X KY where X,Y € O(C) and their projective covers are P(X) X P(Y'). Hence

FPdim(A)= Y FPdim(X)FPdim(Y)[A: X KY]

X, YeOo(C)

= ) FPdim(X)FPdim(Y) dimy Homeweor (P(X) B P(Y), A)
X, YeOo(C)

= ) FPdim(X)FPdim(Y) dimy Hom¢(P(X) ® P(Y), 1)
X,YeO(C)

= > FPdim(X)FPdim(Y) dimy Home(P(X), P(Y)")
X,Yeo(C)

= > FPdim(X)FPdim(Y) [P(Y)" : X]
X,Yeo(c)

= Y FPdim(Y)FPdim(P(Y)*) = FPdim(C),
Yeo(C)

as required. O

THEOREM 7.16.6. For any finite tensor category FPdim(Z(C)) = FPdim(C)?.
PROOF. The forgetful functor F' : Z(C) — C is surjective by Lemma [[.T3.TT]

Hence,
. _ FPdim(Z(C))
FPdim(I(1)) = FPdim(C)
by Lemma [6.2.4] On the other hand, we have FPdim(Z(1)) = FPdim(C) by Propo-
sition [LI6.5](i). O

COROLLARY 7.16.7. For any exact indecomposable C-module category M we
have FPdim(C) = FPdim(C} ).

ProoOF. By Theorems [[.16.1] and [Z.16.6] we have
FPdim(C)? = FPdim(Z(C)) = FPdim(Z(C},)) = FPdim(C},)?
and numbers FPdim(C) and FPdim(C},) are positive. O

EXERCISE 7.16.8. Let C be a fusion category, and M an indecomposable semi-
simple C-module category with the simple objects M;. Recall that the Frobenius-
Perron dimensions FPdim(M) for M € M are defined up to scaling by the condition
that FPdim(X @ M) = FPdim(X) FPdim(M) for any X € C. Define a (positive)
normalization of these dimensions, FPdim.(M), which we will call the canonical
normalization, by the condition

> FPdim,(M;)* = FPdim(C),
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Show that for the canonical normalization,
FPdim(Hom (M, M")) = FPdim.(M) FPdim.(M")
for any M, M’ € M (and the canonical normalization is determined by this prop-
erty).
Hint: consider the matrix of the action of the regular virtual object R¢ in the

basis M;. Show that the entries of this matrix are FPdim.(};) FPdim.(M;), and
use this to deduce the required statement.

EXERCISE 7.16.9. Let C be a fusion category, and A be an indecomposable
semisimple algebra in C (i.e., an algebra whose category M of left modules in C is
indecomposable as a right C-module category and semisimple).

(i) Consider the dual category Ci, i.e., the category of A-bimodules in C. Let
X; be the simple objects of C},. For X € Cj, let d(X) be the dimension of X as
an object of C. Show that d(X) = FPdim(A) FPdim(X), and thus

> d(X;)? = FPdim(A)? FPdim(C).

Hint: use that A is the unit object in C},, and Corollary [[T6.7l
(ii) Let M; be the simple objects of M. Show that

> FPdim(M;)* = FPdim(A) FPdim(C).

Hint: Show that Hom(A, M) = M, where on the right hand side M is re-
garded as an object of C. Deduce that FPdim.(A) FPdim.(M) = FPdim(M), where
FPdim.(M) is defined in Exercise Applying this to M = A, deduce that
FPdim.(A) = FPdim(A)/? and hence FPdim(M) = FPdim(A)'/? FPdim,(M).

(iii) Let V be an object of C. Show that

FPdim(A) FPdim(V)?

dimk Homc(V &® V*, A) Z

FPdim(C)
In particular, taking V =1, we get
) FPdim(A)
dimy H 1,A) > ————~.
i Home (1, 4) = Fp 56y

Hint: Let M; ® V = @ja;;M;, a;; € Z>o. Let A = ®;k;M; as a left A-
module. Show that Ends(A ® V) = Hom¢(V @ V*, A), and dimEnds(A® V) =
>0 kia;;)?. On the other hand, denoting FPdim(M;) by m;, show that

> kiaiym; = FPdim(A) FPdim(V) and Y ~m? = FPdim(A) FPdim(C)
.3 J
(use (ii)). Then use the Cauchy-Schwarz inequality.

(iv) Let H be a semisimple (quasi-) Hopf algebra, and A be a finite dimensional
H-module algebra. Show that if A is semisimple as an algebra in the category of
H-modules (i.e., A#H is a semisimple algebra), then for any finite dimension H-
module V', one has

) dim(A) dim(V)?2
dim H VoV*A)> —t —— 2
imHompy (V@ V* A) > dim (H)

In particular, dim(AH) > g;x((g)), where A is the algebra of H-invariants in A.
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(v) Let H be a semisimple Hopf algebra, and A be a finite dimensional H-
module algebra. Show that if A is semisimple in the usual sense, then it is also
semisimple in the category of H-modules.

Hint: Let M be the category of A-modules in C, and M’ be the category
of ordinary A-modules (in Vec). Then M’ is a module category over the tensor
category C' of H*-modules, which is Morita equivalent to C. The category M’
is semisimple, hence exact. Show that M’ corresponds to M under the Morita
equivalence between C' and C, and deduce that M is exact, hence semisimple.

(vi) Deduce that (iv) holds for any H-module algebra A which is semisimple in
the usual sense.

(vii) Does the converse to (v) hold over a field of any characteristic?

Hint: Consider A = H* with action of H by left translations, where H is the
function algebra on a finite group in characteristic p.

(viii) Show that the converse to (v) holds if H is cosemisimple.

(ix) Show that (vi) fails if H is not semisimple; i.e., there are actions of finite
dimensional nonsemisimple H on a matrix algebra A such that dim(A*) is much
less than dim(A)/ dim(H). Namely, let H be the Nichols Hopf algebra of dimension
16 over C generated by a grouplike element g such that g? = 1 and skew-primitive
elements x;, 1 = 0,1, 2, such that gz; = —x;9, v;0; = —x;7;, :1022 =0, and A(z;) =
1®z; +r; ® g. Let B be a matrix algebra. Show that there is a right B-linear left
action of H on B @ B with right B-basis e1, e by

gler) = e1, glea) = —ea, wi(er) =0, wo(ez) = e1,x1(e2) = xey, wa(e2) = yei,

where z,y € B are any elements. Now consider the corresponding adjoint action of
H on A := End(B?)p = Maty(B), via

aoM = a3 MS(as)

(using Sweedler’s notation). Show that A is the set of matrices b - Id, where
be Z,y, and Z, , is the centralizer of z,y in B.

Now take z,y € B to be an irreducible (i.e., generating) pair of elements
(clearly, generic z,y satisfy this condition). Show that Z, , = C, so the invariants
AH in A are trivial, and hence dim A¥ = 1 < dim(A4)/dim(H) = dim(B)/4 if
dim(B) > 4.

7.17. Duality for tensor functors and Lagrange’s Theorem

Let C, D be finite multitensor categories, let M be an exact faithful D-module
category, and F' : C — D be a tensor functor (i.e., we require that F'(1) = 1). Then
M is a module category over C which is, obviously, not always exact (e.g., consider
the case when C is trivial and M = D).

DEFINITION 7.17.1. The pair (F, M) is called an ezact pair if M is an exact
C-module category.

Suppose (F, M) is an exact pair. There is an obvious tensor functor
F*: Dy — Cy

(note that F' endows a D-module endofunctor of M with the structure of a C-module
endofunctor) and (F*, M) is an exact pair.
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DEFINITION 7.17.2. We will call the above functor F* : D}, — Cj3, the dual
functor to F. We will also call the exact pair (F*, M) dual to the pair (F, M),
and write (F*, M) = (F, M)*.

Clearly, for any exact pair T', one has T** = T.

For simplicity, below we will consider only exact pairs in which C and D are
tensor (i.e., not just multitensor) categories, and M is indecomposable over C (the
class of such pairs is obviously stable under dualization). We note, however, that
the results below can be extended to the general case.

DEFINITION 7.17.3. An exact pair (F, M) is surjective if F is surjective, and
injective if F' is injective.

THEOREM 7.17.4. The dualization map takes surjective exact pairs into injec-
tive ones, and vice versa.

PRrROOF. Let T = (F : C — D, M) be an exact pair. Denote FPdim(C) = ¢ and
FPdim(D) = d. Then FPdim(C},) = ¢ and FPdim(D},) = d by Corollary [[16.7l

Assume first that F' is injective, but F™* is not surjective. Then by Proposition
6335 FPdim(ImF*) < c. Since F' is injective, we also have FPdim(ImE™) < d (as
¢ < d). The functor F factors through & = (ImF™)% ( (it is not difficult to show that
M is exact and indecomposable over ImF™*, so £ is a finite tensor category). Since
FPdim(&) = FPdim(ImF*) < min(c,d), by Proposition [6:3.6] F is not injective.
Contradiction.

Assume now that F is surjective, but F™* is not injective. Then by Proposition
6335 FPdim(ImEF™*) < d. Since F' is surjective, we also have FPdim(ImF™*) < c.
The functor F factors through & = (ImF*)%,. Since FPdim(€) = FPdim(ImF*) <
min(c¢, d), by Proposition [6.3.6] F is not surjective. Contradiction. O

Let C be a multitensor category and let
¢=D
ik

be its decomposition into a direct sum of component subcategories, see ([&1]). Note
that each C;; is a tensor category and C;, is a C;; — Cxx bimodule category.

ProposITION 7.17.5. We have (C“)ak = CZE, i.e., tensor categories Cy; and
Crr are categorically Morita equivalent for all i, k.

Proor. For each k let My := ®;Cj,. The regular C-module category de-
composes as C = @y My. Then C; = @y Fung(My, M;). It follows from Exam-
ple [LI23] that C},, = C}. Let C := @; C;; be the “diagonal” subcategory of C. It
is clear that (fj‘\,lk = @i (Cii)¢,, -

By Theorem [TI7.4] the dual functor Cum, — é}k\/(k is surjective. This means
that for all ¢, k the obvious tensor functor C¥ — (Ci;)¢ . is surjective. In view of

i

Proposition [6.3.4] this proves the result. |

Next, we prove Lagrange’s theorem for subcategories of finite tensor categories.

THEOREM 7.17.6. Let D be a finite tensor category, and C C D be a tensor
subcategory. Then the ratio FPdim(D)/ FPdim(C) is an algebraic integer.
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ProoFr. Consider the natural embedding F' : C K D°P — D X D°P. Consider
M = D as a module category over D XI D°P. It is easy to check that the pair
(F, M) is exact, and M is indecomposable over C X D°P. Thus, Theorem [17.4]
applies, and the functor F* : (D®DP)} = Z(D) — (C®DP)%, is surjective. The
Frobenius-Perron dimension of the first category is FPdim(D)? and the Frobenius-
Perron dimension of the second one is FPdim(C) FPdim(D). By Corollary the
ratio of these dimensions is an algebraic integer. O

REMARK 7.17.7. In the case when D = Vecg, this theorem reduces to classical
Lagrange’s theorem, saying that the order of any subgroup of G divides the order
of G.

7.18. Hopf bimodules and the Fundamental Theorem

Let C, D be finite tensor categories over a field k. Recall from Proposition .G
that the category C XD has a natural structure of a tensor category.

Let C°P denote the opposite tensor category, see Definition 2.5l The category
C has a natural structure of an exact C-bimodule category. We will denote the
corresponding action by

(X, V)= XoV, XeCKC(C? VeCl.
In Definition [[9.12 we introduced the canonical algebra A := Hom(1, 1) € CKC®P.

DEFINITION 7.18.1. The category of right A-modules in C X C°P will be called
the category of Hopf bimodules in C.

Clearly, this definition is a generalization of the definition of a Hopf module.

Let ‘H denote the category of Hopf bimodules in C.

Observe that (X,Y) — Hom¢ (X, Y*)* is an additive bifunctor from C°P x C to
Vec. Hence it defines an additive functor He : C°P X C — Vec. Therefore, one can
define another tensor product ® on C X C°P by

(7.54) (ide XH¢)Rideor : (CRCP)R(CKRCP) = (CKR (CPKRC))RCP — CHCP,
where we implicitly used a natural action of Vec on C.

REMARK 7.18.2. Another way to define the tensor product ® is the following;:
one identifies C°P with the dual category CV via the functor X — X*. Then the
category C KIC®P identifies with the category of right exact functors from C to itself,
and ® corresponds to the composition of functors. Under this identification, the
object A € C X C°P representing the functor

XXY — Hom(X ®Y,1) = Hom(X,Y™) : CKC° — Vec

corresponds to the identity functor (this is why we use X — X* and not X — *X
to identify C°? and CV). In particular, A is the unit object for ©.

ExAMPLE 7.18.3. Let H be a finite dimensional Hopf algebra and let C =
Rep(H). We have C X C°P = Rep(H ® H®°P).

Then A = H* is an H ® HP-module algebra via the action ((z ® y)¢)(a) =
#(S~Y(y)ax), where S7! is the inverse antipode of H, i.e., the antipode of H¢°P
(cf. Example [.O.1T]).

Furthermore, # is the category of H*-modules in Rep(H ® HP) (equivalently,
it is the category of H-comodules in the category of H-bimodules) and ® is dual
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to the usual bimodule tensor product (i.e., M ® N = (N* @y M™*)* where the star
denotes the dual vector space).

EXERCISE 7.18.4. Prove statements in Example [[.I8.3]

PROPOSITION 7.18.5. Let C be a finite tensor category.

(a) H is a tensor category and functors V — (VR1)®@A and V — (1KV)® A
from C to H are equivalences of tensor categories.
(b) There is a natural isomorphism of tensor functors

(7.55) pr: (VK1) A2 (1XKV)® A.
PRrROOF. (a) For all objects V in C we have
Hom(1,V) = Hom(1,(VK1)o1l)~ (VK1)®Hom(1,1)=(VXK1)® A4,
Hom(1,V) = Hom(1,(1XV)o1l)=(1XV)oHom(1,1)=(1XV)® A.

It follows from Theorem [I0.1] that (— X 1) ® A is an equivalence between C and
‘H. To see that it is tensor, observe that under the identification in Remark
(i) the functor (— X1)® A (and, similarly, (1X —)® A) sends V € C to the functor
V' ® — from C to itself. Thus, the associativity constraint in the category C gives
rise to a tensor structure on these functors.

(b) The tensoriality of the natural isomorphism (753 is obvious from the
description in (a). It is also equivalent to commutativity of the following diagram

(7.56) (VRDQAO(WRL)®A) — (VeW)R1)® A
JPVQPW lﬁw@w
(IXV) A (IXRW)RA) — (IR (Ve W))® A.
(I

REMARK 7.18.6. Another way to state Proposition [[.I&H] (b) is to say that the
following diagram commutes:

(7.57) VEDWKRLA— (VeW)XK1)® A
J{id@pw J/PV@W
(VR1AXW)® A IXVeW)A
L]

AW @(VEDRASARW) 0 (1RV)® A.

Let A = Hom(1, 1) and let M be a left A-module. By Remark [(.86i) the
object M* has a natural structure of a right A-module with the action given by

(7.58) M* @ A ZE N A @ A B S0, e

where p: A® M — M is the left action of A on M and coev, is the coevaluation
morphism of A. In particular, A* has a canonical structure of a Hopf bimodule.
Thus, according to Proposition [[.I85a), there exists a unique up to an isomor-
phism object D € C such that

(7.59) (DR1)® A A*
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as Hopf bimodules. Moreover, isomorphism (7Z59]) is unique up to scaling. It
follows immediately from the definition that the Frobenius-Perron dimension (see
Section B3) of D equals to 1 and thus D is invertible. Note that its isomorphism
class in C is canonically defined.

Recall that in Section we defined the distinguished invertible object X, of
C as the dual of the socle of the projective cover of 1, see Definition

THEOREM 7.18.7. The object D € C is isomorphic to the dual of the distin-
guished invertible object: D = X 7.

PROOF. Let I be a set indexing the isomorphism classes of simple objects in
C; for a € I let X, P,, I, denote a simple object corresponding to «, its projective
cover, and its injective hull. We will assume that 0 € I and Xg = 1. Let ¢ run
through I. We are going to compute dimy Homegeos (Po X X;, A*) in two ways.
First calculation:

dimy Homegeor (Po X X3, A*) = dimy Homegeor (Po X X, (DX 1) @ A)

1 ifX; =D,
0 otherwise.

dimy, Homc(Po ® X, D) = {

Second calculation:

dimy Homegeon (Po X X5, A*) = dimy Homegeon (A, " (Po X X))

= dimg Homegeor (Pp X 1) @ A, 1K X 7).

Let us look closely at the object (PhX 1) ® A in C X COP.

LEMMA 7.18.8. The object (Py K1) ® A is injective.

PRrROOF. Observe that the functor

Hom(X XY, (PyX1)® A) = Hom((Py @ X)X Y, A) =Hom(Py ® X ® Y, 1)
is exact in both variables X, Y since Py ® X ®Y is injective, see Proposition 4212
Thus the functor Hom(—, (PyX 1) ® A) is exact. The lemma is proved. O
We continue the proof of the Theorem. By Lemma [[.I88]
(PhX1)®A=&qperMaplo ¥ig
for some non-negative integer multiplicities M,z. We have
My = dimg Homegeor (Xo ¥ X35, (PoR 1) @ A)

dimy Home (Py ® X, ® Xg,1)
= dimy Hom¢ (X, ® X5, Py)
= [Xo®Xgs: X;},

where [X : X;] denotes the multiplicity of a simple object X; in the Jordan-Holder
series of X. To calculate dimy Homegeor (Po X 1) ® 4,1 K X ), it is enough to
consider the summands with I, = Pp. In this case X, = X} and [X,® Xg: X)] =
[X5 :1]. Thus

1 if I covers X,

(7.60) dimy Homemeor (P0BR1) ® A, 1K X7) = { 0  otherwise.

Since Iy = P§ covers X, the Theorem follows. O
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PROPOSITION 7.18.9. Let f: A — A** be a morphism in CKC°P. Assume that
r . en the category C 1s semisimple.
Trl(f) #0. Then th Ci isimpl

PROOF. By definition Tr*(f) is the following morphism :

(7.61) TrE(f) 11 24 A A* L2994 g g gx 247 1R,

In particular, if TrL(f) # 0 then 1 is a direct summand of A ® A*. Hence Py X 1
is a direct summand of (Py X 1) ® A ® A*. By Lemma [[I88 (Py X 1) ® A is
projective and therefore (PyX 1) ® A ® A* is projective. Thus Py K 1 is projective
and consequently 1 is projective. Hence C is semisimple. ]

As a corollary we obtain a classical theorem of Larson and Radford in Hopf
algebra theory.

COROLLARY 7.18.10. Let H be a finite dimensional Hopf algebra with the an-
tipode S. If Trgr(S?) # 0 then H is semisimple and cosemisimple.

The converse to this theorem also holds and is proved below in Proposition

Note that both directions of this theorem can be proved in another way (Ex-
ercise [[.T0.10).

The next example illustrates the above constructions when C = Rep(H), the
category of finite dimensional representations of a finite dimensional Hopf algebra
H.

EXAMPLE 7.18.11. For C = Rep(H) we have C K C°? = Rep(H ® HP). As it
was explained in Example [[.I8.3] the algebra A in this case is isomorphic to H*,
with the action of H @ HP defined by ((z ® y)f)(a) = f(S~'(y)az). Similarly to
Exercise [[.JO.10, H is a Hopf bimodule for H*. So by Proposition there is
an isomorphism of Hopf bimodules ¢ : H — (1 X D) ® H*. Let ¢(1) = A\. Then
fol= f(1),s0 fA= f(1)A, hence X is a nonzero left integral for H*. Moreover,
the H-invariance of ¢ implies that ¢(h)(z) = A(zh) for any h, z € H. Thus, the
compatibility condition of ¢ with the action of HP reads:

$(hS(0))(2) = o™ (b1)A(S™ (b2)zh),

where a = D* is the distinguished character of H.
Thus, replacing b with S(z) and zh with y, we obtain the following proposition,
well known in Hopf algebra theory.

PROPOSITION 7.18.12. If X is a left integral of a Hopf algebra H, and « is its

distinguished character, then
AyS*(z)) = alz2)\(z1y), x,y € H,
and
(WS (21))a~ (z2) = Azy), o,y € H.
In particular, if H is unimodular (i.e., o =1) then
AyS*(x)) = Nay), z,y € H.

REMARK 7.18.13. Recall that if B is a Frobenius algebra with the trace func-
tional A (i.e., the bilinear form (z,y) — A(xy) is non-degenerate) then there exists
a unique automorphism o : B — B, called the Nakayama automorphism, such that

Azy) = A(yo(x)). Proposition [[I812 says that the Nakayama automorphism of
the Frobenius algebra H is a — S?(a;)a ™ (az), and it is S? in the unimodular case.
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PROPOSITION 7.18.14. Let H be a finite dimensional Hopf algebra such that H*
is unimodular (e.g., H is cosemisimple), and let I be a left integral of H. Suppose
A(I)=3,a;@b;. Then A(1) =Y, S?*(bi) ® a;.

Proor. This follows from Proposition by taking the dual. O

PROPOSITION 7.18.15. (see [Mon)|, Corollary 10.3.13) Let H be a semisimple
and cosemisimple Hopf algebra (over a field of any characteristic). Then the double
D(H) is semisimple.

PrOOF. Consider the D(H)-module M := D(H) ®pg~ k. This module is pro-
jective, since k is a projective H*-module (as H* is semisimple). It suffices to show
that the trivial D(H)-module k is a direct summand in M. Then it would follow
that k is a projective D(H )-module, which would imply that any D(H)-module X
is projective (since X = X ® k, see Proposition .2.12]).

Note that since D(H) = H ® H* as a space, we have a natural identification
M = H as a left H-module. We have a natural D(H)-module map M = H — k,
which sends 1 to 1. Clearly, this map is (up to normalization) simply the counit &
of H.

Let I be a left integral of H. We claim I is a D(H)-invariant vector in M.
Clearly, it is H-invariant (by the definition of the integral), so we only need to
show that it is H*-invariant. Let f € H*. Then by formula (48], we have

(7.62) I = (f1,87 (1) (f3, I3) L2 fo.

But by Proposition TI8I4 I} @ I, ® I3 = S*(I3) ® I} ® I,. Also, f may be
replaced by (f2), since we are tensoring over H* with k. Thus, equation ([Z.G2)
can be rewritten as

(7.63) JT = (f1,53))(fo, ) Iy = (f, 125(I3)) Iy = (f, 1) = - (f)1.

This implies the claim.

Since £(I) # 0 (as H is semisimple), we see that we have a sequence of D(H)-
maps k — M — k such that the composition is nonzero. Thus, k is a direct
summand in M, and we are done. O

REMARK 7.18.16. Another proof of Theorem is obtained from Exer-
cise [[JO.I0] Namely, in this exercise we sketched a proof of the Larson-Radford
theorem that H is semisimple and cosemisimple if and only if Trg(S?) # 0. But
Trpm) (S?) = Trg (S?) Trig-or (52), so we see that if H is semisimple and cosemisim-
ple then D(H) is semisimple.

7.19. Radford’s isomorphism for the fourth dual

The classical formula of Radford [Ra2] expresses the fourth power of the an-
tipode of a finite dimensional Hopf algebra H in terms of distinguished grouplike
elements of H and H*. In particular, some power of the fourth duality functor
V = V**** on Rep(H) is isomorphic, as a tensor functor, to the identity functor of
Rep(H). Below we obtain a categorical version of this result.

Let C be a finite tensor category, let A := Hom(1, 1) in C K C°P be the canon-
ical algebra introduced in Definition [[.9.12] and let D be the dual distinguished
invertible object of C introduced in (59)).
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THEOREM 7.19.1. There is a natural isomorphism of tensor functors:
(7.64) Sy : V*F S D"V e D

PROOF. Isomorphism (7Z59) produces a canonical isomorphism of algebras
(7.65) A" =DK1 @A® (DX1)".

We will identify these algebras using this isomorphism.

Recall that we have a tensor isomorphism (C55) py : (VX1)®A = (1KV)® A.
Its double dual piF : (V** K1) @ A™ = (1 X *V)® A** is also tensor (i.e., the
diagram analogous to (C57) commutes).

Thus we have a tensor isomorphism of right A-modules

v (VR @ (DR @A~ (1R*V)e(DR1)® A

defined by v id(DIZIl)* = p*v*
Now define dy as the following composition:

(V¥*R1) @A~ (V*9D)R1) e (DK1) oA e,

IR (*VeD)) e (DR oA (DR1)® (1K (*V @ DY) o A L2ver,
(DX1) @ (("VeD" K1) A2 (D*Ve D )K1)® A

Obviously, the isomorphism by is tensor (again, the diagram analogous to (L7
commutes).

Finally, define the isomorphism dy : V** — D ® **V @ D* by the condition
8y ®ida4 = dy. Since dy is a morphism of right A-modules, Proposition [(I85|a)
implies that &y is well defined. Since Sy is tensor isomorphism of tensor functors,
dy is a tensor isomorphism as well. |

COROLLARY 7.19.2. There is a positive integer N such that the Nth powers of
the tensor functors —** and **— are naturally isomorphic.

PrROOF. Since C has finitely many non-isomorphic invertible objects, there ex-
ists N such that D®V =2 1. O

COROLLARY 7.19.3. Let C be a fusion category. There is a canonical isomor-
phism of tensor functors V** = **V . Equivalently, there is a canonical isomor-
phism of tensor functors idg = —****,

ProoF. By Remark [6.5.9] a fusion category is unimodular. Therefore we have
that D = 1 by Theorem [[.I87 and the statement follows by Theorem [[.T9.1] where
D is the dual distinguished invertible object of C introduced in (Z.59). O

REMARK 7.19.4. Let C be a pivotal fusion category with pivotal structure a.
Clearly, a® : ide = —**** is an isomorphism of tensor functors. Therefore, a? and
the canonical isomorphism of tensor functors ide — —**** differ by an element
from the group Autg(idc).

ExaMPLE 7.19.5. Let C be the category of finite dimensional comodules over
uq(sly) (see Section [.6)). This category is an example of a finite tensor category
in which there are objects V such that V** is not isomorphic to V. Namely, in
this category, the functor V + V** is defined by the squared antipode S?, which
is conjugation by K: S?(z) = KzK~!. Now, we have Ext'(1,K) =Y = (E, FK),
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178 7. MODULE CATEGORIES

a 2-dimensional space. The set of isomorphism classes of nontrivial extensions of 1
by K is therefore the projective line PY. The operator of conjugation by K acts on
Y with eigenvalues ¢2, g2, hence nontrivially on PY. Thus for a generic extension
V', the object V** is not isomorphic to V.

Note also that in the category C, V** = V if V is simple. This clearly has
to be the case in any tensor category where all simple objects are invertible. We
showed in Proposition .8 1] that this is the case in any semisimple tensor category.
An example of a finite tensor category in which V** is not always isomorphic to V'
even for simple V' is the category of representations of the Hopf algebra A, defined
in Section 3.1 of [RalJE

7.20. The canonical Frobenius algebra of a unimodular category

Let C be a unimodular multitensor category (see Definition B.5.7), and let
A :=Hom(1, 1) in CKC®P be the canonical algebra introduced in Definition [[9.12]
It was explained in Section that in this case there is an isomorphism of A-
modules,

~

(7.66) b A* A

This ¢ is unique up to an automorphism of 1. That is, if ¢1,¢o : A* = A are two
isomorphisms of A-modules then ¢; = ((a X 1) ® A) o ¢1, where o € Aute(1).

PROPOSITION 7.20.1. Let C be a unimodular multitensor category, let A be its
canonical algebra with multiplication m : AQ A — A and unite: 1 X1 — A, and
let ¢ be an isomorphism defined in ([L6Q). The comultiplication defined by

(7.67) A:=(p@p)om*op i A AR A
is coassociative, i.e., (A®idg)oA = (idg ®A)oA, and is an A-bimodule morphism,
ie., Aom = (m®ida) o (ida ®A) = (ida®m) o (A ®ida). Furthermore, the
morphism
(7.68) ci=e*ogp A 1K1
is a counit for A, i.e., (e®ida)o A =idg = (ids ®e) 0 A.
PrOOF. This is completely parallel to the classical case (when C = Vec). O
EXERCISE 7.20.2. Prove Proposition

DEFINITION 7.20.3. An algebra A in a tensor category D is called Frobenius if
it has a structure of a coassociative and counital coalgebra in D with a comultipli-
cation A which is a homomorphism of A-bimodules.

COROLLARY 7.20.4. Let C be a unimodular multitensor category. Then the
canonical algebra A of C is a Frobenius algebra in C XK C°P with the comultiplication

and counit given by formulas [67) and (LGY]).

REMARK 7.20.5. The isomorphism type of a Frobenius algebra (4, m, e, A, )
is well defined. Namely, suppose another choice of an isomorphism (Z.66) gives a
coalgebra structure (A’,€’) on A. Then there is an algebra automorphism 7 : A — A
such that A’ = (77! ® 77} A7 and ¢’ = e7. Note that by Proposition each
such automorphism is of the form 7 = (« X 1) ® A for some a € Aute(1).

"We are very grateful to J. Cuadra for this reference.
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ExXAMPLE 7.20.6. Keep the setting of Example [ I8 T1] and assume in addition
that H is unimodular, i.e., « = €. Then H* has another comultiplication

(7.69) 6(¥) =vA ®@5(\), YeH”
that turns it into a Frobenius algebra.

EXERCISE 7.20.7. Show that 0 is H ® H®P-linear (i.e., is a morphism in
Rep(H ® H®P)) and is an H*-bimodule morphism. (Use Proposition and
Exercise [ T0.I0(vi)). What is the counit for §?

Thus, we see that H* is the canonical Frobenius algebra in Rep(H & HP).

7.21. Categorical dimension of a multifusion category

Let C be a multifusion category. Let O(C) denote the set of simple objects of C.
Choose a natural isomorphism ¢y : X — X** (which exists by Proposition E8.1]).
Recall from Definition B.7.0] that the left categorical trace of an isomorphism
a: X 5 X** is defined by
Trl(a) : 1 2% X @ X+ 221X, xoer g v 20, g
see ([E8). We identify Tr’(a) with an element of Ende(1) (this element is a scalar
when C is a fusion category).

Let 1 = ®; 1; be the decomposition of the unit object of C and let C = @;; C;;
be the decomposition of C into the sum of component subcategories, where C;; =
1, ® C®1j, see [@I).

For any simple X in C;; the scalar
(7.70) |X|2 = Tr" (1x) Tr¥ (¥ x)*) € Ende(1;) @k Ende(1;) = k
does not depend on the choice of Y.

REMARK 7.21.1. Note that | X|? # 0 by Proposition L84

DEFINITION 7.21.2. For any simple object X in C the scalar |X|? from (Z.70)
is called the squared norm of X.

DEFINITION 7.21.3. The categorical dimension of a multifusion category C is
(7.71) dim(C) = > |X[*.
XeOo(C)
We also denote dim(C;;) = ZXeO(CU) | X2,
ExXAMPLE 7.21.4. Let H be a semisimple Hopf algebra. Then the categorical
dimension of C = Rep(H) is
(7.72) dim(Rep(H)) = Try(S?),

where S is the antipode of H. Indeed, since X = X** for every simple H-module
X, it follows that S? is an inner automorphism, i.e., S?(x) = gzg~! for some g € H.

Then Try(5%) = >« Trx(g) Trx-((g71)*) = > x | X|* = dim(Rep(H)).
Recall the description of the canonical algebra of C:
A = Homegeon (1, 1)
from Example [[9.14]
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Let us describe the canonical isomorphism A =3 A**. We have canonically
Xeo(C) Xeo(C)

Thus to specify a morphism A — A** in CKICP is the same as to specify a collection
of morphisms ¢x : *X — *****X in C.

LEMMA 7.21.5. The canonical isomorphism A = A** corresponds to the col-
lection of isomorphisms

Ux X o X X € 0(0)

characterized by the following property: for any isomorphism ¢x : *X — ***X one
has Te (o3) Tr' (ox 0 0k = X,

PROOF. The statement is immediate from definitions since the isomorphism
A 55 A** is the composition of an isomorphism A = A* and of the inverse of the
dual of this isomorphism. |

COROLLARY 7.21.6. The trace of the canonical isomorphism A = A** is equal
to @y; dim(Cij)idy,m1,. When C is a fusion category, this trace is equal to dim(C).

Let us relate the canonical isomorphism dx : X** = ** X from Theorem [.19.1]
with squared norms of simple objects of C.

THEOREM 7.21.7. Let X € O(C) be a simple object of C . The canonical
isomorphism dx : X** =2 ** X can be characterized in the following way: for any
isomorphism ¢x : X** — X one has TrX(¢3") Tr¥ (¢x 0 051) = | X 2.

PRrOOF. Recall that A represents the functor X XY — Hom¢(X ® Y, 1) and
A** represents the functor X XY — Home(** X @ Y**, 1) = Hom¢ (X ® Y***, 1).
It follows immediately from definitions that the canonical isomorphism A — A**
corresponds to the natural transformation

id ‘26;*1‘* kokok ok
XKY —— X XY™
Now the result is an immediate consequence of Lemma [(.21.5 O

COROLLARY 7.21.8. Let V € C be an object and let ¢y : V. — **V be a
morphism. Then Tr"(¢%) = Tr¥ (¢v 0 0y1).

PROOF. It is enough to prove the statement for V = X, X € O(C) and any
isomorphism ¢x : X — **X. But this is an immediate consequence of Theo-

rem [.2T.7] O

Let C be a multifusion category. It is not known, in general, if C admits a
pivotal structure. The following pivotalization construction will be used in the
proof of Theorem below.

By Corollary [[.19.3] there exists a natural isomorphism

gx 1 X = X

between the identity and the fourth duality tensor autoequivalences of C. Since
the second duality functor X — X** is a tensor autoequivalence of C, we have an
action of Z/2Z on C.

Let C := C%/?Z be the corresponding equivariantization. Explicitly, simple
objects of C are pairs (X, f), where X is a simple object of C, and f : X — X** is
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an isomorphism, such that f**f = ¢g. It is easy to see that this fusion category has
a canonical pivotal structure.

DEFINITION 7.21.9. The category C will be called the pivotalization of C.

COROLLARY 7.21.10. The category C is spherical, that is, diim(X) = dim(X*)
for any X € C.

ProoF. Follows from Corollary [.22T.8 O

REMARK 7.21.11. We have dim(C) = 2dim(C) and FPdim(C) = 2 FPdim(C).

THEOREM 7.21.12. Let k be an algebraically closed field of characteristic 0.
For any indecomposable multifusion category C over k one has dim(C;;) # 0 for all
component subcategories C;; (so dim(C) # 0 for any fusion category C). Ifk = C
then |X|? > 0 for all X € O(C); in particular dim(C) > 1, and is > 1 for any
non-trivial C.

PRrROOF. It suffices to prove the statement in the case when k = C since C is
always defined over a finitely generated subfield k’ of k which can be embedded
into C.

First, consider the special case when C is pivotal. Let ax : X — X** be the
pivotal structure of C.

For any X € O(C) let dx := dim,(X). Then |X|? = dxdx~ and

dxdy = Y Nfydz,
Zeo(0)

where the numbers N )%Y are multiplicities coming from the tensor product decom-
position X @ Y = @ zco(c) NZ,Z.

Let Nx be the matrix such that (Nx)yz = N%y, and let d be the vector with
components dx, X € O(C). This vector is clearly nonzero (e.g., dq # 0), and we
have

Nxd = dxd.

Thus, d is an eigenvector of Nx with the eigenvalue dx. Hence, d is an eigenvector
of the non-negative matrix NxNx» = NXNgf. When k = C, the corresponding
eigenvalue |X|? is non-negative by Remark [[2L.11 Consequently, dim(C) is non-
negative.

Now let us prove the statement in a general case. Let C be the pivotalization
of C, see Definition For any simple object X in C we have |X|? > 0. The
forgetful tensor functor

F:C—¢C, (X,f)—X,
obviously preserves squared norms. Hence, |V|? > 0 for simple objects V in C
(since for any V there exists f : V. — V** such that f**f = g¢), which completes
the proof. |

DEFINITION 7.21.13. Let kg4 C k denote the subfield of algebraic numbers in
k. We say that a € k is totally positive if for any embedding i : kq;y — C we have
i) > 0.

In particular, a real algebraic number is totally positive if all its Galois conju-
gates are positive.
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PROPOSITION 7.21.14. Each | X|? is totally positive. Also, dim(C)—1 is totally
non-negative.

ProoOF. This follows from the proof of Theorem O

Recall that actions of groups on tensor categories and the corresponding equiv-
ariantizations were defined in Sections 2.7] and .15l In the next Proposition we
compute the categorical dimension of the equivariantized category.

PRrROPOSITION 7.21.15. Let G be a finite group acting on a multifusion category
C. We have

(7.73) dim(C%) = |G| dim(C).

ProOOF. Let X be a simple object of C and Gx C G the stabilizer of its
isomorphism class. Recall from Remark .I5.8 that the set of isomorphism classes
of simple objects of C% whose image under the forgetful functor C% — C contains
X is in natural bijection with the set Irrl(é x) of irreducible finite dimensional
representations of Gx such that each A\ € kX C Gx acts as multiplication by .
(Here Gx is a central extension of G.)

For V e Irr! (GX) let Xy denote the corresponding simple object of C&. We
will show that

(7.74) IXv | =[G : Gx]* dimy(V)?|X])?

To prove (.74, notice that there exists a pair (¢, ¥) of natural (but not neces-
sarily tensor) isomorphisms ¢x : X — X**, X € Cand ¢ : Y — Y™ Y € C%
such that F(¢%) = ¢ where F : C% — C is the forgetful functor (such pairs are in
bijection with G-invariant functions O(C) — k*). For such a pair we clearly have

TrL’R(¢§V) = TrL’R(z/)F(XV)) = [G : Gx] dimy(V) TrL’RWX), so ([T4) follows
from (Z70).

Now the formula
> dimy(V)? =|Gxl].
velrr! (Gx)
along with equation (T74]) imply the result. O

Let C be a multifusion category and let A = Homereon(1,1) be the canonical
algebra associated to C, see Definition Recall from Proposition that
there is a Frobenius algebra structure (A, m, e, A,e) on A (the definitions of A
and € use an isomorphism ¢ : A* =5 A of A-modules). Using this structure, we can
give an alternative definition of a categorical dimension of C, cf. Definition

PRrROPOSITION 7.21.16. The endomorphism
(7.75) Dim=comoAoce:1XK1—- 1K1
does not depend on the choice of an isomorphism ¢ : A* =5 A.

PRrROOF. Let (A’,€") be the comultiplication and counit of A resulting from a
different choice of ¢ : A — A*. Then, according to Remark [[.20.5 there is an
endomorphism 7 of the algebra A such that

(7.76) gmA'e = erm(t7 ' @ 7)) Are = emAe,

as required. (Il
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DEFINITION 7.21.17. We will call Dim € Auterceor (1 X 1) the dimension endo-
morphism of C.

PROPOSITION 7.21.18. Let C = ®;;C;; be a multifusion category. Then
(777) Dim = @ij dlm(C”) idliglj .

PROOF. Let ¢ : A* = A be isomorphism (Z.66). We will identify Dim with
the trace of the canonical isomorphism ¢*¢~!: A = A**. We have

evg = como(p®ida): A" ®A—-1K1
coevy = (idda®p HoAoe:1K1— A® A"

Evaluation and coevaluation axioms (Z43]) and (Z44) follow from Proposition
[(.20.11 We thus have a commutative diagram

(7.78) R S L U T 7L B
ida ®¢
¢ b(
A QA—

The composition in the top row is Tr” (¢*¢_1) and the composition through the
bottom row is Dim, so the result follows from Corollary [[.21.6 ]

COROLLARY 7.21.19. Let C be a multifusion category and let m : AQ A — A
and A : A — A® A be the multiplication and comultiplication of its canonical
Frobenius algebra A. Then mo A : A — A is an automorphism.

PRrROOF. One can assume without loss of generality that C is indecomposable.
In view of the Frobenius property of A (see Proposition [[220.1]) we have

moA=mo(ida®moAoce)): AQ(1XK1) = A— A,

where e : 1X1 — A is the unit of A, so it suffices to check that moAoce: 1X1 — A
is injective. This immediately follows from Proposition [[2T.18 O

When C is a fusion category, the endomorphism (770 can be identified with a
scalar, which is nonzero by Theorem [(.21.12]

7.22. Davydov-Yetter cohomology
and deformations of tensor categories

Let C, C’ be multitensor categories over a field k, and F' : C — C’ be a tensor
functor.

For a non-negative integer n, let C™ denote the n-th Cartesian power of C. In
particular, C° has one object () and one morphism (identity). Define the functor
T, :C" = Cby Th(X1,..., Xp) :i= X1®...0 X,,. In particular, Ty : C® — C is defined
by To(0) = 1, and Ty = id. Let C%(C) = End(T,,0 F®") (so e.g., C%(C) = End(1¢/)).
We define a differential d : C%(C) — O (C) by the formula

df =id®fa, ni1—fiz, nr1+ 123, nr1 =t (D" fi anp1+(=1)"T f1 ®id,
where, for instance, fi23,.. n+1 is the endomorphism of the product of n objects
F(X,)®F(X2), F(X3),.... F(Xn+1), and we use the identification F(X;)®F(X3) &
F(X; ® X5) defined by the tensor structure on F.

It is easy to show that d?> = 0. Thus (C%(C),d) is a complex.
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DEFINITION 7.22.1. We will call the cohomology groups H(C),n > 0 of this
complex the Davydov-Yetter cohomology groups of C with respect to F. In the
important special case C = C’, F = id, we will denote this cohomology simply by
H(C) and call it the Davydov-Yetter cohomology of C.

The motivation for considering this cohomology theory is that it describes de-
formations of multitensor categories and tensor functors.

EXERCISE 7.22.2. (i) Show that if C is an indecomposable multitensor category
then H%(C) = k.

(ii) Show that Hj(C) is the Lie algebra of derivations (i.e., infinitesimal auto-
morphisms) of F' as a tensor functor; in particular, if k is of characteristic zero,
then H5(C) = Lie(Autg (F)).

(iii) Show that Hz(C) parametrizes additively trivial first order deformations
of F as a tensor functor modulo equivalence, and H(C) is the obstruction space
for such deformations. Thus, if H3(C) = 0, then such deformations of F are
unobstructed, and the universal (additively trivial) formal deformation of F is
parametrized by H%(C).

(iv) Show that H?(C) parametrizes additively trivial first order deformations
of C as a multitensor category modulo equivalence, and H*(C) is the obstruction
space for such deformations. Thus, if H4(C) = 0, then such deformations of C
are unobstructed, and the universal (additively trivial) formal deformation of C is
parametrized by H3(C).

(v) Compute explicitly the complex C*(C,,), where C,, is the category of bimod-
ules over the algebra k™ (i.e., the category of n x n-matrices of vector spaces), and
compute H*(C,).

PRrOPOSITION 7.22.3. If C = A—comod for a Hopf algebra A, and F is the
forgetful functor, then C4(C) = ((A®")*)a, where the subscript A means the space
of elements commuting with the diagonal coaction of A, and the differential is the
usual Hochschild differential (for trivial coefficients) restricted to invariants. In

particular, if A is cocommutative, then H(C) is the usual Hochschild cohomology
HH(A,K) of A with trivial coefficients.

EXERCISE 7.22.4. Prove Proposition [[.22.3]

ExXAMPLE 7.22.5. Let G be a finite group, let k be an algebraically closed field
(of any characteristic), and C = Vecg be the category of G-graded finite dimensional
vector spaces over k. Then H'(C) = HH'(kG,k), the Hochschild cohomology of
the group algebra kG with trivial coefficients. In other words, H!(C) = H(G, k),
the group cohomology of G with coefficients in k.

EXAMPLE 7.22.6. Let G be a reductive algebraic group over k (of characteristic
zero) with Lie algebra g. Let Rep(G) denote the category of algebraic representa-
tions of G. Then H'(Rep(G)) = (A’g)¢ for all 4. Indeed, Rep(G) is the category
of finite dimensional O(G)-comodules (where O(G) is the Hopf algebra of regular
functions on G). Therefore,

C"(Rep(G)) = (O(G™)")°,

where G acts diagonally by conjugation. Since G is reductive, the cohomology of
this complex is the G-invariants in the Hochschild cohomology of O(G) with coef-
ficients in the trivial representation (corresponding to 1 € G). This cohomology is
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well known to be Ag, so the answer is (Ag)®, as desired. Thus, according to Exercise
[[22.2] if G is a simple algebraic group, then there are no nontrivial derivations or
tensor structure deformations of the identity functor, but there exists a unique (up
to scaling) first order deformation of the associativity constraint, corresponding to
a basis element in (A%g)“. It is easy to guess that this deformation comes from an
actual deformation, namely from the deformation of O(G) to the quantum group
0,(G) (with g = exp(h'/?), where h is the deformation parameter).

Let A = Homggeon(1,1) be the canonical algebra associated to C, see Defini-
tion Let us compare the Davydov-Yetter complex of a tensor category C
with the Hochschild complex of A.

Consider the Hochschild complex of A with coefficients in A. Let C"(A) =
Homegcor (A®™, A), n=0,1,..., where A° = 1 X 1. The differential in this case is
given by

(7.79) du(f) =ida®@f + Y (1)'f o (A% @m®A®" ) + (1) f@ida,
i=1

for all f € C™(A), where m : A® A — A is the multiplication of A. Let

HH"(A),n =0,1,... denote the n-th cohomology group of the Hochschild com-

plex.

PROPOSITION 7.22.7. The cochain complezes C*(C) and C*(A) are isomorphic.

ProOF. We may assume that C is strict. Forn > 2 let ¢}, : CKC — ™" be
the inclusion coming from VX W — 1XK.-- - RV X .- - KWK ..-1 with V in the
kth factor and W in the Ith factor, VW € C. Let ®™ denotes the extension of the
n-tuple tensor product to C®". Define

(7.80)  A(n) := (@" Ride®---Kide)(133,(A) @ - @27 (A)) € CEHL,

where @ M ide®--- Kide : € — C¥nFl TLet A0) = 1 and A(1) = A.
Then A(n), n > 0, is an object of C®(™*1) representing the contravariant func-
tor Home (®"+1(=), 1) : C¥(+1D) Ve, i.e., there is a natural isomorphism

(781)  Home(2"1(X), 1) = Homgapuin) (X, A(n), X € CE0D),
ExAMPLE 7.22.8. Let C be a fusion category. In this case, we have A =

Oyveoe)V R V*. Hence, A(n) = Dy, v,coe) (V1 ® ... @ V) BV K ... KV,
and (L8] is easily verified.

As a consequence of ([Z8]]), we have isomorphisms:
(7.82) Endeminsn (A(n)) = Home (@™ (A(n)), 1) = Homegeon (A®™, A).

For every n € End(®™) let I(n) = (nX id'g”)A(n) : A(n) — A(n) (that is, we
take action on A(n) of the natural endomorphism nXid®" of the functor @"Kid%™ :
cR2n CIZn-‘rl).

We claim that the map I : End(®™) — Endcm(+1)(A(n)) is an isomorphism.
Namely, its inverse J is given as follows. For each V in C let Fyy = Hom¢(1, —®V) :
C — Vec, and for any f € Endem(ns1) (A(n)) define a natural endomorphism J(f)
of @™ by

J(Hvig.-gy, = (ide®Fy, K- K Fy ) (f).
Note that
(ide ®XFy, K- - R Fy J(AR) 2V Q- @V,
via the isomorphism (.82]).
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The fact that the above assignments commute with the differentials follows
from observing that the multiplication m : A ® A — A corresponds to the identity
endomorphism of ®. O

7.23. Weak Hopf algebras

As we have seen, Hopf algebras arise through reconstruction theory from tensor
categories C with a fiber functor F' : C — Vec, or, equivalently, with an action of C on
the category Vec. However, we know that a tensor category (even a fusion category)
does not always admit such an action, and thus is not always the category of
modules (or comodules) over a Hopf algebra. On the other hand, a fusion category
C always admits a tensor functor F' : C — R — bimod, where R is a semisimple
k-algebra, or, equivalently, an action on R-mod (which is a direct sum of several
copies of Vec). In other words, any fusion category admits a nontrivial semisimple
module category M (for example, M = C). This gives rise to a question what
algebraic structure generalizing Hopf algebras arises from a multitensor category C
with such a functor F'. This structure is called a weak Hopf algebra.

To obtain the definition of a weak Hopf algebra, assume for simplicity that C is
finite, and consider the algebra A = Endy(F’), i.e., the endomorphism algebra of the
composition of F' with the forgetful functor from R-bimod to Vec. Then, similarly to
the reconstruction theory for Hopf algebras, we can analyze the structures induced
on A by the multitensor category structure on C and the structure of a tensor
functor on F. This leads to the following definition.

DEFINITION 7.23.1 ([BohNS]). A weak Hopf algebra is a vector space A
with the structures of an associative algebra (A, m, 1) with a multiplication
m: ARk A — A and unit 1 € A and a coassociative coalgebra (A, A, €) with
a comultiplication A : A — A ®y A and counit € : A — k such that:

(i) The comultiplication A is a (not necessarily unit-preserving) homomor-
phism of algebras:

(7.83) A(hg) = A(R)A(g),  h,g € 4
(ii) The unit and counit satisfy the following identities:

(

81) (AgidA(l) = (AN ®1)1eAl)=(1eA1)(AL) 1),
(7.8

)
.85) e(fgh) = e(fg1)e(g2h) = e(fg2) €(g1h),

for all f,g,h € A.
iii) There is a linear map S : A — A, called an antipode, such that

7
7

(7.86) m(id®S)A(R) = (e®id)(A(1)(h®1)),
(7.87) m(S®id)A(h) = (id®e)((1® h)A(L)),
(7.88) S(h) = S(h1)h2S(hs),

for all h € A.

Here we use Sweedler’s notation for the comultiplication: A(c) = ¢; ® ca.

Axioms ([.84) and (Z.8%) above are analogous to the usual bialgebra axioms
of A being a unit preserving map and e being an algebra homomorphism. Axioms
([T80) and (C87) generalize the properties of the antipode in a Hopf algebra with
respect to the counit. Also, it is possible to show that given ((C.83)) - (Z.87), axiom
([T88) is equivalent to S being both an anti-algebra and anti-coalgebra map.
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EXERCISE 7.23.2. (i) Show that similarly to Hopf algebras, the antipode of a
finite dimensional weak Hopf algebra is bijective (see [BohNS| 2.10]).

(ii) Show that a weak Hopf algebra is a Hopf algebra if and only if the comul-
tiplication is unit-preserving and if and only if € is a homomorphism of algebras.

(iii) Show that when dimy A < oo, there is a natural weak Hopf algebra struc-
ture on the dual vector space A* given by

(7.89) Py(h) = (¢ @ ¥)(A(R)),
(7.90) A()(h®g) = ¢(hg)
(7.91) 5(9)(h) = ¢(5(h)),

for all ¢, € A*, h,g € A. The unit of A* is € and the counit is ¢ — ¢(1).

For simplicity from this point on let us consider only finite dimensional weak
Hopf algebras.

The linear maps defined in (Z86) and (Z87) are called the target and source
counital maps and are denoted €; and e, respectively :
(792) Et(h) = 6(11h)12, €S(h) = 116(h12),
for all h € A.

EXERCISE 7.23.3. Show that the images of the counital maps
(793) At = Et(A), AS = ES(A)
are separable subalgebras of A.

The subalgebras A; and A, are called the target and source bases or counital
subalgebras of A.

EXERCISE 7.23.4. Show that the subalgebras A; and A; commute with each
other; moreover

Ay {(e@id)A(1) [pe A"} ={he A[A(R) = A(1)(h@ 1)},
As {(id2g)A(1) | ¢ € A"} ={h e A|A(h) = (1@ h)A(1)},
i.e., A; (respectively, Ay) is generated by the right (respectively, left) tensor factors

of A(1) in the shortest possible presentation of A(1) in A®k A. Show that S(A;) =
Ag and S(Ag) = A;.

EXERCISE 7.23.5. Show that the category Rep(A) of finite dimensional left A-
modules is a rigid monoidal category. Namely, the tensor product of two A-modules
V and W is V ®4, W with the A-module structure defined via A, and the unit
object 1 of Rep(A) is the target counital algebra A; with the action h - z = e,(hz)
forall h € A, z € A;.

EXERCISE 7.23.6. For any algebra B denote by Z(B) the center of B. Show
that the unit object of Rep(A) is simple if and only if Z(A) N A; = k.

If the condition of Exercise is satisfied, we will say that A is connected.
We will say that A is coconnected if A* is connected, and that A is biconnected if
it is both connected and coconnected.

If p # 0 is an idempotent in A; N Ay N Z(A), then A is the direct sum of weak
Hopf algebras pA and (1 — p)A. Consequently, we say that A is indecomposable if
ArnNA;NZ(A) =kl.
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EXERCISE 7.23.7. Show that Rep(A) is indecomposable if and only if A is
indecomposable, and Rep(A) is a tensor category if and only if A is connected.

Every weak Hopf algebra A contains a canonical minimal weak Hopf subalgebra
Apnin generated, as an algebra, by A; and A, |[Nik1l Section 3]. In other words,
Anpin is the minimal weak Hopf subalgebra of A that contains 1. Obviously, A is
an ordinary Hopf algebra if and only if Ay, = kl.

EXERCISE 7.23.8. (i) Classify minimal weak Hopf algebras over k, i.e., those
for which A = A, (see [Nik1l Proposition 3.4]).

(ii) Show that the restriction of S? on A, is always an inner automorphism
of Amin (see [Nik1]).

We will say that a weak Hopf algebra A is regular if
(7.94) S?
This property has an easy categorical interpretation.

EXERCISE 7.23.9. Let 1 = A; be the trivial A-module. Show that A is regular
if and only if the canonical isomorphism 1 — 1** is the identity map.

REMARK 7.23.10. It was shown in [NikV1] 6.1] that every weak Hopf algebra
can be obtained as a twisting of some regular weak Hopf algebra with the same
algebra structure.

Amin — id.

Now let us return to studying the algebra A = Endy(F), where F : C —
R — bimod is a tensor functor from a finite multitensor category C to the category
of R-bimodules. That is, the category R-mod is a faithful semisimple module
category over C.

ProposITION 7.23.11. ([Sz]) The algebra A has a structure of a weak Hopf
algebra with base R, and C is equivalent, as a tensor category, to the category
Rep(A) of finite dimensional representations of A.

EXERCISE 7.23.12. Prove Proposition [[.23.11]

Hint: In order to lift the naturally existing map A — A ®r A to a weak
Hopf algebra coproduct A — A ® A, one needs to use a separability idempotent
A(1) € R® RP, i.e., a splitting of the multiplication R® R — R as an R-bimodule
map. The structure of a weak Hopf algebra on A depends on the choice of this
idempotent.

EXERCISE 7.23.13. Let C = Vec, and F(V) = V ® R. Describe the weak
Hopf algebras A = Endy F' and A* explicitly, for all choices of the separability
idempotent.

EXERCISE 7.23.14. Show that if A(1) is symmetric then the weak Hopf algebra
A = Endg F is regular. Deduce that any multifusion category is the representation
category of a regular weak Hopf algebra A. Moreover, one can find A such that the
base A; of A is commutative.

The language of weak Hopf algebras is convenient to visualize various categor-
ical constructions in linear-algebraic terms. One of them is that of a dual category.
Indeed, let C be the category of representations of a weak Hopf algebra A. Let R
be the base of A; of A. Then we have a natural fiber functor from C to the category
of R-bimodules — the forgetful functor. This functor defines a natural structure of
a module category over C on the category M = R — bimod.
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EXERCISE 7.23.15. Show that the dual category C}, is simply the represen-
tation category of the dual weak Hopf algebra A*°°P with the opposite coproduct
(see [Osl]). Interpret categorically the notions of a coconnected and a biconnected
weak Hopf algebra.

Note that as we just showed, this example is general, in the sense that any
faithful module category over a multifusion category can be obtained in this way.

Thus, we see that a finite multitensor category C is equivalent to the represen-
tation category of a weak Hopf algebra if and only if C admits a semisimple faithful
module category.

EXERCISE 7.23.16. This exercise constructs an example of a tensor category
without a faithful semisimple module category, in characteristic p. We do not know
an example in characteristic zero (but expect it exists).

(i) Let chark = p, and H = k|z, y, z]/(«P, yP, 2P). Put a Hopf algebra structure
on H by declaring z,y, z to be primitive elements. Show that the element

p—1
P :=exp(zRY®2z) = Z
i=0

T @y ®
7!

defines the structure of a quasi-Hopf algebra on H (with the same coproduct).

(ii) Show that the quasi-Hopf algebra (H, ®) is not twist equivalent to a Hopf
algebra. Deduce that the category Rep(H) does not admit a semisimple faithful
module category (use that Rep(H) has a unique simple object, which is 1).

Thus, we see that a tensor functor F': C — R — bimod does not always exist.
However, it turns out that the situation improves if we look for quasi-tensor (not
necessarily tensor) functors.

EXERCISE 7.23.17. Show that for any finite tensor category there exists a quasi-
tensor functor F': C — R — bimod for some semisimple R (which may be taken to
be commutative).

Hint: One can take R commutative with dimy R equal to the number of simple
objects in C. Mimick the proof of Proposition [6.1.141

This raises the question what algebraic structure is induced on Endg F' when
F is only a quasi-tensor (not necessarily a tensor) functor. This structure is called
a weak quasi-Hopf algebra, and in principle it allows one to speak about any finite
tensor category in explicit linear-algebraic terms. However, this structure is so
cumbersome that it seems better not to consider it, and instead to use the language
of tensor categories, which is the point of view of this book.

7.24. Bibliographical notes

7.1. As far as we know, the definition of a module category first appeared
in Bernstein’s lectures [Ber] and in the work of Crane and Frenkel [CraF|. The
theory of module categories was further developed in [Os1]. The notion of a module
category is implicitly present in Boundary Conformal Field Theory, see [BehPPZ,
FuS|, [PZ] and in the theory of weak Hopf algebras [BohINS]. Many examples of
module categories (without using this name) were studied in Operator Algebras
Theory, see e.g. [BocEK2, [Oc2].

7.2. The definition of a module functor between C-module categories is taken
from [Os1].

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



190 7. MODULE CATEGORIES

7.3. Module categories over multitensor categories were first considered in
[ENOZ2|] and [EtO1]. The notion of indecomposable module category was intro-
duced in [Osl].

7.4. Example [/Z0 is from [Os1l Section2]. Indecomposable module categories
over Rep(G) were classified in [Os1l Theorem 3.2]. Indecomposable module cate-
gories over Vecg: as well as tensor functors between such categories were classified
in [Os2].

7.5. The notion of an exact module category was introduced in [EtO1].

7.6. All statements of this Section are taken from [EtO1 Section 3].

7.7. Proposition is proved in [EtO1l Corollary 3.9]. It suggests the
following approach to the classification of exact module categories over a multitensor
category C. First classify irreducible Z-modules over Gr(C) (this is a combinatorial
part), and then try to find all possible categorifications of a given Z;-module (this
is a categorical part). Both these problems are quite nontrivial and interesting.
This approach was employed in [EtKh) [KirOJ, where indecomposable module
categories over the fusion category associated to 5A[2 were classified.

7.8. The notion of an algebra in a multitensor category C is introduced in [Os1],
Section 3.1]. The category Mod¢(A) was studied in the same paper.

7.9. Our discussion of internal Homs follows [Osl1l Section 3.2] and [EtO1]
Section 3.2]. Construction similar to that of the canonical algebra Hom(1, 1) from
Example[.0.12 appeared in the work of Lyubashenko [Ly2| and in [BesKLT]. The
canonical algebra is also related to Popa’s symmetric enveloping algebra [Pol] in
subfactor theory. Our exposition follows [ENO1], in particular, the multiplication
of A (Example [[.9.14) is described in [ENO1], Section 7].

7.10. Theorem [ I0.T]is the main result of [Os1]. The proof is taken from [Os1]
Theorem 3.1]. This result is a special case of the Barr-Beck Theorem in category
theory ([Mac2]). We leave it to the interested reader to deduce Theorem [T.10.]
from the Barr-Beck Theorem. The Fundamental Theorem for Hopf modules is a
classical result in Hopf algebra theory, see, e.g., textbooks [Monl, [Sw].

7.11. Discussion of categories of module functors follows [EtO1] and [Os1].

7.12. Our exposition follows [EtO1] Section 3.3]. Theorem [[I2.17] is the
main result of [Osl]. In the works of Fuchs, Runkel, and Schweigert [FuRS2]
and Miiger [Mu2] the theory of Morita equivalence was developed in terms of
Frobenius algebras in a tensor category (without using module categories). An
alternative proof of Proposition [[.I2.18]is given in [Mu2, Proposition 4.6]. It also
follows from [Mu2] that from an exact C-module category M one can form a 2-
category (see Section 2I2]) with two objects 2, 96 such that End(21) = C, End(B) =
(Cr)°P, Hom(2A, B) = M, and Hom (B, A) = Fun¢c(M,C) = MY. In this language
Proposition expresses the associativity of the composition of Hom’s.

7.13. The center construction is due to Drinfeld (unpublished) and appears
in the work of Majid [Majl1] and Joyal and Street [JoyS2]. The braiding on the
center (which is, of course, is its most important feature) will be considered in
Section Proposition [.I3.8 was proved in [Os2| Proposition 2.5].

7.14. The notion of the quantum double of a Hopf algebra is due to Drinfeld
[Dr3]. Interpretation of the center of Rep(H), where H is a finite-dimensional Hopf
algebra, as the representation category of D(H) can be found in Kassel’s textbook
[Kasl, Section XIL.5].
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7.15. Yetter-Drinfeld modules appeared in the work of Yetter [Yel] under the
name of crossed bimodules. Their relation with representations of D(H) is discussed
in Montgomery’s textbook [Monl, Section 10.6].

7.16. Most of the results of this Section are taken from [EtO1] Section 3.4].
E.g., Theorem [ T6.T]is [EtO1l Theorem 3.34] and Theorem [[16.6]is [EtO1] The-
orem 3.42].

7.17. We follow [EtO1] Sections 3.5 and 3.6]. The analog of Theorem [T.17.6] for
D = Rep(H), where H is a finite dimensional Hopf algebra, follows from the work
of Nichols and Zoeller [NicZ]. For quasi-Hopf algebras this is due to Schauenburg
[Schaud].

7.18. The notions of Hopf modules and bimodules over Hopf algebras and
their generalizations (quasi-Hopf algebras, weak Hopf algebras) were considered in
[LaS|, [Schau2), [HaN, [BohNS].

The Fundamental Theorem for Hopf bimodules was proved by Schauenburg
in [Schau2] for Hopf algebras and by Hausser and Nill [HaN] for quasi-Hopf al-
gebras. The categorical analog of Hopf bimodules was introduced in [ENOT].
Proposition provides a categorical version of the Fundamental Theorem for
Hopf bimodules and generalizes the results of [Schau2), [HalN].

Corollary [[.I8.T0 generalizes a classical result in Hopf algebra theory by Larson
and Radford [LaR2]|.

7.19. In the case of braided tensor categories results of this Section were ob-
tained the paper [BesKLT] by Bespalov, Kerler, Lyubashenko, and Turaev. For
the representation theory of the Yangian in Example see the book by Chari
and Pressley, [ChP| 12.1].

7.20. Frobenius algebras in tensor categories were considered by Miiger [Mu2]
and by Schweigert and Fuchs [SchwF|. The proof of Corollary follows the
one of Abrams for classical Frobenius algebras, see [ADb].

7.21. The squared norm of simple object of a multifusion category C and
categorical dimension of C were introduced by Miiger [Mu2]. The description
of categorical dimension in terms of the canonical Frobenius algebra was given in
[ENOI1]. Formula [T.72) can be established using the Larson-Radford trace formula
for Hopf algebras [LaR2]. Theorem [[21.12]is proved in [ENOZ2].

7.22. The cohomology of a tensor category with respect to a tensor functor was
defined by Davydov [Dal] and independently by Yetter in [Ye3], [Yed] (motivated
by the previous work [CraY]). Proposition [[.222.3] was proved in [Dal]. As usual,
low dimensional Davydov-Yetter cohomology groups have an independent meaning
[Dall, [Ye3, [Yed] (see Exercise[[.222.2)). The group H(C) classifies derivations of F
as a tensor functor. The group H#(C) classifies first order deformations of the tensor
structure on the functor F. The group H3(C) classifies first order deformations
of the associativity constraint in C, i.e., of the structure of C itself. As usual,
obstructions to these deformations live in the cohomology groups one degree higher.

On the other hand, it is known since the work of Gerstenhaber [Ger| that
the deformation theory of an associative algebra is described by its Hochschild
cohomology. A similarity between these two theories was observed in [Ye3|]. Our
Proposition [[.22.7lmakes this similarity formal by means of the canonical Frobenius
algebra A.

7.23. Weak Hopf algebras were introduced by Bohm, Nill, and Szlachanyi in
[BohNS]. See the survey [NikV1] for more about them.
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7.25. Other results

7.25.1. Classification of module categories. It is interesting to classify
indecomposable exact module categories over a given tensor category. We have
seen above how this problem is solved for group-theoretical fusion categories, but
it has also been solved in many other cases, including nonsemisimple ones. Let us
describe some of these results in more detail.

In [EtO1], indecomposable exact module categories are classified for the cate-
gory Repy (G), where G is a finite group and k has positive characteristic, as well
as for finite supergroups G, and also for the category Rep(H ), where H is the Taft
Hopf algebra. These results were extended to representation categories of some
classes of pointed Hopf algebras, as well as basic Hopf and quasi-Hopf algebras
by Galindo, Garcia Iglesias, and Mombelli, see [Mom1l, Mom?2, [GarM|, [GalM]|,
based on previous work of Andruskiewitsch and Mombelli [AndrM]. In [Gel2],
indecomposable exact module categories are classified for the category Repy(G),
where G is a finite group scheme and k has positive characteristic.

There are also some results on classification of indecomposable exact module
categories over infinite tensor categories. An interesting special case of this problem
is the problem of classifying fiber functors on representation categories of groups.
We have seen above how this problem is solved for C = Rep(G), where G is a
finite group: in this case fiber functors correspond to twists, which are classified
in Corollary and correspond to groups of central type. However, if G is
an affine algebraic group of positive dimension, the situation is more complicated.
First of all, in this case, there may exist fiber functors F' : C — Vec such that
dim F(V) # dimV. For instance, when G = SLy, and more generally for the
category O4(SL2) — comod, such fiber functors are classified in [Bi] (see Remark
BEI2.10), and are related to quantum groups of the nondegenerate bilinear form
(which are the corresponding Hopf algebras Coend(F'), see [Dull]).

A generalization of this result to semisimple module categories (i.e., classifica-
tion of such module categories over O4(SLy) — comod) can be found in [EtO2] in
the generic case, and in [KirO] and [Os5] in the root of unity case (in particu-
lar, for Verlinde categories, see Example BI875]). These works describe the variety
parametrizing the module categories which categorify a given module M over the
Grothendieck ring Gr(C), defined by the condition that the matrix of multiplication
by the 2-dimensional representation is the incidence matrix Ar of a graph I'. In
particular, these works show that if I" is a tree, then the categorification exists if
and only if —¢ — ¢~ is an eigenvalue of Ar with an eigenvector having no nonzero
entries. This exhibits special properties of quantum SLs when ¢ are special alge-
braic numbers (such that —q — ¢~! are eigenvalues of Ar). Also, this shows that
the case of Dynkin diagrams of type ADE (i.e., the case when the eigenvalues of
Ar are in (—2,2)) corresponds to the case when ¢ is a root of unity (in particular,
Verlinde categories), which is the result of [KirQO] and [Os5].

For other algebraic groups, much less is known, even in the case of fiber functors.
Namely, let’s say that a fiber functor F' on Rep(G) is classical if dim F/(V) = dim 'V
for any V' € Rep(G); this is automatic for finite G by the Frobenius-Perron theorem,
but, as we have just seen, may not hold for algebraic groups. It is not hard to
show that classical fiber functors correspond to twists, i.e. elements in O(G x G)*
satisfying the twist axioms. However, the classification of twists is known in very
few cases. E.g., for G = SLs, see [Ohl1l, [Oh2], for unipotent groups see [EtG9|
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(which gives a classification of fiber functors in terms of Lie bialgebras), and for
nilpotent groups see [Gel3].

7.25.2. Subfactors. A subfactor is an inclusion N C M of factors, i.e., von
Neumann algebras with trivial centers. An important numerical characteristic of
a subfactor is its index [Jonl]. This notion is similar to that of an index of a
subgroup in a group (indeed, the latter can be recovered from groups acting on
factors). However, there is an important difference. A famous result of Jones
[Jonl] states that the index takes values in the set {4cos®’Z | n > 3} U [4, 400)
and, conversely, that every such value is an index of some subfactor. The study of
subfactors led Jones to his celebrated discovery of link invariants [Jon2].

There are many invariants (algebraic, combinatorial, analytic) describing a sub-
factor: Ocneanu’s paragroups [Ocll, [Oc2], Popa’s A-lattices [Po2], Jones’s planar
algebras [Jond|. Finite depth subfactors can be described using weak Hopf algebras
[NikV2|, [NikV3], cf. Definition [[.223.1]1 The subfactor literature is quite extensive,
one can find many references in the recent survey by Jones, Morrison, and Snyder
[JTMS].

The relation between subfactors and tensor categories is as follows. Given
a finite index subfactor N C M there is a semisimple tensor category C of IN-
bimodules generated by the N-bimodule M (so the simple objects of C are simple
N-bimodules contained in M®™ n > 1). The subfactor is said to have finite
depth if C is a fusion category. Let M be the C-module category of N-M bimodules
generated by X := M. Thus, a finite depth subfactor determines a triple (C, M, X)
consisting of a fusion category, a module category over it, and a simple object of a
module category.

Conversely, starting with a triple (C, M, X) as above one can construct either
a A-lattice [X1] or a planar algebra [Gh] and, hence, a subfactor of a hyperfinite
II;-factor. In particular, one can construct a subfactor from any simple object in a
fusion category [Wen2|. Note that the index of the resulting subfactor is equal to
FPdim(Hom(X, X)).

Among new fusion categories and their module categories constructed directly
from subfactors are “exotic” examples of Asaeda and Haagerup [AsH]|, Bigelow,
Peters, Morrison, and Snyder [BiMPS], and Izumi [I1]. These categories do not
appear from quantum groups and affine Lie algebras in any known way. Further-
more, the classification of subfactors of index < 5 is now complete [JMS].

In [Oc3] Ocneanu (partially) classified, in our terminology, module categories
over the fusion category of representations of quantum SU(N) at roots of unity.

In [MorS] examples of fusion categories that are not defined over cyclotomic
integers were constructed.

Overall, interaction between subfactor theory and the theory of tensor catego-
ries proved to be very beneficial for both areas.
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CHAPTER 8

Braided categories

8.1. Definition of a braided category

The notion of a braided monoidal category is a categorification of that of a
commutative monoid. Similarly to the pentagon axiom for the associativity con-
straint in Definition 2. 1.1} the commutativity constraint is required to have certain
coherence properties.

DEFINITION 8.1.1. A braiding (or a commutativity constraint) on a monoidal
category C is a natural isomorphism cx y : X®Y = Y ®X such that the hexagonal

diagrams

(8.1)
XeYeZ) — ,(voZ)oX

XoY)®Z Y ®(Z®X)
YOX) 97— Y 0 (X 2)

and

(8.2)
(XRY)®Z —2"2 ,7(X®Y)

X®(Y®2) (ZoX)oY
X®(ZoY) —— (X0Z)0Y

aAx, 7,y

commute for all objects X, Y, Z in C.
DEFINITION 8.1.2. A braided monoidal category is a pair consisting of a
monoidal category and a braiding.

REMARK 8.1.3. Note that the same monoidal category can have several differ-
ent structures of a braided category, see e.g., Section [R4l

DEFINITION 8.1.4. Let C be a monoidal category equipped with a braiding
cxy : X®Y 5 Y @ X. We define the reverse braiding on C by
(8.3) c’X7Y = c;lx
195
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196 8. BRAIDED CATEGORIES

We will call the corresponding braided category the reverse category and denote it
Crev.
EXERCISE 8.1.5. Check the braiding axioms for ¢’.

EXERCISE 8.1.6. Show that for any object X in a braided monoidal category
C one has

-1
(8.4) Ixoex,1=rx, rxocx =Ix, and c1,x=cx ;.

DEFINITION 8.1.7. Let C! and C? be braided monoidal categories whose braid-
ings are denoted ¢! and c?, respectively. A monoidal functor (F, J) from C! to C?
is called braided if the following diagram commutes:

02F<X),F<y>

(8.5) F(X)® F(Y) F(Y)® F(X)
JX,YJ/ lJY,X

F(Cﬁg,y)
F(X®Y) F(Y ® X)

for all objects X,Y in C'.
A braided monoidal equivalence of braided monoidal categories is a braided
monoidal functor which is also an equivalence of categories.

REMARK 8.1.8. Note that a monoidal functor is a functor with an additional
structure, while for a monoidal functor to be braided is a property.

EXERCISE 8.1.9. Let C be a braided monoidal category with braiding c. Let C°P
be the opposite monoidal category of C, see Definition Show that ¢ defines a
braiding on C°P and that the identity functor has a natural structure of a braided
monoidal equivalence C — C°P.

Recall that by Theorem [2.8.5] any monoidal category is equivalent to a strict
category.

PROPOSITION 8.1.10. Let C be a strict monoidal category with braiding c. For
all X, Y, Z € C the braiding satisfies the following Yang-Baxter equation:
(8.6)
(CY,Z 4 Idx) o (Idy ®CX,Z) o (CX,Y ® Idz) = (IdZ ®CX’y) o (CX,Z X Idy) o (IdX ®CY,Z)-
PROOF. Since C is strict, the hexagonal diagrams [81I) and (82) become tri-
angles. Consider the diagram

cx,y ®idz

(8.7) XoYeZ —""" \.YRX®Z

idx ®cy,z idy ®cx,z

X®RZIRY CXQY,Z CY®X,z Y®Z® X

;;§>\ Kﬁﬁ%l

ZXQY ——— 7Y ® X.

idz Qcx,y

The two triangles are (81l and ([B2). The square in the middle commutes by
naturality of ¢. Hence, the perimeter of ([87)) commutes. The two compositions
along the perimeter are precisely the two sides of (8.0]). O
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EXERCISE 8.1.11. State and prove an analog of Proposition 8 T.10l for non-strict
categories.

DEFINITION 8.1.12. A braided monoidal category C is called symmetric if

cyx ocxy = idxgy
for all objects X, Y € C.

We will discuss symmetric tensor categories in more detail in Section

8.2. First examples of braided categories and functors

Many examples of monoidal categories from Section admit a natural braid-
ing.

EXAMPLE 8.2.1. The categories Set, Vec, Rep(G) are braided with the braid-
ing being the transposition of factors. For an abelian group G the category Vecq
is braided. Similarly, for a commutative ring R the category Modp is braided.

Note that all braidings in Example R 2.1] are symmetric. Here is another im-
portant example of a symmetric category.

EXAMPLE 8.2.2. Let k be a field of characteristic # 2. Let C be the category
Vecz o7 of Z/2Z-graded vector spaces. Define a braiding on C by the formula
exy(r®@y) = (—1)de8@ des)y @ 1 for homogeneous vectors x, y. It is easy to check
that this endows C with the structure of a symmetric fusion category. This category
is called the category of super-vector spaces and denoted sVec. This category is
ubiquitous in many fields of mathematics, especially in homological algebra and its
applications.

EXAMPLE 8.2.3. Let G be an abelian group, let 4 : G x G — k* be a 2-cocycle,
and let Fiq ,, : Vecg — Vecg be the functor constructed in Example[2:6l The functor
Fiq,, is braided if and only if u(g, h) = p(h, g) for all g,h € G (note that in this
case  is cohomologically trivial). This example is generalized in Section [8.4] below.

The next example explains the name “braiding”.

EXAMPLE 8.2.4. (The category of braids.) Recall that in Example 23T we
introduced the notion of a tangle. Braids form a special class of tangles. Namely, a
braid on n strands is a tangle obtained from n disjoint closed unit intervals (i.e., no
circles allowed) such for each ¢ € [0, 1] exactly one point of each interval belongs to
R2x{t}. Clearly, braids form a monoidal subcategory B of the category T of tangles.
There is a braiding of 7 given by (isotopy classes of) braids ¢p, n : m+n = n+m
that can be visualized as m strands “passing over” n strands.

Isotopy classes of braids on n strands form a group B, called the braid group,
under the operation of composition. It is well-known (see e.g., [KassT]) that
for n > 2 this group B, is isomorphic to the abstract group with generators
01,...,0,_1 and relations

(i) oy0; =0jo; when |i—j|>1,

(11) 0;0i4+10; = 0;410;0;41.
Namely, one takes o; = id®-D ®c11 id®™ ==Y For n > 3 this group is non-
abelian.
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REMARK 8.2.5. It follows from Proposition RI.I0] that for any object V in a
strict braided monoidal category C there is a group homomorphism

B, — Autc(V®”) L0 idv®(1;_1) Qey,y & idv®(n_7:_1), i=1,...,n—1.

If C is k-linear then this is a representation of B, over k. Similarly, the pure
braid group PB,,, which is the kernel of the natural homomorphism B,, — S,,, acts
naturally on V] ® ... ® V,, for any objects Vi, ...,V,, € C.

REMARK 8.2.6. The braid group B, can be interpreted as the fundamental
group of the configuration space X,, of n unordered distinct points in R?. Here
Xy, is the quotient of the space {(z1, 22,...,2n) | 2; # 2; for i # j} by the natural
action of S, (with the quotient topology).

EXERCISE 8.2.7. Let C be a braided tensor category (not necessarily strict),
and let X1,...,X,, € C. Let P;, P, be any parenthesized products of Xy, ..., X, (in
any orders) with arbitrary insertions of unit objects 1. Let f = fo : P — Py
be an isomorphism, obtained as a composition C' of associativity, braiding, and
unit isomorphisms and their inverses possibly tensored with identity morphisms.
Explain how C' defines a braid bcs. Show that if b = ber in B, then fo = for.
This statement is called Mac Lane’s braided coherence theorem.

8.3. Quasitriangular Hopf algebras

Let H be a Hopf algebra, and C = RepH be the monoidal category of H-
modules. Assume that C is a braided category, with braiding ¢ = (c¢x,y). Let
¢y y=o0ocun: H®H — H®H, where o is the permutation of components. By
fuﬁctoriality of ¢, cﬁ g commutes with right multiplication by elements of H ® H, so
it is the operator of left multiplication by a uniquely determined invertible element
R € H® H. The axioms of a braided structure imply that

(8.8) (A®id)(R) = R¥R*, (id®A)(R) = R¥®R'? A°®(h) = RA(W)R™', h € H,

where A°P := ¢ o A is the opposite coproduct.
This motivates the following definition.

DEFINITION 8.3.1. (Drinfeld) A quasitriangular Hopf algebra is a pair (H, R),
where H is a Hopf algebra over k, and R € H ® H (the R-matriz) is an invertible
element satisfying relations (8]). The element R is called the universal R-matrix
of H.

REMARK 8.3.2. It immediately follows from the axioms that the R-matrix R of

a quasitriangular Hopf algebra (H, R) satisfies the quantum Yang-Bazter equation
R12R13R23 — R23R13R12.

Also, if (H, R) is a quasitriangular Hopf algebra then so is (H, (R?*!)~!), and the

braided category Rep(H, (R?')~1!) is obtained from Rep(H, R) by inverting the
braiding.

If the braiding c is symmetric, i.e., cy,xcx,y = idx y, then R satisfies the
equation R~' = R?!, called the unitarity condition. This motivates the following
definition.

DEFINITION 8.3.3. If (H, R) is a quasitriangular Hopf algebra, and R~! = R?!
then the R-matrix R is called unitary and (H, R) is called a triangular Hopf algebra.
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EXAMPLE 8.3.4. If H is cocommutative then R = 1 ® 1 is a triangular struc-
ture on H. Thus, quasitriangular Hopf algebras generalize cocommutative Hopf
algebras.

Conversely, it is easy to see that if (H, R) is a quasitriangular Hopf algebra
then the category C of H-modules is a braided category, which is symmetric if
(H, R) is triangular. Thus, we have a bijection between braidings on Rep(H) and
quasitriangular structures on H, which restricts to a bijection between symmetric
braidings and triangular structures.

Note that a given Hopf algebra may have no quasitriangular structures or can
have several different quasitriangular structures.

EXAMPLE 8.3.5. Let H := Fun(G) be the (commutative) Hopf algebra of func-
tions on a noncommutative finite group G with values in k. Then H has no qua-
sitriangular structures, since the category Rep(H) does not admit a braiding (as
X ®Y is in general not isomorphic to Y ® X in this category).

EXAMPLE 8.3.6. Assume that k has characteristic # 2. Let g be the generator
of Z/2Z. The group algebra kZ/2Z has two triangular R-matrices: 1 ® 1 and
%(1 R1+1®g+9g®1—g®g). The symmetric categories attached to these R-
matrices are actually not equivalent: the first one is the category of representations
of /27 (or, equivalently, the category Vecz/o7), and the second one is the category
of super-vector spaces sVec.

EXAMPLE 8.3.7. The Sweedler Hopf algebra (see Example (.5.0]) has a family
of triangular structures R, parametrized by elements of k:
@
2
One of the main examples of a quasitriangular Hopf algebra is the Drinfeld dou-

ble D(H) of a finite dimensional Hopf algebra H, defined in Section [[.T4l Namely,
we have the following proposition, which follows from the material in Section [[.14]

1
Ro=5(101+10g9+901-g®g)+S(z@r+r@ge—gr@®a+ gz ® ga).

PROPOSITION 8.3.8. The quantum double D(H) = H @ H*°P of a finite di-
mensional Hopf algebra H is a quasitriangular Hopf algebra, with the universal
R-matrix R = Y h; @ h¥, where {h;} is a basis of H, and {h}} is the dual basis
of H*°P.  Moreover, the multiplication on D(H) is the unique extension of the
multiplication in H and H**°P which makes R a quasitriangular structure (for the
coproduct induced by the one from H and H*°P ).

It is easy to show that D := D(H) is a factorizable quasitriangular Hopf algebra,
i.e., the associated Drinfeld-Reshetikhin map (|Dr5), [Res])

D* = D, s (dof)(R*'R)
is an isomorphism of vector spaces (see also Exercise 6.4 below). In particular,

(D(H), R) is not triangular when dim(H) > 1.

EXAMPLE 8.3.9. Let G be a finite group. Then the underlying algebra of the
Drinfeld double D(G) := D(kG) of kG is the semidirect product Fun(G, k) x kG,
where G acts on Fun(G,k) by conjugation, and the universal R-matrix is R =
dec g ® 64, where §, is the delta-function at g.
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200 8. BRAIDED CATEGORIES

ExAMPLE 8.3.10. From Example[[.T4.11] we see that the small quantum group
uq(slz) for a root of unity ¢ of odd order / is a quasitriangular Hopf algebra (as it
is a tensor factor, hence a quotient of the double of the Taft algebra).

EXERCISE 8.3.11. Show that the R-matrix of u,(slz) coming from Example
[[I4TTlis given by the following explicit formula:

-1 —1\n n n
_ Z n-1yy2@—¢ )"E"®F
R—RQ q”" [n]q' 5
n=0

with
Ry = Z 77”1, ®1;,
ijez/ez
where 1; are the idempotents of k[K|/(K‘— 1) = kZ/¢Z defined by K*1; = ¢°1;.

(Here ¢'/? stands for the square root of ¢ of odd order).

REMARK 8.3.12. Similarly, the quantum group u,(g) is quasitriangular for any
simple Lie algebra g.

EXERCISE 8.3.13. Assume that ¢ is not a root of unity. Show that the category
of finite dimensional type I representations of U, (sly) (see Section [0.8)) is braided,
with braiding defined by the R-matrix

oo —1\n n
_ n-1y2@—¢ )"E"®F
R=RyY» ¢"" il ,

n=0
with
Ry = Z q7%1;, ® 15,
i,jez

where 1; is the projection operator to weight j (and we fix a square root of q).
Namely, if V, W are such representations, then this sum terminates when applied
to V. ® W, and gives rise to a well defined linear operator V@ W — V @ W.

Note that this is not an honest quasitriangular structure on Ug(sls), since the
sum is infinite; in particular, it does not define a braiding on the category of all
(not necessarily finite dimensional) representations of U, (sl3).

Even though we have a bijection between braidings on the category of H-
modules and quasitriangular structures on H, two non-isomorphic quasitriangular
Hopf algebras may have equivalent braided categories of modules. Namely, this
happens when the two Hopf algebras are related by a twist (see (B.30))).

PROPOSITION 8.3.14. If (H, R) is a (quasi)triangular Hopf algebra and J is a
twist for H, then (H?, R” := (J?Y)"'RJ) is a quasi(triangular) Hopf algebra, and
the categories of modules over (H,R) and (H”, R”) are naturally equivalent as a
braided categories.

EXERCISE 8.3.15. Prove Proposition R.3.14

EXAMPLE 8.3.16. If (H, R) is quasitriangular then R is a twist for (H°P, R?!)
and ((H°P)", (R*")") = (H, R).

EXAMPLE 8.3.17. Let G be a finite group and let J be a twist for kG. Then
(kG7,(1® 1)’ = (J*)71J) is a triangular Hopf algebra.
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REMARK 8.3.18. One can also define the notion of a (quasi)triangular quasi-
Hopf algebra, which is the structure on the endomorphism algebra of a quasi-fiber
functor on a braided monoidal category. This very important notion was defined
and studied by Drinfeld in [Dr4), [Dr6], and discussed in more detail in textbooks,
such as [Kas|, [EtS]. We will not discuss this notion here.

Coquasitriangular Hopf algebras are duals to quasitriangular Hopf algebras and
thus generalize commutative Hopf algebras.

Suppose that (A4, R) is a finite dimensional quasitriangular Hopf algebra, and
H = A*. Then R € A® A induces a bilinear form H ® H — k (which we will also
denote by R), and the properties of R € A ® A can be rewritten in terms of this
form. This motivates the following definition.

DEFINITION 8.3.19. A coquasitriangular Hopf algebra is a pair (H, R), where H
is a Hopf algebra over k and R : H® H — k (the R-form) is a convolution-invertible
bilinear form on H satisfying the following axioms:

R(h,lg) = R(h1,g)R(h,1), R(gh,1) =Y R(g,11)R(h, 1)
and

> R(h,g1)hags =Y gihiR(ha, g2) (h,g,1 € H).
If > R(h1, g1)R(g2, he) = e(g)e(h) then (H, R) is called cotriangular.

EXAMPLE 8.3.20. Let (H, R) be a finite dimensional quasitriangular Hopf al-
gebra. Viewing R as a linear map R : H* ® H* — Lk, it is straightforward to verify
that (H*, R) is coquasitriangular, and is cotriangular if (H, R) is triangular.

Note that if (H, R) is coquasitriangular, then the category C of H-comodules is
a braided category, with braiding cx y = R o (px @ py), where px : X - H® X,
py 1Y — H®Y are the coactions of H on X and Y. Conversely, it is easy to show
that if C is braided, then H acquires a natural coquasitriangular structure. So, we
have a bijection between braided structures on C and coquasitriangular structures
on H up to twisting, which restricts to a bijection between symmetric structures
on C and triangular structures on H up to twisting.

ExaMPLE 8.3.21. Any commutative Hopf algebra is cotriangular with the R-
foom R=e®ce¢.

EXAMPLE 8.3.22. (Abelian groups) Let A be an abelian group equipped with
a bilinear form (i.e., a bicharacter) R: A x A — k*. Let us extend R to a bilinear
form on the group algebra kA by linearity. Then (kA, R) is a coquasitriangular
Hopf algebra. If R is symmetric, (kA, R) is cotriangular.

Note that when A is a finite group, we may view R as an element of the algebra
kAY @ kAY, where AV is the character group of A. We thus have that (kAY, R) is
a quasitriangular Hopf algebra.

EXERCISE 8.3.23. Let G = SLy, and Oy4(G) be the corresponding quantum
function algebra (See Section B.8). Show that the R-matrix of defines a
coquasitriangular structure on O4(G), which gives rise to the braided structure on
its category of comodules given in Exercise B.3.13]

REMARK 8.3.24. One can define the notion of a Hopf 2-cocycle dual to
the notion of a twist (see Definition BI4]) in an obvious way. If (H,R) is a
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co(quasi)triangular Hopf algebra and .J is a Hopf 2-cocycle for H, then (H”, R’ :=
(J?) 1% R« J) is a co(quasi)triangular Hopf algebra. We leave it to the reader to
work out the details of this.

EXERCISE 8.3.25. Let C be a strict monoidal category. One says that C is a
coboundary category if it is equipped with a functorial in X,Y € C collection of
morphisms bxy : X ® Y = Y ® X such that

bx,y oby x =idxgy,
and
(by,z ®idx) obx,yez = (idz ®bx,y) o bxgy,z-
The collection (bx,y) is called the coboundary structure of C.

(i) Extend this definition to not necessarily strict categories (so that it is in-
variant under equivalence of monoidal categories). In other words, write down the
axioms of a coboundary category including the associativity morphisms.

(ii) Show that a coboundary structure on C is the same thing as a tensor
structure c on the identity functor id : C — C°P such that ¢? = id.

(iii) A Hopf algebra H is called coboundary if its category of representations is
equipped with a coboundary structure. Show that H is coboundary if and only if
it is equipped with a twist R € H ® H such that R>'R =1® 1.

(iv) Show that any symmetric monoidal category is coboundary in a natural
way (with bxy =cxy)-

(v) (The Drinfeld construction). Let C be a braided category linear over k[[A]]
(with chark = 0), and assume that the braiding satisfies cy x ocx y = idxgy +O(h)
(such a category is called quasisymmetric). Show that the map

bxy =cxyo(cyxoexy) V2,
where by (1 + )~/2 we mean the Taylor series of this function at ¢t = 0, is a
coboundary structure on C.

(vi) Show that the category of type I representations of Ug(sly), where g is not

a root of unity, admits a coboundary structure (imitate the construction of (v)).

REMARK 8.3.26. Similarly, for any simple Lie algebra g the category of repre-
sentations of U,(g) of type I is a coboundary category. Moreover, when ¢ — 0, this
category degenerates into the category of crystals, which is a semisimple monoidal
category with the same Grothendieck ring. This category is not rigid or braided
(these structures have a singularity at ¢ = 0), but it remains coboundary in the
limit. See [HenK] for more details.

EXERCISE 8.3.27. Define the cactus group Cact,, to be the group generated by
elements Sk, 1 < k < m < n, with defining relations

Stn = L. SkmSpa = SpaSkm i [k,m] 1 [p, a] = 0,

SkmSpq = Sk+qu,k+mfp5km if [ka m] ) [pv Q]'

(i) Show that there exists a surjective homomorphism Cact,, — S,, that sends
Skm to permutations o, which reverse the interval [k, m] and do not move other
elements of [1,n] (the kernel PCact,, of this homomorphism is called the pure cactus
group). Describe the groups Cact,, and PCact,, for n < 3. What about n = 47
(Hint: Show that PCacty is the fundamental group of the closed non-orientable
surface of Euler characteristic —3).
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(ii) Show that if X is any object of a coboundary category C, then X®" carries
a natural action of Cact,,, sending Si,, to the order reversal morphism acting on
the k-th through m-th copies of X (there is a unique way to define such a morphism
using the coboundary structure). For instance,

Sk,k+1 — id?}k71 ®Rbx . x ® id?}nikil .

Deduce that for any Xj,..., X, € C, the tensor product X; ® ... ® X, carries an
action of the pure cactus group PCact,,.

(iii) Let F\Bn denote the prounipotent completion of the pure braid group PB,,
over Q. (see Example[5.44). Construct a homomorphism ¢,, : PCact,, — PB,, such
that for any quasisymmetric braided category C as in Exercise B325(v), the pure
cactus group action on X; ® ... ® X,, corresponding to the coboundary structure
on C is the pullback of the pure braid group action corresponding to the braided
structure on C via ¢,,.

REMARK 8.3.28. The group PCact,, is the fundamental group of the real locus
Mo (R) of the Deligne-Mumford compactification of the moduli space of genus
zero curves with n + 1 labeled marked points (points of this space are tree-like
configurations of circles with marked points on them, which is the motivation for
the term “Cactus group”). This space is a compact connected manifold, non-
orientable for n > 4, which is known to be K (7, 1) (a nontrivial geometric result).
The group Cact,, is the orbifold fundamental group of My, (R)/S, (the moduli
space of curves with n unlabeled points and one labelled point at infinity). See
[HenK]|,[EHKR] and references therein for more details.

8.4. Pre-metric groups and pointed braided fusion categories

Let k be an algebraically closed field of characteristic 0. Let G be an abelian
group. By a quadratic form on G (with values in k*) we will mean a map ¢: G —
k> such that ¢(g) = q(g~ ') and the symmetric function

(8.9) blg, h) = 291

a(g)a(h)
is a bicharacter, i.e., b(g1g2, h) = b(g1, h)b(ge, h) for all g, g1, g2, h € G. We will
say that ¢ is non-degenerate if the associated bicharacter b is non-degenerate.

The simplest way to construct a quadratic form is to start with a bicharacter
B:Gx G — k* and set

(8.10) q(g9) :== B(g,9), 9 € G.

When |G| is odd, every quadratic form on G can be represented like this. However,
this is not the case in general. Counterexample: G = Z/2Z with g(n) = i"", where

k=Candi=+-1.

DEFINITION 8.4.1. A pre-metric group is a pair (G, ¢) where G is a finite abelian
group and ¢ : G — k* is a quadratic form. A metric group is a pre-metric group
such that ¢ is non-degenerate.

An orthogonal homomorphism between pre-metric groups (G, q) and (G, ¢')
is a homomorphism f : G — G’ such that ¢’ o f = ¢q. Pre-metric groups and
orthogonal homomorphisms form a category.
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The relation between braided fusion categories and pre-metric groups is as
follows.

Let C be a pointed braided fusion category. Then isomorphism classes of simple
objects of C form a finite abelian group G (i.e., C & Vec{ as a tensor category).
For g € G let q(g) € k* denote the braiding cx x € Aute(X ® X) = k*, where X
is a simple object of C whose isomorphism class equals g.

LEMMA 8.4.2. The function q : G — k™ is a quadratic form.
PROOF. By Theorem 285 we can assume that C is strict. In this case

q(gh) = q(g)q(h)b(g, h), g,h € G,

where b(g, h) = cy xocxy € Aute(X ®Y) € k*, where the isomorphism classes of
X and Y are, respectively, g and h. It follows easily from the hexagon axiom (81
that b: G x G — k* is a bicharacter. O

EXERCISE 8.4.3. Let C be a skeletal pointed braided fusion category with the
group of simple objects G. Then the associativity isomorphism in C is determined
by a function w : G X G x G — k*, and the braiding is determined by a function
c: G x G — k*. Prove that the axioms of a braided fusion category are equivalent
to the following equations:

(8.11)
w(g192, g3, 94)w(g1, 92, 9394) = w(g1, g2, 93)w(91, 9293, 9a)w (g2, g3, ga),
w(92> gs, 91)0(917 9293)W(91, 92, 93) = C(gh 93)w(927 g1, gS)C(glu 92)7
w(g3> g1, 92)_ 0(91927 93)“}(917 92, 93)_1 = C(glu 93)w(917 gs, 92)_10(927 93)7
91,92,93, 94 € G.

Let Z3,(G,k*) be the set of all pairs of functions (w, ¢) satisfying (8II]). Ob-
serve that Z3,(G,k*) is an abelian group with respect to the pointwise multiplica-
tion. The elements of this group are called abelian cocycles on the group G.

[

EXERCISE 8.4.4. Let w = 1, that is w(¢1, g2,93) = 1 for all g1, g2, 93 € G. Prove
that the pair (w, ¢) is an abelian cocycle if and only if ¢ is a bicharacter on the group

G.

EXERCISE 8.4.5. Let C be the skeletal pointed braided fusion category described
by an abelian group G endowed with an abelian cocycle (w, ¢) € Z3,(G,k*). Show
that ¢(g) = c¢(g,g) for any g € G. Use this to give an alternative proof of Lemma
8.4.2

For a homomorphism f : G1 — G2 and (w, ¢) € Z3, (G2, k*) we define f*(w,c)=
(wof,cof) € Z3,(G1,k*). It is clear that f* is a homomorphism of abelian groups.

EXERCISE 8.4.6. Let C; and C; be the skeletal pointed braided fusion categories
described by abelian groups G and G5 endowed with abelian cocycles (wy,¢1) €
Z3,(G1,k*) and (w2, c2) € Z3,(G2,k*). Prove that a braided tensor functor F :
C; — (s is determined by a homomorphism f : G; — G2 and a function k :
G1 x G1 — k* satisfying

(8.12) w(91792793) = k‘(92793)k(9192,93)71’?(9179293)’?(91,92)71,
(g1, 92) = k(91,92)k(g92,91) "

where (w,c¢) = (w1, c1) " Lf* (w2, ca).
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Let Fy and F5 be two such functors corresponding to pairs ( f1, k1) and (f2, ko).
Then F; and Fy are not tensor isomorphic unless f; = fo. If f; = fo then the
tensor isomorphisms between F; and F5 are in bijection with functions A : G — k*
such that ka(g1,92) = k1(91,92)M(g192)A(g1) " A(g92) %, i.e., with solutions of the
equation d2)\ = kg/kl.

For an abelian group G let B3, (G, k*) C Z3,(G,k*) be the subgroup of abelian
coboundaries, that is, of the abelian cocycles defined by ([R8I2) with f = id for all
functions k : G x G — k*.

DEFINITION 8.4.7. The group H3, (G, k*) := Z3,(G,k*)/B3,(G,k*) is called
the abelian cohomology group of G with coefficients in k*.

The group Aut(G) acts on H3, (G, k*) in an obvious way.

EXERCISE 8.4.8. Show that the braided equivalence classes of pointed braided
fusion categories such that the group of isomorphism classes of simple objects is
identified with G are in bijection with H2,(G,k*). Thus the braided equivalence
classes of pointed braided fusion categories such that the group of isomorphism
classes of simple objects is isomorphic to G are in bijection with H3, (G, k*)/ Aut(G).

Let Quad(G) be the group of quadratic forms with values in k* on a finite
abelian group G. It is easy to check (and it follows from the discussion above) that
the homomorphism H3, (G, k*) — Quad(G), (w,c) — q(g) = c(g, g) is well defined.
The following result is due to Eilenberg and Mac Lane. For our proof we will need
some results which will be proved later.

THEOREM 8.4.9. The above homomorphism H3,(G,k*) — Quad(G) is an iso-
morphism.

PROOF. Let us show that this homomorphism is injective. Let C be a skeletal
pointed braided fusion category corresponding to an abelian cocycle (w, ¢) such that
q(g9) = ¢(g,g9) = 1. Then Corollary states that there exists a braided tensor
functor C — Vec. Note that the category Vec is equivalent to the skeletal category
with trivial group G2 (see Exercise B4.6) and (wq,c2) = (1,1). Thus Exercise [R4.0]
implies that (w,c) lies in B3, (G,k*) C Z3,(G,k*). Hence our homomorphism is
injective.

To prove surjectivity, we need to show that for any ¢ € Quad(G) there exists
a pointed braided fusion category such that the corresponding form is g. In full
generality this will be done in Example For now we note that by Exercises
B4 and this result holds for quadratic forms ¢ of the form B(g,g) where
B : G x G — k* is a bicharacter (possibly non-symmetric). By Exercise BZ.T0 this
implies the surjectivity for groups G of odd order. O

EXERCISE 8.4.10. Prove that for an abelian group of odd order any quadratic
form is of the form B(g, g) for some bicharacter B.

Theorem B4.9 and Exercise show that for any pre-metric group (G, q)
there exists a unique up to a braided equivalence pointed braided fusion category
C(@G, q) such that the group of isomorphism classes of simple objects is G and the
associated quadratic form is q.

EXERCISE 8.4.11. Let w € H3(G,k*) be the associator of the fusion category
C(G,q).
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(i) Show that w is trivial if and only if there exists a bicharacter B : Gx G — k*
such that ¢(z) = B(z,z) for all z € G.

(ii) Show that w is trivial if the category C(G,q) is symmetric (see Definition
EIIZ.

(iii) More generally, show that w is trivial if and only if the quadratic form ¢ has
the following property: for any element € G of order 2™ the order of ¢(z) € k*
does not exceed 2™.

The categories C(G, q) exhaust all braided equivalence classes of pointed braided
fusion categories. Next we describe all braided tensor functors between these cate-
gories. Consider the category whose objects are pointed braided fusion categories
and morphisms are isomorphism classes of braided tensor functors (thus this ca-
tegory is a truncation of the 2-category where 2-morphisms are isomorphisms of
tensor functors).

It is clear that a braided tensor functor between pointed braided fusion catego-
ries determines an orthogonal homomorphism between the corresponding pre-metric
groups. We thus have a functor

(8.13) F' : (pointed braided fusion categories) — (pre-metric groups).
THEOREM 8.4.12. The above functor F is an equivalence.

PrOOF. We already know that the functor F' is essentially surjective.

Let f : (G1,q1) — (G2,q92) be a morphism of pre-metric groups. Let us
find abelian cocycles (w1,c1) € Z3,(G1,k*) and (w2, c2) € Z3,(Go,k*) such that
q¢1(g9) = c1(g,9) and ¢g2(g) = c2(g,¢9). Then by the definition of an orthogonal ho-
momorphism the abelian cocycle (w,¢) = (w1, 1)~ f*(wa, c2) satisfies ¢(g,g) = 1.
Thus by Theorem we have (w,c) € B3, (G1,k*). So there exists a function
k: Gy x Gy — k* such that (812) holds. Hence by Exercise there exists a
braided tensor functor C(G1,q1) — C(Ga, g2) lifting the morphism f. Therefore the
functor F' is full, that is, surjective on morphisms.

Finally, we need to show that the functor F' is faithful, that is, injective on
morphisms. Let k; and ko be two functions G1 x G; — k* satisfying (8I2]). Then
the function k(g1,g2) := k1(9g1,92) *k2(9g1, g2) satisfies

(814) k(g27g3)k(glg27g3)71k(glvg2g3)k(glvg2)71 = 15
k(g1,92) = k(g2,91).

In other words, the function k is a symmetric 2-cocycle on the group G; with
values in k*. It follows from Exercise B.4.13] that there exists A : G; — k> such
that (g1, g2) = A(9192)A(91) "' A(g2) " Thus

k2(g1, 92) = k1(g1, 92)A(g192)A(g1) " Ag2) ™"

and thus the functors corresponding to k; and ko are isomorphic. (Il

EXERCISE 8.4.13. Let G be a finite abelian group and let £ : G x G — k* be a
symmetric 2-cocycle, that is, a function satistying (814]). Show that & is trivial, that
is, there exists a function A : G — k* such that k(g1, g2) = A(g192)A(g1) 1A (g2) L.
(Hint: consider the central extension of G by k* determined by k).
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8.5. The center as a braided category

We introduced the center Z(C) of a monoidal category C in Section [[.I3] see
Definition [[[T31l Namely, objects of Z(C) are pairs (Z, v), where Z is an object
of C and

x:X®Z5ZeX, XeC

is a natural isomorphism satisfying compatibility conditions (Z4]).

PROPOSITION 8.5.1. Z(C) is a braided monoidal category with the associativity
constraint given by that of C and braiding given by

(815) C(Zﬂ‘/);(Z/,’Y/) = "y/Z.
ProOF. This is a direct verification and is left as an exercise. O

EXERCISE 8.5.2. Recall from Exercise [[.13.5] that there is a canonical tensor
equivalence Z(C°P) = Z(C). Show that it gives a braided equivalence

(8.16) Z(CP) = Z(C)™.
Assume from now on that C is a finite tensor category.

PrOPOSITION 8.5.3. Let C be a finite tensor category and let M be an inde-
composable exact C-module category. Then Z(Chy) and Z(C)™ are equivalent as
braided tensor categories, where Z(C)™" denotes the reverse category, see Defini-

tion [B.1.4

PROOF. Let A be an algebra in C such that M = Modc¢(A), see Theorem [T.T0.1]
By Remark [[.16.3] we have a tensor equivalence

Z s Z®A: Z(C) > Z(Bimode(A)).

It is immediate from construction in Remark (see equation (ZHII) that
this equivalence respects braiding. Since Bimodc¢(A4) = (C},)°° by Remarks
and we have Z(Bimod¢(A)) = Z(Ch,)™". O

EXAMPLE 8.5.4. (Center of Vecg). Let us describe the center of the category
of G-graded vector spaces, where G is a group. In the case of a finite group, we
have already done this in Example using the language of Hopf algebras.

By definition, an object in Z(Vecg) is a G-graded finite dimensional vector
space V = @geq Vy along with a collection of isomorphisms 7, : 6, ® V SV,
satisfying commutative diagram ([L4I)). They give rise to linear isomorphisms

Ugz * Vogg—1 — Vi, g,z € G.

Set uy = Bgegug, : V = V. It is straightforward to see that this collection
of isomorphisms makes V' a G-equivariant object (in the sense of Definition 2.7.2))
with respect to the conjugation action of G on Vecg.

Thus, objects of Z(Vecg) are identified with G-equivariant G-graded vector
spaces. By Remark E.I5.8 simple objects of Z(Vecg) are in bijection with pairs
(C, V) where C is a finite conjugacy class in G, and V is an irreducible finite
dimensional representation of the centralizer of g € C.

IThis implies that if G is a finitely generated infinite simple group (it is known that such
groups exist), then Z(Vecg) = Vec. Indeed, the only finite conjugacy class in G is that of the
identity, and the only irreducible finite dimensional representation of G is trivial (since any finitely
generated linear group is residually finite and hence cannot be simple unless it is finite). This is
somewhat counter-intuitive, as Z(Vecg) turns out to be “smaller” than Vecg.
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In particular, if G is finite then Z(Vecq) is a fusion category. By Proposi-
tion EL15.9] the Frobenius-Perron dimension of the object corresponding to a pair
(C, V) is |C|dimg (V). This implies that
(8.17) FPdim(Z(Vece)) = |G|%.

Note that this can also be seen as a special case of Theorem [.16.0

In the special situation when G = A is a finite abelian group, the fusion category
Z(Vecy) is pointed and is equivalent to C(A @ A, q), where A := Hom(A4, k*) is
the group of linear characters of A, and (A @ A, ¢) is a metric group with respect
to the canonical hyperbolic quadratic form ¢((a, x)) := x(a), cf. Section B4

EXERCISE 8.5.5. Let G be an affine (pro)algebraic group, and C be the ca-
tegory of finite dimensional O(G)-modules. Show that Z(C) is the category of
G-equivariant finite dimensional O(G)-modules (so objects of Z(C) are supported
at the set of elements of G which centralize the connected component of the identity

Go CG).

EXAMPLE 8.5.6. (The center of Rep(H).) It is shown in Proposition B3 that
the center of Rep(H) for a finite dimensional Hopf algebra H is equivalent as a
braided tensor category to Rep(D(H)), the representation category of the quantum
double of H.

Similarly, if K is any Hopf algebra, and C = K—comod, then the center Z(C) is
naturally equivalent as a braided tensor category to the category of Yetter-Drinfeld
modules Y D(K) (see Section [[LTH]), with braiding defined by the formula

cx,y = oo Rxy,

where Rxy : X ® Y - X ®Y is given by the formula

Rxy(z®y) = nya3(tx(z) @),
where ny : K ® Y — Y is the action, and 7x : X — K ® X is the coaction.

EXERCISE 8.5.7. Assume that ¢ € k> is not a root of unity, and let the Hopf
algebra A be generated by ¢g*!, z with relations gz = ¢?zg and coproduct A(g) =
g®g, A(z) =2z ® g+ 1®2x. Show that Z(A—comod) = C X Vecz, where C is the
category of representations of type I of the quantum group U,(sl). Calculate the
braiding in Z(A—comod) in terms of this presentation. (Hint: use that Z(A—comod)
is the category of Drinfeld-Yetter modules for A).

8.6. Factorizable braided tensor categories
Let C be a braided tensor category with braiding
exy XY SY®X, X, YeC.

Let C™V be the reverse braided tensor category, see Definition BRI 4l The following
proposition is straightforward.

PROPOSITION 8.6.1. Then the assignment X — (X, c_ x) extends to a braided
tensor functor C — Z(C). Similarly, the assignment X — (X, c)}’lf) extends to a
braided tensor functor C™" — Z(C). Both functors are fully faithful. They combine
together into a single braided tensor functor

(8.18) G:CRC™ — Z(C).
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DEFINITION 8.6.2. A braided tensor category C is called factorizable if the
functor [BI]) is an equivalence.

PROPOSITION 8.6.3. Let C be a tensor category. Then Z(C) is factorizable.

PRrROOF. Recall from Proposition[7I3.8that Z(C) is dual to CKC°P with respect
to the module category C. By Theorem there is a braided tensor equivalence
(8.19) Z(CKCP?) = Z(C)X Z(C)*¥ = Z(Z(C)).

Namely, both categories are identified with the category of (Z(C)KCKCP)-module
endofunctors of C. Under this identification the embeddings

Z(C) = Z(C)XVec— Z(C)R Z(C)™ = Z(Z(C)) and
Z(C)Y = VecRZ(C)™ — Z(C) K Z(C)™ = Z(Z(C))

assign to an object Z € Z(C) the functor (Z ® —) : C — C. The Z(C)-module
structure on this functor is given, respectively, by the braiding of Z(C) and its
opposite. Thus, in this case functor (8I8) coincides with equivalence (8&19). O

EXERCISE 8.6.4. (i) Let (H,R) be a finite dimensional quasitriangular Hopf
algebra. Show that the braided category Rep(H) is factorizable if and only if H is
factorizable, i.e., R?>' R is a non-degenerate tensor in H ® H.

(ii) Show that any quasitriangular Hopf algebra H contains a unique factor-
izable Hopf subalgebra H with the same R-matrix (consider the Hopf subalgebra
generated by the left or right component of R?*'R).

(iii) Show that any factorizable Hopf algebra A is a quotient of the quantum
double D(A) of a finite dimensional Hopf algebra A, with the R-matrix being
the image of the R-matrix of D(Ay) (consider the Hopf algebra A spanned by
the first component of R). Thus, for any quasitriangular Hopf algebra H, we have
a canonical quasitriangular Hopf algebra homomorphism ) : D(H ) — H, whose
image is H.

8.7. Module categories over braided tensor categories

Here we discuss a categorical analog of the fact that a left module over a
commutative ring R is automatically an R-bimodule.

Let C be a braided tensor category with braiding ¢ and let M be a C-module
category, see Definition [L.T.Il with the module associativity constraint

mxym: (X@Y)oM S XY oM), X, YeC MeM.

Let C}, be the tensor category dual to C with respect to M (i.e., the category of
C-module endofunctors of M, see Definition [[Z12.2). Observe that for every X € C
the action of X on M gives rise to a C-module endofunctor of M in two ways (using
the braiding and its opposite). We thus have assignments

(8.20) HY: X = (X® ), s%):C = Ciy,
where the module functor structures s* are defined by
1 .
(vt HFX)(Y @ M) = X @ (Y © M) 222 (X @ Y) @ M XX 20,

my,x,M

YeX) oM —SY®(XeM)=Y@H"(X)(M),
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-1 —1 .
X,Y,M Cy,x®idm
%

xlym: H (X)(YoM)=Xa (Y oM 22 (XoY)o M
YoX)oM XXM yo(XoM)=Y @ H (X)(M),
forall X, Y €eCand M € M.

PROPOSITION 8.7.1. The assignments [820) define tensor functors
(8.21) HT:C—Ch and H™ :C® —Chy.

PrOOF. This is a straightforward verification using axioms [B1]) and [82]) in
the definition of a braided tensor category. O

REMARK 8.7.2. It follows from Proposition B7] that for a braided tensor
category C a C-module category is automatically a C-bimodule category.

EXERCISE 8.7.3. Let (H, R) be a quasitriangular Hopf algebra.

(i) Show that evaluation on the second component of R defines a Hopf algebra
homomorphism R, : H* — H (R4+(f) := (f ® id)(R)), and evaluation on the
first component of R~! defines a Hopf algebra homomorphism R_ : H* — H®P
(B_(f) = (idf)(R1). B

(ii) Show that the image of R, is the Hopf algebra H defined in Exercise
6.4l and the image of R_ is isomorphic to F:COP

(iii) Let M = Vec be the module category over C = Rep(H) associated to the
forgetful functor on Rep(H) (so that C}, = Rep(H*)). Show that the functors H*
are induced by the Hopf algebra homomorphisms R .

8.8. Commutative algebras and central functors

We defined the notion of an (associative) algebra in a tensor category in Sec-
tion [C.8 In general, the notion of commutativity for such algebras does not make
sense, since a “permutation of factors” is not defined. However, this notion exists
in the setting of braided tensor categories.

DEFINITION 8.8.1. Let C be a braided tensor category. An algebra A in C is
said to be commutative if the following diagram commutes:

(8.22) AgA—2% 404

N A

where m : A® A — A denotes the multiplication of A.

EXERCISE 8.8.2. (i) Show that an algebra is commutative in C if and
only if it is commutative in C*V.

(ii) Let (H,R) be a quasitriangular Hopf algebra, and A be an H-module
algebra. Show that A is commutative in the category of H-modules if
and only if ab = m(R*'(b ® a)), a,b € A, where m : A® A — A is
the multiplication map. So, when regarded as a usual algebra, A is not
necessarily commutative; one says that A is braided-commutative.

(iii) Let X be an object of a braided multitensor category C. Define the quan-
tum symmetric algebra S, X to be the quotient of the tensor algebra T'X
by the ideal generated by the image of cx x —idxgx. Show that S, X is a
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commutative Z-graded algebra in C. [ (The homogeneous components
SéVX of S, X are called the quantum symmetric powers of X). Show that
S¢X has the following universal property: any commutative algebra A in
C generated by X (i.e., a quotient of 7'X) is a quotient of S, X.

(iv) Let A, B be associative algebras in a braided category C. Define a multi-
plication on A® B by the formula magp = (ma®@mp)o(ida ®cZ}B®idB).
Show that this makes A ® B into an associative algebra

(v) Let C be the category Vecz of Z-graded vector spaces, with simple objects
X;, i € Z (1-dimensional space in degree 7). Let ¢ be a nonzero scalar,
and put a braiding on C by cx, x, = (%, where o is the permutation of
components. Compute the quantum symmetric algebra S;X,, (show that
S(JIVX,,L =0 for N > 2 unless Cm2 = 1, and is 1-dimensional otherwise).
Compute the algebra S, (X,, ® X}), and show that it is not isomorphic to
S, Xom @ S, X}, (and does not map onto it) unless ¢?™* = 1. This shows
that for commutative algebras A, B in a braided category C, the tensor
product A ® B may be noncommutative.

(vi) Specialize (v) to the symmetric category case ( = —1, chark # 2 (this
is the case of Z-graded supervector spaces). In this case, show that for
any object X, S, X = SX; ® AX_, where X, X_ are the even and odd
degree parts of X, respectively. Show also that in this case one always has
S XPY) = 5,(X)®5,(Y) (note that at the same time, for the ordinary
tensor product of algebras, A(X ®Y) # AX ® AY for vector spaces X
and Y).

(vii) Let C = Vecz KCy, where Cp is the category of type I representations of
U,(slz). Put the braiding on Cy as in Exercise R313] and the braiding
defined in (v) on Vecz, with ¢ = ¢~ '/%; this puts the tensor product
braiding on C. Let V7 € Cy be the 2-dimensional irreducible representation
of U, (sl2), i.e., the g-analog of the vector representation. Let X = X;XV;.
Show that the quantum symmetric algebra S, X, when regarded as an
ordinary algebra, is isomorphic to the quantum polynomial algebra with
generators x,y and the defining relation yx = gzry. Show that S’év V=
Xn X Vy, where Vi is the N + 1-dimensional irreducible representation
in CQ.

(viii) (this is a higher rank generalization of (vii)) Let V' = k™ be the
n-dimensional defining representation of quantum GL, (an irreducible
O4(GL,)-comodule), with standard basis x;, ¢ = 1,...,n. The (suitably
normalized) R-matrix of V' is given by R(x; @ ;) = z; @ x4, R(zx; @ xj) =
¢ ;@) fori < j,and R(z; @ x;) = ¢ Haj@x;) + (1 — ¢ (z; @ x;)
for ¢ > j. Show that S,;V, when regarded as an ordinary algebra, is
isomorphic to the quantum polynomial algebra with generators x1, ..., x,
and defining relations x;z; = gx;x; for ¢ > j. Deduce that the dimen-
sion of SéVV is (N:f_l), and thus S,V is a flat deformation of the usual

1
polynomial algebra SV (which is recovered when g = 1).

2In fact, strictly speaking, Sq¢X lies in the ind-completion of C rather than C itself (as all of
its homogeneous components may be nonzero). However, for simplicity we will abuse terminology,
and refer to algebras in the ind-completion of C as algebras in C.

3Note that in a non-braided category, we do not have a notion of the tensor product of
algebras, and that the tensor products of algebras in C and C*®V are different from each other.
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Let A be a commutative algebra in a braided tensor category C. Let Mod¢(A)
denote the category of right A-modules in C.

EXERCISE 8.8.3. Let M be a right A-module in C with the structure morphism
p:M®A— M. Show that each of the following morphisms

(8.23) AoM 2 M@AL M and
(8.24) Ao M 2% Mo AL M,

defines an A-bimodule structure on M.

Let A be an exact algebra in C (see Definition [[.820)). Then the category
Bimod¢(A) is a multitensor category. Let

(8.25) Fy:M— My : MOdc(A) — Bimodc(A)
denote the functors constructed using (823) and ([824), respectively. Each of these
functors is a full embedding and, thus, makes Mod¢(A) into a multitensor cate-

gory with tensor product ® 4 (see Definition [[8.27]) by identifying it with a tensor
subcategory of Bimod¢(A).

EXERCISE 8.8.4. Show that the multitensor category structures on Mod¢(A)
constructed using functors F are opposite to each other in the sense of Defini-
tion 2.1.9]

Let M denote Mod¢(A) viewed as a C-module category, see Proposition [.810
The dual category C}, is identified with Bimod¢(A)°P, see Remark

EXERCISE 8.8.5. Show that tensor functors H : C — C}, and H™ : C°? — Cj,
from Proposition B.7.1] are identified with the composition functors

¢ 245 Mode(A) %5 Bimodc (A),
where Fa(X) := X ® A is the free A-module functor.
Let C be a finite braided tensor category and let A be a finite tensor category.

DEFINITION 8.8.6. Let F' : C — A be a tensor functor. A structure of a
central functor on F is a braided tensor functor F’ : C — Z(A) together with an
isomorphism of F' with the composition of the forgetful functor Z(A) — A with
F'.

REMARK 8.8.7. (i) The forgetful functor Z(A) — A itself is a central

functor with F' = idZ(.A)-
(ii) Any braided tensor functor F' : C; — Ca between braided tensor categories
C; and Cy is a central functor via the embedding Co — Z(Cs).

PrOPOSITION 8.8.8. Let F: C — A be a central functor. Let I : A — C be the
right adjoint functor of F'. Then the object A = I(1) has a canonical structure of
commutative algebra in C.

PRrROOF. The algebra structure of A is defined in Section [[.9, see Example
[C9.10

To prove commutativity, note that the multiplication m : A ® A — A is the
image of a certain morphism m € Hom4(F(A® A), 1) under the isomorphism

(8.26) Hom4(F(A® A),1) 2 Hom¢(A® A, A).
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Let ¢ denote the braiding in C and let ¢ denote the braiding in Z(A), see (8I5).
Under the above isomorphism (826) the opposite multiplication m o c4 4 corre-
sponds to m o F(ca ) € Homa(F(A® A), 1). The equality m = m o F(ca,a)
follows from commutativity of the following diagram, where F’ : C — Z(.A) is the
central structure for the functor F:

I®l

F%A@A)%F'(A)@F’(A) 1®1 = 1
F’(CA,A)J éF’(A),F/(A)J( l51,1 idll
FA9A) — = S FA)e P4 —2 191 —= 1

Here | € Hom¢(F(A), 1) is the image of id4 under Hom¢ (A, A) = Hom 4(F(A), 1).
The left square commutes since F’ is a braided functor, and the right one since
¢1,1 = idy. That the middle square commutes is a consequence of the naturality of
the permutation morphism (7Z40) in the definition of the center. O

ExaMPLE 8.8.9. (i) Let C = Rep(G) and F : C — Vec be the forgetful
braided tensor functor. Then the commutative algebra A from Propo-
sition B8.8 is the algebra Fun(G, k) of k-valued functions on G. This
algebra is called the regular algebra of Rep(G), cf. Definition

(ii) Let Vecg be the fusion category of finite dimensional G-graded vector
spaces with the associativity constraint defined by w € Z3(G, k*), see
Example Let C = Z(Vecg) and F : C — Vecg be the forgetful
functor. Then the commutative algebra A from Proposition B.8.8 is the
regular algebra of Rep(G) C C.

(iii) Let C = Z(Rep(G)) = Z(Vecg) and F : C — Rep(G) be the forgetful
functor. Then the commutative algebra A from Proposition 888l is the
group algebra of G considered as an algebra in C. Notice that in this
case the algebra F(A) in the symmetric tensor category Rep(G) is non-
commutative unless G is commutative.

We have the following construction, which is converse to Proposition R.8.8
Namely, let A be a commutative exact algebra in C. Suppose also that Home (1, A) =
k, so that the C-module category Modc(A) is indecomposable. Then the category
Bimodc(A) is a finite tensor category and, hence, the category Mod¢(A) inherits
the finite tensor category structure via the embedding F_ from (8.25]).

PRrROPOSITION 8.8.10. The functor
FA:C%MOdc(A):Xl—)X@)A
has a canonical structure of a central functor.

PROOF. We have F4(X) = X®A, and, hence, Fy(X)®4Y = X®Y. Similarly,
Y ®4 Fa(X) =Y ® X. These two objects are isomorphic via the braiding of C
(using commutativity of A, one can check that the braiding gives an isomorphism
of A-modules) and, hence, F4 lifts to a braided tensor functor

(8.27) Fly :C — Z(Modc(A))

whose composition with the forgetful functor Z(Mod¢(A4)) — Mod¢(A) equals Fa.
O
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8.9. The Drinfeld morphism

In this Section we assume that all monoidal categories are strict. Equivalently,
we suppress all associativity and unit constraints.

LEMMA 8.9.1. Let C be a braided monoidal category with braiding c, let X, Y €
C, and let X* be the left dual of X. We have

(828) Cx+y = (evX & idY®X*) o (Idx* ®C;(,1Y & idx*) o (idx*®y (24 coevX),
(829) C;ﬁlx* = (evX & idY®X*) o (Idx* Ry, x Q Idx*) o (idx*®y ®C0€VX).
PRrOOF. Consider the following diagram (where we suppress the identity mor-

phisms, as usual):

coev x

X*QY XY X X”

CYy, X®@X*
coevx CX,Y

XXX QY —— = X" XY ® X*

CX*Y
eva J{evx

X*'®Y Y ®X*

The upper triangle commutes by the naturality of the braiding. The lower triangle
commutes by the hexagon axiom (BI]). The rectangle at the bottom commutes
since ® is a bifunctor. Hence, the diagram commutes. Comparing the compositions
along the perimeter, we get the first equality. The second equality is obtained by
replacing ¢ by the opposite braiding. O

CX* Y

EXERCISE 8.9.2. Show that if X*, Y* are left duals of objects X, Y in a braided
monoidal category C then (cx v )* = cx« y+.

Let C be a braided monoidal category. Let us define a natural transformation
uyx : X — X** as the composition

idx ® coevx= Cx, x* ®id xxx

(8.30) X X@X*®X*™ X*@X X Sx8dxrr, yur

PROPOSITION 8.9.3. We have

(8.31) Uux @ Uy = Uxgy ©Cy,X 0CXy
forall X, Y €C.

PROOF. Consider the following diagram (to keep its size reasonable we omit
tensor product signs):

coevy * Cy,y* evy

XY Xyy*y"” ——— Xy*vyy” — Xy*

coev x coev x coev x *
coev(x y)¥

CX,Y*Y X* CxX,xX*
evy
Cy, X 0CX,Yy Y*Y X* X XY™ —— X* X X**Y™*
Cy,x* X evx

CX Y (XY)*

XY VYH*X* X Yy** Y*X* XY X*Y** VXY XRE YRR
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It is straightforward to see that it commutes. E.g., the big rectangle involving
braidings commutes by the braided coherence theorem (see Exercise [B2.7)), and the
two squares in the right column commute by the naturality of the braiding. Using
definition (830]), we see that the two compositions along the perimeter are precisely
the two sides of (B3T]). O

DEFINITION 8.9.4. The morphism wu is called the Drinfeld morphism.

Note that ([830) is not a morphism of tensor functors unless the category C is
symmetric.
Let (H, R) be a quasitriangular Hopf algebra, and R =), a; ® b;.

PROPOSITION 8.9.5. (Drinfeld) (i) R~ =, S(a;) @b, = >, a; @ S™(b;);

(ii) The Drinfeld morphism w in the category of H-modules is defined by the
Drinfeld element u =), S(b;)a;;

(i) w=t =37, b:S%(a:);

(iv) S?*(z) = uzu~! forxz € H;

(v) A(u) = (u@u)(R*R)™ = (R*R)™H(u @ u);

(vi) z := uS(u) is a central element and g := u='S(u) is a grouplike element
of H such that g~'xzg = S*(x), v € H.

PROOF. These properties follow immediately from the categorical properties
proved above. Namely, (828) and ([829) yield (i); parts (ii) and (iii) follow from
the definition of u; part (iv) expresses the fact that v is a morphism V — V**; (v)
follows from ([B3Tl); and (vi) follows from (iv) and (v). We leave it to the reader to
fill in the details. (]

EXERCISE 8.9.6. (i) Let H = kG be the group algebra of a finite group G
(chark = 0). Calculate the element u € D(H) explicitly, and show that it is
central, and g = 1. Compute the values of u on the irreducible D(H)-modules.

(ii) Let C be the category of type I representations of U,(slz) (¢ is not a root of
unity). Show that the Drinfeld morphism uy : X — X** is given by the formula
ux = K60x, where Ox : X — X is a morphism which acts by the scalar g~ N(V+2)/2
on the N + I-dimensional simple object V. Deduce that g = K 2.

Now, let H be a finite dimensional Hopf algebra. Since g € D(H) is a grouplike
element, we have ¢ = a ® o~ !, where a € H and o € H* are grouplike elements.
These elements are called the distinguished grouplike elements of H and H*°°P,
respectively.

COROLLARY 8.9.7. (Radford’s S* formula, [Ra2]). For any x € H one has
S4(z) = ao (a twa) o a™l, where ao is the action of o on H which is dual to its
action on H*.

ProoF. This follows immediately from Proposition [R9.5(vi) and the multipli-
cation law in D(H). O

EXERCISE 8.9.8. Check that ¢ defines the distinguished character of D(H)*.
In other words, if A is a left integral of D(H) then A(z1)z2 = A(z)g. Deduce that
« defines the distinguished character of H. Thus, our terminology is compatible to
the one introduced in Chapter 6.

COROLLARY 8.9.9. (Radford, [Ra2]). The antipode of a finite dimensional
Hopf algebra H has order dividing 4 dim H .
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REMARK 8.9.10. In all known examples, the order of S actually divides 2 dim H,
but it is not known if this is true in general.

ProoF. By Corollary 6227 the orders of a and « divide dim(H). Hence, the
result follows from Corollary B9.7] (as the conjugations by a and by a commute). O

COROLLARY 8.9.11. (Larson and Radford, [LaR2]) A semisimple Hopf algebra
H over a field k of characteristic zero is cosemisimple.

PROOF. We may assume that the ground field k is finitely generated, and then
can embed k into the field of complex numbers. Thus, we may assume without loss
of generality that k = C.

Let us compute the trace Tr|g(S?) of the squared antipode on H. To this
end, let us write H as @; End(V;), where V; are the irreducible H-modules. The
representations V; which are nontrivially permuted by S? do not contribute to
Tr|(S?). So let us take i such that S? leaves V; fixed, and hence acts on End(V;).
By Radford’s theorem (Corollary B.9.3), the squared antipode S? has a finite order
on H. Hence, S? is induces an automorphism of End(V;) of finite order. This
automorphism must be inner (being an automorphism of the matrix algebra), and
is implemented by an element g; € GL(V;), which can be chosen to have finite
order. Let Aj,..., Ay, be the eigenvalues of g; (d; = dimV;). They are roots of
unity since g; has finite order. We have Tr(S%|gnq(v;)) = >k AA . But since

A; are roots of unity, this equals Zk,l MeAr = | Y. Ak|?. Thus, this trace is non-
negative. Moreover, if V; is the trivial representation then the trace is 1. Thus,
Tr|(S?) > 1. In particular, it is nonzero. By Corollary [[.I8.10} this implies that
H is cosemisimple, as desired. [l

8.10. Ribbon monoidal categories

DEFINITION 8.10.1. A twist (or a balancing transformation) on a braided rigid
monoidal category C is an element 6 € Aut(id¢) such that

(8.32) Oxgy = (0x ®0y)ocyxocxy

forall X, Y € C. A twist is called a ribbon structure if (6x)* = 0x«. A ribbon tensor
category is a braided rigid monoidal category equipped with a ribbon structure.

EXAMPLE 8.10.2. As follows from Exercise B9.0(i), # = u is a ribbon structure
on the category of representations of the quantum double of a finite group G. Also,
by Exercise[8.9.6](ii), the category C of type I representations of Uy (sl2) has a ribbon
structure given by 6|y, = ¢~ NN+D/2,

REMARK 8.10.3. The terminology in Definition B0 is justified as follows.
Recall the braided monoidal category T of tangles introduced in Examples [2.3.14]
and B 2.4l This category has a generalization — the category F7 of framed tangles
in which intervals and circles are replaced by oriented “ribbons”, which have to
be glued preserving the orientation. This category has a natural twist, namely a
straight ribbon with a double twist. Thus, it is a ribbon category.

Moreover, for any ribbon tensor category C and any object X € C, there is a
natural uniquely determined monoidal functor F' : FT — C which sends the gen-
erating object of FT to X and preserves the ribbon structure. Thus, the category
of framed tangles is the “universal ribbon category”.
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Now note that Endz7(1) is the set of isotopy classes of framed links. There-
fore, the functor F' in particular defines an invariant of framed links with values in
Endc(1) = k. This invariant RT¢ x (L) is called the Reshetikhin- Turaev invariant of
L, and was introduced in [RT1]. In particular, if C is the representation category
of the quantum group U,(sly) and X = V; is the 2-dimensional standard repre-
sentation, then RT¢ x (L) is essentially the Jones polynomial of L. More generally,
if X =V, is the n + 1-dimensional irreducible representation, then RT¢ x (L) is
the colored Jones polynomial (with all components of the link colored by V). Still
more generally, one may color different components of the link by different objects
of C. Also, by renormalization, from these invariants it is easy to obtain invari-
ants of ordinary (unframed) links. For more details about this, see the textbooks
[Kas, [Tud].

REMARK 8.10.4. The notion of a ribbon structure can be understood as a “non-
commutative” generalization of the notion of a quadratic form. Indeed, let G be
a finite abelian group and b : G x G — k* be a bilinear form. As explained in
Section B4l it defines a braiding on C = Vecg. The corresponding quadratic form
defines a ribbon structure on C:

05, = bz, x)ids,, z€G.
From now on let C be a braided tensor category over a field k.
LEMMA 8.10.5. For any nonzero simple object X the composition
(8.33) f:=evxocx x+ocoevx € Ende(1)
18 monzero.
PROOF. Since X is simple, the corresponding composition
Endc(1) — Home(1, X ® X™*) = End¢(X) — Endc(1)

consists of nonzero maps between 1-dimensional spaces and hence is nonzero. So

f#0. 0

PrOPOSITION 8.10.6. The natural transformation ux : X — X** defined in
®30) is an isomorphism.

PRrROOF. It suffices to prove this when X is simple. Define a natural transfor-
mation vy : X** — X by

. -1
idx @Cyin xx

(8.34) X CMxEHx, v o Xt @ Xt XXt g x* HxBexe, o

Using the naturality of v, we compute

vx oux = (evX ®idx**) o (CX,X* ® Idx**) o (idX®X* ®UX) o (IdX ®coevX*)
freidx of,
where f is the same as in (833) and [’ = evy-~ oc}ivx** ocoevyx~ € Endc(1). By
Lemma [BI0.5 f and f’ are nonzero scalars and so vx o uy is invertible. |

In view of Proposition BI0.6] any natural isomorphism ¥x : X ~ X** in a
braided tensor category C can be written as

(835) Px = uxlx, 6¢€ Aut(idc).
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It follows from (B3I]) that ¢ is a tensor isomorphism (i.e., a pivotal structure on
C) if and only if 6 is a twist.

The next Proposition relates the canonical natural isomorphism ux : X — X**
with the natural isomorphism (7.64) from Section [.19

THEOREM 8.10.7. Let C be a braided finite tensor category. Let D be the dis-
tinguished object of C, let dx : X*™ — D ® ** X ® D* be the tensor isomorphism
constructed in Theorem [[I91], and let ux : X — X** be the isomorphism (830).
Then there is an equality of natural isomorphisms

(836) (EVD* X id**X) o (IdD ®C**X,D*) odx = u;lx o qu,
where ¢ denotes the braiding of C.

PROOF. Let px : (XK1)® A~ (1X X)® A be as in Theorem [[.T9.1] Recall
that by definition,

(837)  (6x Wid1) ®ida = ppgesyxgp+ © (D" R 1) & phigxeps ® (DKL)

Here and in the rest of this proof we identify D ® D* and D* ® D with 1 and
suppress the evaluation and coevaluation maps for D and D*. Let ¥ = cX ¢ denote
the braiding on C X C°P. Define a natural isomorphism

(8.38) ix (XK1 A->(X"K1)®A
as the following composition:

Yi1RX,A

ix (XK1 ®A 2x, IRX)oA % A (1R X)
(D*|Z|1)®p;(* A® (X** IX 1) EA,X**&l (X** ‘Z 1) ®A

Observe that in terms of Hom spaces the isomorphism ¢y is given as the following
sequence of natural isomorphisms:

Homegeor (Vi B Vo, (XE 1) ® A) 22 Homegeor (X* @ V1 ® Vo, 1)
= Homereor (Vi @ X* ® V5, 1)
=~ Homcgcop(vl RVa® X*7 1)

Il

Homegeor (Vi B V3, (X** K1) ® A)

for all objects V;,V2 € C, where the two isomorphisms in the middle come from
the braiding in C. Namely, the composition of the first two arrows in (839) trans-
lates into the second isomorphism and the composition of the last two arrows in
[B39) translates into the third isomorphism. (One can easily check this using Re-
mark identifying C X C°P with the category of right exact endofunctors of C;
the braiding isomorphisms in ([839) are then identified with isomorphisms between
left and right tensor multiplication by X).
On the other hand, the isomorphism (ux Kid;) ® id4 is given by

Homeweor (Vi K V2, (XX 1) ® A) = Homegeor (X™ @ Vi @ Vo, 1)
> Homegeor (V1 @ Vo ® X*, 1)

1

HomchOD (‘/1 X Vv2, (X** X 1) (9 A)7
therefore, the hexagon identity and Proposition [LT85)a) imply that
Lx = (UX X Idl) ®idyg .
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In particular, tx is an isomorphism in the category H of Hopf bimodules in C, see
Definition [[.I8Tl The dual of tx in H can be found using isomorphism (59)).
Using naturality of braiding, we compute:

Loy =
= oyt o (D*R1)® (piy) ' o Nt
Prxx 1R** X, A Prx A, XK1
o) (EA,Xgl o (D* |X’ 1) ® pIX o El@**X,(llZD*)@A

(D" B poxop- @ (DBD))

= poly 0o (1R D) @ Tygexamp- @ A o (DR 1) ® pigxep- ® (DR1)
= (cox,pr Mid1) ® Ao ppteexgp- © (D*H1) @ phgxep- ® (DK1).
Hence, comparing with (831) we get
L:*IX otxx+ = ((idp @cerx p=) 0 0x Widy) ®ida .
On the other hand,
i oty = (unhy outy Ridy) ®ida,
which implies the result. O

COROLLARY 8.10.8. Let C be a finite braided tensor category with braiding c,
and D be the distinguished invertible object of C. Then for any V € C, we have
Cv,DOCp Vv = idD®V.

PROOF. Observe that the right hand side of equation ([836) does not change
when the braiding c of C is replaced by its reverse ¢~! (this is a consequence of the
naturality of v and the identity u,—1 = (u_')*). Hence, the left hand side of (8.386])
also does not change. Since the definition of dx does not use braiding, we conclude
that cp v = c(,}D for all objects V in C, as claimed. (]

REMARK 8.10.9. Here is another proof of Corollary B.10.8f We have a canonical
braided tensor functor G : CRC™ — Z(C). Equivalently, the functor 7' : CKIC°P —
C, XKY — X ®Y has a natural structure of central tensor functor. Hence, by
Proposition B8 the algebra A := Homegeop(1,1) is a commutative algebra in
the category C K C™V. Thus, A is a dyslectic A-module in the sense of Definition
3.12 in [DaMNO]. This implies that A* = (DX 1) ® A is also dyslectic. Hence,
by Lemma 3.15 in [DaMNOE, D X1 centralizes A (i.e., the squared braiding on
(DX1)® A is the identity). Thus, DX 1 centralizes (1X P)® A for any P; taking P
projective and using Lemma [[.I8.8] we see that D centralizes any projective object
of C. This implies the statement, since any object is a quotient of a projective one.

PropoSITION 8.10.10. If C is a factorizable finite tensor category then C is
unimodular.

ProoOF. By Corollary BI08 cpy = C\_/,lp for all V € C. Hence, D belongs
to the intersection of images of C and C™ in Z(C), which is trivial since C is
factorizable. Therefore D = 1. |

4This lemma is stated in [DalMINO] only for fusion categories, but its proof extends verbatim
to general finite tensor categories.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



220 8. BRAIDED CATEGORIES

REMARK 8.10.11. Proposition BJ0.J0l appears as Proposition 4.5 in [ENO1],
but the proof given there is not convincing, since it uses without proof the fact that
the functor I commutes with duality (which is true but not obvious). Here we have
given a different proof.

PRrOPOSITION 8.10.12. Let C be a braided fusion category with a twist 8. The
canonical pivotal structure ) = Qow is spherical if and only if 0 is a ribbon structure.

PRrROOF. The condition of 0% = (fx)* translates to ¥x+ = (¥x o ux')* o ux-
for all objects X € C. Using the naturality of « and Theorem RI0.7 (recall that a
fusion category is automatically unimodular, see Remark [£.5.9) we obtain

Q)[}X* = w;}** le) (u}i*)* oCUx* = w;}** o) 5;(1**

for all objects X in C. This is equivalent to the condition

(8.39) Tr(x-) = Tr(hie. 0 5xtur)
for every simple object X in C. By Corollary [[.22T.§] the last expression is equal to

Tr(1%.). Thus ®39) is equivalent to Tr(vx~) = Tr(¢¥s.) = Tr(vx=«), i.e., to ¥
being spherical. O

Recall from Section L7 that in a spherical category there is a notion of a trace
of an endomorphism f € End¢(X):

(840) Tr(f) -1 ﬂ) X ® X* pxofQidx = X** ® X* evy 1.

The dimension of X € C is defined by dim(X) = Tr(idx). Note that dim(X) # 0
for every simple X.
The trace ([840) is related to the left and right traces Tr” and Tr? from @)

and @3) by Tr(f) = Tr*(Ux f) = T (Foi").
REMARK 8.10.13. Note a difference between the Frobenius-Perron dimensions

and the dimensions defined by formula ([840). The former take values in R, while
the latter take values in k. So these dimensions are not equal in general.

PRrROPOSITION 8.10.14. Let C be a ribbon tensor category. For any object X € C
the composition

(8.41) 199X, x @ x* DxOxt o xr XX xr g X X

equals dim(X).

PRrOOF. It suffices to prove it for simple X. Consider the following diagram

coev x

XX S xo X o X X* XX X* o XX @ X* =2 X*oX*

coevx T J{evx * levx * levx *
%

1 coev x CX,X*

X@oXr—0 s X X —X 41,

It is easy to see that this diagram commutes. The composition through the top
row is equal to

Tr¥(ux) = 05" Tr¥(Oxux) = 05" dim(X),

while the composition through the bottom row equals 9;(1 times the right hand side

of (841). O
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EXERCISE 8.10.15. Let X be a simple object of a ribbon tensor category and
O0x € k* be the corresponding twist. Then

(8.42) 0! dim(X) = Tr(cx'y)

REMARK 8.10.16. By Exercise 7,16l ribbon structures on C form a torsor over
the subgroup Autg(idc)2 in Autg(idc) of elements which have order < 2 on simple
objects. That is, if 6 is a ribbon structure on C and ¢ € Autg(idc)2 then 6 o ¢ is
another ribbon structure, and every ribbon structure is of this form.

8.11. Ribbon Hopf algebras

Ribbon Hopf algebras are quasitriangular Hopf algebras which arise from ribbon
categories. Namely, let H be a Hopf algebra, C be the category of H-modules, and
assume that C is a ribbon monoidal category. Then H has the universal R-matrix
R € H® H coming from the braiding, and also the twist 6 defines a central element
v € H. The axioms of a ribbon structure then translate into the following definition.

DEFINITION 8.11.1. A ribbon Hopf algebra is a triple (H, R, v), where (H, R) is
a quasitriangular Hopf algebra, and v € H is an invertible central element satisfying

A(v) = (v@v)(Ra1R)™" and v = S(v).
Thus, we have the following proposition.

PROPOSITION 8.11.2. Let (H, R,v) be a ribbon Hopf algebra. Then Rep(H) has
a canonical structure of a ribbon category, where the balancing transformation 6 is
given by the action of v. Furthermore, there is a bijective correspondence between
isomorphism classes of ribbon structures on a quasitriangular Hopf algebra (H, R)
and equivalence classes of ribbon structures on the braided tensor category Rep(H)
(where the braiding is the one given by R).

PROOF. The proof is similar to the proof of Proposition [B.3.8 a

EXAMPLE 8.11.3. (i) Any triangular Hopf algebra has a ribbon structure with
v =1 as the ribbon element.

(ii) The quantum double D(kG) of the group algebra of a finite group G (in
any characteristic) is a ribbon Hopf algebra with v = u as the ribbon element.

(iii) Any semisimple cosemisimple quasitriangular Hopf algebra (H, R) has a
ribbon structure with the ribbon element v = u (we will prove later that in such a
Hopf algebra S? = id and hence u is central).

EXERCISE 8.11.4. Show that u,(slz) (for ¢ a root of unity of odd order) is a
ribbon Hopf algebra.

8.12. Characterization of Morita equivalence

It follows from Proposition B.5.3] that the centers of Morita equivalent finite
tensor categories are braided equivalent. It turns out that the converse of this is
also true, i.e., the center is a complete invariant of the categorical Morita equivalence
class, see Theorem R.12.3] below.

Let C be a finite tensor category and let F¢ : Z(C) — C and I¢ : C — Z(C)
denote the forgetful functor and its right adjoint. We can view C as an exact
Z(C)-module category via the functor Fe.

LEMMA 8.12.1. There is a natural isomorphism Ic(X) = Homzc)(1, X).

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



222 8. BRAIDED CATEGORIES

ProOF. This is immediate from the definition (2] of internal Hom. Indeed,
the action of Z € Z(C) on C satisfies Z ® 1 = F(Z) and, hence,

Homz¢)(Z, I(X)) Hom¢(F(Z), X)
Home(Z ® 1, X)

1%

1%

= Homz(c)(Z, Homz ) (1, X))
and the statement follows by the Yoneda Lemma. O
LEMMA 8.12.2. (i) The object A := I¢(1) has a natural structure of com-

mutative algebra in Z(C); moreover for any X € C the object Ic(X) has
a natural structure of a right A-module.
(ii) The functor Ic induces an equivalence of tensor categories C>~Modz c)(A).

PrOOF. That A is a commutative algebra in Z(C) follows from Proposition
B88 By Theorem[T0dlfor any X € C the object I¢(X) = Hom(1, X) is naturally
a right A-module, and the functor

(843) IC = HO_T'I’](].7 —) :C— MOdz(C) (A)

is an equivalence of categories.
It remains to prove that the functor I has a structure of a tensor functor.
For any X € C let pux : Fe(Ie(X)) — X be the image of id under the canonical
isomorphism Homzc)(Ie(X), Ic(X)) =~ Home(Fe(Ie(X)), X) (so we have py = p
in the notation used above) and for X, Y € Clet uxy : Ie(X)QIc(Y) = Ic(X®Y)
be the image of pux ® py under the canonical isomorphism

Hom(Fe(Ie(X)) ® Fe(Ie(Y)), X ® Y) ~ Hom(Ie(X) ® Ie(Y), Ie(X @ Y)).

(In the notation above pi 1 = m is the multiplication morphism on A = I¢(1) and
fx,1 is the morphism making I¢(X) into a right A-module). It is straightforward
to verify that px y satisfies all the axioms of a tensor functor except for being
an isomorphism. In particular, the morphism px, 1 makes I¢(X) into a right A-
module; moreover, 1 x and px 1 make I¢(X) into an A-bimodule. Next, pq x is
given by the composition
-1
A® [e(X) 2290 1(X) 0 A 25 To(X),
so the structure of I¢(X) as an A-bimodule is the same as the structure used in
the definition of the tensor structure on Modz(¢y(A).
It is immediate to check that ;1 xy admits a canonical factorization

LX) @ Ie(Y) = Ie(X) @4 e (Y) 25 [e(X @ V)

and that jix y satisfies all the axioms of a tensor functor with the possible exception
of being an isomorphism. Finally, one verifies that for X = F¢(Z) with Z € Z(C)
we have I¢(X) & Z® A (as A-modules), and this isomorphism identifies fix y with
the canonical isomorphism I¢(X) ®4 Ie(Y) = ZQ Ie(Y) ~ Ic(Fe(Z) @ Y) (the
last equality is a special case of Lemma [[.9.4]). Since the functor Fg is surjective
(see Corollary [[I3.11]), we get that fixy is always an isomorphism. Thus the
isomorphisms fix y define a tensor structure on the functor /¢, and the Lemma is
proved. O

THEOREM 8.12.3. Two finite tensor categories C and D are Morita equivalent
if and only if Z(C) and Z(D) are equivalent as braided tensor categories.
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PrOOF. The “only if” direction is established in Proposition

Let C, D be finite tensor categories such that there is a braided tensor equiv-
alence a : Z(C) = Z(D). Since Ip(1) is a commutative algebra in Z(D) and a
preserves commutativity of algebras, L := a~1(Ip(1)) is a commutative algebra in
Z(C). Furthermore,

as a tensor category by Lemma [R.12.7]
We claim that the category Mod¢(L) of L-modules in C is exact [ To prove
this, observe the following equivalence of C-module categories:

Funz(c)(ModZ(c)(L), C) = Modc (L)
Indeed, both categories are equivalent to the category of (L — I¢(1))-bimodules in
Z(C).

By Theorem [LT2.T6] the category Funzc)(Modz(cy(L), C) is an exact module
category over Funz¢)(C, C). In particular, it is exact as a C-module category (since
Funz(c) (C, C) 2CK Cop).

Note that the algebra L is indecomposable in Z(C) but L might be decompos-
able as an algebra in C, i.e., the category Bimod¢ (L) is a multitensor category. It
has a decomposition

Bimodc (L) = @ Bimod¢(L);j,

ijed

where J is a finite set and each Bimod¢(L);; is a finite tensor category. Let
L@

icJ
be the decomposition of L such that Bimod¢(L;) ~ Bimode¢(L);;. Here L;, i €
J, are indecomposable algebras in C such that the multiplication of L is zero on
Li®Lj,i+# j (eg., if C = Rep(G) then L = Fun(G, k) with the adjoint action
of G and J is the set of conjugacy classes of G). Note that C-module categories

Mod¢(L;), i € J are exact.
We would like to show that for each i € J

(845) Modz(c) (L) = Blmodc(Ll)

In view of (8Z44)) this will mean that D is dual to C with respect to the C-module
category Mod¢(L;) for any i € J.
Consider the following commutative diagram of tensor functors:

Z—ZQL,

Z(C) Z(Bimodc (L:))

Z—ZQL Fgimode (L)

Modz (¢ (L) —<+ @, , Bimode(L:) C Bimode(L) —— Bimodc (L;).

ic€J
5Here and below we abuse notation and write L both for an object of Z(C) and for its forgetful

image in C.
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Here m; is a projection from Bimod¢ (L) = &,; Bimode(L;, Lj) to its (4, i) compo-
nent. We have m;(X ® L) = X ® L, for all X € C. The top arrow is the equivalence
[T52) and the forgetful functor Z(Bimod¢(L;)) — Bimodc(L;) (the right down ar-
row) is surjective. Hence, the composition F; := m; F¢ of the functors in the bottom
row is surjective. But Fj is a tensor functor between fusion categories of equal
Frobenius-Perron dimension (thanks to Theorem and Corollary [[16.7) and
hence it is an equivalence by Proposition a

8.13. The S-matrix of a pre-modular category

From now on we assume that k is an algebraically closed field of characteristic 0.

DEFINITION 8.13.1. A pre-modular category is a ribbon fusion category (equiv-
alently, a braided fusion category equipped with a spherical structure).

Let C be a pre-modular category with a spherical structure ¢. Let O(C) denote
the set of (isomorphism classes of) simple objects of C. For all X, Y, Z € O(C) let
N%, denote the multiplicity of Z in X ® Y.

We will identify the corresponding twist § € Aut(id¢) with a collection of scalars
Ox € k*, X € O(C). Let Tr and d denote the trace and dimension corresponding

to .

DEFINITION 8.13.2. Let C be a pre-modular category. The S-matriz of C is
defined by

(846) S = (SXY)XA’EO(C) where SXy = TI’(CY7XcX7y).

REMARK 8.13.3. (i) The S-matrix of C is a symmetric n-by-n matrix
where n = |O(C)] is the number of simple objects of C. It satisfies sx+y+ =
sxy for all X, Y € O(C). Also sx1 = s1x = dim(X).

(ii) The S-matrix of C depends on the choice of the isomorphism 1 : X =
X** (which is chosen to be a spherical structure in ([846])). A canonical
alternative to this is to use w from (B30) instead of ¢ in ([B46). This
would result in replacing sxy by 9;(19;13)(3/.

DEFINITION 8.13.4. A pre-modular category C is said to be modular if its S-
matrix is non-degenerate.

ExaAMPLE 8.13.5. Let G be a finite abelian group. Let ¢ : G — k* be a
quadratic form on G and let b : G x G — k* be the associated symmetric bilinear
form. The S-matrix of the corresponding pointed pre-modular category C(G, q)
(see Section BA) is {b(g, h)}4nec. Thus, C(G,q) is modular if and only if ¢ is
non-degenerate.

EXAMPLE 8.13.6. Let G be a finite group. Then Z(Vecg) is a pre-modular
fusion category (we will see in Corollary that it is, in fact, modular). Re-
call from Example 54 that simple objects of Z(Vecg) are parametrized by pairs
(C, V), where C is a conjugacy class in G and V is an irreducible representation of
the centralizer C(a) of a € G.
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The S-matrix and twist of Z(Vecg) are given as follows:

G|

’ NN = T fg~t T ’ -1
Sc,v), (c, v 1Ce(a)[[Ca(@)] Z rv(ga'g™") Try: (g™ "ag),
(8.47) geclaa)
p ~ Try(a)
©V) ™ dimy (V)

where a € C, @’ € C', and G(a, ') = {g € G | aga’g~! = ga'g~a}.
EXERCISE 8.13.7. Prove formulas (8.47).
Let C be a pre-modular category.

PrOPOSITION 8.13.8. We have
(8.48) sxy =0x'0y" Y N%y0zdim(2).
Zeo(C)
forall XY € O(C).

PRrROOF. Apply Tr to both sides of formula ([832]). The right hand side is equal
to Ox 0y sxy while the left hand side is equal to

Tr(xey) = Y, Ny Tr(fz)
ZeO(C)
= Y N{y0zdim(2),
Ze0(C)
where we used additivity of Tr. O

REMARK 8.13.9. Relation (B48) between the twist and the S-matrix of a pre-
modular category generalizes relation ([83]) between the quadratic form and the
associated bilinear form. Indeed, for C = C(G, ¢) equation ([848) reduces to (89).

Assume C is strict. For any morphism f: X ® Y - X ® Y we can define the
morphisms

(idx @y ) (fRidy =)

IdX®Tr(f)Xﬂ>X®Y®Y* X®Y**®Y* CVy* )(7

coev x (idx=®f) (¢ ®idy) evx

Treidy(f): Y X"@X"QRY X"'XQY —=Y.

We thus can talk about “applying trace to factors of morphisms between tensor
products”. Note that Tr(Tr®idy )(f) = Tr(idx @ Tr)(f) = Tr(f).

PROPOSITION 8.13.10. The elements of the S-matriz satisfy the following rela-

tion:
(849) SXYSxz = dlm(X) Z N}EVZSXW7 X, Y, Z € O(C)
Weo(C)
ProoOF. Consider the equality
(8.50)
(cy,x®idz)o(idy ®cz xcx, z)o(cx y®idz) = cyez xoCx,vez, X,Y, Ze0O().

We will compute the trace of both sides of ([BH0). Applying trace to the third
factor on the left hand side, we get dim(X)’lsXZcKXcX’y. Thus, the trace of the
left hand side of (850) is dim(X) 'sxysxz-
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We use additivity of trace to compute the trace of the right hand side of (8.50):

Treyezxexyoz) = Z Ny'z Tr(ew,x © ex,w)
Weo(c)
= Z N)ZVZSXW7
Weo(e)
which immediately implies the result. O

Thus, we have the following proposition.

PROPOSITION 8.13.11. (i) For any fized X € O(C) the map

SXY
8.51 hx:Y Y eO(C
(8:51) XV oy Y00
defines a homomorphism Ko(C) — k. That is, simple objects of C give rise to
characters of the Grothendieck ring Ko(C).

(i) The numbers Tompxy are algebraic integers.

PRrROOF. Statement (i) follows from formula (849).
Statement (ii) follows since by ([849) hx(Y) for various X are eigenvalues of
the integer matrix Ny = {N:X,}). O

Note that in the case X = 1, this proposition says that the assignment Y +—
dim(Y") is a character of the Grothendieck ring Ky(C), and its values are algebraic
integers. This is also clear directly from the definition of dim(Y").

REMARK 8.13.12. Formula ([87Z9) and its proof remain valid in the case when
the category C is a ribbon tensor category which is not necessarily finite or semisim-
ple. In this case, it is possible that dim(X) = 0; then formula (§49]) implies (by
taking Y = Z) that sxy =0 for all Y. If dim(X) # 0, then Proposition BI3TT](i)
holds for X with the same proof, and part (ii) holds for finite C.

In fact, in the nonsemisimple case this construction gives us more: the formula
Y — (id®Tr)(cy,— o c_y) defines a homomorphism h : K¢(C) — End(Id¢) (Y —
h(Y)). The value hx(Y) of h(Y) on a simple object X satisfies dim(X)hx(Y) =
sxy, including the case when both dim(X) and sxy are zero. If C is finite, then
hx(Y) is an algebraic integer (as the value of a character of Ky(C)).

EXERCISE 8.13.13. Let (H, R,v) be a ribbon Hopf algebra, and v = uv~! be
the corresponding grouplike element. For each Y € Rep(H), let

Cy = (id® Try) (R R(1 ®7)).

(i) Show that Cy is central, and the assignment Y — Cy is a homomorphism
Ko(C) — Z(H), where Z(H) is the center of H. (This map is called the Drinfeld-
Reshetikhin map, [Dr5), Res]). Show that Cy|x = hx(Y).

(ii) Calculate explicitly (in terms of the generators F, F, K) the Casimir element
Cy € Uy(sly), where V = V; is the 2-dimensional irreducible representation, and
explain how it degenerates into the usual Casimir element of sl when ¢ — 1.
Calculate the value of Cy on the irreducible IV 4 1-dimensional representation Vi .
Compute Cy, |v,,. Show that if ¢ is not a root of unity then the center of U,(sl3)
is the algebra of polynomials in C'y, and express Cy,, as a polynomial of C'y.
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8.14. MODULAR CATEGORIES 227

8.14. Modular categories

Recall that a pre-modular category C is modular if its S-matrix is
non-degenerate.

LEMMA 8.14.1. Let A be a fusion ring with Z -basis B, and let x1, x2 be distinct
characters A — k. Then

(8.52) D xa(X)xe(X7) =0.
XeB
PROOF. Let z denote the left hand side. Set P:= 3y p x1(X)X* € A®zk.
Clearly, P # 0. From equation ([B:3]) we see that that YP = x1(Y)P for all Y € A.
Applying x2 to this equation, we get x2(Y)z = x1(Y)z. Since x1 # X2, we must
have z = 0. ]

The categorical dimension of a fusion category C was defined in (T.71). When
C is pre-modular, we have

(8.53) dim(€) = > dim(X)?,

where dim(z) is the dimension associated to the spherical structure of C.
Let E = {Exvy}x,yeo(c) be the square matrix such that Exy = 1if X = Y™
and Fxy = 0 otherwise.

PROPOSITION 8.14.2. Let C be a modular category and S be its S-matriz. Then
S? = dim(C)E. In other words, S=! = {dim(C) tsxy~}.

PROOF. Since C is modular, the equality hy = hz for Y, Z € O(C) holds if and
only if Y = Z, where hy : Ko(C) — k are the characters defined in (8X1]).
Suppose Y # Z. By Lemma RIZ.1] we have

Z SXYySxz+ = Z Sxysx*zzdim( dlm Z hy ):O.
Xeo(C) Xeo(C) Xeo(C)
It remains to check that > ycoe) sxysxy« = dim(C) for all Y € O(C). We
compute

D osxvsxye = Y > dim(X)sxw Ny

Xeo(C) Xe0(C) Weo(C)
= dim(C)Nyy. = dim(C).
Here the first equality is (849). The second equality is a consequence of Lemma
RIZL since
> dim(X)sxw =dim(W) Y dim(X*)hw (X),
Xe0o(C) Xeo(©)
and the latter expression is equal to dim(C) if W =1 and 0 otherwise. 0

REMARK 8.14.3. Proposition B.14.2] provides an alternative proof of Theo-
rem [[2T.T7] (saying that dim(C) # 0) for modular categories.

COROLLARY 8.14.4. (Verlinde formula). Let C be a modular category. For
all objects Y, Z, W € O(C) we have

SXYSXZSXW+ .
Xeo(C)
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Thus, the S-matrix determines the fusion rules of C (see Section [A.H]).

PRrROOF. This follows immediately from Proposition and formula (849).
(|

For any Z € O(C) define the following square matrices:

D? — <5Xy,si) and  NZ=(NZ, .
dHnCY)<XXeOW) )nyeow)

COROLLARY 8.14.5. Let C be a modular category with the S-matriz S. Then
D?% = S7INZS for all Z € O(C), i.e., conjugation by the S-matriz diagonalizes
the fusion rules of C.

PROPOSITION 8.14.6. Let C be a modular category and let X € O(C). Then

% is an algebraic integer.
Proor. We compute, using Proposition [8.14.2]
dlm(C) SXY SXY*
8.55 —= = hy (X)hy-
(8:55) dim(X)2 dim(X) dim(X Z v (X)hy-(X),
Yeo(c) Yeo(c

where hy, Y € O(C), are characters of Ky(C) defined in (IEII) Since hy (X) is an
eigenvalue of the integer matrix N, it is an algebraic integer. Hence, the right
hand side of (853 is an algebraic integer. O

Next, we discuss Galois properties of the S-matrix of a modular fusion category
C over k = C. The following remarkable result due to de Boere, Goeree, Coste, and
Gannon states that the entries of the S-matrix of C lie in a cyclotomic field, see
[deBG, [CosG].

THEOREM 8.14.7. There ezists a root of unity & € k such that sxy € Q(&).

ProoF. By Proposition BI311)i) and Corollary RI45 any homomorphism
Ko(C) — k is of the form YV — sxy/dim(X) for some well defined X € O(C).
Hence for any automorphism g of l one has g(sxy/dim(X)) = s4(x)y/dim(g(X))
for a well defined action of g on O(C).

Applying the automorphism g to equation (855) we compute:

< dim(C) ) SXYy = SX*Y
dim(X)2) dim(X) dim(X)

Yeow)

_ g(X)Y Sg(X*)Y
YEZO(C) im(5(0X) dim(s(X))
5g(X)*,g(X*) dlm(C)

dim(g(X))?

It follows that g(X*) = g(X)* and that g(dérinngfé);) = dirgi(rfl(()c()))z for all X € O(C).

Hence,
Sy ) SXY dim(Y")?
g (dim(C)) =9 ((dim(Y)) dim(C) )
_ < SXg(¥) )2 dim(g(Y))? _ 5Xg(v)
dim(g(Y)) dim(C) dim(C)’
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Let Sxy = sxy/v/dim(C), X,Y € O(C), be the normalized entries of the S-
matrix. The extension of Q generated by all entries sxy, X,Y € O(C) is contained
in the extension L/Q generated by Sxy, X,Y € O(C) (since 3511 = 1/4/dim(C)).
The above computation shows that g(5xy) = £5x4(y). Moreover the sign €,(X) =
+1 such that g(dim(X)) = €4(X) dim(g(X)) is well defined since dim(X) # 0, and

9Bxy) =9 Sy
dim(Y)
In particular, L/Q is finite and normal, that is, a Galois extension.
Now let f be another automorphism of k. We have

dim(Y)) - 6EJ(Y)EXQ(Y) = 6Q(X)gg(X)Y'

9fGxy) = gler(Y)Sxp(v)) = €g(X)er (Y)Sq(x)£(v)
and
fa(Sxy) = h(eg(X)5g(x)y) = €7 (Y)eg(X)Sg(x)p(v) = gh(Sxv)-
Thus, the Galois group of L/Q is abelian. Now the Kronecker-Weber theorem,
stating that any finite abelian extension of @ is contained in a cyclotomic field (see,
e.g., [Cas]) implies the result. O

8.15. Gauss sums and the central charge

The Gauss sums of a pre-metric group (G, q) are defined by the classical formula

(8.56) ™G, q) =) qla)*.
acG
Clearly, if (G, ¢) is the orthogonal direct sum of (G, ¢1) and (G3, g2) then
Ti(G, q) = Ti(Gh fh)Ti(Gz, q2)-

Let C be a pre-modular category.

DEFINITION 8.15.1. The Gauss sums of C are defined by
(8.57) )= ) 6% dim(X)

Xeo(C)

EXAMPLE 8.15.2. Let C be the pointed pre-modular category C(G,q) from
Section [84l Then O(C) = G, dim(X) =1 for all X € O(C), and 0x = ¢(X). So
7%(C) equals the classical Gauss sum 7%(G, ¢) defined by (B50).

LEMMA 8.15.3. Let C be a pre-modular category. Then for any Y € O(C) we

have:
(8.58) > Ox dim(X)sxy = dim(Y)oy ' (C).
Xeo(C)
PrOOF. Using formula ([848) we compute
Y Oxdim(X)sxy = 65" Y dim(X) Y N%y0zdim(2)
Xeo(C) Xeo(C) Zeo(C)
= 0" > > Ny dim(X) | 07 dim(Z)
Zeo(C) \Xeo(C)
= 0y'dim(Y) Y 0zdim(Z)? = dim(Y)05'77(C),
Zeo(C)
as required. O
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Below we summarize some basic properties of twists and Gauss sums.
PROPOSITION 8.15.4. For a modular category C we have
(8.59) 7H(C)r~(C) = dim(C).

PROOF. Multiplying formula (858) in Lemma BI53] by dim(Y) and taking
the sum over Y € O(C), we have:

e = Y > sxydim(Y) | 6x dim(X)
Xeo(e) \Yeo(©)
= ) dim(Y)? =dim(C). 0
Yeo(c)
By Theorem [[2T.12] dim(C) is a totally positive element of the subfield kq;, C

l of algebraic numbers. If we fix an embedding kq;y < C, we can talk about the
multiplicative central charge

T (C)
\/dim(C)’
where 1/dim(C) is the positive square root. From Proposition [B15.4] we see that in

a modular category one has £(C)? = 77(C)/7=(C).
We have another version of Lemma RI5.3l

(8.60) £(C) =

COROLLARY 8.15.5. Let C be a modular category. Then for any Y € O(C) we
have:
(8.61) > 0% dim(X)sxy = dim(Y)fy T (C).
Xeo(C)

ProoOF. Multiply formula (858) by sy«z, Z € O(C) and take sum over Y €
O(C):

77(C) Z 9;1 dim(Y)sy«z = Z 0x dim(X) Z SXYSy*Zz
Yeo(c) Xeo(C) Yeo(e)
= dim(C) 0z dim(2),
where we used Proposition So the result follows from (85J]). O

8.16. Representation of the modular group

The modular group is, by definition, the group I' := SLy(Z) of 2 x 2 matrices
with integer entries and determinant 1. This group plays a very important role in
number theory. The quotient of I' by its center <(_01 91 )> is the group PSLy(Z)

of fractional linear transformations of the Riemann sphere C := C U {c0}:

a b az+b ~
(c d) (2) = cz+d’ 2eC

where a, b, ¢, d are integers such that ad — bc = 1. It is known that I' is generated
by two matrices

(8.62) 5= <(1) _01> and t:= (é D
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These matrices correspond to transformations z — —1/z and z — z + 1. The
modular group can be described abstractly in terms of generators and relations as

(8.63) I'= (s, t|(st)’ =5% 5" =1),

and T'/{£1} = (s, t | (st)® = 5% =1).
It turns out that a modular category gives rise to a projective representation of
I". This justifies the terminology. We explain this below. Let T = (TXY)X.YEO(C)

be the diagonal matrix with entries Txy = 5X,y9)_{1.

THEOREM 8.16.1. Let C be a modular category. We have (ST)? = 77(C)S?
and S* = dim(C)?id, where id is the identity matriz. Hence, the assignments
1
(8.64) s —=5 and t—T
dim(C)

define a projective representation of I.

PROOF. We need to verify the relations from (863]). By Proposition
we have the identity S* = dim(C)? id, which corresponds to the second relation of
(B53). Let us prove the first relation. The XY-entry of the matrix T-1ST~! is
Ox 0y sxy. Let us compute the XY-entry of the matrix ST'S using equality (8.49)
and Corollary

(STS)xy = Y sxvby'svy
Veo(e)
= > > 6 dim(V)syw | Ny
Weo(e) \Veo(C)
= 7(C) Y dim(W)owNyy
Weo(C)
= Ti(C)exeySXy.
Hence, (ST)3 = 77 (C)S?, as required. O
REMARK 8.16.2. The images of s and t under (864 satisfy the relations
(8.65) st = id,
(8.66) (st)> = ¢£(C) 152

It is clear that one can normalize t to make the above projective representation
linear. But this only complicates things in applications and so we prefer not to do
this.

REMARK 8.16.3. A theorem of Ng and Schauenburg [NgS2| says that the rep-
resentation of the modular group constructed in Theorem [B.I16.T]kills a congruence
subgroup, i.e., factors through SLy(Z/NZ) for some N which can be found explic-
itly. For modular categories coming from a rational conformal field theory, this
result appeared earlier in physics literature, see [Ban].

REMARK 8.16.4. Theorem is related to the fact that the modular group
is the mapping class group (MCGQG) of the torus, and generalizes to MCG of higher
genus surfaces (see [BakK]).
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8.17. Modular data

The notion of a modular datum is a “numerical” counterpart of the notion
of a modular tensor category, similarly to how the notion of a based ring is a
numerical counterpart of the notion of a fusion category. It comprises many of the
important preppies of modular categories (such as the Verlinde formula, SLo(Z)-
representation, etc.). This notion is important because modular categories are
usually classified according to their modular data. Here we give an introduction to
the basic theory of modular data. We loosely follow [Gann3] (see also [Lus4})ﬁ

Let k be an algebraically closed field of characteristic zero.

DEFINITION 8.17.1. A modular datum M over k is a finite set I with a dis-
tinguished element 0 € I and functions S : I x I — k (called the S-matrix) and
T : 1 — k (called the twist function), satisfying the following conditions:

(1) S is symmetric, d; := Sp; # 0 Vi € I, and Sgp = 1;

(2) The functions X; : I — k defined by X;(j) := gOJ] span inside Fun(7I, k) a
based ring Ry (in which they are the distinguished basis);

(3) d; = d;», where = is the involution coming from (Z);

(4) If we regard S and T as linear operators on Fun(I, k) (by setting (Sf)(i) =
228 f(4), (Tf)(i) =T(i)f(i)), then they define a projective representa-
tion of the modular group SLy(Z). That is, there exists 7 € k* such that
(ST)? = 752, and this operator commutes with T. Also, T'(0) = 1.

The numbers d; are called the quantum dimensions of M.
In the previous sections, we have proved the following proposition.

ProOPOSITION 8.17.2. If C is a modular tensor category, then its set of simple
objects I, the S-matriz S and the twist function T = 0~ form a modular datum.

DEFINITION 8.17.3. A categorification of a modular datum M is a categorifi-
cation C of the based ring Rj; in the sense of Definition fJ0.1] which is a modular
category with the S-matrix S and twists Ti_l, 1el.

THEOREM 8.17.4. Fiz a modular datum.

(i) Let D =Y",d?. Then D # 0, and one has S* = DE, where E;; = 6;;~
(ii) The numbers S;j/d; (in particular, d;) and D/d? are algebraic integers.
(iii) d; are totally real and D — 1 is totally non-negative. The matriz S//D

(well defined up to sign) is totally unitary.

PROOF. (i) The proof is the same as the proof for modular categories given
in the previous sections. Namely, by (2), S is invertible. So we have §; =
So; >;(S71);jiX;. Thus, for j # m we have

D (S8 ) me Xi Xy = 0.

i,7

6We note that our definition of a modular datum is slightly less restrictive than the definition
of a modular datum in [Gann3| (where positivity of dimensions is assumed), and the definition
of a fusion datum in [Lus4] (where there is an additional involution on the set of labels).
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In particular, applying 7 to this equality and using the symmetry of S, we get

> (57;i(Sin,) =0.

i
Thus, S~'ES~! is a diagonal matrix, hence so is SES.
Now, let N7 be the structure constants of Ry;. Then by definition
SirSjr = Z N{?Sm,rSOr-

So since Sy; = S and So, = Sro = Sp+0, We get

SirSrj = Z NZ?SmrSr*&
Summing this over r, and using that SES is diagonal, we get
(SQ)ij - 6”*D

(ii) By definition, S;;/d; is an eigenvalue of the integer matrix N; of multipli-
cation by X; in Ry, thus it is an algebraic integer. Now,

D~ Sig Siir
B d

so it is also an algebraic integer.

(iii) 2d; = d; +d;« is an eigenvalue of the matrix N; + N;+, which is a symmetric
integer matrix. So d; is totally real. Next, (S;; + S;=;)/d; is also an eigenvalue of
N; + N;-, so it is also totally real and hence S;-; is totally complex conjugate to
S;j. This together with (i) implies that under any complex embedding of Q(S;;),
S8t = D, where t is the Hermitian adjoint to S, as desired. ]

8.18. The Anderson-Moore-Vafa property and Verlinde categories

8.18.1. The Anderson-Moore-Vafa property. Let C be a pre-modular
tensor category with simple objects X;. Consider the space

El. = HOmc(Xr,XZ‘@X]‘@Xm).

ijm

Using the braiding, this space is identified with £
braiding implies that

det(c?

7im- The hexagon relation for the

)= det(c?m

gr,,) det(Gy ez, ).

Recall that ¢ acts on Hom(X,, X, ® X,) by the scalar T,/T,T,. Therefore, the
last identity can be rewritten in the form

H(T Tm/T) ” Nom :H(TTm/T le JPH TTm/T Jm lp
P

P

Cij, mlE'

This implies the following result.

THEOREM 8.18.1. (Anderson-Moore-Vafa) In a pre-modular category, one has

NP N” NP NI 4+NP? N
(TTT T) ”m _HT ij pm+ im Jp+ jm*Vi

p

T R P r
where N = Zp NiNp,
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COROLLARY 8.18.2. (JAndeM, Vaf, [E])
(i) In a pre-modular category, TN =1 for some N dividing D°/?.
(ii) In a modular category, T/\/D is a root of unity of order dividing 4D%/?|I|
(where D := dimC).

PRroOF. (i) For notational convenience, let us write the operation in k* addi-
tively, and to avoid confusion denote the elements of this additive group correspond-
ing to Tj by t; (e.g., if k = C, we can realize k* as C/Z, and then t; = log(T})/2mi).

The Anderson-Moore-Vafa equation can be written as the following equation
iIl Z ®Z [I(XS

Nj @ (ti +tj + b + ) = > _(NEN,, + NE NI+ NP NT) @ t,.
P
Let R be the ring of integers of the number field generated by d;. Multiplying the

last equation by d,., and taking the sum over r, we get the following equation in
R ®Z [I( X .

didjdp @ (ti+tj+tm)+ > deNJ,, @ty = > (NEdpdy+ NE, didy+ NE, did,y) ®t,.
T P
Let us now multiply this equation by d; and sum over i. Then we get

> d2djdy ®ti+Ddjdy @ (ti+tm)+ Y didnd?®t, =Y (2d;dmdi+DN?, d,) @t
7 T P

After cancellations we get

Ddjdp @ (t; +tm) =D Y NP dy @t
p

Now multiply this by d; and sum over j. We get
D?dpy @ty + Y Ddypd} @ t; = Ddy, Y d2 01,

j P
After cancellation we get
D*d,, ®t,, =0,
and using that d?, divides D, we find that T}, is a root of unity of order dividing
D>/2.
(ii) The second statement is deduced from the first one by taking the determi-
nant of the equation (ST)? = 752 and using that det(S)* = D21, O

COROLLARY 8.18.3. The central charge £(C) of a modular category C is a root
of unity.

PROOF. The equality s* = id implies that det(s) is a 4th root of unity. Since
det(t) = xeo(c) Oy it follows from Corollary BISZ(ii) that det(t) is a root of
unity. Taking the determinant of both sides of (8B.60]), we see that £(C) must be a
root of unity. O

ExAMPLE 8.18.4. As an example consider the Ising category, with simple ob-
jects Xg =1, X; = xand Xo = X, where y® x =1, x @ X = X ® x = X, and
X ® X =1@® x. Then we have

1 1 V2
S=11 1 =2
V2 =V2 0
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In this case, it is easy to check that we must put 77 = —1, but the axioms of a
modular datum do not impose any conditions on 6 = T} 1. On the other hand,
the Anderson-Moore-Vafa identity for i = j = m = r = 2 gives 68 = —1, i.e., 0

must be a primitive 16-th root of unity. Thus the Anderson-Moore-Vafa identity
does not follow from the axioms of a modular datum. On the other hand, if 6% =
—1, the corresponding modular datum is categorifiable. (There are eight non-
degenerate braided categories with such a fusion ring, and sixteen modular ones,
parametrized by choices of v/2 and by #; namely, each braided category has two
modular structures, differing by the sign of 6).

8.18.2. Verlinde categories.

EXAMPLE 8.18.5. (Verlinde modular categories)

Let g be a simple complex Lie algebra. For simplicity let us assume that it is
simply laced (so («, ) = 2 for roots). Let h be the Coxeter number of g, let ouax
be the maximal root of g, and let p be half the sum of positive roots of g.

Let [ > h be a positive integer, and let ¢ € C be such that the order of ¢ is I.

Andersen and Paradowski [AndeP] associated to the pair (g,¢q) a remarkable
modular category C(g,q), referred to as the Verlinde modular category, which is
some “semisimple part” of the representation category of the associated Lusztig
quantum group UqL (g), more precisely the quotient of the subcategory of tilting
modules by the subcategory of negligible modules. This construction is rather
complicated, see e.g., [BakK] for a more detailed summary. The simple objects
of C(g,q) are V), where A are dominant weights for g such that (A + p, dmax) < !
(e.g., C(sly, e™/®) has 7 simple objects). The central charge of C(g, q) equals e2™*¢/8
where ¢ = w.

An important result of M. Finkelberg [Fi2] asserts that the Verlinde modular
category C(g,q) and the category of integrable modules of level k := [ — h over
the cor;esponding affine Lie algebra g are equivalent as modular categories when
qg= eﬂi l_

Let us discuss in a bit more detail the case of g = slp (without proofs). In
this case, h = 2. Let k = — 2, and call the corresponding category Cx(q). So we
have simple objects Vo = 1,..., Vi, and the fusion ring is the truncated Verlinde
ring defined in Example For instance, Co(q) = Vec, C1(q) = Vec 5 (where
w is the nontrivial 3-cocycle), C2(q) is one of the Ising model categories considered
above, etc.

The simple objects of Cx(q) are the irreducible representations of the Lusztig
quantum group uq(sly) (i.e., simple comodules for the quantum function algebra
O4(SLs)) with highest weights 0, ..., k. The tensor product is the truncation of the
usual product defined by

‘/i®usualVYj:Vvi®ij@Nij

(and thus V; ® V; = V; ®usual Vj/Nij), where N;; is a certain “negligible” part
of Vi ®usual Vj, consisting of the direct summands which have the property that
the quantum trace of any endomorphism is zero (where the quantum trace of a
morphism f : V' — V is defined as usually for quantum SLy, namely Tr,(f) =
Tr(fK); so in particular, for the quantum dimensions of V;, we have dimV; =
Try, (K) = [Z + 1](1) For example, V1 @usual Vi = Vi1 @ Vieyr, but Vi (Called the
Steinberg module) is an irreducible module of dimension [k + 2], = [l]; = 0, so it is
negligible in the above sense and hence V; ® Vi, = V1. It can be checked that this
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truncation procedure is compatible with the associativity morphisms and braiding,
and gives rise to a modular tensor category (as mentioned above, the twists Cx(q)
are given by 6,, = ¢~™(m+2)/2 for some choice of ¢'/?).

EXERCISE 8.18.6. (i) Let Dy be the pointed subcategory of Cx(q), with simple
objects 1 = Vp and X = V}, (recall that V}, ® Vi, = 1). Show that the braiding
cx.x is given by the scalar i* (for one of the choices of ¢'/?). Deduce that Dy, is
equivalent to Rep(Z/2Z) as a fusion category if and only if k is even, and that if
k is odd then the associativity is defined by a nontrivial 3-cocycle on Z/2Z. Show
that Dy, is symmetric if and only if & is even, and is equivalent to Rep(Z/2Z) if k is
divisible by 4, and to the category sVec of super-vector spaces if £k = 2 mod 4.

(ii) Compute the S-matrix of Cr(q) (Hint: you may ignore the truncation, as
the trace of ¢ on the negligible part by its definition is zero). Check that the
resulting representation of SLy(Z) factors through SLy(Z/NZ) for some N. What
is N? (The representation you will get is called the Weil representation).

EXERCISE 8.18.7. Show that the objects Vp and V5 of C3(q) (where ¢ is a
primitive 10th root of 1) span a fusion category that categorifies the Yang-Lee
fusion ring with basis 1, X and X2 = X + 1. We will denote this category Y L for
q = exp(mi/5) and Y L_ for ¢ = exp(27i/5).

EXERCISE 8.18.8. Show that Ci(q) is equivalent to Ci(q’) as a fusion category
if and only if ¢/ = ¢**.

Hint: Let ¢ : Vi — V;* be an isomorphism, where V3 € Ck(q) is the two-
dimensional representation. Show that TrL(qS o (¢*)71) equals to —q — ¢ 1.

EXERCISE 8.18.9. Let C be a spherical tensor category with spherical structure
ax : X — X*. A morphism f : X — Y in C is called negligible if for any morphism
g:Y—)XonehasTrL(aXogOf) =0.

(i) Show that if X,Y are indecomposable, and f : X — Y is not an isomor-
phism, then f is negligible.

Hint: Take g : Y — X and show that go f is not an isomorphism. Deduce that
g o f is nilpotent and conclude that TrL(aX ogo f)=0.

(ii) Show that the composition of a negligible morphism with any morphism is
negligible, and the tensor product of a negligible morphism with any morphism is
negligible.

(iii) Use (ii) to conclude that the category C with the same objects as C, and
Homz(X,Y) := Hom(X,Y)/Homyegligible (X, Y) (where Homyegligibie(X,Y) is the
subspace of negligible morphisms) is a semisimple spherical tensor category, whose
simple objects are the indecomposables of C of nonzero dimension. Show that if C
is braided or symmetric, so is C. Show that C is a fusion category if C has finitely
many indecomposables. Deduce that if C = Repy(G), where G is a finite group,
and charle = p > 0, then C is a symmetric fusion category if the p-Sylow subgroup
of G is cyclic.

Hint: For the last question, use the result of [Hi] that k[G] has finite represen-
tation type if and only if the p-Sylow subgroup of G is cyclic.

(iv) Let C be the category of modules over the Hopf algebra k|z], where chark =
0, and A(z) = 2®1+1®2. Show that C is equivalent to the category Rep(S Lz (k))
as a symmetric tensor category.

(v) Let chark = p > 0, and C be the symmetric category Repy (Z/p) (so it has

p indecomposables of vector space dimensions 1, ...,p). Show that C is a symmetric
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fusion category with p — 1 simple objects, which categories the Verlinde fusion ring
Ver,_, in characteristic p, see Example M

(vi) Do part (v) in the case C = Repk[z]/(2P), where x is primitive. Does the
resulting category C have the same Grothendieck ring as in (v)?

(vii) Let chark = 0, and H be the Taft Hopf algebra of dimension n? (Example
[(.5.6), and C = Rep(H). Classify indecomposable objects in C, and show that C
is a fusion category that categorifies the fusion ring Z[Z/n] ® Ver,,_5. Explain the
relation of C to the Verlinde categories C(q) from Example

(viii) Let C be a nonsemisimple tensor category and Csar, be the stable category
of C, which by definition is the additive monoidal category that has the same objects
as C, and Home_,, (X,Y) = Hom(X,Y)/I(X,Y), where I(X,Y) is the space of
morphisms that factor through a projective object. Show that the natural functor
F : C — C factors through Cgtap-

Hint: Use the method of the proof of Theorem

(ix) Show that the functor F' from (viii) is an additive monoidal functor (bilinear
on morphisms). Is F exact on any side?

REMARK 8.18.10. The construction of the category C is discussed in [BarW]
and more recently in [AAITV].

8.19. A non-spherical generalization of the S-matrix

Let C be a braided (but not necessarily spherical) fusion category. Let us fix
some notation. Given an object X € C, a natural (but not necessarily tensor)
isomorphism ¢ x : X — X**, and a morphism f : X — X, we define

(8.67) Tro(f) =Tr"(Yxof) and Tr_(f) = Tr(f o),
where the traces Tr” and Tr® were defined in @X) and @3). We also set
(8.68) dy (X) = Tre(idx).

The numbers Try(f) and d4(X), X € O(C) depend on . Namely, replacing v
by 1 o o, where a = {ax}xco(c) is an automorphism of the identity functor of C
changes d (X) to af'ds(X).

DEFINITION 8.19.1. Define the matrix S = (Sxv)x,yeo(e) by

(Tr_ & Tr+)(0y7X o CX7y)

(869) §Xy = d_ (X)d+(Y)

Note that if one replaces ¥ by 1 o a as above then both the numerator and
the denominator of (869) are multiplied by a}lay, so that 5xy does not change.
Thus, the matrix S is an invariant of a braided fusion category C and does not
depend on the choice of ¢ (unlike the S-matrix of a pre-modular category, cf.

Remark BT33)(ii)).

DEFINITION 8.19.2. A braided fusion category C is said to be non-degenerate
if the corresponding matrix .S is non-degenerate.

"This is the simplest one of the categories discussed in Remark [1:9.34] below (namely, the
one associated to SLz).
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For a pre-modular category C we have

3 _ SXY
YT dim(X) dim(Y)’

i.e., the S-matrix can be thought of as a normalized S-matrix. Note that S and S
have the same rank.

REMARK 8.19.3. Clearly, a pre-modular category is modular if and only if it is
non-degenerate in the sense of Definition [8.19.2]

We will need the following “non-spherical” analog of the Verlinde formula (849).
Let C be a braided fusion category. Pick a natural isomorphism ¢x : X —
X*, X € OC). For all Y, Z, W € O(C) consider the linear automorphism

tyy : Hom(W, Y ® Z) = Hom(W, Y @ Z), f > ¥y, (ty ®@¥z)f.

The automorphisms #}Y,, measure the failure of ¥ to be an isomorphism of tensor
functors. Let 7YY, denote the trace of t1,,.

REMARK 8.19.4. One can show that for a certain choice of the isomorphisms
Yx one has TV, € Z (we will not need this fact in the sequel). When 4 is a
spherical structure (i.e., an isomorphism of tensor functors) we have Ty, = Ny,
where NY¥, denotes the multiplicity of W in Y @ Z.

The numbers TY", depend on the choice of ¥. Namely, if one replaces 1) by
Yoa, where a = {ax } xeo(c) is an automorphism of the identity functor of C, then

Ty, gets multiplied by Sx>4. Therefore the numbers
N d+ (W)
8.70 Ny = — T, Y, Z,WeO
( ) YZ d+(Y)d+(Z) YZ> s Ly € (C)7

do not depend on the choice of 1. Note that N/, = 0 when Ny, = 0.

LEMMA 8.19.5. For all X, Y, Z € O(C) we have

(8.71) Sxvixz= Y., Nyzéxw.
Weo(C)

PRrROOF. Consider the equality
(8.72)
(CY,X ® Idz) o (Idy ®cz,x © vaz) o (CX,Y X Idz) =CyeZ,X °CX,Y®Z, X € O(C)
Let us apply Try(Tr— ®idy ® Try) to both sides of ([B72)). The left hand side
gives d_(X)d1(Y)d+(Z)$xySxz. For W € O(C) let Wg/v(;)z be the idempotent
endomorphism of Y ® Z corresponding to the projection on the maximal multiple
of W contained in Y ® Z. Then the right hand side of (872) gives

d_(X) Y Trilidy @ Tro)(nye)dxw = d—(X) > dy(W)T¥,5xw.
Weo(C) Weo(e)

Comparing the results, we obtain ([871)). O
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8.20. Centralizers and non-degeneracy

DEFINITION 8.20.1. Objects X and Y of a braided monoidal category C are
said to centralize each other if

(8.73) cy,x ocxy =idxgy -

EXERCISE 8.20.2. Let A, B be commutative algebras in a braided category C
which centralize each other. Show that A ® B is a commutative algebra.

Let C be a fusion category. The centralizer D’ of a fusion subcategory D C C
is defined to be the full subcategory of objects of C that centralize each object of
D. Tt is easy to see that D’ is a fusion subcategory. Clearly, D is symmetric (see
Definition BII2)) if and only if D C D'.

Note that if X, Y € O(C) centralize each other then $xy =1 (the S-matrix of
C is introduced in Definition BI9.1]). Proposition below provides a charac-
terization of the centralizer of a fusion subcategory of a braided fusion category in
terms of its S-matrix.

Lemma below was proved by Altschiiler and Bruguieres in [AIB] under
the assumption that 1 is an isomorphism of tensor functors, i.e., a pivotal structure.
Our proof is a slight modification of that in [AIB]. Let O(C) denote the set of simple
objects of C.

Recall that for any object X and morphism f : X — X we defined the traces
Tri(f) and dimensions d4 (X) in [B67) and (BES) (depending on a choice of an
isomorphism ¥x : X = X**).

LEMMA 8.20.3. Let C be a fusion category (not necessarily pivotal) and let
D C C be a fusion subcategory. Let V be a fived object of C and let By : U @V =
U®V,U €D be a natural family of isomorphisms. Define

(8.74) Hy:= Y di(Y)(Tr-®idygv)Byeu.
Y€O(D)
Then HU = IdU ®H1
PRrROOF. For any object Y in D and any X € O(D) let 7T§/X) :Y — Y be the
idempotent endomorphism of Y corresponding to the projection on the maximal
multiple of X in Y. Define auxiliary morphisms A%, BY :U®V - U ®V by

AY = (idy @evy @ idy) (Thg k- ® Bx)(idy @coevy @ idy ),

BY = (evy ®@idugy)(idy- ®Byeu(riey @idy))(coevy @ idugy).
To prove the Lemma it suffices to check the identity
(8.75) A (X)A% = d,(V)BY, X,Y €O(D),
since then the result follows by taking the sum of both sides of (B0 over X,Y €
O(D).

If X, Z are objects in C then there is a non-degenerate pairing

(8.76) Hom(X, Z) x Hom(Z, X) : (f,g) — Tr+-(fg).

For any basis {f; }ier of Hom(X, Z) let {f*}icr be the basis of Hom(Z, X) dual to
{fi}icr with respect to the pairing [876). In the case when X is simple, we have
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the following straightforward identities:

Fify=do(X)oyidx, Y =d (X)) fif

icl
Let us take Z =Y ® U above. Using the naturality of 3, we obtain
Byeu(nigy @idv) = di(X)Y Byev(fifl ®idy)
il
= dy(X)) (fi@idy)Bx(ff @idy).
i€l
For every ¢ € I consider morphisms
gi = (evy ®idygx+)(idy+ ®f; ® idx+)(idy+ ®coevy) : Y* - U ® X*,
g = (idy- ®evy)(idy- @f ®@idx-)(coevly @ idpgx-): U® X* — Y*.
Using the axioms of evaluation and coevaluation, we obtain
(idy ®evx)(g; ®idx) = (evy ®idy)(idy- ®f;),
(¢° @ idx)(idy @coevly) = (idy- ®f%)(coevh @ idy).

Using the definitions of Tr4 and the properties of the evaluation and coevaluation
maps, one computes
d_(Y™*) _d_(Y)

Tr_(g'g;) = %) T (f' 1) )

5ij'
Hence, g'g; = d4(Y)'6;;idy~ and, therefore, >, ; gig" = d+(Y)_17T((}g))(*. Using
the previously obtained identities, we compute
BY = di(X)(evy ®idugy)(idy @Y (fi ®idv)Bx (f* @idy))(coevy @ idugv)
icl
= dy(X)(idy ®evyx @idy)(D_ gig' @ Bx)(idy @coevy @ idy)
iel

= (X)(idy ®evyx @ idy)(dim(Y) "' rle . @ Bx)(idy @coevy ® idy)

= dy(X)dy(Y) 1 AX,
and the result follows. ]

REMARK 8.20.4. Lemma [8.20.3] can be thought of as a categorical analog of
the Haar theorem. Indeed, for C = Vecg, where G is a finite group, it says that the
counting measure is invariant under translations.

Let C be a braided fusion category with braiding ¢. Let S = {3xv}x,yeo() be
the S-matrix of C, see Definition BIJ.1l Let D C C be a fusion subcategory. The
next Proposition was proved by D. Altschiiler and A. Bruguieres in [AIB] for pre-
modular categories (see [Mu3] for the proof in the special case of pseudo-unitary
braided fusion categories).

PROPOSITION 8.20.5. Let C be a braided fusion category, let V' be a simple object
in C, and let D C C be a fusion subcategory. We have the following dichotomy:
(i) Ve O(D') if and only if Syv =1 for allY € O(D),
(il) V € O(D') if and only if ZYGO(D) [Y'|25y1 = 0 and if and only if
ZYEO(D) §VY|Y|2 =0.
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PRrROOF. Note that conditions in the statement of the Proposition are indepen-
dent from the choice of a natural isomorphism ¥y : X = X**.
Fix V € O(C) and set Sy = cyycy,y in Lemma 82031 Then

Hy = Z d (Y)(Tr- @idvgv)(cvyeveyeu,v)
Yeo(D)

Z dJr(Y) (Tr, ® idU®V)(idy ®CV,U)(CV,Y O cCy\v ® IdU)(Idy ®CU,V)
YeO(D)

= (idy ®Hy)ey,u ocy,v-

We have Hy =}y cop) d+(Y)(Tr-®idy)(cv,y o cyv) : V. = V. Applying Try,
we obtain H1 = 3y cop) |Y|?3yy idy. Combining this with Lemma R20.3 we
obtain

(8.77) > Y Psyv | (cvwocoy —idugy) =0, for all U € O(D).
YeO(D)

Note that, when Syy = 1 for all Y € O(D), the first factor in ([RI7) equals
dim(D) # 0 and hence, cy,y o cy,y = idygy for all U € O(D), which proves (i). If
the second factor is not zero for some U € O(D) then the first factor must vanish,
and the first part of (ii) follows. The second part of (ii) is proved similarly. O

EXAMPLE 8.20.6. Let (G, q) be a pre-metric group and H C G a subgroup. If
C is a pointed braided category corresponding to a pre-metric group (G, q) and D
corresponds to a subgroup H C G then D’ corresponds to H+.

Now we will formulate the main properties of centralizers. In the case of pointed
braided categories (see Example B20.6) Theorems B.20.7 R2T.1] and R21.4] below
amount to standard properties of orthogonal complements.

For a fusion subcategory D of a braided fusion category C, let us consider the
following submatrix of the S-matrix of C:

(8.78) Sp = {3xv}xeom)yeo():

Note that S = Se.

Let C be a braided fusion category and let D C C be a fusion subcategory. Since
C is a D’-module category, it decomposes into a direct sum of indecomposable D’-
module subcategories, called D’-module components of C, see Proposition [[.6.7 and

Definition [T.6.8]

THEOREM 8.20.7. The rank of Sp is equal to the number of D'-module compo-
nents of C. In particular, C is non-degenerate if and only if C' = Vec.

PrOOF. Given a fusion subcategory D C C let us define an inner product of
functions f, g : O(D) — k by

(8.79) (o= D IXPAX)g(X).
XeO(D)
For any Y € O(C) define hy : O(D) — k by hy(X) = xv.
The idea of the proof is to show that functions hy and hz are equal if and only

if Y, Z belong to the same component and are orthogonal with respect to the inner
product [879) if and only if they belong to different D’-module components of C,
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see Lemmas B.20.8 and [8.20.9] below. This will imply that distinct columns of Sp
are linearly independent and are parametrized by D’-components of C.

LEMMA 8.20.8. Let D C C be a fusion subcategory. Suppose Y,Z € O(C) are
in the same D'-module component of C. Then
hy = hgz.

PROOF. Let us choose W in D’ so that Y is contained in Z @ W. Let p(ZQW :

Z @ W — Y be a projection from Z ® W onto Y and let i(ZQW Y - Z@ W be

an inclusion of Y into Z ® W such that p(Z}gwi(ZQW =idy. For any X € O(D) we
compute
Sxy =d_(X) ' (V) HTr_@Try)(cy.x o cxy)
= d_(X) e (V)T (Tr-@Try ) (idx @pYaw) (czemx © ex,zew)(idx ® i55y))
= d_(X) " (V) (Tr-@Try) ((idx @pga ) (cz.x © ex,2 @ idw)(idx @ i50y))
=d_(X)'do (V) (d-(2) N (Tr_@Try)(czx o cx.z)) Try(idy)
= S§xz,
as required. (Il

LEMMA 8.20.9. ForY,Z € O(C) we have (hy, hz)p =0 if and only if Y and
Z are in different D'-module components of C.

ProOF. Fix Y € O(C). If Z € O(C) is such that Y and Z are in different
D’-components of C, then

(hy, hz)p = > |X[*sxyéxz
Xeo(D)
= > M| ) KPaw
weo(c) Xeo(D)
= dim(C) Y N, =0,
Weo(D’)

where we used Lemma and Proposition B20.5(ii).

Assume there is Zp in the D’-module component of Y such that (hy, hz,)p = 0.
Then by Lemma we have (hy, hz)p = 0 for any simple Z from the D’-
component of Y. Thus we have seen that for any Z € O(C)

> |XPsxyéxze = (hy, hz)p = 0.
Xeo(D)

Multiplying the last equation by |Z|?, taking the sum over Z € O(C), and using
Proposition [B:20.5] we obtain

Z | X|*5xy Z Sxz|Z|°

XeO(D) Zeo(C)
= dim(C) > |X|Psxy
Xeo(pne’)

= dim(C)dim(DNC’),

o
I
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which is a contradiction, since the categorical dimension of a fusion category is
nonzero by Theorem [(.21.12] O

Let us complete the proof of Theorem It follows from Lemma
that the functions hy, where Y runs through the set of simple objects representing
different D’-module components of C, form an orthogonal basis of the vector space
generated by the columns of Sp. |

COROLLARY 8.20.10. Let C be a braided fusion category. A fusion subcategory
D C C is a non-degenerate braided category if and only if DND' = Vec. O

COROLLARY 8.20.11. Let D be a fusion subcategory of a non-degenerate braided
fusion category C. Then the number of D'-components of C is equal to |O(D)|.

PROOF. Since C is non-degenerate, the rows of Sp must be linearly indepen-
dent. |

Now we collect various conditions equivalent to the non-degeneracy of a braided
fusion category. Recall from Definition [.6.2] that a braided tensor category is
factorizable if the braided tensor functor G : C ¥ C* — Z(C) defined in (BIF) is

an equivalence.

PRrROPOSITION 8.20.12. The following conditions are equivalent for a braided
fusion category C:
(i) C is non-degenerate (see Definition BI9.2]);
(ii) ¢’ = Vec;

(iii) C is factorizable.

PROOF. The equivalence (i)<(ii) is already proved in Theorem So we
just need to prove the equivalence (ii)<>(iii). By Theorem we have
FPdim(Z(C)) = FPdim(C)? = FPdim(C X C**V).

Hence, it suffices to prove that ' = Vec if and only if G is fully faithful. The latter
condition holds if and only if the images of C and C*V in Z(C) intersect trivially.
But their intersection is precisely C'. (]

We shall prove later in Theorem [0.3.2] that the center of a fusion category is a
fusion category. Given this result, we can deduce the following.

COROLLARY 8.20.13. Let C be a fusion category. Then its center Z(C) is non-
degenerate.

Proor. Combine Propositions B.6.3] and [8.20.121 O

COROLLARY 8.20.14. The center of a spherical fusion category is modular.

ExAMPLE 8.20.15. Let H be a complex semisimple Hopf algebra. It is known
that the Drinfeld double D(H) of H (see Section[R3)) is also semisimple (see Proposi-
tion [T I8 TH)). Therefore, Rep(D(H)) is a modular category (e.g., Rep(D(G)), where
G is a finite group, is a modular category).

In conclusion of this section, let us prove a result about non-degenerate braided
categories in an arbitrary characteristic.
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PROPOSITION 8.20.16. Let C be a non-degenerate braided fusion category over
an algebraically closed field k of any characteristic. Then dim(C) # 0. Moreover,
in this case we have

> X Paxydxez = dim(C)dy z,
X
where the sum is over the simple objects of X, and in particular (for Z =1)

Z |X|2§XY = dlm(C)éy]_
X

PRroOOF. Let D = C. Since C is non-degenerate, D’ = Vec. Then, arguing as in
the beginning of the proof of Lemma B20.9] we see that

Z ‘Xlzgxygx*z = lel(C)éyz
X

(as N&,. = dyz). Since the matrix (5xy) is non-degenerate, this implies that
dim(C) # 0. The proposition is proved. |

Now we can derive the converse to the Larson-Radford theorem (Corollary
[CISI0).

COROLLARY 8.20.17. Let H be a semisimple and cosemisimple Hopf algebra
over an algebraically closed field k of any characteristic. Then Try(S?) # 0.

PRrROOF. Consider the Drinfeld double D(H) of H. Clearly, Trp ) (S?) =
Tri(S?) Tryg=op (S?), so it suffices to show that Trp(g(S?) # 0.

By Proposition [T I8TH], D(H) is semisimple, so the category C = Rep(D(H)) is
a fusion category. This category is braided, since it is the Drinfeld center of Rep(H).
Also, it is clearly non-degenerate, since the square of the braiding is defined by the
element R*'R € D(H) ® D(H), which is a non-degenerate tensor (i.e., defines a
non-degenerate bilinear form on D(H)*); this follows from the fact that R € HQ H*
is the canonical element.

According to Example [L2TA, Trp(g)(S?) is the categorical dimension dim(C)
of the category C = Rep(D(H)). So it suffices to show that dim(C) # 0. But this
follows from Proposition |

REMARK 8.20.18. In fact, Larson and Radford show that Try (S2) = e(I)A(1),
where A is a left integral of H* and I is a left or right integral of H*, such that
A(I) = 1 (see Exercise [[LTOI0 for a proof). This gives another proof of the fact
that Try(S?) # 0 if and only if H is semisimple and cosemisimple.

8.21. Dimensions of centralizers

THEOREM 8.21.1. Let C be a braided fusion category and let B, D C C be fusion

subcategories.
(i) We have
(8.80) dim(BN D) dim(D) = dim(D N B') dim(B),
in particular,
(8.81) dim(D) dim(D’) = dim(C) dim(D N C").
(i) If D D C' then
(8.82) D" =1D.
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Proor. We use Proposition [8.20.5] to compute

S IXPsxzlzP SoOIXP| DD dxzlzp?

XeO(D) zeO(B) XeO(D) ZeO(B)

dimB) > |X|?
XeO(B'ND)

= dim(B) dim(B’' N D).

Changing the order of summation in the above computation, we see that the same
expression also equals dim (D) dim(BND’), proving (B0)). Taking B = C, we obtain
[B31). Finally, when D D C’, we have

dim(D) dim(D’) = dim(C) dim(C") = dim(D’) dim(D"),
whence dim(D) = dim(D"”) and D = D", proving (8.32). O

For a pair of fusion subcategories A, B C C let AV B denote the smallest fusion
subcategory of C containing .4 and B.

COROLLARY 8.21.2. If D C C is any fusion subcategory then D" =DV C'.

PROOF. Let D = DV C'. Then D' = D', so D’ = D’ = D by Theorem
[B2T1Kii). O

COROLLARY 8.21.3. Let C be a braided fusion category and let A, B C C be
fusion subcategories. Then

(8.83) dim(A) dim(B) = dim(.A Vv B) dim(.A N B).
PROOF. We can assume that C is non-degenerate, for otherwise we replace C

by Z(C) which is non-degenerate by Corollary B20.T3] Using equation ([B31]) twice
and equation ([B380) with D = A’, we have

. dim(C) dim(C) dim(B) dim(A) dim(B)
d VvV B) = = = .
AV E) = G T AB) ~ dm(A) dm(ANB) ~  dm(AnNB)
Note that the categorical dimensions are nonzero by Theorem [.21.12] O

The following result is an easy consequence of Theorems B20.7 and B2TTI(ii).

THEOREM 8.21.4. Let C be a braided fusion category and K C C a fusion
subcategory. Suppose that the braided category K is non-degenerate. Then

(i) the natural braided tensor functor KXK' — C is an equivalence;
(ii) K’ is non-degenerate if and only if C is.

PROOF. By Theorem [R20.7] since K is non-degenerate, XNK’' = Vec. Let D be
the fusion subcategory of C generated by K and K’. The tensor functor CXK' — D
defined by X XY — X ® Y is a braided equivalence.

By Corollary B2T.2] K" is the smallest subcategory of C containing X and C’.
Therefore, K" ~ KXC' ¢ KKK’ ~ D and K"NK’ = C’. In view of Theorem [R20.7]
this proves (ii). Applying Theorem B2T.1)ii) to D, we have D = D" = (K" NK') =
C" =C, proving (i). O

The next theorem is a modification of equation (8.81]) of Theorem B2T.TIi) with
categorical dimensions replaced by Frobenius-Perron ones.
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THEOREM 8.21.5. Let C be a braided fusion category and let D C C be a fusion
subcategory. Then

(8.84) FPdim(D) FPdim(D’) = FPdim(C) FPdim(D N ).

PrOOF. We start with the following result. Let C be a fusion category and let
A, B C C be fusion subcategories. Suppose that

(8.85) XY >2Y®X forall X € O(A), Y € O(B).

Property (883]) implies that the simple objects of AV B are the simple summands
of X ®Y with X € O(A) and Y € O(B).

LEMMA 8.21.6. Let C, A, B be as above. Then
(8.86) FPdim(A) FPdim(B) = FPdim(A v B) FPdim(A N B).
PROOF. Recall from Definition B:33.8] that the regular element of Ko(C) ®z R is

Re= Y FPdim(X)X.
XeOo(C)

It is defined up to a scalar multiple by the property that Y ® Re = FPdim(Y)R¢
forall Y € O(C).
One can see that

(8.87) R4 ® Rp = aRavs,

for some positive a. Indeed, take V = ©xco(ua),yecomn) X ® Y. Then the multipli-
cation matrix of V' in Ky(,AV B) has strictly positive entries and both sides of (8.81)
are Frobenius-Perron eigenvectors of V. Hence, they differ by a positive scalar.
The scalar a equals the multiplicity of the unit object 1 in R4 ® Rg, which
is the same as the multiplicity of 1 in Y-, n4np) FPim(Z)?Z ® Z*. Hence,
a = FPdim(ANB). Taking the Frobenius-Perron dimensions of both sides of (8X7),
we get the result. |

Now we will prove Theorem For any fusion category C and any fu-
sion subcategory D C C let Zp(C) be the fusion category whose objects are pairs
(X,cx,—), where X is an object of C and cx _ is a natural family of isomorphisms
cxy  X®V ~V ®X for all objects V in D satisfying the same compatibility
conditions as in the definition of the center of C (so, in particular, Z¢(C) = Z(C)).
Note that Zp(C) is dual to the fusion category D X C°P with respect to its mod-
ule category C, where D and C°P act on C via the left and right multiplication,
respectively. So we have

(8.88) FPdim(2p(C)) = FPdim(D ® C°P) = FPdim(D) FPdim(C).

Also, the forgetful tensor functor F' : Z(C) — Zp(C) is surjective.

Now assume that C is a non-degenerate braided fusion category with braiding
c. There are two embeddings X — (X, cx ) and X — (X, c:}X) of C into Zp(C).
Their images will be denoted by C; and C_. Clearly Cy NC_ = D’. On the other
hand, C; = FG(CK1) and C_ = FG(1KC), where G : CRC°P = Z(C) is the functor
from Proposition Since F' is surjective, we see that C; V C_ = Zp(C). So
applying Lemma to A =Cy and B = C_ we obtain

FPdim(Zp(C)) FPdim(D') = FPdim(C,.) FPdim(C_) = FPdim(C)>.
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By (B88)), this means that
(8.89) FPdim(D) FPdim(D’) = FPdim(C).

Now let C be any (possibly degenerate) braided fusion category. Let D?, C?
denote the centralizers of D, C in the non-degenerate braided fusion category Z(C).
Then the usual centralizer of D in C is D' = D'NC and DNC' =DNC'.

We can compute FPdim(D V C?) in two different ways. First, by Lemma B2T.6]

FPdim(D) FPdim(C!)  FPdim(D) FPdim(C)
FPdim(DNCY) FPdim(DNC)

(we have used the equality FPdim(C') = FPdim(C), which follows from (B89)).

Second, by (B89) we have

(8.90) FPdim(D v C!) =

_ FPdim(Z(C))  FPdim(C)?
~ FPdim(D!'NC)  FPdim(D’)
Comparing (890) and [BIT]) we get Theorem B2T.5 d

COROLLARY 8.21.7. Let C be a non-degenerate braided fusion category and let
D C C be a fusion subcategory. Then

(8.92) FPdim(D) FPdim(D’) = FPdim(C).

(8.91) FPdim(D Vv C)

8.22. Projective centralizers
As before, let C be a braided fusion category.

LEMMA 8.22.1. Let X € C. For each A € k* let Dy be the full subcategory of
objects Y such that cy,xcxy = A -idxgy.
(i) IfY € Dy and Z € D,, then Y @ Z € Dy,;
(ii) If Y € Dy then Y* € Dy—1;
(iii) The category

(8.93) D= P Dy

Ak
is a fusion subcategory of C.

PROOF. Statement (i) is immediate from the hexagon axiom for the braiding.
To prove statement (ii), observe that if Y* € Dy (i.e., cy+ x = Ac}}y*) then by
B23)-[829), c{,’lx = Acxy, ie., Y € Dy-1. Finally, (iii) follows from (i) and (ii)
combined. (]

REMARK 8.22.2. According to (i), the decomposition ([893) is a grading of D.

DEFINITION 8.22.3. We say that simple objects X, Y &€ C projectively centralize
each other if cy x ocxy = A - idxgy for some A € k*. If X and Y are arbitrary
objects of C we say that they projectively centralize each other if every simple
component of X projectively centralizes every simple component of Y. We say that
full subcategories C1,Cs C C projectively centralize each other if each object of Cy
projectively centralizes each object of Cs.

DEFINITION 8.22.4. The projective centralizer of an object X € C is the full
subcategory of objects of C projectively centralizing X. The projective centralizer
of a full subcategory D C C is the full subcategory of objects of C projectively
centralizing each object of D.
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Lemma [B22.T] implies that the projective centralizer of an object of C (or of a
full subcategory D C C) is a fusion subcategory.

PROPOSITION 8.22.5. For any simple objects X,Y € C the following conditions
are equivalent:

(i) X centralizesY @ Y*;
(ii) X @ X* centralizes Y;
(iii) X and Y projectively centralize each other.

Proor. It suffices to show that (i) and (iii) are equivalent. The implication
(iii)=(i) follows from Lemma [R22.T|(i-ii).
To deduce (iii) from (i) note that (i) is equivalent to the identity

—1 —1 . .
Cyx OCxy ® idy~ = idy ® ¢y~ x o cx,y=.

Applying trace to the last factor we see that ¢y, x o cx y must be a scalar multiple
of idX®y. O

Now we apply the above results to compute the centralizer of the adjoint sub-
category introduced in Section .14l Recall that if K is a fusion subcategory of a
braided category C then K4 is the fusion subcategory of I generated by the objects
X ® X*, where X runs through the set of simple objects of K.

The next proposition describes (KCuq)’. Recall that the commutator £ was
introduced in Definition

PROPOSITION 8.22.6. Let KC be a fusion subcategory of a braided fusion category
C. Then (Kaq) = (K')¢°. In fact, both (Kuq)' and (K')° are equal to the projective
centralizer of IC.

PROOF. By definition, the simple objects of (Kyq)' are those X € O(C) which
centralize Y ® Y* for any Y € O(K). Similarly, the simple objects of (K')% are
those X € O(C) for which X ® X* centralizes any Y € O(K). Now use Proposition
18,220 (]

COROLLARY 8.22.7. Let IC be a fusion subcategory of a braided fusion category
C. Then (K')aq C (K<)'. If C is non-degenerate then (K')aq = (K°)'.

Proor. By Proposition B22.6, ((K')aq) = (K")° D K, s0 (K')aa C (K°)'.

If C is non-degenerate then C’ = Vec, so by Theorem R2T.1[(ii), D’ = D for any
fusion subcategory D C C. Therefore in the non-degenerate case Proposition [B.222.0]
immediately implies the equality (K')qq = (K°)’. O

For any fusion category C let C,y C C be the maximal pointed subcategory of
C, i.e., the fusion subcategory generated by the invertible objects of C.

COROLLARY 8.22.8. If C is a non-degenerate braided fusion category then
(8.94) (Caa) =Cpt CC  and  (Cpt)" = Caa-

ProOF. Apply Proposition [B:22Z.6lin the case K = C. Since C is non-degenerate
C' = Vec, so we get (Cqaq)’ = (Vec)®. Finally, (Vec)® = Cp; (this is immediate from
Definition L.I4.10). The second statement follows immediately from the first one
by Theorem B2T.TY(ii). O
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Here is a more explicit version of Corollary 228 An invertible object X of
a braided fusion category C defines an automorphism «(X) of the identity functor
given by the composition

. . -1
cx,yocy, x ®id x« idy ®coevy

(8.95) Y MrEONX, v o X @ X* YoX®X* Y.

LEMMA 8.22.9. Let X be an invertible object of a braided fusion category C.

(i) a(X) is a tensor automorphism of the identity functor;
(i) the map o : O(Cp) — Autg(ide) is a homomorphism of groups;
(iii) for a non-degenerate category C the homomorphism « is isomorphism.

PROOF. (i) and (ii) are straightforward. For (iii) note that X € O(Cp) is in
the kernel of « if and only if X € C’. Thus under assumptions of (iii) « is injective.
Recall that by Proposition LIZ43] (iii), we have Autg(idc) = Hom(Uc, k*) where
Ug is the universal grading group. It is clear that for a braided category C the group
Uec is commutative and hence Uz = Hom(Autg(idc), k*). The homomorphism o :
Uc = Hom(Autg (ide), k*) — Hom(O(Cpt), k™) dual to « is surjective and hence
defines a faithful grading of C by the group Hom(O(C,), k*), see Proposition . 143
It is clear from the definitions that the trivial component of this grading is precisely
(Cpt)’. By Lemma [B22.8 we have (Cp:)’ = Cqq and by Corollary Cuq is the
trivial component of the universal grading. Hence a¥ and « are isomorphisms, and
the lemma is proved. O

Proposition 143 provides a canonical isomorphism Autg, (id¢) = Hom(Ug, k™),
where Ug is the group of the universal grading. So we can consider the homomor-
phism a : O(Cp;) — Autg(idc) as a pairing

(8.96) (,):OCp) x Ue — k*.

Now Lemma [B22.9(iii) says that for a non-degenerate braided fusion category C
this pairing is perfect.

8.23. De-equivariantization

The goal of this section is to describe the construction opposite to the equiv-
ariantization.

Let C be a fusion category. Recall from Section that given an action of a
finite group G on C, one constructs a fusion category C“ of G-equivariant objects
in C (see Definition 27.2). Furthermore, there is a canonical fully faithful tensor

functor
(8.97) Rep(G) = Vec® — C“.
PROPOSITION 8.23.1. There is a canonical braided tensor functor
(8.98) F :Rep(G) — Z(C%)
such that

(i) embedding BIM) is canonically isomorphic to the composition of (8A])
and the forgetful functor Z(C%) — C,

(ii) the composition of embedding [BIT) with the forgetful functor C¢ — C
maps Rep(G) to Vec and has a canonical structure of a braided tensor
functor.
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PROOF. We can interpret embedding (897 as follows. For every representa-
tion p : G — GL(V) the object V ® 1 has a natural G-equivariant structure given
by

z@ﬂMV®U:V®1ﬂ@@bV®L

where g — T}, g € G, denotes the action of G on C. The unit constraint of C equips
V ® 1 with a canonical structure of a central equivariant object, i.e., (BT lifts
to a braided tensor functor Rep(G) — Z(C%). This proves (i). To prove (ii), note
that the forgetful functor Z(C%) — CY preserves the unit constraint and, hence,
restricts to a braided tensor functor Rep(G) — Vec. O

REMARK 8.23.2. We will see in Theorem [0.9.20](ii) that the braided tensor
functor Rep(G) — Vec constructed in the proof of Proposition B231]is isomorphic
to the forgetful functor.

THEOREM 8.23.3. Let D be a fusion category and let G be a finite group. Sup-
pose there is a braided tensor functor Rep(G) — Z(D) such that its composition
with the forgetful functor Z(D) — D is fully faithful. Then there is a fusion category
C and an action of G on C such that D = CC.

PROOF. Let A be the image of algebra Fun(G, k) € Rep(G) in D. Let C :=
Modp(A) be the category of right A-modules in D. It is a fusion category thanks to
the full faithfulness condition. Given a right A-module (N, p), wherep : N@ A — N
is the module structure, we can view it as a left A-module via

Ao N 2 N A N,

where vx : X ® A = A® X denotes the central structure of A. Furthermore, com-
mutativity of A implies that N is an A-bimodule, see Definition Hence, the
tensor product of right A-modules is again a right A-module, cf. Definition [[.8.27]
and Exercise Thus, C is a fusion category (see Remark below) with
tensor product ® 4. The free module functor

(8.99) D-C:X—»X®A

is a surjective tensor functor. Furthermore, the action of G on Fun(G, k) by right
translations induces the action g — T, of G on C.

We define a tensor functor D — C by assigning to X € D the free module
X ® A with the G-equivariant structure coming from the action of G on A. The full
faithfulness condition implies that this functor is injective. Since the Frobenius-
Perron dimensions of D and C% are equal (cf. Exercise B.I.I0(ii)) the result follows
from Corollary O

DEFINITION 8.23.4. The category C constructed in Theorem B233 is called
the de-equivariantization of D and denoted Dg.

REMARK 8.23.5. The term de-equivariantization in Definition B234lis justified
by the fact that the assignments C — C¢ and D +— D¢ are mutual inverses. These
assignments can be understood as 2-equivalences between certain 2-categories, see
[DrGNO2| Section 4.2]. In particular, since C is a fusion category if and only if
CC is a fusion category and the functor Rep(G) = Vec” — €€ is fully faithful, we
see that a de-equivariantization of a fusion category is a fusion category.

Next we briefly discuss equivariantization and de-equivariantization for braided
fusion categories.
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DEFINITION 8.23.6. Let C be a braided fusion category. We will say that an

action g — Ty, g € G, of G on C is braided if each T} is a braided autoequivalence
of C.

Let C be a braided fusion category with a braided action of G. The braiding of C
extends to C%, making the latter a braided fusion category such that the forgetful
functor C¥ — C is braided. Note that the image of the canonical embedding
Rep(G) — C% belongs to (CY)".

Conversely, let us show that the de-equivariantization of a braided fusion cate-
gory D by a subcategory Rep(G) C D’ is braided.

We start with an example.

EXAMPLE 8.23.7. Let (G, q) be a pre-metric group, see Section 84l Let H be
a subgroup of G such that g/ = 1 and H C G*. Then there is a well-defined
quadratic form ¢ on the quotient group G/H:

G(x+ H):=q(x), z€G.

Thus, one can take the quotient of a pre-metric group G' by an isotropic subgroup
contained in G*.

Here is a categorical construction analogous to Example B.23.7]

PROPOSITION 8.23.8. Let D be a braided fusion category with braiding ¢ and
let G be a finite group. Suppose there is a fully faithful braided tensor functor
Rep(G) — D'. Then Dg is a braided fusion category with braiding ¢ : M ® 4 N —
N ®4 M such that the diagram

M,N

(8.100) MeoN—2Y  NeoM

L.

CM,N

M@AN— N1 M
commutes. Furthermore, the forgetful tensor functor D — D¢ is braided.

PrROOF. We use the proof given by Pareigis in [Pal. Let A = Fun(G, k) €
Rep(G) and let M, N be right A-modules with action maps ppr : M @ A — M,
N N® A — N. We claim that the diagram

pMmRidy
(8.101) M@ A®N M&N—— M@ N
idyr ®pNocen, A
idar ®CA,NJ/
MeN®A cM,N
CM,N®Aj(
idy ®pmoca,m
NRARQM NOM——N®s M
PN ®idar

is commutative. That is, both squares in (BI0I) commute. The lower square
(i.e., the one containing the lower horizontal arrows) commutes since braiding is a
natural isomorphism. The upper square in (8I0T]) is precisely the perimeter of the
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following diagram:

(8.102) MN®A
idy ®ca, N CM,N®A
c idy ®c
MRARN —=2" . NogMA——"2 \NoA®QM

PM®idNJ/ id ®PM\L

lidz\z ®ca,m
M&N CM,N idy ®pm

NOIM——NM®A.

In diagram (8I02) the triangle on top commutes by the hexagon axiom (81, the
left square commutes by naturality of braiding, and the right square commutes
since A € D’. Hence, the upper square in [BI0I) commutes. Hence, there is a
canonical isomorphism of difference cokernels ¢pr ny : M ®4 N S Nea M. Itis
clear that this isomorphism provides Dg with a braiding such that the statement
of the Proposition follows. O

EXERCISE 8.23.9. Let (G, ¢q) be a pre-metric group. Prove that there exists a
finite abelian group G with surjective homomorphism GG — G such that the pullback
of ¢ to G is of the form B(g, g) for some bicharacter B : G x G — k*.

ExAMPLE 8.23.10. Let D be a pointed braided fusion category with associated
pre-metric group (G, q) (see Section B4l). Assume that H C G is as in Example
B237 Then the full subcategory of D generated by simple objects with isomor-
phism classes in H is contained in D’. Moreover, this subcategory is equivalent to
Rep(H™*) where H* is the dual group of H, see Theorem Thus Proposition
applies. Observe that the category Dy~ is pointed with associated metric
group (G/H,§). Note that this observation together with Exercises 823.9] R4.4]
and provides a proof of the surjectivity statement in Theorem

We use the de-equivariantization construction to analyze centers of graded fu-
sion categories.

PROPOSITION 8.23.11. Let G be a finite group and let

c=pec,

geG

be a fusion category faithfully graded by G. Then Z(C) contains a Tannakian sub-
category € = Rep(G) such that the de-equivariantization of &' by & in Z(C) is
equivalent to Z(Cy1) as a braided fusion category.

PRrOOF. We construct a subcategory £ C Z(C) as follows. For any representa-
tion 7 : G — GL(V) of G consider an object Y; in Z(C) where Y, =V ® 1 as an
object of C with the permutation isomorphism

(8.103) ey, x =m(g)Qidx : Y, X =X ®Y,, when X € Cg,

where we identified Y; ® X and X ®Y, with V®@X. Let £ be the fusion subcategory
of Z(C) consisting of the objects Y, where 7 runs through all finite dimensional
representations of G. Clearly, £ is equivalent to Rep(G) with its standard braiding.
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By construction, the forgetful functor maps £ to Vec and &’ consists of all
objects in Z(C) whose forgetful image is in C;. Consider the surjective braided
functor H : & — Z(Cy) obtained by restricting the braiding of X € &’ from C
to C;. This functor H can be factored through the de-equivariantization functor
£ — (£")q. Hence, there is a surjective tensor functor H : (') — Z(C1).

Using Theorems[T.T16.6] and R22T.5] we conclude that categories (/)¢ and Z(Cy)
both have Frobenius-Perron dimension FPdim(C;)2. By Proposition B34 H is a
braided equivalence. (Il

COROLLARY 8.23.12. In the notation of Proposition B23.11] we have
dim(Z(C)) = |G|* dim(Z(Cy)).
PROOF. Let & = Rep(G) be the canonical Tannakian subcategory of Z(C).
Then dim(&) = |G|. Using Corollary and Theorem R2TT] we obtain

e dim(2(C))  dim(Z(C))
(@) ==l = e

Next, by Proposition [7.2T.15]

dim((£g) = ) — PO

The result follows since (£')g = Z(C1) by Proposition 23111 O

COROLLARY 8.23.13. Let G be a finite group acting on a fusion category C.
Then

dim(Z(C%)) = |G|* dim(Z(C)).

PRrROOF. We saw in Example that C¢ is categorically Morita equivalent
to the graded fusion category C x G whose trivial component is C. Therefore by
Corollary [[16.2, Z(C%) = Z(C x G), and the claim follows from Corollary

O

8.24. Braided G-crossed categories

Let G be a finite group. Kirillov Jr. [Kirl] and Miiger [Mub] found a descrip-
tion of all braided fusion categories D containing Rep(G). Namely, they showed
that the datum of a braided fusion category D containing Rep(G) is equivalent to
the datum of a braided G-crossed category C, see Theorem

DEFINITION 8.24.1. A braided G-crossed fusion category is a fusion category C
equipped with the following structures:
(i) a (not necessarily faithful) grading C = @, Cy»
(ii) an action g — T, of G on C such that Ty(Cy) C Cypg-1,
(iii) a natural collection of isomorphisms, called the G-braiding:

8.104 cxy : XQY 2T, (YV)® X, Xel,,geGand Y €.
; g g

Let vyg,n : TgTy =T gh denote the tensor structure of the functor g — T, and let
g denote the tensor structure of 7.

The above structures are required to satisfy the following compatibility condi-
tions:
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(a) the diagram

(8.105)
T,(X) & T, (Y) ———"20 s Ty 1 (1,(Y)) © T, (X)
(Bo)xy (Ygng—1,4) ¥ ®idry (x)
Ty(X®Y) Ton(Y) @ Ty(X)
Ty(ex,y) (Vg,n)y ®idry (x)
Ty (Th(Y) ® X) Ty(Th(Y)) @ Ty(X),

-1
(iu’y)Tg(Y)’X

commutes for all g,h € G and objects X € C,, Y €C,
(b) the diagram

(8.106) XeY)oZ
XoYe2) (T,(V)oX)®Z
CX,Y@Zl laTg(Y),X,Z
L(Y®2Z)®X T,(Y)® (X © Z)
(My)y,lz®idxl lidTg(Y) ®cx, z

XTg(Y),Tg(2),X

(T,(Y) @ T,(2)) © X T,(Y) @ (Ty(2) @ X)

commutes for all g € G and objects X € C,,Y,Z € C, and
(c) the diagram

(8.107)
X®((Y®2)
(XoY)eZ 2 (Th(2) @
CX%@Y,ZT l X, Ty (2),Y
Tyn(Z) @ (X ®Y) (X ®@Th(2))
('Yg,h)Z@idX@YT lcx T, (2)®idy
1

=
TgThp(Z),X,Y

T,Th(2) ® (X Q®Y)

(TyIh(Z2) @ X)®Y.

commutes for all g,h € G and objects X € Cy, Y € Cp,, Z € C.

REMARK 8.24.2. The trivial component C; of a braided G-crossed fusion cate-
gory C is a braided fusion category with the action of G by braided autoequivalences.
This can be seen by taking X, Y € C; in diagrams (8105]) — (8I07).
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THEOREM 8.24.3 ([Kirl, [Mu5]). The equivariantization and de-equivarianti-
zation constructions establish a bijection between the set of equivalence classes of
braided G-crossed fusion categories and the set of equivalence classes of braided
fusion categories containing Rep(G) as a symmetric fusion subcategory.

We shall now sketch the proof of this theorem. An alternative approach is given
in [DrGNOT1].

Suppose C is a braided G-crossed fusion category. We define a braiding ¢ on
its equivariantization C¢ as follows.

Let (X, {ug}4ec) and (Y, {vy}sec) be objects in CY. Let X = @yeq X, be a
decomposition of X with respect to the grading of C. Define an isomorphism
(8.108)

Dexg,
ixy 1 XQY = P X,0Y —25 (P T,(V)2X, P vex, =vex.
9eG geG geG

It follows from condition (a) of Definition R24.T] that ¢x y respects the equivariant
structures, i.e., it is an isomorphism in C%. Its naturality is clear. The fact that &
is a braiding on C¢ (i.e., the hexagon axioms) follows from the commutativity of
diagrams (8I06) and (BI07). It is easy to check that ¢ restricts to the standard
braiding on Rep(G) = Vec” c CC. Hence, CS contains a Tannakian subcategory
Rep(G).

Conversely, let C be a braided fusion category with braiding ¢ containing a
Tannakian subcategory Rep(G). The restriction of the de-equivariantization functor
F from (B99) to Rep(G) is isomorphic to the fiber functor Rep(G) — Vec. Hence
for any object X in Cg and any object V' in Rep(G) we have an automorphism of
F(V)® X defined as the composition

D vy ®idx,

(8.109) FWV)oX 5 X@FV) S F(V)e X,

where the first isomorphism comes from the fact that F'(V) € Vec and the second
one is a consequence of de-equivariantization being a central functor.

When X is simple, we have an isomorphism Aute(F(V) ® X) = Autvec(F(V)),
hence we obtain a tensor automorphism iy of F'|rep(c). Since Autg (F|rep()) = G,
we have an assignment X — ix € G. The hexagon axiom of the braiding implies
that this assignment is multiplicative, i.e., that iz = ixiy for any simple object Z
contained in X ® Y. Thus, it defines a G-grading on C:

(8.110) C=@P ¢, where O(C,) = {X € O(C) | ix = g}.
geqG

It is straightforward to check that ir, (x) = ghg~! whenever ix = h.

Finally, to construct a G-crossed braiding on C, observe that C and C™V are
embedded into the crossed product category C x G = (CG)E as subcategories Ciegy
and Cyigne consisting, respectively, of functors of left and right multiplications by
objects of C. Clearly, there is a natural family of isomorphisms

(8.111) XY 5 YeX, X € Cieft, Y € Crights

satisfying obvious compatibility conditions. Note that Cies; is identified with the
diagonal subcategory of C x G spanned by objects X Mg, X € Cy, g € G, and
Cuignt is identified with the trivial component subcategory C K e. Using ([22), we
conclude that isomorphisms ([8ITT) give rise to a G-crossed braiding on C.
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One can check that the two above constructions (from braided fusion categories
containing Rep(G) to braided G-crossed categories and vice versa) are inverses of
each other, see [Kirl, Mu5l, DrGNQO2] for details.

REMARK 8.24.4. Let C = ®4cc Cy be a braided G-crossed fusion category. It
was shown in [DrGNOI1] that the braided category C¢ is non-degenerate if and
only if C; is non-degenerate and the G-grading of C is faithful.

8.25. Braided Hopf algebras, Nichols algebras, pointed Hopf algebras

8.25.1. Braided bialgebras and Hopf algebras. Let C be a braided ten-
sor category, and B be an algebra in C. Then, as we have seen above (see Exer-
cise B82(iv)), B ® B is also an algebra in C. Therefore, it makes sense to talk
about B being a bialgebra or a Hopf algebra in C (namely, the usual definition
makes sense). Moreover, if B is a bialgebra (respectively, Hopf algebra) in C then
the category B — mod of B-modules in C is a tensor category (again, the usual
definition of the tensor product makes sense).

In particular, if (H,R) is a quasitriangular Hopf algebra, then a bialgebra
(respectively, Hopf algebra) B in the category Rep(H) is called an (H, R)-braided
bialgebra (respectively, braided Hopf algebra). Applying the forgetful functor, we see
that B is an algebra in the ordinary sense together with a coassociative coproduct
A: B — B® B, but in general A is not an algebra homomorphism from B to the
usual tensor product B ® B. Rather, using the definition of the tensor product of
algebras from Exercise B82)(iv), we find that it is a twisted homomorphism in the
following sense:

A(ab) = (m® m)(id®R o ® id)(A(a) ® A(b)),

where m : B® B — B is the multiplication and o is the permutation of components
(this differs from the usual Hopf algebra axiom by the additional factor R~1).

EXERCISE 8.25.1. Let R™! = Y «; ® ;. Show that if B is an (H, R)-braided
bialgebra (respectively, Hopf algebra), then the smash product algebra B#H (see
Exercise [[.832]) has a natural bialgebra (respectively, Hopf algebra) structure (in
the usual sense), with coproduct defined by the formula

A(b) = Z(b1 ® a;) @ Bi(b2), b € B,

where A(b) = by ® by (Sweedler’s notation).

In particular, all this applies to the case H = D(K) (the quantum double of
K), where K is a finite dimensional Hopf algebra. In this case, R, R™! € K ® K*,
so we see that the subalgebra B#K C B#H is a Hopf subalgebra. The Hopf
algebra B#K is called the Radford biproduct or bosonization of B (following Majid,
[Maj3]), see [Rab, Ra6] and references therein. Moreover, it is easy to see that
the construction of bosonization makes sense in the more general case, when K is
not necessarily finite dimensional, and B is an algebra in the category Y D(K) of
Yetter-Drinfeld modules over K (with opposite braiding). We will use the terms
“braided bialgebra” and “braided Hopf algebra” in this case as well.
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ExaMpPLE 8.25.2. K = kG, where G is a group. Recall that in this case,
a Yetter-Drinfeld module over K is just a G-graded G-module (where G acts on
itself by conjugation). Thus, the algebra B in this case has a decomposition B =
©geaBy, and R™' =37 7' @ J,, so for b € By we have

Ab) =Y By (9 ®1),

geG
where A, (b) is the projection of A(b) to B @ B,.

An important theorem about braided Hopf algebras is the following Radford’s
biproduct theorem ([Rabl, [Ra6l, [AndrS]).

THEOREM 8.25.3. Let K be a Hopf algebra, and A be a Hopf algebra containing
K. Suppose that w: A — K is a Hopf algebra homomorphism such that w|x = id.
Let p : A — A be the linear map defined by w(a) = a1S(w(az2)), where we use
Sweedler’s notation. Let B = p(A). Then B has a natural structure of a braided
Hopf algebra in Y D(K), and the multiplication map B K — A is an isomorphism
of Hopf algebras B#K — A.

Now let K be any Hopf algebra, and V' a (possibly infinite-dimensional) Yetter-
Drinfeld module over K. Then the tensor algebra B := TV is a Hopf algebra in the
category Y D(K), with coproduct given by the condition that v € V' is primitive,
ie.,

Aw)=v@1+10v, veV

(it is easy to see that this coproduct extends uniquely to higher degrees). In par-
ticular, in the setting of Example (i.e., for K = k@), we have V = @4caVy,
and for v € V; we have
Av)=v@1+g'®v,

ie., visa (¢g71,1)-skew-primitive element. So, the biproduct TV#kG is a corad-
ically graded pointed Hopf algebra generated by grouplike elements ¢ € G and
skew-primitive elements v € V;, g € G.

In particular, if G is a finite abelian group of order coprime to chark, then we
can find a biproduct {z;} of V' compatible to the grading, i.e. z; € V,, ¢, € G.
Then we have

97 = Xi(9)xig, A(zi) =2, ©1+g; " ® a3,

where x; are characters of G.

EXERCISE 8.25.4. Show that any pointed Hopf algebra H generated by grou-
plike and skew-primitive elements is a quotient of TV#kG for a suitable V €
Y D(kG). Namely, V = Gnea Ext};_comoa(h, 1)- (Recall that by Proposition [LO.12,

EXt%-Lfcomod(hv g) = Primg,h(H)/ﬂ((g — h))

In particular, Conjecture L. IT.7lwould imply that any finite dimensional pointed
Hopf algebra is a quotient of TV#kG for some finite group G and some finite
dimensional V' € Y D(kG).

It turns out that for coradically graded pointed Hopf algebras, one can say
more: any such Hopf algebra is a biproduct of a group algebra kG with a braided
Hopf algebra B. Namely we have the following proposition, which is a special case
of Radford’s biproduct theorem (see [Rabl, Ra6]).
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PrROPOSITION 8.25.5. Let A be a pointed Hopf algebra, and A = grA. Then
A = B#kG is a Radford biproduct, where G = G(A) = G(A) is the group of
grouplike elements of A and A, and B is a Hopf algebra in the category of Yetter-
Drinfeld modules over kG.

ProOOF. We have a Hopf algebra projection 7 : A — kG such that 7| = id.
This is the setting in which the Radford biproduct theorem applies. Namely, let
p: A — A be the linear map defined by the formula p(a) = a1S(7(az)) (using
Sweedler’s notation). Then by Radford’s theorem (Theorem B253)), B := Im(p)
is a subalgebra of A which has a structure of a braided algebra in Y D(kG), and
the multiplication map B ® kG — A defines an isomorphism of Hopf algebras
B#kG — A. O

EXERCISE 8.25.6. Fill in the details in the proof of Proposition 251 (i.e.,
verify Radford’s theorem in this special case).

EXERCISE 8.25.7. (i) Let A be the canonical algebra of a braided tensor cate-
gory C, see Definition [[L9.12] and let T : CKC®P = CXC — C be the tensor functor
defined by tensor multiplication. Show that 7'(A) has a natural structure of a Hopf
algebra in C.

(ii) In (i), let C = Rep H, where H is a finite dimensional quasitriangular Hopf
algebra. Show that T'(A) is naturally isomorphic to H* as a vector space, and
describe the algebra and coalgebra structures on it in terms of this isomorphism.
The algebra H* with these operations is called the braided dual of H, see [Maj2].

(iii) Compute T'(A) in the case when C is the representation category (of type
I) for the quantum group U,(g), where ¢ is not a root of 1. (You should get the
corresponding quantum function algebra O,(G) with a modified multiplication (see
Section [B.8)); for g = gl,, this is the so-called reflection equation algebra).

REMARK 8.25.8. The algebra A is commutative in the braided category CXC°P,
but in general, the tensor functor T' does not preserve braiding, and the algebra
T(A) is not commutative (in the sense of Definition R&I). It is, however, com-
mutative as a braided Hopf algebra in the sense of [Maj4], Definition 2.3, see also
[Maj3]. Note that this definition makes sense only for Hopf algebras and not for
algebras.

8.25.2. Classification of finite dimensional pointed Hopf algebras and
Nichols algebras. Proposition[8.25.5] plays a central role in attacking the problem
of classification of finite dimensional pointed Hopf algebras. This problem is still
open, but a lot of progress has been made in recent years, and a powerful theory
has been developed. Solving this problem amounts to two steps.

Step 1. Classification of coradically graded finite dimensional pointed Hopf
algebras A, i.e., those for which A = gr(A).

By Proposition B25.5] in this case one has A = B#kG, where G is a finite
group, so the problem reduces to the classification of finite dimensional Z -graded
braided Hopf algebras B in Y D(kG) such that B[0] = k, and the coradical filtration
of B is induced by the grading.

Step 2. Given B, classification of liftings of A := B#kG, i.e., Hopf algebras
A such that gr(A) = A.

This is essentially a deformation theory problem.

Let us focus on Step 1 (classification of graded algebras B). Assume that A is
generated by grouplike and skew-primitive elements (as conjectured in Conjecture
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BEITT). In this case, B is generated by primitive elements, all sitting in degree
< 1, and the space of primitive elements of degree 1 is V' = B[1]. This implies
that B = TV/I, where I C @,,~, V®™ is a graded Hopf ideal of TV (of finite
codimension). -

This leads us to the fundamental notion of a Nichols algebnﬁ, going back to
the paper [Nic]. The theory of Nichols algebras is a vast subject, and we will limit
ourselves to a very brief review of this theory.

To define Nichols algebras, let us return to considering the Hopf algebra TV in
the category Y D(K) for any Hopf algebra K.

PROPOSITION 8.25.9. There exists the largest graded Hopf ideal
rcvercrv,

m>2
i.e. a graded ideal such that such that A(I) CTV @I +I®TV.
PROOF. Take the sum of all ideals I with this property. O

REMARK 8.25.10. Note that it is possible that I = 0 (see examples below).

DEFINITION 8.25.11. The Nichols algebra B(V') is the Hopf algebra TV/I in
the category Y D(K).

In other words, the Nichols algebra B(V') is the smallest possible algebra B as
above (i.e., generated in degree 1) with B[1] = V. In particular, if a given B is
finite dimensional and B[1] =V, then B(V) is finite dimensional.

Moreover, if G is abelian and K = kG, it is known (see [Ang2]) that in this
case B = B(V) (i.e. any finite dimensional Hopf quotient of TV is necessarily
the smallest one); this is, in fact, equivalent to Conjecture EI1.7] in the abelian
case (proved in [Ang2]) by taking dual Hopf algebras (check it!). This shows that
classification of finite dimensional Nichols algebras in Y D(kG) is the main part of
Step 1 (the classification of possible algebras B).

EXERCISE 8.25.12. Let G = Z/nZ with generator g, and g € k* be such that
q" = 1. Let V be the 1-dimensional Yetter-Drinfeld module for kG defined by
V=Vgm,0<m<n—-1, and gv = qu.

(i) Compute the algebra B(V'). Show that it is finite dimensional if and only if
q¢™ # 1; and in this case B(V) = klz]/(2"), where r is the order of ¢".

(ii) Show that if ¢™ is a primitive n-th root of unity, then B(V)#kG is isomor-
phic to the Taft algebra of dimension n? (Example (.5.6]).

(iii) Show that the Taft algebra does not admit nontrivial liftings (i.e., any
lifting of the Taft algebra is isomorphic to the Taft algebra itself as a Hopf algebra).

(iv) Assume that m = 1 and ¢ # 1, but the order of ¢ is » < n. Show that
there exists a unique nontrivial lifting H(q,n) of B(V)#kG, generated by g,z with
relations

gr=gqrg, g" =1, 2" =1-g",
and coproduct
Alz)=201+g '@

(the so-called generalized Taft algebra).

(v) Describe simple H (g, n)-comodules, and show that H(g,n) is not pointed.

8Nichols algebras should not be confused with Nichols Hopf algebras of dimension 27+!
considered in Example
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EXERCISE 8.25.13. Let n > 1 be odd, G = Z/nZ with generator K, and g € k*
be a primitive n-th root of 1. Let V be two-dimensional with basis e and f and
K-e=q¢% K-f=q%f and V = V.

(i) Compute the Nichols algebra B(V'), and show that it has dimension n? and
is generated by e, f with defining relations e” = 0, f* = 0, ef = ¢>fe. Show that
the corresponding biproduct B(V)#kG is isomorphic to gr(uq(slz)).

(ii) Show that B(V)#kG has a unique nontrivial lifting, namely, wu,(sls).

EXERCISE 8.25.14. Generalize Exercises [8.25.12] and [R.25.13] to the case when
G = Z and ¢ € k* is any number.

EXERCISE 8.25.15. Let G = Z/2Z =< g >, and V = V_, with g|y = —id.
Show that B(V) = AV, and B(V)#kG is the Nichols Hopf algebra of dimension
271 where n = dim V' (see Example [(.5.5)).

In general, there are rather few pairs (G, V') for which the algebra B(V) is finite
dimensional. To illustrate it, we give the following example.

EXAMPLE 8.25.16. Let A be a symmetric generalized Cartan matrix of size r
by r. This means that a;; = 2, Qi = Qj; € ZSO for ¢ # 7, and a5 = 0 iff aj; = 0.
Let n > 1 be an odd integer, and ¢ € k* be a primitive root of unity of order n.
Let G = (Z/nZ)", with generators K;, i = 1,...,r, such that K = 1, and let V
have basis e1, ..., e, with K;-e; = ¢*7e;, and e; € V. Then it is known that B(V)
is finite dimensional if and only if A is positive definite, i.e., is a Cartan matrix
of a simply laced semisimple Lie algebra. In this case, B(V)#kG = u4(b,), the
positive Borel subalgebra of the small quantum group u,(g) (i.e., the subalgebra
generated by K; and F; := K, e;). In general, B(V)#kG = u,(b, ) is the positive
Borel subalgebra of the small quantum group attached to the Kac-Moody algebra
g = g(A). This example generalizes in a straightforward way to symmetrizable
generalized Cartan matrices, so that finite dimensional Nichols algebras correspond
to all semisimple Lie algebras.

Example is in a certain sense prototypical. Namely, a complete classi-
fication of finite dimensional Nichols algebras with abelian group G is now known
([He)), and this classification is, in essence, a quantum version of the classification
of finite dimensional simple Lie algebras and superalgebras, including positive (in
particular, small) characteristic. In particular, a fundamental role in this classifi-
cation is played by the notions of a Weyl groupoid and an arithmetic root system,
due to Heckenberger, which are suitable generalizations of the notions of the Weyl
group and root system of a simple Lie algebra. Also, the order of the roots of unity
involved is a quantum analog of the characteristic, but things are more complicated
since several different orders may be involved at the same time. In particular, there
are many exceptional cases related to roots of unity of small order.

The lifting problem for abelian G is also expected to be completely solved in
the near future. It has been solved in many cases, e.g. if |G| is coprime to 2,3,5, 7.

The case of nonabelian G is more complicated, and only partial results are
available. There seems to be rather few non-abelian groups G generated by ¢ such
that V;, # 0, for which B(V) is finite dimensional. Very recent results on this topic
can be found in [HecV].

Infinite dimensional Nichols algebras are less well understood. They should
be viewed as quantum analogs of Kac-Moody Lie algebras and superalgebras in
positive characteristic.
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An exhaustive review on recent results on finite dimensional Nichols algebras
and pointed Hopf algebras (as of March 2014) can be found in Andruskiewitsch’s
ICM-2014 talk, [Andr]|. In particular, on Step 2 and specifically on construction
of liftings as cocycle deformations, see [Andr], 3.8.

8.26. Bibliographical notes
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in relation with quantum groups in [Dr3] and in relation with link invariants in
[Tul].

8.2. Relation between braided categories and braid groups (motivating the
name “braiding”) is discussed in [JoyS5].
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8.11. Ribbon Hopf algebras were introduced by Reshetikhin and Turaev [RT1].
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Hopf algebra, i.e., a semisimple Hopf algebra whose representation category is mod-
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[Tu2] and [BakK]. Proof of Theorem BI47 is taken from [ENOZ2|, Appendix].

8.15. The results of this Section are taken from [Tu2l Section II.1] and [BakK]|
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category and non-degeneracy were introduced by Miiger in [Mu3]. Results of this
section were first obtained in [Mu3] in the setting of modular categories and gen-
eralized to arbitrary braided fusion categories in [DrGNQOZ2|, Section 3].

8.21. Properties of centralizers considered in this section were established in
[Mu3] for modular categories and in [DrGNOZ2|, Section 3] for braided fusion
categories.

8.22. Projective centralizers were introduced and studied in [DrGNO2] Sec-
tion 3.3].

8.23. The idea of de-equivariantization is due to Bruguiéres [Bru] and Miiger
[Mul]. For the most part, our exposition follows [DrGNOZ2| Section 4]. Propo-
sition B22311] is proved in [ENO3]. Theorem B23.3 is similar to Theorem 4.1 in
[Kiri].

8.24. The notion of a braided G-crossed category is due to Turaev [Tub), [Tu6].
These categories were extensively studied in [Kirll, Mub5l, DrGNOZ2].

8.25. A discussion of braided bialgebras and Hopf algebras can be found in
[Ra5]. For a review of pointed Hopf algebras and Nichols algebras see [Rabl,
AndrS], and for more recent results [Andr].

8.27. Other results

8.27.1. Categorical Witt equivalence and completely anisotropic
braided fusion categories. Non-degenerate braided fusion categories C; and Cs
are Witt equivalent if there exists a braided equivalence C1 X Z(A;) ~ Co X Z(Az),
where A, Ay are fusion categories [DaMNOJ.

The categorical Witt group VW is the group of Witt equivalence classes of non-
degenerate braided fusion categories. The class of Drinfeld centers is the trivial
element of W. The classical counterpart of W is the group W, of quadratic forms
(over k) on finite Abelian groups (this group is well known, see, e.g., [Schar]).
Since any quadratic form on a finite Abelian group gives rise to a pointed braided
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fusion category, W, is a subgroup of W. In the classical case Drinfeld centers are
precisely Abelian groups with hyperbolic quadratic forms.

By definition, an étale algebra in C is a commutative separable algebra in C. A
braided fusion category C is completely anisotropic if there are no non-trivial étale
algebras in C. It was shown in [DaMNOJ that every element of W is represented
by a unique completely anisotropic category. One can pass from a braided fusion
category C to its completely anisotropic representative by taking a certain subca-
tegory CY of the category of A-modules in C, where A is a maximal étale algebra
in C. This is analogous to passing from a quadratic form on a group B to the one
on C+/C, where C' C B is an isotropic subgroup.

It was proved in [DalNQJ that a completely anisotropic braided fusion category
admits a unique decomposition into the tensor product of its pointed part and
simple anisotropic categories (i.e., categories without proper fusion subcategories).

All examples of completely anisotropic categories known at present (apart from
those coming from quadratic forms) come from fusion categories C(g, ¢) associated
to affine Lie algebras.

Examples of étale algebras in C(g,¢) come from the theory of conformal inclu-
sions of affine Lie algebras [KacV W], [ScheW] and coset models [GodKO]. They
lead to non-trivial relations among the Witt classes of categories C(g, ¢). Note also
that any étale algebra in C(g,¥) gives rise to a modular invariant, i.e., to a ma-
trix with integral entries invariant under (i.e., commuting with) the action of the
modular group associated to C(g, /).

The categorical Witt group W provides a natural framework for classification
of conformal field theories. There is a common belief among physicists that all
rational conformal field theories come from lattice and WZW models via coset and
orbifold (and perhaps chiral extension) constructions (see [MooS1]). A correspond-
ing statement for braided fusion categories means that W is generated by classes
of categories C(g,£). While this statement might be out of reach at the moment,
any progress in the study of the Witt group W will have important consequences
for classification of braided fusion categories and conformal field theories.

It was shown in [DalNO] that there is a canonical homomorphism S : W — sW,
where sW is the “super analogue” of the Witt group (consisting of classes of braided
fusion categories over sVec). The homomorphism S sends the Witt class of non-
degenerate braided fusion category C to that of C X sVec. The structure of sV was
also described in [DaNOJ. Namely,

(8.112) SW = sWe @ sWa B sWeo,

where sW,; is the classical part, s\Vs is an elementary Abelian 2-group, and sW,
is a free Abelian group. The kernel of S is isomorphic to Z/16Z and is generated by
Ising categories. In particular, the group W is 2-primary, i.e., has no odd torsion.

8.27.2. Brauer-Picard groups as categorical orthogonal groups. The
Brauer-Picard group BrPic(C) of a finite tensor category C is the group of equiv-
alence classes of exact invertible C-bimodule categories with respect to the tensor
product X¢ defined by a universal property. It was proved in [ENO4] that when
C is a fusion category, BrPic(C) is isomorphic to the group Autg(Z(C)) of braided
autoequivalences of Z(C). This result was generalized to finite tensor categories in
[DaN]. E.g., for C = Vec4, the category of vector spaces graded by a finite Abelian
group A, one has BrPic(Vecs) 2 O(A® A*), where A* is the group of characters of
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A and O(A@® A*) is the group of automorphisms of A@® A* preserving its canonical
quadratic form. Thus, the Brauer-Picard group of a tensor category can be viewed
as a categorical analogue of the orthogonal group.

If C is braided then one-sided C-module categories can be viewed as C-bimodule
categories (similarly to how modules over a commutative ring can be viewed as
bimodules). In particular, one can talk about invertible C-module categories.
Equivalence classes of such categories form a subgroup in BrPic(C), called the Pi-
card group of C and denoted Pic(C). The image of Pic(C) under the isomorphism
BrPic(C) = Autg(Z (C)) consists of equivalence classes of autoequivalences of Z(C)
trivializable on C, where C is viewed as a subcategory of Z(C) via the embedding
X — (X, cx,—) [DaN]J.

One has BrPic(C) = Pic(Z(C)) for any finite tensor category C [ENO4, [DaN].

More generally, two finite tensor categories are categorically Morita equivalent if
and only if their centers are equivalent as braided tensor categories [ENQ3|, DaN].

In practice it is much easier to work with the group Autlg(Z (C)) than with
BrPic(C), since the multiplication of the latter is defined by an abstract universal
property while for the former it is simply the composition of functors. In addition,
Autfg(Z(C)) can be viewed as a generalization of the classical orthogonal group
which brings important geometric insights.

The group BrPic(C) has a natural action on the set of C-module categories.
In view of the above result it identifies with the action of Autg(Z (C)) on the set
of Lagrangian étale algebras in Z(C), i.e., on the “quantum Lagrangian Grassman-
nian”. This action was studied in [NikR] and [BonIN]| where Brauer-Picard groups
of symmetric tensor categories were computed.

8.27.3. Core of a braided fusion category. The core of a braided fusion
category C was introduced in [DrGNOZ2]. It is defined as the fiber category &' K¢
Vec, where £ is a maximal Tannakian subcategory of £. The core does not depend
on the choice of £ and is weakly anisotropic, i.e., has no Tannakian subcategories
stable under the group of braided autoequivalences. The core separates the part of
a braided fusion category that does not come from finite groups.

It was explained in [DrGNO1, [DrGNO2]| that any braided fusion category C
is obtained from a weakly anisotropic category (namely, the core of C) using finite
groups (via the equivariantization and extension procedures). Thus, the classifica-
tion of braided fusion categories reduces to that of weakly anisotropic ones.

Let C be a weakly anisotropic fusion category, let C,; be its maximal pointed
fusion subcategory, and for any D C C let D’ denote the centralizer of D. Then C
has one of the following types:

(1) ordinary, if Cpy N (Cpr)’ = C" = Vec;

(2) super, if Cpy N (Cpt)’ = C' = sVec;

3) Ising, if C' = Vec and C,; N (C,) = sVec.
(3) g P p

The smallest categories of the last type are the so-called Ising categories, i.e., non-
pointed categories of dimension 4 (see, e.g., [DrGNO2, [MooS1]).

A weakly anisotropic fusion category C of ordinary type (respectively, of super
type) is said to be simple if it is not pointed and has no proper fusion subcategories
except Vec (respectively, except Vec and sVec). Examples of such simple categories
can be constructed using quantum groups at roots of unity.
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It was proved in [DrGNO2| and [DaNO] that a weakly anisotropic braided
fusion category of ordinary or super type admits a unique decomposition into the
tensor product of its pointed part and simple categories. Here by “tensor product”
we mean the usual Deligne tensor product X for ordinary type and the “super”
tensor product over sVec for the super type.

8.27.4. G-extensions of tensor categories, homotopy theory, and
topological field theory. In [ENO4] the Brauer-Picard groupoid BrPic of fu-
sion categories was introduced. By definition, this is a 3-groupoid, whose objects
are fusion categories, 1-morphisms from C to D are invertible (C, D)-bimodule ca-
tegories (with the composition given by tensor product of bimodule categories),
2-morphisms are equivalences of such bimodule categories, and 3-morphisms are
isomorphisms of such equivalences. This 3-groupoid can be truncated in the usual
way to a 2-groupoid BrPic and further to a 1-groupoid (i.e., an ordinary groupoid)
BrPic; the group of automorphisms of C in this groupoid is BrPic(C). It was shown in
[ENO4|, Theorem 1.1] that the 2-functor of taking the center of a fusion category is
a fully faithful embedding of BrPic into the 2-groupoid Mg of braided equivalences

(this generalizes the above mentioned group isomorphism BrPic(C) 2 Aut’ (Z(C))).
The objects of Mg are braided fusion categories, 1-morphisms are braided equiv-
alences, and 2-morphisms are isomorphisms of such equivalences.

Let G be a finite group. It turns out that Brauer-Picard groupoid is the right
tool to describe G-extensions (see Section EL.14)) of fusion categories. To do this, re-
call that to the 3-groupoid BrPic one can attach its classifying space BBrPic, defined
up to homotopy equivalence. This space falls into connected components, labeled
by categorical Morita equivalence classes of fusion categories. Each connected com-
ponent BBrPic(C) corresponding to a fusion category C is a 3-type, i.e., it has three

nontrivial homotopy groups: its fundamental group 7y is BrPic(C) (: Autgg(Z(C))7

7 is the group of isomorphism classes of invertible objects of Z(C), and w3 = k*
(the multiplicative group of the ground field). It was proved in [ENO4] that G-
extensions of C are parametrized by maps of classifying spaces BG — BBrPic(C).
Thus, to classify G-extensions of C, one needs to classify the homotopy classes of
such maps, which can be done using the classical obstruction theory. Namely, by
[ENO4], Theorem 1.3] G-extensions of C are parameterized by pairs (T, «), where
T : Cat(G) — BrPic is a monoidal functor (equivalently, T is an action of G by
braided autoequivalences of Z(C), see Definition 2Z771]) such that a certain obstruc-
tion O(T) € H*(G, k*) vanishes, and « is an element of a certain torsor over
H3(G, k*).

Note that BrPic is a part of a 3-category whose objects, morphisms, 2-morph-
isms, and 3-morphisms are, respectively, finite tensor categories, bimodule cate-
gories, bimodule functors, and bimodule natural transformations. In [DouSS]
Douglas, Schommer-Pries, and Snyder investigated the relationship between this
3-category and local topological field theories. In particular they showed that fu-
sion categories are fully dualizable objects in this 3-category in the sense of Lurie
[Lur], i.e., they give rise to 3-dimensional local field theories. In general, finite ten-
sor categories are 2-dualizable and so give rise to 2-dimensional framed field theories
(they produce representations of mapping class groups of closed surfaces). The ap-
proach of [DouSS] provides an important topological insight into the structure of
finite tensor categories. In particular, there is a purely topological construction of
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Radford’s tensor isomorphism between the identity functor and the conjugate of
the quadruple duality functor (cf. Section [.T9]).

8.27.5. Categorification of the representation ring and the Verlinde
ring of SL,. According to Example [[.222.6] if G is a simple complex algebraic
group then there exists a unique formal deformation of the tensor category Rep(G),
which is the category of representations of the corresponding quantum group. This
category can be realized as the category of comodules over the quantum function
algebra O4(G), where ¢ = e, and h is a formal parameter; it does not change under
g+ q 1, or h— —h (as the actual deformation parameter is h?).

However, it is interesting to ask a “non-perturbative” version of this question:
what are the possible categorifications of the representation ring of G over C? Ob-
viously, if ¢ is not a root of unity, then one such categorification is the category of
comodules over O,(G). Moreover, since this category is graded by Z(G)" (the char-
acter group of the center of @), it can be twisted by an element w € H3(Z(G)V,C*)
(by multiplying the associativity morphism by values of a cocycle representing w).

If G = SL,, it is shown by Kazhdan and Wenzl in [KazW] that these are
the only examples. A generalization of this result to orthogonal and symplectic
groups (in the case of braided categories) is obtained in Tuba and Wenzl [TubW]|.
Categorifications in the limiting case n — oo were discussed by Davydov in [Dal].

A similar question can be asked for the Verlinde algebra, i.e., the fusion ring
of the Verlinde fusion category attached to the quantum group at a root of unity.
In this case, it was also shown in [KazW] that for G = SL,, the Verlinde fu-
sion categories are the only categorifications, up to twisting, and it is explained in
[TubW] how similar results can be obtained in the braided case for the orthogonal
and symplectic groups.

8.27.6. Vertex operator algebras. The notion of vertex operator algebra
(VOA) was introduced by Borcherds in [Bo] as a mathematically rigorous (and
in fact, purely algebraic) version of the holomorphic part of the OPE (operator
product expansion) algebra in 2-dimensional conformal field theory (CFT); see the
textbook [DiMS] by Di Francesco, Mathieu, and Senechal for the physical side of
the story. Namely, a VOA V and its category of modules is the structure that
encodes “genus zero” conformal blocks of a CFT (if V' is conformal, i.e., contains a
Virasoro Lie algebra) then one can extend the construction to conformal blocks on
higher genus Riemann surfaces, which gives the full structure of the holomorphic
part of the theory). In particular, under some conditions on V', conformal blocks on
CP! with three marked points (viewed as two inputs and one output) define a tensor
product functor on the category V' — mod, and the structure of conformal blocks
with four marked points (viewed as three inputs and one output) determines an
associativity constraint on this category, giving it a structure of a tensor category.
This latter construction is no longer purely algebraic but rather complex-analytic:
it requires solving differential equations arising from variation of the cross-ratio of
the four points. Also, moving the marked points around each other and considering
the corresponding monodromy gives rise to a braiding on this tensor category.

The theory of VOA is by now a vast subject. Formally, a VOA is a vector space
V' (infinite dimensional in all interesting cases) together with a product V@V —
V((2)) (usually encoded as a map V — End(V)((2,271))), a unit (vacuum vector)
1 € V, and an operator T : V — V (the shift) satisfying certain axioms (locality,
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unit axiom, shift axiom). We will not give the precise axioms here, but will just
mention that the idea is to capture the physical notion of local operators a(z)
“living” at a point z of a complex plane. Such operators commute with each other:
a(z)b(w) = b(w)a(z) (which is called locality), but the catch is that they can be
composed only when z # w, and the product a(z)b(w) has a pole at z = w.
This catch is the source of all the nontrivial structure, making VOA, despite their
“commutativity”, an object from the world of noncommutative algebra; in fact,
the locality axiom is a curious hybrid of commutativity, associativity, and Jacobi
identity from classical algebra. The shift operator and the shift axiom encode the
idea that the operator product expansion in field theory is invariant with respect
to translations z +— z+ c. There is also an important notion of a superVOA, which
is, essentially, a VOA in the category of supervector spaces. Super VOA are needed
for a rigorous approach to conformal field theory which involves fermions.

Some of the most important examples of VOA include free bosonic and fer-
mionic VOAs, lattice VOAs, affine Kac-Moody VOA (corresponding to the Wess-
Zumino-Witten model), Virasoro VOA, W-algebras, etc. These and other examples
are discussed in [ErLM], [KacV], [FreB].

Here, we will not give a serious discussion of VOA, referring the reader to many
good sources, such as the classical textbook of Frenkel, Lepowsky and Meurman
[FrLM] and more recent books by Kac [KacV] and Frenkel and Ben-Zvi [FreBl,
as well as the book by Beilinson and Drinfeld on chiral algebras [BeDJ, which offers
a geometric approach to VOA, based on the theory of D-modules (namely, chiral
algebras live on algebraic curves, and VOA correspond to the case of formal disk).
Rather, we will limit ourselves to a short discussion of the connection of VOAs with
the theory of tensor categories.

The fact that a (super) VOA satisfying appropriate conditions gives rise to a
tensor category was realized by mathematical physicists already in 1980s; see, e.g.,
[MooS1] and references therein. Namely, they realized that a rational VOA (i.e.,
one with a finite semisimple category of modules) gives rise to a braided (in fact,
modular) fusion category. However, a rigorous general construction of the tensor
category structure and braiding is nontrivial and did not appear in the literature
until much later. By now, it is known that VOA satisfying suitable finiteness
conditions (such as Cy-cofiniteness), give rise to both braided fusion categories
(in the case of rational CFT) and braided finite tensor categories (in the case of
logarithmic CFT)E This is done in a series of papers by Huang, Lepowsky and
Zhang; see [Hul] for a review of these works and additional references. See the
papers by Miyamoto [Miyl, Miy2], which also treat tensor products of VOA
modules (in the case of logarithmic CFT).

A more geometric approach to this problem, which is more high-tech but might
be potentially simpler, is outlined in [BeD]. Namely, the chiral homology construc-
tion of [BeD] provides a collection of local systems on configuration spaces of genus
zero curves with n marked points, with some factorization structure. Then one can
obtain a braided tensor category using the Riemann-Hilbert correspondence, see

9We note that a very nontrivial VOA can produce the trivial category of modules, i.e. the
category Vec. Such a VOA is called holomorphic. A basic example of a holomorphic VOA is the
basic representation of the affine Lie algebra of type Eg. Another example is the VOA discussed
in [FrLM]|, whose automorphism group is the Monster simple group.
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[BakK], Chapter 6. However, this approach has not yet been implemented in the
literature.

For a comprehensive review of logarithmic CFT from the physical viewpoint
and various examples and references on this subject, see the paper of Creutzig and
Ridout [CreR].

We note that in many important examples of VOA, the existence of a braided
tensor category structure on the category of modules was known rigorously already
in the early 1990s. Notably, for the Kac-Moody VOA at generic and negative
rational level, this was done in the series of papers by Kazhdan and Lusztig [KazL1l,
KazIl.2, [KazL3, KazL4, [KazL5|, and at positive integer level by Finkelberg
[Fi2, [Fi1] ; see also the paper by Tsuchiya, Ueno, and Yamada [TUY], Chapter
7 of Bakalov-Kirillov [BakK], and a more recent review by Loojenga [Loo|. In this
case, it was shown by Kazhdan and Lusztig that the corresponding braided category
is equivalent to the appropriate category of representations of the corresponding
quantum group. For the case of the Virasoro algebra, see the paper by Beilinson,
Feigin, and Mazur [BeiFM].

However, in spite of so many impressive results, the relationship between VOA
and braided tensor categories remains to be understood better, even in the semisim-
ple case, corresponding to rational CFT. For example, it is not clear at all which
examples of modular categories arise from VOA.

8.27.7. Drinfeld associators and the Drinfeld-Kohno theorem. Inter-
esting examples of manifestly non-strict monoidal categories (i.e., ones with a non-
trivial associator) were first studied by Drinfeld in [Dr4), [Dr5]. Namely, let g be
a quasitriangular Lie quasi-bialgebra (over a field k of characteristic zero), i.e., a
Lie algebra g equipped with an element ¢ € (52g)%. In [Dr4), [Dr5] Drinfeld used
deformation theory to show that this structure can be quantized, i.e., there exists
a Drinfeld associator ® € (U(g®3))%4[[h]] of the form

2

h
d=1+ ﬂ[tlg,tgg] + O(hg)

which satisfies the pentagon relation. This associator makes the category C of
topologically free g-modules over k[[R]] into a monoidal category, where it serves
as the associativity morphism. Moreover, this category is braided, with braiding
¢ = exp(fit/2). Finally, he showed that ® is uniquely determined by these properties
up to twisting, and moreover both ® and the twists are determined by universal
formulas in terms of ¢.

The Hopf algebra U(g) with the usual coproduct, R = exp(ht/2), and the
Drinfeld associator ® form a structure called a quasitriangular quasi-Hopf algebra,
defined by Drinfeld in [Dr4l, [Dr5|]. This is simply a quasi-Hopf algebra whose
category of modules is braided (so the axioms of this structure can be guessed from
reconstruction theory, and one can prove a reconstruction theorem in the style of
Chapter 5).

If £ = C, then there is an explicit construction of ®, which is based on complex
analysis. Namely, one considers the Knizhnik-Zamolodchikov equation

dF h t12 tos
A1 —=—|— F
(8.113) dz 2w ( o)

108ee the erratum to [Fi2] which shows that this requires Verlinde’s formula, proved by
Faltings.
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where F' = F(z) takes values in the free algebra generated by ¢;2 and t93. Then
® can be taken to be the suitably defined monodromy of this equation from z = 0
to z = 1. This associator is called the Knizhnik-Zamolodchikov associator and
denoted by ®x .

If g is a finite dimensional simple Lie algebra over C and t is the Casimir
tensor, then it is not hard to see that the (strict) braided monoidal category of
representations of the quantum group U,(g) over C[[A]], where ¢ = exp(h/2), is
of the above form (this follows from the fact that U,(g) is isomorphic to U(g)[[]]
as an algebra, as U(g) has no nontrivial first order deformations by Whitehead’s
theorem). In particular, it is equivalent to the Drinfeld category defined using
® i 7. From this, Drinfeld deduced a fundamental result called the Drinfeld-Kohno
theorem: the monodromy of the KZ equations is given, up to an isomorphism, by
the R-matrices of the quantum group U,(g).

Let us explain the Drinfeld-Kohno theorem in a bit more detail. Let V be
a finite dimensional representation of g. Then we may consider the system of
differential equations

6_F - i Z by F,

Ozy  2mi oy 20 — 2
where F(z1, ..., z,) € V®™ is an analytic function in z1, ..., z, in some region, and ¢,
is the element t acting in the i-th and j-th copies of F'. These equations are called
the Knizhnik-Zamolodchikov equations (note that equation (BI13)) is obtained from
this system for n = 3, ¢ = 2, 21 = 0,20 = 2,23 = 1). It is easy to see that the
KZ equations are equivariant with respect to the symmetric group S, so they
define a flat connection on the configuration space C,, consisting of subsets of C
of size n. Thus, we have a monodromy representation of this connection, which is
a representation p of the fundamental group m(C,) = B, on V®" and which is
independent, up to an isomorphism, on the choice of the base point in C,.

The Drinfeld-Kohno theorem gives a description of p in terms of the quan-
tum group U,(g), where ¢ = exp(h/2). Namely, let V, be the deformation of
V to a Uy(g)-module. Then, since the category of representations of U,(g) is a
braided tensor category, Vq®" carries a natural action p, of the braid group B,.
The Drinfeld-Kohno theorem says that p is isomorphic to p,.

Drinfeld’s proof of this theorem works for formal &, and hence, by using stan-
dard “abstract nonsense”, for Weil generic £, i.e., for all i outside of an unspecified
countable set. It is in fact known that the result holds for i ¢ miQ and extends to
Kac-Moody algebras (this follows, for instance, from the paper [KazL3|, or from
the results of the book [Var| or [BezFS| on integral formulas for solutions of the
KZ equations). Another proof that works for Kac-Moody algebras and formal (or
Weil generic) i and arbitrary highest weight modules follows from quantization
theory of Lie bialgebras (see [EtKa3|). This approach also allowed Geer to prove
the Drinfeld-Kohno theorem for Lie superalgebras, [Geel.

In [Drd4], Drinfeld also gave a non-braided version of the above quantization
result. Namely, define a coboundary Lie quasibialgebra to be a Lie algebra g together
with an element ¢ € (A3g)9. Then Drinfeld proved that there exists an element ® €
(U(g)®3)%4[[¢]] of the form ® = 1+e¢+O(£?) which satisfies the pentagon identity,
and therefore defines a structure of a tensor category on the category C defined
above. Moreover, this category is a coboundary category, with the coboundary
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structure defined by the usual classical flip. Finally, if ¢ = 22 and ¢ = i[tn, 23],
we recover the previous setting.

8.27.8. Finiteness of braid group images. Let C be a braided fusion ca-
tegory. We say that C has finite braid group images if for any X € C and n > 2,
the action of the braid group B,, on X®" factors through a finite group. If C comes
from a rational conformal field theory, then this property is equivalent to saying
that (genus 0) correlation functions of the corresponding conformal field theory
are algebraic. It is an interesting question which braided fusion categories have fi-
nite braid group images (see [NaR]). This question is, in particular, motivated by
quantum computation. It is conjectured in [NaR] that a braided fusion category
has finite braid group images if and only if it is weakly integral. This is known in
many cases. In particular, this is true for group-theoretical categories, see [ERW].

8.27.9. The modular functor and the Reshetikhin-Turaev invariants.
Let C be a ribbon category, and X € C. We have explained in Remark RI0.3l
how to attach to any framed link L its Reshetikhin-Turaev invariant RT¢ x (L).
In particular, if C is the representation category of quantum SLs, and X =V, is
the n 4 1-dimensional irreducible representation, then we obtain the collored Jones
polynomial J,, (L, q).

It turns out that, as was shown in [RT2], if C is a modular category (say, over
C) then this construction can be strengthened to give invariants of closed oriented
3-manifolds. Let us briefly describe the main idea of the construction of these
invariants.

For simplicity, assume that C is a modular category of multiplicative central
charge 1 (one can extend to the general case by considering appropriate central
extensions of mapping class groups). By the Lickorish-Wallace theorem, any closed
connected oriented 3-manifold may be obtained by surgery of the 3-sphere S® along
a framed link L. However, different links may define the same 3-manifold. In terms
of the link projection, the condition for two framed links to define the same 3-
manifold is that they are related by a sequence of usual Reidemeister moves (which
do not really change the link) and also so-called Kirby moves. Thus, a framed link
invariant defines a closed oriented 3-manifold invariant if and only if it is invariant
under Kirby moves. The Reshetikhin-Turaev invariant RT¢ x (L) does not satisfy
this condition, in general; however, if C is a modular category, then Reshetikhin
and Turaev showed in [RT2] that the (suitably normalized) sum

RTe(L) =Y dim(X)RTe, x (L)
X

(i.e., RTe = RT¢ R., where Rc is the virtual “regular object” of C) is actually
invariant under Kirby moves and thus defines a 3-manifold invariant. In particular,
taking C to be the Verlinde category Ci(q) from Example BI85l where ¢ is a
root of unity of order 2(k+2), we see that upon suitable normalization, anzo[m—i—
1]qJm (L, q) is a closed oriented 3-manifold invariant (the invariant of a disconnected
manifold is the product of the invariants of its connected components).

Another method of constructing the same invariants is via the modular functor,
described in detail in [BakK]|]. The modular functor 7 = 7¢ is attached to any
modular tensor category C (again, for simplicity, of multiplicative central charge
1), and attaches to every closed oriented surface S a finite dimensional vector
space 7(95) (in fact, it also attaches data to surfaces with punctures). Moreover,
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if M is an oriented 3-manifold with boundary OM = S; — Sy (i.e., a cobordism
between S; and Ss), then we have a linear operator 7(M) : 7(S1) — 7(52), and
concatenation of cobordisms corresponds to composition of operators. In this sense,
7 is a functor from the category of cobordisms between closed oriented 2-manifolds
to the category of vector spaces. Furthermore, this functor is monoidal with respect
to the symmetric monoidal structure on cobordisms defined by disjoint union. Such
a data is called a 3-dimensional topological quantum field theory (TQFT); thus, any
modular category gives rise to a 3-dimensional TQFT.

Note that the mapping class group Aut(S) acts on the space 7(S), since every
orientation preserving automorphism g of S in particular defines a cobordism M,
from S to S. The collection of data 7(S) and 7(M,) is called the Modular functor
attached to C; this is part of the information of the 3-dimensional TQFT attached
to C.

Note that a closed oriented 3-manifold M may be viewed as a cobordism of
an empty surface to itself. Since 7()) = C, this means that 7(M) is a complex
number, which is a closed oriented 3-manifold invariant. This is in fact the same
Reshetikhin-Turaev invariant as the one described above, defined using surgery.

There is an explicit way to calculate the invariant 7(M) for a closed manifold
M using a Heegaard splitting. Namely, recall that any 3-manifold admits a Heegard
splitting by a closed oriented surface S into a union of two handlebodies B, B*
bounded by S. Now, let B be a handlebody with 0B = S. Then B may be viewed
as a cobordism from @ to S, so 7(B) is a vector in 7(5). Similarly, if B* is the same
handlebody with opposite orientation (so that 0B* = —5), then 7(B*) € 7(5)*.
So if a 3-manifold M is obtained by gluing B and B* using g € Aut(S) (provided
by a Heegaard splitting), then 7(M) = (7(B*), 7(g9)7(B)).

Let us briefly describe the construction of the space 7(S). To construct 7(5),
first consider the case when S' is a genus zero surface with boundary: 05 =), a; —
Zj Bj, and assume that to each component v of S we have attached a simple
object X, of C. Then we set 7(S) = Hom¢(®;X,,,®;Xp,;) (note that at least
up to a non-canonical isomorphism, this is independent on the order of boundary
components, as C is braided). Then for a closed S, cut it into genus zero surfaces
with boundary Si, and define 7(S) by the formula 7(5) := &L ®p T(S](CL)), where
L runs over all labelings of all the cuts by simple objects of C. One of the main
results is that 7(S) defined in this way is independent on the way of cutting. For
example, if S is a torus, then we can cut it into a sphere with two holes (a pipe) by
one cut along a curve v. Thus, 7(5) = ®&x Home (X, X) = ®&x Home(1, X @ X*),
where X runs over simple objects of C. The action of the mapping class group
Aut(S) = SL2(Z) on this space is exactly the SLy(Z) representation attached to
the modular category C (defined by the S-matrix and the twists).

To define the vector 7(B), let g be the genus of S, and fix a cutting of S by
g cuts along the A-cycles 71,...,74. We will then obtain a sphere with 2¢ holes,
so 7(5) = ®©x,,..x, Home(1, X1 ® X7 ® .. ® X, ® X;. In particular, one direct
summand in this sum corresponds to the case X; = ... = X, = 1; this gives an
inclusion of C into 7(S), and the vector 7(B) is just the image of 1.

An interesting special case is C = Z(D), where D is a spherical fusion category
(so the multiplicative central charge of C is 1 by the result of Miiger [Mud4]).
Turaev and Virelizier showed in [TurVire| that in this case the Reshetikhin-Turaev
invariants attached to C coincide with the Turaev-Viro invariants corresponding to
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D introduced in [TurViro|, see [BalK] and references therein. Moreover, in this
case the invariants come from a fully extended topological quantum field theory,
see [Lur] and [DouSS].

For more details on the basics of 3-dimensional topological quantum field the-
ories and the corresponding link and 3-manifold invariants, see the book [Tud].

8.27.10. Kernel of the modular representation and higher Frobenius-
Schur indicators. Recall from Section BI6] that given a modular tensor category,
one constructs a modular representation of the modular group SLo(Z). It was
conjectured that this representation has the following congruence subgroup property:
its kernel contains a congruence subgroup, that is, the kernel of the reduction
homomorphism SLy(Z) — SLy(Z/NZ) for some positive integer N. In particular,
the image of the modular representation is finite. A physical argument in favor of
this conjecture was given by Bantay [Ban| in the context of conformal field theory.
It was shown by Xu [X2] that it is possible to make Bantay’s arguments completely
rigorous in the operator algebras approach to conformal field theory. However
since it is not known whether an arbitrary modular category can be realized via a
conformal field theory, the conjecture remained open.

Then Sommerhauser and Zhu [SoZ]| introduced a new approach based on the
theory of higher Frobenius-Schur indicators, see e.g. [KaSZ]. These indicators
encode the information on the action of the cyclic group Z/nZ on the vector space
Hom(1, X®") for a simple object X. For instance, in the case n = 2 the Frobenius-
Schur indicator takes value 0 if the object X is not self-dual and the value 41
otherwise; the sign here expresses the distinction between the objects which are
“orthogonal” or “symplectic” in a suitable sense. Sommerhauser and Zhu [SoZ]
introduced some further generalizations of Frobenius-Schur indicators and gave a
proof of the congruence subgroup property for the Drinfeld doubles of semisimple
Hopf algebras. The theory of higher Frobenius-Schur indicators was extended by
Ng and Schauenburg to the case of (spherical) fusion categories in [NgS1]. Further-
more, a complete proof of the congruence subgroup property was given in [NgS2].

These ideas play a significant role in a recent proof [BrNRW] of important
Wang’s conjecture: there are just finitely many modular tensor categories of a given
rank (i.e., the number of simple objects). The classification of modular categories
of rank <5 is currently known, see [BrNRW].

8.27.11. Modular invariants. Let C be a modular tensor category realized
as a representation category of a suitable vertex operator algebra V', see Section
From a physical point of view, the algebra V encodes the data of a chiral
conformal field theory. In order to pass to the full conformal field theory, one needs
to specify a bulk algebra which is a Lagrangian étale algebra (see B272) in the
modular tensor category CXIC*Y, see e.g. [FuRS1]. The class of such an algebra in
the Grothendieck ring of C XIC"" can be considered as a matrix with non-negative
integer entries where the columns and rows are labeled by the simple objects of C.
It is known (see [BocEK1l, [FuRS1]) that this matrix commutes with the modular
representation associated with C, see Section In other words, this matrix is a
modular invariant, i.e., a matrix with nonnegative integer entries commuting with
the modular representation and such that the diagonal entry corresponding to the
unit object of C equals 1.
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The knowledge of the modular invariant is equivalent to the knowledge of the
partition function of the corresponding conformal field theory which is an important
quantity from the point of view of physics. This motivates an interest in search
and classification of modular invariants for various vertex algebras V. Many results
in this direction are available in the literature, see e.g. [DiMS| Chapter 17] and
references therein. Modular invariants for C = Z(Vecg) were classified by Davydov
in [Da5]. A famous result of Cappelli, Itzykson, Zuber and Kato [CaplZ], Kat]
states that the classification of modular invariants for the categories associated with
sla (see Example B8 follows the same pattern as Dynkin diagrams of ADE type.
In a subsequent work, Gannon gave a similar classification of modular invariants
in the case of sl3, see [Gannl]. Conversely, given a modular invariant, one can
ask whether it comes from a Lagrangian algebra. There are examples when such
an algebra does not exist (see e.g. [ScheY), [Vers|) and when such an algebra is
not unique, see e.g. [BocE]. Group-theoretical examples of non-unique Lagrangian
algebras behind the Cardy modular invariant were classified in [Da6].

8.27.12. Modular categories and character sheaves. Modular categories
play a role in the theory of character sheaves. Namely let G be an algebraic group
over a finite field F,. For any n € Z-( the group G(F4») of Fgn-points of G is finite.
One observes that for some groups G complex characters of the finite groups G(Fgn )
vary nicely with the value of n; for example in the case G = GL,, the degrees of the
irreducible complex characters are given by some polynomials (independent of ¢ and
n but depending on m) evaluated at ¢™. Lusztig suggested that such phenomena
are explained by the existence of a geometric theory of characters (making sense
over arbitrary field) where the complex characters are replaced by certain perverse
{-adic sheaves on the group GG. He developed such a theory in the case of reductive
groups G, see [Lusl]. Later, Boyarchenko and Drinfeld developed a similar theory
in the case of unipotent groups G following an idea by Lusztig, see [BoyD].

An important question in such a theory is a classification of irreducible char-
acter sheaves. It turns out that isomorphism classes of such sheaves naturally
split into a disjoint union of finite subsets of size which is independent of n (and,
sometimes, of ¢q). Moreover, the elements of such subsets are naturally labeled by
irreducible objects of some modular categories; furthermore, the transition matrix
between the characteristic functions of character sheaves (where the values of the
characteristic functions are given by the traces of the action of the Frobenius endo-
morphism on the stalks) and the complex characters coincides with the S-matrix of
the corresponding modular category. This is explained by the existence of a tensor
operation on the character sheaves (convolution or its truncated version) such that
the suitable categories of character sheaves acquire a structure of a modular tensor
category, see [BezFO] [BoyD), [Lus6].

Modular categories that appear in the theory of character sheaves are group-
theoretical (see Section [0.7)). However it is expected that there exists a generaliza-
tion of this theory where the Weyl group of G is replaced by an arbitrary Coxeter
group, see [Lus6]. In particular, the dihedral Coxeter groups should produce mod-
ular categories closely related with the Verlinde categories (see Example ELT0.6) and
the Coxeter group of type Hy should give rise to a new exotic example of modular
tensor category, see [Mal.
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8.27.13. Modular categories and anyons. It is well known that the sta-
tistical properties of point-like objects (or quasi-particles) in physics are described
either by the Bose-Einstein (for bosons) or by the Fermi-Dirac (for fermions) statis-
tics. However for quasi-particles in two dimensions there is a theoretical possibility
of more general statistics described via representations of the braid groups (this is
a reflection of the fact that the fundamental group of the configuration space of
points in 2 dimensions is the braid group while in 3 and higher dimensions it is iso-
morphic to the symmetric group). Such quasi-particles are called anyons and there
are experimental indications that they do exist, see e.g. [Wi, [Ster]. It is expected
that the statistics of anyons is described by modular tensor categories, and we refer
the reader to [Kit2, [KitKl, Kon] for an account of the theory. For example pointed
modular categories correspond to abelian anyons and such quasi-particles were de-
tected in quasi-particle systems related to the fractional quantum Hall effect. The
non-abelian anyons should correspond to non-pointed modular categories and are
expected to exist in some states of the fractional quantum Hall effect. However the
experimental evidence for the existence of non-abelian anyons is not yet conclusive.
On the theoretical side Kitaev and Levin-Wen constructed explicit hamiltonians
describing statistical physics models with anyonic behaviour [Kitll, [LeW]. The
non-abelian anyons play a significant role in topological quantum computing, which
is one of the approaches to actual implementation of quantum computers, see e.g.
[NSSF'S, KiSV|, [WangZ|, KoKR].

8.27.14. Pointed tensor categories. An interesting problem is to classify
pointed finite tensor categories, i.e. those whose simple objects are invertible. This
problem is equivalent to classifying finite dimensional basic quasi-Hopf algebras up
to twisting (recall that “basic” means that every simple module is 1-dimensional).
Isomorphism classes of simple objects in such a category form a finite group G, and
it is interesting to classify the corresponding categories for any given G.

In the case of Hopf algebras, this problem (i.e., the problem of classification
of pointed Hopf algebras) has been thoroughly studied in the works of Angiono,
Andruskiewitsch, Heckenberger, Schneider, and others, see Section Let us
discuss the general (quasi-Hopf) case, in which less is known.

Let us assume that chark = 0. In this case, we have seen in Theorem [L.4.]]
that if G = 1 then C = Vec. In the case of G = Z/pZ, where p is a prime,
the classification was obtained in [EtGS8]|; besides semisimple examples and the
well known pointed Hopf algebras whose grouplike elements form a cyclic group of
prime order ([AndrS]) , this classification involves some basic quasi-Hopf algebras
which are not Hopf algebras, introduced in [EtG7, [EtG6], [Gell]. These examples
and classification were extended to cyclic groups G of composite order coprime to
2,3,5,7 in [Angl].
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CHAPTER 9

Fusion categories

In this Chapter the ground field k is assumed to be algebraically closed of
characteristic 0 unless otherwise specified. Section [0.16] is an exception from this
rule.

9.1. Ocneanu rigidity (absence of deformations)

Here we discuss vanishing of the Davydov-Yetter cohomology and absence of
deformations for multifusion categories.

We start with the following algebraic warm-up. Let A be a Frobenius algebra in
Vec (see Definition [[20.3]). This means that A has a coassociative comultiplication
A: A— A®g A that is an A-bimodule homomorphism, i.e.,

Ary) = (@ 1)A(y) = Az)(1®y)

for all z,y € A. Note that mo A : A — A is a homomorphism of bimodules;
in particular, the element u := m o A(1) is central in A. Recall that we say that
A is separable if the composition mo A : A — A, where m : A® A — A is the
multiplication of A, is an isomorphism. This is equivalent to u being invertible. In
this case the map = +— A(u~'z) is a right inverse of m.

Consider the Hochschild complex C*(A) of A with C™"(A) = Homy(A®™, A)
for n > 0 (we set A®Y = k) and the differential map d,, : C"(A4) — C"*1(A) given
by

dnf(.CCl,...,In+1) = Ilf(l‘g,...,In+1)+Z(—l)if(zl,...,.IZ‘IZ'+17...,I”+1)
i=1

+(—1)"+1f(:101, ey )Tt

for f € C™(A).

Let H™(A) denote the n-th cohomology of C*(A), called the n-th Hochschild
cohomology of A (it is commonly denoted HH™(A, A)). The following result is well
known.

PROPOSITION 9.1.1. For a separable algebra A one has H"(A) =0 for n > 0.
PROOF. Let f € C™(A), n > 1 be such that d,, f = 0. Define f € C"~! by

(9.1) flze, .. 1) i=u 1 f(lo, @1, ).
For f € C'(A) we define f € CO(A) by f(1) = u'1,f(15), where A(1) = 1; ® 1,
(Sweedler’s notation). We compute
udnf(:cl,...,xn) =
= x1l1f(la, o, ..., xy) — 11 f(Lla, 2120, ...,2p) + -+
o (=DM f (L, 21y T 1) + (D) f (L, Ty, X)X
275
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The condition d,, f = 0 yields
(=) My f(Lo, 1,y Ty 12y) =
= Lilof(xy,...,zn) — 1if(lozy, .. yzn) + -+
o (=D)" My f (L Ty, T 0T, )
(="M f(1a, 21,y Ty 1) T

Combining these two formulgs and using that 117 ® 1o = 1; ® 1s2; we obtain,
after cancellations, that d,f = f, i.e., each n-cocycle is a coboundary. Thus,
H™(A) =0. |

REMARK 9.1.2. Another standard proof of this result is as follows. For any
algebra A, one has H"(A) = Ext’y_pimoa(4, 4). But if A is separable then it is
semisimple, so the category of A-modules and A-bimodules is semisimple. Hence
the functor Ext™ vanishes in this category for all n > 0.

Now let C be a multifusion category, and let A := Homggeop(1,1) be the
canonical Frobenius algebra associated to C, see Definition and Section
Recall the Hochschild complex C*(A) of A from Section[7.22} by Proposition [[.222.7]
this complex is isomorphic to the Davydov-Yetter complex of C.

THEOREM 9.1.3. Let k be an algebraically closed field of characteristic 0 and
let C be a multifusion category over k. Then H™(C) =0 for all n > 0.

PrOOF. By Proposition [[227], the statement is equivalent to H"(A) = 0 for
all n > 0. To prove the latter we use the same argument as in the proof of
Proposition Namely, for an n-cocycle f € C™(A) we define fe Cn(A)
as follows. Let u = moAoe:1X1— A, wheree: 1 X1 — A is the unit of A,
and let v~ : 1 X1 — A be the convolution inverse of u, i.e., the morphism such
that m(u ® u~!) = e (this inverse exists by Corollary [2LI9). Set f to be the
composition

(9.2)  AP(D > (1R 1) @ A ATEH, gomin) MOT 40 4 m 4

The morphism (@.2)) is a categorical analog of the map (@.I]). The same computation
as in the proof of Proposition [@.IT] (with linear maps replaced by morphisms in
C X C°P) shows that d, f = f, i.e., H*(A) = 0. O

THEOREM 9.1.4. A multifusion category does mot admit nontrivial deforma-
tions. In particular, the number of multifusion categories (up to equivalence) with
a given Grothendieck ring is finite.

PROOF. Let C be a multifusion category. By Theorem 0.1.3] H*(C) =0, i > 0,
in particular H3(C) = 0.

Now, consider the set X of all admissible associativity constraints for a mul-
tifusion category with the same Grothendieck ring as C. It is an affine algebraic
variety. This variety is acted upon by the affine algebraic group G of twists (i.e.,
gauge transformations). For x € X, let C, denote the multifusion category with
associativity constraint x. For any point z € X we have the morphism of varieties
fo: G — X, g — g-x, with differential (df;); : Lie(G) — T,X, where T, X is
the tangent space to X at x. It is straightforward to derive from the definition
of an associativity constraint that 7, X equals the space of 3-cocycles Z3(C,) and
(df:)1(Lie(G)) equals the space of 3-coboundaries B3(C,) (the details are left as an
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exercise). Therefore, the quotient T, X/(df.)1(Lie(G)) is equal to H3(C,) = 0, i.e.,
(dfz)1 is surjective. This implies by a standard argument from algebraic geometry
that all orbits G are open in X, and hence that there are finitely many orbits. We
are done. |

We also have the following theorem.

THEOREM 9.1.5. A tensor functor between multifusion categories does not have
nontrivial deformations. In particular, the number of such functors (up to equiva-
lence) for fized source and target categories is finite.

PRrROOF. The proof of Theorem is analogous to the proof of Theorem
Namely, the first part of the result follows directly from Theorem for
i = 2. The second part is a consequence of the obvious combinatorial fact that
there are only finitely many homomorphisms between the Grothendieck rings of
the categories under consideration. (I

COROLLARY 9.1.6. (i) A module category M over a multi-fusion category C
does not admit nontrivial deformations. In particular, the number of equivalence
classes of such module categories with a given number of simple objects is finite.

(i1) The number of classes of indecomposable module categories over a given
multi-fusion category C is finite.

PRrROOF. (i) It suffices to choose a semisimple k-algebra R with number of blocks
equal to the number of simple objects in M, and apply Theorem Q. T.H to the functor
F:C — R — bimod associated with M.

(ii) This follows from (i), as there is a bound for the number of simple objects
in any such module category. O

In particular, Corollary [0.1.6] implies that a given fusion category has finitely
many fiber functors. This is also shown in [IK] in the special case of categories
coming from subfactors (see Theorem 2.4 in [IK]).

COROLLARY 9.1.7. ([Stef]) The number of isomorphism classes of semisimple
Hopf algebras of a given dimension d over an algebraically closed field of character-
istic zero is finite.

PROOF. It is clear that there are finitely many fusion rings of Frobenius-Perron
dimension d. Each of them has finitely many categorifications by Theorem
Finally, each of these categorifications has finitely many fiber functors by Theorem
So the result follows from Theorem O

COROLLARY 9.1.8. Any multifusion category, any tensor functor between such
categories, and any semisimple Hopf algebra is defined over an algebraic number

field.

Proor. This follows in a standard way from Theorem [0.1.4]and Theorem [9.1.5
Namely, any orbit Gz from the proof of Theorem [9.1.4]is an irreducible component
of a variety defined over @; thus it is defined over @ and has a point with coordinates
in Q. O
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9.2. Induction to the center

Let C be a fusion category. Let Z(C) be the center of C. Let I : C — Z(C) be
the right adjoint of the forgetful functor F : Z(C) — C ([Z43).

LEMMA 9.2.1. Consider C as a C X C°P-module category. Then for all objects
V., W of C we have

(9.3) Homegeoo (V, W) 2 @ XR (V@ *X®W).
Xeo(C)

PrOOF. Let Y7, Y5 be objects of C. We compute
Home(Yi © V@ Yz, W) = Home(Yi, W ® Yy @ V)
~ B Home (Y1, X)®y Home(X, W Ys @ V™)

Xeo(C)

=~ P Home(Y1, X) @y Home(Ye, *V @ X @ W)
Xeo(C)

>~ Homeweer (VI RY2, P XR*VR*X@W).

Xeo(e)

Using definition (ZZI)) of the internal Hom, we obtain the isomorphism (@3). O

PROPOSITION 9.2.2. Let F : Z(C) — C and I : C — Z(C) be the forgetful
functor and induction. For any object Y in C we have

(9.4) FIV)= P Xeovex:
Xeo(©)
PROOF. Observe that I(Y) = Homz (1, Y) (see [Bal|, Theorem 2.3, for an
explicit formula for yx : X®I(Y) — I(Y)®X). The result follows from combining

Proposition (applied to the pair of dual categories C X C°P and Z(C)) and
Lemma d

REMARK 9.2.3. The object I(1) has a canonical structure of an algebra in
Z(C). Tts forgetful image

(9.5) FIl)=2 @ xoXx*
Xeo(C)
is the direct sum of the algebras X ® X* from Example[7.8.4] (cf. Proposition [[.16.5]).

This follows from the explicit description of the multiplication of A in Exam-

ple 914

LEMMA 9.2.4. The central structure on the object I(1) (i.e., a natural isomor-
phism vy 1 Y @ I(1) = (1) ® Y, Y € C) is the image under ® of isomorphism

([@53):

(9.6) py:Yeo| @ "XRX| S| P "XRX|eY
Xeo(C) Xeo(C)

from Proposition [[LI18.5
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Proor. This is a consequence of Remark [[L.12.29] It says that when we view C
as a C ¥ C°P-module category (so that the dual category is Z(C)) then the central
structure on /(1) = Homz¢(1,1) comes from the isomorphism

(Y ®1) ® Homegeon (1, 1) = Homegeor (1,Y)
which is precisely (T55). O

EXERCISE 9.2.5. Let C be a fusion category. Prove that invertible subobjects
of I(1) form a group isomorphic to the group Autg(idc) of tensor automorphisms
of the identity functor of C.

9.3. Duality for fusion categories

By Example [[.5.4] a C-module category M is exact if and only if it is semisim-
ple. Our goal in this section is to prove that in this case the dual category C}, is
also a fusion category.

LEMMA 9.3.1. For any natural isomorphism ¢x : X = X** the canonical
isomorphism

(9.7) o= P (ox)'@ox: P XX D H xTex

Xeo(c) Xeo(C) Xeo(C)
is an isomorphism between I(1) and I(1)** in Z(C).

PRrROOF. Note that the isomorphism

@ ("ox) ' Kox : @ XXX S @ X* XX+

Xeo(C) Xeo(C) Xeo(C)

commutes with isomorphism (@.0]), and so the result follows from Lemma @24 O

THEOREM 9.3.2. The center of a fusion category is a fusion category.

PROOF. Let C be a fusion category. By Theorem [TI6.1] its center Z(C) is
a finite tensor category. Let I : C — Z(C) be the right adjoint of the for-
getful functor F : Z(C) — C. We claim that I(1) is a projective object in
Z(C). Indeed, Homz(cy(—, I(1)) = Hom¢(F(—), 1). The forgetful functor F :
Z(C) — C is clearly exact. Since C is semisimple, 1 is injective, and so the func-
tor Homzcy(—, (1)) is exact. Thus, I(1) is injective. Hence, it is projective by
Proposition

Lemma @3] provides a canonical isomorphism @ : I(1) = I(1)**, see ([@.1).
Using Proposition [£.7.3] we compute its trace:

T(@) = @ T ((ox) )T ex)= @ |1XI>=dim(C).

Xeo(C) Xeo(C)

Hence, Tr*(®) # 0 by Theorem It follows that the unit object 1 of Z(C)
is a direct summand of the projective object I(1) ® I(1)*. Hence, 1 is projective
and so Z(C) is semisimple by Corollary 213 O

COROLLARY 9.3.3. Let C be a fusion category and let M be a semisimple C-
module category. Then the dual tensor category Cy, is multifusion.
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PROOF. It suffices to prove the statement in the case when M is indecompos-
able. By Theorem the center Z(C) is a fusion category. Hence, Z(Cj},) is
a fusion category by Theorem [[I6.Il The forgetful functor F : Z(Cy,) — Ci, is
surjective by Corollary [[.I3.11l By Theorem [6.1.16] the object 1 € C}, is projective
and so C}, is semisimple by Corollary E2.13 O

Recall that for a finite tensor category C one has FPdim(Z(C)) = FPdim(C)?, see
Theorem [Z.I6.61 For pivotal fusion categories a similar formula holds for categorical

dimensions (T.71)).

PROPOSITION 9.3.4. In any fusion category C we have
(9.8) dim(Z(C)) = dim(C)?.

PROOF. First, let us prove the statement when C is pivotal. Observe that
in this case Z(C) inherits the pivotal structure from C (see Exercise [[I3.6). Let
d denote the dimension function determined by the pivotal structure on C. The
forgetful functor F': Z(C) — C preserves dimensions, therefore, applying it to the
virtual object } ;c0(z(c)) d(Z)Z € K(Z(C)) ®z k, we obtain

F( Y d2)z) = > > dA2)[F(Z): X]X

ZeO(Z(C)) ZEO(Z(C)) XeO(C)

= > > d2)I(X):Z)X

XeO(C) ZeO(Z2(C))
Xeo(C) XeO ©)

Here I : C — Z(C) denotes the induction functor and d(I(X)) = dim(C)d(X) by
Proposition Taking dimensions of both sides of the equality

F( > d(2)z)=dim(C Z d(X

ZeO(Z(C)) Xe(’)

we obtain ([@.8]).

Next, con81der an arbitrary fusion category C. Let C be its pivotalization, see
Definition 29 We have dim(C) = 2dim(C). Since C is a Z/2Z-equivariantization
of C, we can use Corollary B.23.T3] to compute

dim(Z(C)) = %dim(Z(CN)) — %dm(@)? — dim(C)?,
as required. (Il

COROLLARY 9.3.5. Let C be a ribbon fusion category. For each simple object

X € C the number gii;n((f()) 18 an algebraic integer.

PROOF. By Proposition[0.3.4 we have dim(Z(C)) = dim(C)?. Since C is a fusion
subcategory of the modular category Z(C) (see Proposition RG] and Corollary
R20.17)) the result follows from Proposition O

We recover the classical result of Frobenius in the representation theory of finite
groups.

COROLLARY 9.3.6. Let G be a finite group and let V' be an irreducible repre-
sentation of G. Then dimy (V') divides |G].
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THEOREM 9.3.7. Let C be a spherical fusion category. Then dim(C) can be
written as a sum of its divisors in the ring of algebraic integers, namely,

(9.9) dim(C) = 1+ > [F(Z) : 1] dim(Z).
ZeO(Z(C)), Z#1

ProoOF. This result is immediately obtained by computing the dimension of
I(1) in two ways. On the one hand, the dimension is equal to dim(C) by ([@3H). On
the other hand, I(1) = ©zcoz(c)) [F(Z) : 1]Z, hence dim(I(1)) equals to the right
hand side of (@9). The divisibility condition follows from Proposition O

EXAMPLE 9.3.8. Let C = Rep(G), where G is a finite group. In this case I(1)
is the group algebra of G viewed as a representation of G under the conjugation
action. So the simple subobjects of I(1) in Z(Rep(G)) are conjugacy class sums of
G and (@9) is precisely the class equation of G.

PROPOSITION 9.3.9. Let C be a fusion category and let M be an indecomposable
C-module category. Then
dim(C) = dim(C},).

Proor. By Corollary the category C}, is fusion. By Corollary
Z(C) = Z(C},) and so

dim(C)? = dim(Z(C)) = dim(Z(C},)) = dim(C},)*.

Since the categorical dimension of a fusion category is totally positive (Proposi-
tion [[22T.14)) the result follows. O

Next, we discuss cyclotomicity of dimension functions. As before, let C be a
fusion category and let Z(C) be its center. The forgetful functor Z(C) — C induces
a homomorphism of the Grothendieck rings F': Gr(Z(C)) — Gr(C). It is clear that
the image of this map is contained in the center Z(Gr(C)) of the ring Gr(C).

LEMMA 9.3.10. The map Gr(Z(C)) @ Q — Z(Gr(C)) ® Q is surjective.

PRrROOF. Let I : C — Z(C) denote the induction functor, see Section We
will denote the induced map Gr(C) — Gr(Z(C)) by the same letter. By Proposi-
tion 0.2.2 we have F(I(X)) = >y co(c) Y XY™ for any X € Gr(C). In particular,
for X € Z(Gr(C)) we have F(I(X)) = X } yco(c) YY" Note that the operator of
multiplication by the element } y . ) YY™ € Z(Gr(C)) is a self-adjoint positive
definite operator Gr(C) — Gr(C) (with respect to the usual scalar product defined by
(X,Y)=0xy for X,Y € OC)) and, hence, invertible. The lemma is proved. O

THEOREM 9.3.11. Let C be a fusion category and let L be an irreducible repre-
sentation of Gr(C) over k. There exists a root of unity & such that for any object
X € Gr(C) one has Tr(X, L) € Z[¢].

PROOF. Recall that the pivotalization of C is a spherical fusion category c
endowed with a surjective tensor functor C — C which maps simple objects of C to
simple objects of C, see Definition [(.22T.9] and Corollary [[2T.T0l Hence the induced

map Gr(C) — Gr(C) is surjective, and pullback of any irreducible representation of
Gr(C) is an irreducible representation of Gr(C). Therefore if Theorem holds
for C then it also holds for C. Thus in the rest of the proof we can and will assume
that the category C is spherical. In particular the center Z(C) is modular, see

Corollary 8.20.14
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By Exercise below the element e, = ZYGO(C) Tr(Y, L)Y™ is propor-
tional to a primitive central idempotent in Gr(C) ® k. By Lemma [0.3.10] there
exists a primitive idempotent é;, € Gr(Z(C)) ® k such that ey, is proportional to
F(ér). It follows from Corollary RI4.F that any idempotent of Gr(Z(C))®@k can be
expressed in terms of the S-matrix of the category Z(C). By Theorem BIZ7 there
exists a root of unity £ such that the entries of the S-matrix lie in Q(£) and thus
ér € Gr(Z(C)) ® Q(&). Hence ey, is proportional to some element of Gr(C) ® Q(&).
Now the coefficient of 1 € Gr(C) in ey, equals to dim(L) € Q(£) and is nonzero.
Hence eg, € Gr(C) @ Q(§) and Tr(Y, L) € Q(§). Obviously the number Tr(Y, L)
is an algebraic integer, and the ring of integers in Q(§) is Z[¢]. The theorem is
proved. O

EXERCISE 9.3.12. Let A be a based ring of finite rank with basis {b;} and
let L be an irreducible representation of A over an algebraically closed field k
of characteristic zero. Show that the element ey, = >, Tr(b;, L)b; € A ® k is
central. Moreover, it acts by zero on any irreducible representation of A which
is not isomorphic to L. In other words, ey, is proportional to a primitive central
idempotent of A ® k.

Hint: the ring A ® k is semisimple by Corollary B.7.7

COROLLARY 9.3.13. Any irreducible representation of Gr(C) is defined over
some cyclotomic field. In particular for any homomorphism ¢ : Gr(C) — C and any
object X € C' we have ¢p(X) € Q[£] for some root of unity &.

PROOF. Let Q% be the field of all cyclotomic numbers. We already proved that
Gr(C) ® Q* decomposes into direct sum of simple algebras (such a decomposition
is the same as the decomposition of 1 € Gr(C) into the sum of primitive central
idempotents). Now it is well known that the Brauer group of Q® is trivial (see [Se,
p.162]). The result follows. O

COROLLARY 9.3.14. Let C be a fusion category. There exists a root of unity &
such that for any object X of C one has FPdim(X) € Z[¢].

9.4. Pseudo-unitary fusion categories

PROPOSITION 9.4.1. Let C be a fusion category over C. For every X € O(C)
one has

(9.10) |X|? < FPdim(X)?
and, hence, dim(C) < FPdim(C).

Proor. This is [ENOZ2| Proposition 8.21]. It suffices to prove this statement
when C has a pivotal structure. Indeed, one can always pass to the pivotalization
C of C from Section [T21] (since the forgetful functor C — C preserves the squared
norms of simple objects and Frobenius-Perron dimensions). As we have seen in the
proof of Theorem [Z.2T.T2] in the pivotal situation for any simple X its squared norm
| X|? is an eigenvalue of the non-negative integral matrix Nx N%. By the Perron-

Frobenius Theorem B.2.1] we have | X |* < FPdim(X ® X*) = FPdim(X)2. O
PROPOSITION 9.4.2. For any fusion category C over C, the ratio F‘;Lr?ng((jg) s an

algebraic integer < 1.
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PrOOF. That the ratio is < 1 follows from inequality (O.I0]).

First, note that it suffices to prove the algebraic integrality statement in the case
when C is spherical. Indeed, let C be the pivotalization of C, see Definition
By Corollary C is spherical and

dim(C) 2dim(C) dim(C)

FPdim(C) 2FPdim(C) ~ FPdim(C)’

Next, we can assume that C is modular. This is because we can replace C by its
center Z(C) since

dim(Z(C)) dim(C) \”
FPdim(Z(C)) <FPdim(C)) ’
thanks to Theorem and Proposition
Let S = {sxy} denote the S-matrix of C, see Section BI3l The Frobenius-
Perron dimension is a homomorphism from K (C) to C, hence, it must be of the form
(BEI). Thus, there exists a canonical simple object X € C such that FPdim(Z) =

>2% for all simple objects Z in C. Therefore,
X

. . SzX Sz*X dim(C)
FPdim(C) = ) FPdim(Z)* = =
Thus, % = d%. The latter is an algebraic integer since d : Ko(C) — C is a
homomorphism. O

REMARK 9.4.3. Tt follows from (@.I0) that if dim(C) = FPdim(C) then |X|? =
FPdim(X)? for all objects X € O(C).

DEFINITION 9.4.4. A fusion category C over C is called pseudo-unitary if its
categorical and Frobenius-Perron dimensions are equal, i.e., dim(C) = FPdim(C).

We see that C is pseudo-unitary if and only if | X |* = FPdim(X)? for all simple
XeCc.

EXAMPLE 9.4.5. Let G be a finite group. Then Rep(G) is a pseudo-unitary
category.

EXERCISE 9.4.6. (i) Let C(q) be the Verlinde categories from Example
Show that in these categories [V;,|> = [m]2.

(ii) Using the above formula, determine for which ¢ the category Ci(q) is pseudo-
unitary.

(iii) In particular, show that among the two non-equivalent Yang-Lee catego-
ries YL, YL_ (see Exercise BI87), one is pseudo-unitary and the other is not.
Compute explicitly |X|? in both of these categories.

(iv) Show that Deligne’s tensor product C := YL, K YL_ of the two non-
equivalent Yang-Lee categories has integer categorical dimension dim(C), but non-
integer Frobenius-Perron dimension FPdim(C). What are these dimensions?

REMARK 9.4.7. If k = C, then one can introduce the notion of a Hermitian
fusion category; it is a fusion category with nondegenerate Hermitian forms on
morphism spaces between tensor products, subject to certain axioms. A Hermitian
category is called unitary if these forms are positive definite (see [Gal|, [Kir2],
[Tud] for more details). For instance, Rep(G) for a finite group G is a unitary
category (since all irreducible complex representations of G have positive definite
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Hermitian inner products); also, fusion categories coming from subfactors are uni-
tary by construction.

It can be shown that any unitary fusion category is pseudounitary, which justi-
fies the term “pseudounitary category” (the advantage of this notion is that it does
not require using any Hermitian forms).

We note that we do not know an example of a fusion category over C which
does not admit a Hermitian structure, or a pseudo-unitary fusion category which
does not admit a unitary structure.

9.5. Canonical spherical structure

Let C be a fusion category over C. By Corollary [[.19.3] in any fusion category
there is a natural tensor isomorphism gx : X S X Let ax : X = X** be a
natural (not necessarily tensor) isomorphism such that ax+ cax = gx (ie., ax is
a square root of gx). For all X, Y, V € O(C) let

(9.11) bY%y : Home(V, X ® Y) 55 Home (V) X** @ Y*)
be a linear isomorphism such that

ax X ay = @ b}éy@&\/.
Veo(C)

Note that the source and target of ([@.I1]) are canonically isomorphic so that we can

regard b}/(Y as an automorphism of Home(V, X ® Y'). The natural isomorphism ax

is tensor (i.e., is a pivotal structure) if and only if b% = id for all X, Y, V € O(C).

Since ax is a square root of a tensor isomorphism gx, we see that (b}/(y)2 =id.
The integers

NYy =dime Home(V, X ®@Y)  and Ty = Tr(bky),
where Tr denotes the trace of a linear transformation, satisfy inequality
(9.12) Txy| < NXy-

The equality Ty = N¥y occurs if and only if b%y = id, i.e., if and only if ax is
a pivotal structure.

For any X € O(C) let dx = Tr(ax). Then

dxdy = Y Tyydy.
Veo(C)

Furthermore, | X|? = |dx|? for every X € O(C).

PrOPOSITION 9.5.1. A pseudo-unitary fusion category admits a unique spheri-
cal structure ax : X — X** with respect to which dx = FPdim(X) for every simple
object X.

PROOF. Let C be a pseudo-unitary fusion category. Let gx : X — X**** be
a tensor isomorphism and ay : X = X** be its square root as before. The idea
of the proof is to twist gx by an appropriate tensor automorphism of the identity
endofunctor of C in such a way that the dimensions corresponding to the square
root of the resulting isomorphism become positive real numbers.
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We have |dx| = FPdim(X) for any simple object X, therefore, using (9.12), we

obtain:
FPdim(X)FPdim(Y) = |dxdy|=| Y. T¥ydy|
Veo(C)
< ) NYy FPdim(V) = FPdim(X) FPdim(Y),

Veo(C)

for all X, Y € O(C). Hence, the inequality in the above chain is an equality, i.e.,

Ty = £NY, and the ratio d’é“fy is a real number whenever NV,  # 0. Thus,
2 42
di}f Y is a positive number whenever V is contained in X ® Y.
\4
2
The latter property is equivalent to ox := |‘Z’§( |

phism of the identity endofunctor of C. Let us replace gx by gx o ox (so it is
still a tensor isomorphism X — X****). The square root of the latter is ax o 7x,

idx being a tensor automor-

d . . . .
where 7x = % idx. The dimensions corresponding to ax o 7x are now such that
dx = |dx|, i.e., are positive real numbers (and ox = idy). This forces Ty = N¥y-.
Thus, ax o Tx is a spherical structure on C. O

9.6. Integral and weakly integral fusion categories

DEFINITION 9.6.1. A fusion category C is called weakly integral if FPdim(C) € Z.
It is called integral if FPdim(X) € Z for any object X of C.

EXERCISE 9.6.2. Let C be a spherical fusion category such that dimensions of
all its objects are integers. Prove that C is integral, and that dim(X) = £+ FPdim(X)
for any simple object X of C. Hint: Use argument in the proof of Proposition [0.4.2]

to show that Fcé,ifng%) is an integer since it equals dimension of some object in C.

Clearly, C is integral (respectively, weakly integral) if Ky(C) is integral (respec-
tively, weakly integral) in the sense of Definition B.5.7]

EXERCISE 9.6.3. Show that the categories C5(q), where ¢ is a primitive 8th
root of unity (the Ising categories, see Example B8] are weakly integral, but not
integral. Show that Ci(q) are not weakly integral for any k > 2.

REMARK 9.6.4. By Proposition [6.1.174] the most general example of an integral
fusion category is the representation category of a finite dimensional semisimple
quasi-Hopf algebra.

A basic example of a weakly integral fusion category which is not integral
is the Tambara-Yamagami category (see [TaY]), which categorifies the Tambara-
Yamagami fusion ring, see Example The Ising category Ca(q) is the simplest
special case of this class of fusion categories.

PROPOSITION 9.6.5. Let C be a weakly integral fusion category defined over C.
Then C is pseudo-unitary.

ProoF. It is shown in Proposition [0.4.2] that the ratio Fi?rr(xfé) is an algebraic

integer < 1. Let D := dim(C), let D1 = D, Do,..., Dy be algebraic conjugates
of D, and let g1,..., gn be the elements of the Galois group Gal(Q/Q) such that
D; = ¢;(D). Applying Proposition to the category g;(C) (obtained from C by
applying g; to its structural constants, which can be chosen to be algebraic numbers
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by Corollary 0.T.8)) we see that dFiI;d(fn’;Eg;) = FPdiDnﬁ(c) is an algebraic integer < 1.
Therefore,

I e
P FPdim(C)
is an algebraic integer < 1. But this product is a rational number. So it must be

equal to 1, and so all the factors are equal to 1. Thus, dim(C) = FPdim(C), as
desired. g

COROLLARY 9.6.6. A weakly integral fusion category C admits a unique spheri-
cal structure ax : X = X** with respect to which dx = FPdim(X) for every simple
object X in C.

PRrROOF. This follows from Propositions [0.5.1] and 0.6.5] (]

COROLLARY 9.6.7. (Larson and Radford, [LaR1]). Let H be a semisimple
Hopf algebra over a field k of characteristic zero. Then S? =id on H.

PROOF. The category Rep(H) is an integral fusion category, in which Frobe-
nius-Perron dimensions are the usual vector space dimensions. So by Corollary
066 Rep(H) has a unique spherical structure in which categorical dimensions
coincide with the vector space dimensions. This spherical structure is a grouplike
element v € H such that uru= = S?(x), and for every simple H-module V,
Try (u) = dim V. Clearly, u has finite order (as it generates a group algebra inside
H), so its eigenvalues on V' are roots of unity. But if Ay, ..., A, are roots of unity,
and Ay + ... + Ay, = m then A\; =1 for all j. Thus, v = 1, and thus 52 =id. O

REMARK 9.6.8. This gives another proof that a semisimple Hopf algebra H over
a field of characteristic zero is cosemisimple. Indeed, S? = id on H, so Tr(S?) # 0,
and thus H is cosemisimple.

PROPOSITION 9.6.9. Let C be a weakly integral fusion category.
(i) For any X € O(C) we have FPdim(X) = \/nx for some integer nx.
(ii) The map deg: O(C) — Q%,/(Q%,)? that takes X € O(C) to the image of
FPdim(X)? in Q%,/(Q%,)? is a grading of C.
PRrOOF. This is a direct consequence of the corresponding result about fusion

rings (Proposition B5.7]). O

COROLLARY 9.6.10. Let C be a fusion category such that FPdim(C) is an odd
integer. Then C is integral.

Proovr. Follows from Corollary [3.5.8 O

The next proposition shows that the class of (weakly) integral fusion categories
is closed under categorical Morita equivalence.

PROPOSITION 9.6.11. Let C be an integral (respectively, weakly integral) fusion
category and let M be an indecomposable C-module category. Then the dual fusion
category Ch, is integral (respectively, weakly integral).

PrROOF. When C is weakly integral, the statement follows from Corollary [.16.17
Suppose C is integral. Then Z(C) is integral since the forgetful functor Z(C) — C
preserves Frobenius-Perron dimensions.
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By Corollary Z(Cr) = Z(C), so Z(C},) is integral. The forgetful
functor Z(C},) — Cji, is surjective by Corollary [[LI3.T1l Hence, every object X
of C3, is a subobject of an object of integral Frobenius-Perron dimension, and
FPdim(X) € Z by Lemma [3.5.61 O

EXERCISE 9.6.12. Let C,q be the adjoint subcategory of a weakly integral fusion
category C, see Definition 4.I14.5l Prove that C,q is integral.

EXERCISE 9.6.13. Let C be an arbitrary fusion category. Show that the full
abelian subcategory of C consisting of objects of integral Frobenius-Perron dimen-
sion is a fusion subcategory of C.

9.7. Group-theoretical fusion categories

In this Section we use categorical Morita equivalence (see Definition [T 12.T7)
to introduce a basic class of fusion categories important for classification purposes.
Two additional classes will be introduced in Section

Recall from Definition [B.1T.0] that a fusion category C is pointed if every simple
object of C is invertible. The most general example of a pointed fusion category
is the category Vecg of finite dimensional vector spaces graded by a finite group
G with the associativity constraint twisted by the 3-cocycle w € Z3(G, k*), see
Example 2.3.8

DEFINITION 9.7.1. A fusion category is called group-theoretical if it is categor-
ically Morita equivalent to a pointed fusion category.

Recall that indecomposable Vecg-module categories were classified in Exam-
ple [LAT0l (this is the case when w = 1). It is easy to generalize this description to
the general case.

EXAMPLE 9.7.2. Equivalence classes of indecomposable right Vecg-module ca-
tegories correspond to pairs (L, 1), where L is a subgroup of G such that w|rxrx 1
is cohomologically trivial and ¢ € C?(L, k*) is a 2-cochain satisfying
(9.13) dg’(/):w‘LxLxL.

The corresponding Vecg-module category is constructed as follows. Given a pair
(L, ¢) as above, define an algebra

(9.14) A(L,Y) = P da
acL
in Vecg with the multiplication
(9.15) D vla. b)ids,, : A(L, ) ® A(L, ¥) = A(L, ¥).
a,beLl

Let M(L, v) denote the category of left A(L, ¢)-modules in Vec.
To see that any Vecg-module category M is equivalent to some M (L, 1), note
that the set of simple objects of M is a homogeneous G-space and so is identified

with G/L for some subgroup L of G, and that the module associativity constraint
of M gives rise to a 2-cochain 1 € C?(L, k*) satisfying (@.13).

REMARK 9.7.3. Two Vecg-module categories M(L, v) and M(L’, ¢') are equi-
valent if and only if there is ¢ € G such that L' = gLg~! and v’ is cohomologous
to 9 in H?(L', k*), where ¥9(z, y) := 1 (gxg™', gyg~!) for all z, y € L. Here we
abuse notation and identify ¢» and 1)’ with cocycles representing them.
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Thus, a group-theoretical fusion category is equivalent to (Vec‘é)j\/l (L) where
M(L, ) is the Veci-module category from Example [0.7.2]

EXAMPLE 9.7.4. The category (Vecg)jw(Lyw) can be described quite explicitly
in terms of finite groups and their cohomology as the category of A(L,)-bimodules
in Vecg, where A(L,)) is the algebra introduced in ([@I4]).

For example, simple objects of (Vec“{;)j\/l( 1, y) can be described as follows.

For any g € G the group LI := L N gLg~' has a well-defined 2-cocycle

WI(hK): = (b, W)p(g R g, g W g)w(hb' g, g7 R T g, g T g) !
x w(h, ', g)w(h, Wg, g~ 'h'"tg), h,h' € L9.

One can check that irreducible A(L,)-bimodules in Vecg are parametrized by
pairs (Z, 7), where Z is a double L-coset in G and 7 is an irreducible projective
representation of L9 with the Schur multiplier ¥9, g € Z.

EXERCISE 9.7.5. (i) Let G, L be finite groups such that G acts on L by auto-
morphisms. Let k’ be the Hopf algebra of functions on L, and kG be the group
algebra of G. Let H = k#kG be the semidirect product Hopf algebra, i.e., H
is generated by the Hopf subalgebra k% and the group of grouplike elements G
modulo commutation relations fg = gf¢ for f € kX, g € G, where f9(z) := f(gx).
Show that H is a semisimple Hopf algebra (for charkk = 0), and that Rep(H) is
the G-equivariantization of Vecy. Show that Rep(H) is a group-theoretical fusion
category.

(ii) More generally, let K = GL be an exact factorization of a finite group K,
i.e., G and L are subgroups of K such that the multiplication map m : G x L — K
is bijective. In this case, L acts on the left on K/L = G (as a set). Similarly, G acts
on L = G\K on the right. So we can define a Hopf algebra H = k#kG similarly
to (i). Namely, H has basis b, 4 := d, ® g for z € L and g € G, with multiplication
law

b:r:,gby,h = 5zg,ybz,gh
and coproduct
Albeg)= Y by=q®b.y.
y,z€L:yz=x
Show that H is a well defined semisimple Hopf algebra (it was introduced in works

of G. I. Kac, and is called a Kac algebra ), and Rep(H) is a group-theoretical fusion
category.

REMARK 9.7.6. The class of group-theoretical fusion categories is not closed
under equivariantizations. In particular, the class of Hopf algebras with group-
theoretical representation categories is not closed under Hopf algebra extensions.

The smallest example of a semisimple Hopf algebra whose representation cate-
gory is not group-theoretical has dimension 36 |[Nik2]. It is obtained as a Z/2Z-
extension of the Kac-Paljutkin Hopf algebra [KacGP]| of dimension 18. Several
families of non-group-theoretical Hopf algebras obtained by equivariantization of
Tambara-Yamagami categories (see Example BI0.5) were obtained in [GeNN,
Nik2].

REMARK 9.7.7. In view of Proposition [0.6.1T] group-theoretical categories are
integral.
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DEFINITION 9.7.8. A multifusion category D is called a quotient of a fusion
category C if there is a surjective tensor functor F' : C — D, cf. Definition [[L.83]

Components of multifusion categories were studied in Section E3]

PrOPOSITION 9.7.9. (i) A fusion subcategory of a group-theoretical cate-
gory is group-theoretical.
(ii) A component in a quotient category of a group-theoretical category is
group-theoretical.

PROOF. (i) Let C C D be fusion categories and let D be group-theoretical. Let
M be an indecomposable module category over D such that D}, ~ Vecg. Then by
Theorem [[.T74] C}, is a quotient of Vec,.

Let I label the component categories of C},. It is clear that for each g € G and
i € I there exists a unique g(i) € I such that the functor of tensor multiplication
by d, is an equivalence Cy;. =~ Cy(;), for each r € I. Let us denote this functor by g.
So we have an action of G on I. Let j € I and H be the stabilizer of j in G. For
any g € H, denote by g;; the projection of g to the fusion category (Ci,);;. Then
the assignment g — g;; is a surjective tensor functor Vecy; — (C},);;. This functor
must map invertible objects to invertible objects. Hence, all simple objects of C};
are invertible, so CJ; is pointed, and hence C is group-theoretical (as it is dual to
C;; with respect to a module category).

(i) Let D be group-theoretical, F' : D — C be surjective (C is indecomposable),
and C;; a component of C. We need to show that C;; is group-theoretical. Let
M be an indecomposable module category over C. It suffices to show that C}, is
group-theoretical, as Cj, is dual to C;; with respect to the i-th part of M. But by
Theorem [[TT4] C}, is embedded into D}, so it suffices to know that D}, is group-
theoretical, which follows by duality from the fact that D is group-theoretical. [J

9.8. Weakly group-theoretical fusion categories

The notions of a nilpotent and cyclically nilpotent fusion category were intro-
duced in Definition B.I4.14] (see also Remark [L.12.10).

DEFINITION 9.8.1. A fusion category is weakly group-theoretical if it is categor-
ically Morita equivalent to a nilpotent fusion category. A fusion category is solvable
if it is categorically Morita equivalent to a cyclically nilpotent fusion category.

REMARK 9.8.2. Since the Frobenius-Perron dimension of a fusion category is
invariant under categorical Morita equivalence, we have FPdim(A) € Z for every
weakly group-theoretical fusion category A.

Let G be a finite group. Recall from Section .14l that a fusion category C is
called a G-extension of a fusion category D if there is a G-grading of C:

c-@e,
geG
such that C; &2 D.
LEMMA 9.8.3. Let G be a finite group, let A be a G-extension of a fusion

category Ao, and let By be a fusion category Morita equivalent to Ag. There exists
a G-extension B of By which is Morita equivalent to A.

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



290 9. FUSION CATEGORIES

PrOOF. Let A be an algebra in Ay such that By is equivalent to the category
of A-bimodules in Ay. Let B be the category of A-bimodules in A (we can view
A as an algebra in A since Ag C A). Then B inherits the G-grading, thanks to 4
being in the trivial component of the G-graded fusion category A. By construction,
B is categorically Morita equivalent to A. |

PRrROPOSITION 9.8.4. The class of weakly group-theoretical fusion categories
is closed under taking graded extensions, equivariantizations, categorically Morita
equivalent categories, tensor products, centers, subcategories and component cate-
gories of quotient categories.

PROOF. The invariance under taking Morita equivalent categories and ten-
sor products is obvious. The invariance under taking extensions follows from
Lemma and the invariance under equivariantizations follows from Exam-
ple The invariance under taking the center then follows from Morita in-
variance, as Z(C) is categorically Morita equivalent to C X C°P. The rest of the
proof is similar to the proof of Proposition To prove the invariance under
taking subcategories, let C be a weakly group-theoretical category, and D C C a
fusion subcategory. Let M be an indecomposable C-module category such that
Ci, is nilpotent. Then every component category of D} is nilpotent, since it is
easy to see that every component category in a quotient of a nilpotent category is
nilpotent. The case of a component in a quotient category reduces to the case of a
subcategory by taking duals. |

Here is a list of properties of solvable categories.

PROPOSITION 9.8.5. (i) The class of solvable categories is closed under
taking extensions and equivariantizations by solvable groups, Morita equiv-
alent categories, tensor products, subcategories and component categories
of quotient categories.

(ii) The categories Vecg ., and Rep(G) are solvable if and only if G is a solvable
group.

(iii) A solvable fusion category A # Vec contains a nontrivial invertible object.

PROOF. (i) As in the proof of Proposition [I.84] everything follows from the
easy fact that a component category in a quotient of a cyclically nilpotent category
is cyclically nilpotent.

(i) One direction is obvious, since if G is solvable, Vec¢ is cyclically nilpotent.
Since Rep(G) is Morita equivalent to Vecg, it is also solvable by (i).

To prove the converse implication, it suffices to show that if Rep(G) is solvable
then so is G. Indeed, Z(Vec) contains Rep(G) as a fusion subcategory, so the
solvability of Vec¢ implies the solvability of Rep(G) by (i). We have two possibilities:
either Rep(() is an H-extension or Rep(G) = CH for some fusion category C, where
H is a cyclic group of prime order. In the former situation G must have a non-trivial
center Z and we can pass to the fusion subcategory Rep(G/Z) C Rep(G) which is
again solvable by (i). In the latter situation Rep(G) contains a fusion subcategory
of prime order therefore, G contains a normal subgroup G; of prime index and
we can pass to the solvable quotient category Rep(G1). So the required statement
follows by induction.

(iii) The proof is by induction on the dimension of C. The base of induction is
clear, and only the induction step needs to be justified. If C is an extension of a
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smaller solvable category D, then either D # Vec and the statement follows from
the induction assumption, or D = Vec and C is pointed, so the statement is obvious.
On the other hand, if C is a Z/pZ-equivariantization of a smaller solvable category
D, then Rep(Z/pZ) sits inside C, so we are done. O

The following question is one of the main open problems in the theory of finite
dimensional Hopf algebras.

QUESTION 9.8.6. Is the representation category of any semisimple Hopf algebra
weakly group-theoretical?

The same question may be asked about quasi-Hopf algebras.
We will show below that the answer is “yes” for categories of dimension p®g®,
where p and ¢ are primes, and a, b are non-negative integers.

9.9. Symmetric and Tannakian fusion categories

Recall from Definition R.1.12] that a braided fusion category C is symmetric if
cy,x ocxy = idxgy for all objects X,Y € C; in this case the braiding c is called
symmetric.

EXAMPLE 9.9.1. (1) Let C be a pointed braided category corresponding
to a pre-metric group (I', ¢) (see Section [B4]). Such C is symmetric if and
only if the bicharacter b associated to q is trivial. Equivalently, ¢ : I' — k*
is a character such that ¢(x) = +1 for any z € T.

(2) The category Rep(G) of representations of a finite group G equipped with
its standard symmetric braiding oxy (z ® y) := y ® x is an example of a
symmetric fusion category.

(3) Let G be a finite group and let z € G be a central element such that
2?2 = 1. Then the fusion category Rep(G) has a braiding o’ defined as
follows:

oiyv@y)=(-1)"yez if € X, yeyY, zo=(—1)"z, 2y = (—1)"y.

The fusion category Rep(G) equipped with this braiding will be denoted
by Rep(G, z2).

REMARK 9.9.2. Equivalently, Rep(G, z) can be described as a full subcategory
of the category of super-representations of G; namely, Rep(G, z) consists of those
super-representations V' on which z acts by the parity automorphism (i.e., zv = v
if veViseven and zv = —v if v € V is odd).

EXAMPLE 9.9.3. Let G = Z/2Z and z be the nontrivial element of G. Then
Rep(G, z) is the category of super-vector spaces sVec.

The main result of this section is Theorem [0.9.26] (due to Deligne) which states
among other things that any symmetric fusion category over an algebraically closed
field of characteristic zero is equivalent to one from Example @.9.] (3) above.

EXERCISE 9.9.4. Prove that the categories from Example (1) are of the
form Rep(G, z) for suitable G and z.

Recall that for any object V' of a braided tensor category C we have an action
of the braid group B,, on the tensor power V®", see Remark In the case of
a symmetric tensor category C this action factors through the symmetric group S,
which is the quotient of B,, by the relations o? = 1.
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DEFINITION 9.9.5. The symmetric nth power S™(V') (or S™V') of V is the max-
imal quotient of V®™ on which the action of S,, is trivial. Similarly, the exterior nth
power AN"(V') (or A"V) of V is the maximal quotient of V™ on which the action
of S, factors through the sign representation.

REMARK 9.9.6. In other words, S™V is the degree n part of the symmetric
algebra SV, which is the quotient of the tensor algebra T'V' by the ideal generated
by the image of idygy —o, where 0 : V@V — V®V is the permutation. Similarly,
A"V is the degree n part of the exterior algebra AV, which is the quotient of the
tensor algebra T'V by the ideal generated by the image of idy gy +0.

EXERCISE 9.9.7. Note that in a symmetric tensor category C, one can define
any linear algebraic structures that we encounter in ordinary algebra (i.e., modules
over any linear operad). The following exercise studies this notion for two important
kinds of structures — Lie algebras and Hopf algebras.

(i) A Lie algebra in a symmetric tensor category C is an (ind-)object L together
with a bracket operation 8 : L ® L — L which satisfies the skew-symmetry and the
Jacobi identity:

B(id+(12)) = 0, Bo (B®@id) o (id+(123) + (132)) =0,

where (123) and (132) are the nontrivial cyclic permutations in Ss.

(i) Show that any associative algebra in C has a natural structure of a Lie
algebra (with the bracket being the commutator). In particular, if V' is any object
of C then End(V) := V ® V* is a Lie algebra. This Lie algebra is denoted gl(V).

(ii) Suppose that V is equipped with a symmetric isomorphism B : V — V*,
i.e., such that B* = B (note that in a symmetric rigid monoidal category we have
a canonical identification V' 2 V**). Show that A2’V C V@V 2V ® V* has a
natural Lie algebra structure, obtained by restricting the bracket in V ® V*; this
Lie algebra is called the orthogonal Lie algebra of V' and denoted o(V'). Similarly,
if V is equipped with a skew-symmetric isomorphism B : V — V* (i.e., B* = —B),
show that S?V C V®V = V ® V* has a natural Lie algebra structure, obtained
by restricting the bracket in V' ® V*; this Lie algebra is called the symplectic Lie
algebra of V' and denoted sp(V).

(iii) In (i), let C = sVec, and let F' : sVec — Vec be the forgetful functor. Let
F(L) = Ly ® L_, where L, is the the image of the even part of L and L_ is the
image of the odd part of L under F. Since F is not braided, F'(L) is, in general,
not a Lie algebra; however, it carries a bracket operation [,] = F(8). Write down
explicitly the properties of [,] obtained from the skew-symmetry and Jacobi identity
for 8. You will obtain the definition of a Lie superalgebra. Thus, a Lie superalgebra
is just the image of a Lie algebra in sVec under the forgetful functor to Vec.

(iv) In (ii), assume that F(V) =V, @ V_, where dimV; = m and dimV_ =
n. Describe explicitly (in linear-algebraic terms) the Lie superalgebras F(gl(V))
(called gl(m|n)), F(o(V)) (called osp(m|n)), and F(sp(V)) (called osp(n|m)), and
the operations on them.

(v) Show that if L is a Lie algebra in C then the category of L-modules in C is
a symmetric tensor category.

(vi) Define a bialgebra and a Hopf algebra in a symmetric tensor category C,
and show that the categories of modules and comodules over a Hopf algebra H in
C are tensor categories.
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(vii) Let L be a Lie algebra in a symmetric tensor category C. Define the
associative algebra U(L) in C to be the quotient of the tensor algebra T'L of L by
the ideal generated by the image of the morphism idpgr —0 — 8 : L® L — TL,
where ¢ is the permutation of components. Show that U(L) is a Hopf algebra in C,
and that the category of U(L)-modules is equivalent to the category of L-modules
as a tensor category.

(viii) Prove the categorical PBW theorem: the associated graded algebra
grU(L) under the natural filtration is naturally isomorphic to the symmetric al-
gebra SL = @©,>05" L.

Hint: Use the Campbell-Hausdorff formula to define a noncommutative
s-product on SL which defines the algebra U(L).

(ix) An affine scheme X in a symmetric tensor category C is, by definition, the
same thing as its algebra of regular functions O(X), which is a commutative algebra
in C; but morphisms between affine schemes go in the opposite direction (i.e., the
category of affine schemes in C is the dual category to the category of commutative
algebras in C). An affine group scheme is an affine scheme G together with a Hopf
algebra structure on the commutative algebra O(G) (i.e., as in the classical case,
an affine group scheme in C is a group object in the category of affine schemes in
C). Show that if G is an affine group scheme in C then the category Rep(G) of
O(G)-comodules in C is a symmetric tensor category.

(x) Let V' € C. Define the scheme G = GL(V) as follows: O(G) is the quotient
of S(V*®@V @& V* ® V) by the ideal generated by the images of the morphisms
0 —evy and 0P —evy, where § : V'@V — (V* @ V)® (V*® V) is given by
0 = id®coevy ® id, and 6°? = Py 34 0 6 (where Pjg 34 is the permutation of the
components 12 and 34). This mimicks in the categorical setting defining the usual
GL(V) as the set of pairs (X,Y) of endomorphisms of V such that XY =Y X = id.
Show that G is an affine group scheme in C.

(xi) Show that in (x), if C = Rep(K) for an algebraic group K, then the symmet-
ric tensor category of representations of GL(V) in C is equivalent to Rep(GL(V) x
K).

(xii) In the setting of (ii), define the groups schemes O(V'), Sp(V) (note that
in general we cannot define SO(V'), since we do not have a notion of determinant).

By Proposition a symmetric fusion category C has a spherical structure
such that the corresponding twist (see Definition BI0.I]) equals the identity. In
general, dimensions defined by this spherical structure are not positive: it is easy
to see that if C = Rep(G, z) then the categorical dimension of X € C equals the
super-dimension of the super-vector space X (i.e., the trace of the operator z acting
on the vector space X ), so the dimension of a simple object can be a negative integer.

EXERCISE 9.9.8. Let C be as in Example (1). Then dimension of a simple
object with isomorphism class « € I" equals g(x). (Hint: Use Exercise BI0.15]).

EXERCISE 9.9.9. (i) Let C be a symmetric fusion category over a field k of
characteristic zero. For « € k, let (2) = w Let V € C be an object
of dimension «. Prove that

-1
dim S™(V) = (‘”” > dim A™(V) = <O‘>
n n

Hint: S™V and A"V are the images of the symmetrizer and skew-symmetrizer

in k[S,], respectively.
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(ii) Let D be a symmetric tensor category over a field k of characteristic p.
Show that the dimension of any object X € D lies in F, C k.

Hint. Let a = 1 — s € kS, where s € 5, is a cyclic permutation. Show that
a? = 0 and deduce that Trxes(a) = 0. On the other hand, show that Tryes(a) =
(dim X)? — dim X.

Recall from Corollary L7.13] that the dimension of an object of a pivotal fusion
category is an algebraic integer.

EXERCISE 9.9.10. (JAEG] Section 7]). Let a € k be such that (a+,]:_1) and
(Z) are algebraic integers for all k € N. Prove that a € Z.

Thus we see that dimensions of all objects of a symmetric fusion category are
integers.

COROLLARY 9.9.11. A symmetric fusion category is integral. In particular its
Frobenius-Perron dimension is an integer.

PRrROOF. This follows from Exercise [0.6.2] |

We will say that a symmetric fusion category is positive if all dimensions are
non-negative integers. Thus in a positive symmetric fusion category we have by
Exercise [0.6.2 that dim(X) = FPdim(X) for any X € C.

EXAMPLE 9.9.12. A pointed braided category C with associated pre-metric
group (T, ¢) (see Section B is positive if and only if ¢ = 1, see Exercise [0.9.§

COROLLARY 9.9.13. Let C be a positive symmetric fusion category and let X €
C. Assume that dim(X) =d € Z>o. Then N¥T1(X) = 0.

PrOOF. By Exercise [[0.9(i), we have FPdim(A9T1(X)) = dim(A?H1(X))

o
Ol

COROLLARY 9.9.14. Let C be a symmetric fusion category over C. Then there is
a unique (possibly non-faithful) Z/2Z-grading C = C1 ® C_1 such that Cy is positive
and for any 0 # X € C_1 we have dim(X) < 0.

PRrOOF. Note that C has two spherical structures: the one described earlier in
this section and the one provided by Proposition By Remark they
differ by a tensor automorphism of the identity endofunctor of C which gives rise
to the required Z/2Z-grading,. ]

Let C = C; ®C_1 be an arbitrary Z/2Z-graded symmetric fusion category with
braiding c¢. For X € C(_1ym and Y € C(_1)» we consider the modified morphism

(9.16) R = (=1)""exy.

EXERCISE 9.9.15. (1) Prove that morphism (@.I6) extended by linearity
to C is again a symmetric braiding on C. We will denote the category C
with modified braiding ¢°¢ by ™.

(2) We have (C™mod)ymed = ¢,
(3) Let dim™°? be the dimension function of the category C™°%. Then for
X € C(_1ym we have dim™**(X) = (—1)" dim(X).
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Thus this construction applied to a Z/2Z-grading from Corollary pro-
duces a positive category C™°¢. Hence any symmetric fusion category can be ob-
tained from a Z/2Z-graded positive symmetric fusion category by the modification
of braiding as above.

DEFINITION 9.9.16. Let C be a symmetric fusion category. A braided tensor
functor F' : C — Vec is called a symmetric fiber functor. We say that C is Tannakian
if it admits a symmetric fiber functor.

REMARK 9.9.17. The above fiber functor is defined in the setting of symmetric
fusion categories and should not be confused with the more general (not necessarily
braided) fiber functor considered in Section Bl In this section we will consider
only symmetric fiber functors, and will drop the adjective “symmetric” for brevity
(which is usually done in the literature).

EXERCISE 9.9.18. Prove that a Tannakian fusion category is positive.

Given a fiber functor F': C — Vec, let I : Vec — C be its right adjoint and let
Ap = I(1). By Proposition B88 Ar € C is a commutative algebra. Moreover,
the category Mod¢(AFr) is tensor equivalent to the category Vec via the functor
M +— Hom¢(1, M). In other words, any right (or left) Ap-module is isomorphic to
a direct sum of several copies of Ap.

DEFINITION 9.9.19. The algebra Ap constructed above is called the regular
algebra of (C, F).

EXERCISE 9.9.20. Prove that the tensor functor F' is canonically isomorphic to
the tensor functor
C — Vec: X — Home (1, X ® Ap).

For a fiber functor F' : C — Vec, let G be the group of tensor automorphisms
of F. A fiber functor F': C — Vec has an obvious lifting

(9.17) F:C — Rep(GFp).

EXERCISE 9.9.21. Prove that the group G is isomorphic to the group Aut(Ar)
of automorphisms of the algebra Ap.

THEOREM 9.9.22. ([Dell,[De2]) Let C be a positive symmetric fusion category.
Then
(i) there exists a fiber functor C — Vec;
(ii) all fiber functors C — Vec are isomorphic to each other;
(iii) for any fiber functor F : C — Vec, the functor F:C— Rep(GFg) con-
structed above is an equivalence.

REMARK 9.9.23. In the setting of C'*-algebras, a similar theorem was proved by
Doplicher and Roberts [DoR]. This theorem gives a categorical characterization of
the category of finite dimensional complex representations of a compact topological
group.

ProOF. We will prove (i) in Section @10l Let us prove (ii). Let F; and F be
two fiber functors and let A; and A be the corresponding regular algebras. Let
us consider the (A1, A2)-bimodule A; ® As. For any (A;, As)-bimodule M we have
Hom(a, 4,)(A1 ® Az, M) = Hom(1, M). In particular, the algebra

End(AlﬁAz)(Al ® AQ) = HomC(1> A ® A2)
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is commutative (indeed, this algebra identifies with Fj(Asz)). Thus the algebra
End(4,, 4,)(A1 ® A) has a one dimensional representation. Equivalently, there
exists an (Ap, As)-bimodule M such that Hom¢ (1, M) is one dimensional. But
then M is isomorphic to A; as a left A;-module and isomorphic to A; as a right
As-module. Combining these isomorphisms, we get an isomorphism of algebras
A ~ As. This implies (ii) by Exercise

Let us prove (iii). Let A = Ap be the regular algebra. Observe that A ® A
is a generator of the category of (A, A)-bimodules since Hom4 4)(A ® A, M) =
Hom¢(1, M) and Hom(1, M) # 0 for any right (or left) A-module M. On the
other hand, as above, we see that End(4 4)(A ® A) is commutative, so for any
simple (A, A)-bimodule M we have that Hom(1, M) is one dimensional. In other
words, any simple (A, A)-bimodule is isomorphic to A with right action twisted
by an automorphism of A. Thus the category of simple (A4, A)-bimodules is closed
under tensor product and is equivalent to the category Cqg, from Example
(recall that Aut(A) = GF). Consider Mod¢(A) = Vec as a module category over
C, so the category of (A, A)-bimodules identifies with Cy,.. We can identify the
category Rep(Gr) with functors from Mod¢(A) = Vec to itself commuting with the
action of the category Cg, C (5, above; in this language F(X) (see (II7)) is a
functor Mod¢(A) 3 L — X ® L with obvious commutation with L — L ®4 M
for any simple (A, A)-bimodule M. Since every (A, A)-bimodule is a direct sum of
simple ones, the category Rep(Gr) above identifies with (Cy,.)Vec, and the functor
F identifies with the canonical functor C — (Ci.)vee- Thus, (iii) follows from

Theorem [T 12.111 a

COROLLARY 9.9.24. Let C be a pointed braided fusion category such that the
associated quadratic form (see Section BAl) equals 1 identically. Then there exists
a braided tensor functor C — Vec.

Proor. By Example [0.9.12] the category C is a positive symmetric category.
Thus Theorem [0.9.27] (i) implies the result (see also Exercise [.10.14]). O

COROLLARY 9.9.25. Any symmetric fusion category C is braided equivalent to
a category of the form Rep(G, z). Moreover, the pair (G, z) is uniquely determined,
up to isomorphism, by the category C.

ProOF. We know that C has a unique Z/2Z-grading such that the modified
category C™°? is positive. Thus by Theorem [1.9.22] we have a braided equivalence
C™ed — Rep(Q@) for a unique group G. The Z/2Z-gradings of the category Rep(G)
are in bijective correspondence with central elements z € G such that z? = 1. Let
us fix such a grading. It is immediate that Rep(G)™°? = Rep(G, z). Thus the result
follows from Exercise (2). O

This result can be described more intrinsically in the following way. For a
symmetric fusion category C, a super fiber functor is a braided tensor functor F :
C — sVec. For a super fiber functor F' : C — sVec, let Gr be the group of tensor
automorphisms of F. Let zp € Gr denote the parity automorphism of F (i.e.,
for each ¢ € C the automorphism of F'(¢) € sVec corresponding to ¢ is the parity
automorphism). It is clear that zp is central and 2% = 1. A super fiber functor
F : C — sVec has an obvious lifting ' : C — Rep(Gr, zr).
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THEOREM 9.9.26. ([Dell, [De2]) Let C be a symmetric fusion category. Then

(i) there exist super fiber functors C — sVec;
(ii) all super fiber functors C — sVec are isomorphic to each other;
(iii) for any super fiber functor F' : C — sVec, the functor F:C— Rep(Gr, zr)
constructed above is an equivalence.

EXERCISE 9.9.27. Deduce Theorem [9.9.26] from Theorem [9.9.22

Corollary implies the following classification of triangular semisimple
Hopf algebras over a field k of characteristic zero. Let G be a finite group, and z a
central element in G of order 2. Recall that we have a triangular structure R, on
kG given by the formula

1
RZ:§(1®1+1®2+2®1—7;®2’);

one has Rep(kG, R,) = Rep(G, z) as symmetric categories. Also, if J is a twist for
kG, then we can define the triangular Hopf algebra H = kG with the triangular
structure R, j = Jz_llRZJ.

ProPOSITION 9.9.28. ([EtG3]) Any triangular semisimple Hopf algebra (H, R)
over k is of the form (kG’, R, ;) for some G, z,J.

PROOF. The category Rep(H, R) is a symmetric fusion category, so by Corol-
lary it is of the form Rep(G, z) for some G, z. Moreover, (H, R) corresponds
to a (non-symmetric) fiber functor on this category, which corresponds to some
twist J. O

REMARK 9.9.29. Recall that the possible twists J for kG are explicitly classified
in Corollary

EXERCISE 9.9.30. The following conditions are equivalent for a symmetric fu-
sion category C:
(i) C is positive;
(ii) C is Tannakian;
(iii) the essential image of any super fiber functor F' : C — sVec is contained
in Vec C sVec;
(iv) there exists a finite group G such that C is equivalent to Rep(G) as a
braided fusion category.

LEMMA 9.9.31. If C1,Cs are symmetric categories and F : C; — Cq is a surjec-
tive braided tensor functor, then Cy is Tannakian if and only if Co is.

PRrROOF. If Cy satisfies property (ii) from Exercise [.9.30] then so does C;. By
surjectivity, if C; satisfies (iii) then so does Ca. O

Recall that a symmetric fusion category C has a canonical Z/2Z-grading, see
Corollary [0.9.T4] 1t is clear from Theorem [0.9.22] that C; C C is a unique maximal
Tannakian subcategory of C. The following result is immediate:

COROLLARY 9.9.32. (i) If FPdim(C) is odd then C; = C. In other words,
a symmetric fusion category of odd Frobenius-Perron dimension is Tan-
nakian.

(ii) In general, either C; = C or FPdim(C;) = 5 FPdim(C). O

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



298 9. FUSION CATEGORIES

EXERCISE 9.9.33. (1) Let C be a Tannakian fusion category. By Theorem
0922 (iii), a choice of a fiber functor F : £ — Vec defines a finite group
Gr := Aut F and a braided equivalence F : C ~ Rep(Gr). Let Fun(Gr)
be the algebra of functions Gy — k; the group G acts on Fun(Gr) via
left translations, so Fun(GFr) is a commutative algebra in the category
Rep(Gr). Therefore Ac r := F~1(Fun(GF)) is a commutative algebra in
C. Prove that the algebra Ac r is canonically isomorphic to the regular
algebra Ap.

(2) Prove that the regular algebra Ap is separable, that is, the multiplication
morphism Ar ® Ap — Ap considered as a morphism of Ag-bimodules,
admits a unique splitting.

In practice, we will often denote Ap by Ac and call it the regular algebra
in C. To some extent, this abuse of language and notation is justified because the
isomorphism class of A¢ _p does not depend on F' (recall that by Theorem [0.9.22)ii),
all fiber functors are isomorphic).

REMARK 9.9.34. The results of this section fail dramatically over fields of pos-
itive characteristic. It was shown in [GelfK], [GeoM] (see also [Ande]) that over
fields of positive characteristic there exist symmetric fusion categories which are
non-integral and hence do not admit a fiber functor. For example, in characteristic
5, there exists a symmetric fusion category with the Grothendieck ring isomorphic
to the Yang-Lee fusion ring (see Example B.I.9]). The question of classification of
symmetric fusion categories in positive characteristic is currently open. However,
see [Os8| for a generalization of Theorem 9.9.26 to characteristic p.

9.10. Existence of a fiber functor

This section is devoted to the proof of Theorem (i). For this we need
to generalize some notions that we introduced previously. Let C be a symmetric
fusion category. In this section an algebra A € C is a nonzero ind-object of C with
a structure of a commutative algebra with unit.

EXAMPLE 9.10.1. (1) In the case C = Vec an algebra in the above sense is just
a commutative algebra with unit; while an algebra in the sense of Section [(.8is a
finite dimensional commutative algebra with unit.

(2) For an object X € C its symmetric algebra S®(X) = @;S5%(X) is an example
of algebra in the above sense.

For an algebra A € C we consider the category C4 of right A-modules; thus
the objects of C4 are ind-objects of C with a structure of a right A-module. The
category C4 endowed with the bifunctor ® 4 has an obvious structure of a symmetric
tensor category. In particular, for any M € C4 we have its symmetric and exterior
powers St(M) € Ca and AY(M) € Ca, i > 0.

EXERCISE 9.10.2. Show that for any M, N € C4 we have
SP(M&N)= P S'(M)@a S/ (N), p>0,
i+j=p
and ‘ ‘
N(MeN)= P AN (M)eaN(N), p=>0.
i+j=p
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Note that objects of C4 need not be rigid, in general.

EXERCISE 9.10.3. Let C = Vec. Show that M € C4 is rigid if and only if it is
a finitely generated projective module over A.

EXERCISE 9.10.4. Show that a direct sum and tensor product of rigid objects
in C4 is rigid. Show that a direct summand of a rigid object is rigid.

For any rigid object M € C4 we define its dimension dim(M) € Hom4(A, A) =
Hom¢(1, A) as the composition

A->MOUM 2M @4 M — A.

EXERCISE 9.10.5. (1) Show that the dimension is additive and multiplicative.
(2) Show that for any rigid M € C4 the objects S*(M) and A*(M) are rigid.

We have an obvious braided tensor functor C — C4 sending X € C to X4 :=
X®A € Cy. It is immediate that X 4 is rigid for any X € € and dim(X4) = dim(X).
Furthermore, S*(X4) = S*(X)a and AY(X4) = AY(X)a.

We will say that a commutative unital algebra B € C4 is an A-algebra. Equiva-
lently, an A-algebra is an algebra B € C together with a homomorphism 1: A — B.

EXAMPLE 9.10.6. Let M € C4. Then S*(M) is an example of an A-algebra.

EXERCISE 9.10.7. Show that the algebra S®(M) has the following universal
property: for any A-algebra B and a morphism of A-modules u : M — B there
is a unique A-algebra homomorphism ug;4 : S®*(M) — B such that the map M =

SL(M) c S$*(M) =225 B coincides with u.

For an A-algebra B and any M € C4 we define its extension of scalars to
be Mg := M ®4 B € Cg. Clearly, extension of scalars is a braided tensor func-
tor. It is obvious that extension of scalars of a rigid module is again rigid mod-
ule and dim(Mp) is the image of dim(M) under the obvious map Home(1, A) —
Homc(1, B). Also, S{(Mp) = S{(M)p and A{(Mg) = AY(M) .

The following result is crucial.

LEMMA 9.10.8. Let M be a rigid A-module. The existence of an A-algebra

B such that Mg has 15 = B as a direct summand is equivalent to the condition
S™(M) # 0 for alln € Z>g.

PROOF. One implication is trivial since the natural map 15 = S"(1p) —
S™(Mp) = S™(M)p induced by the embedding 15 — Mp is injective, see Exercise
9.10.2

Let us prove the other implication. Consider an A-algebra B with multiplica-
tion map m : B®4 B — B. Assume that we have maps of A-modules u : M* — B
and v : M — B such that the map § defined as a composition

coev

WYMo M "™ Beo,B "™ B
equals the unit map 1 : A — B. Then we have the maps of B-modules 8 : Mg — 1p

defined as Mg = M ®4 B *29% Bo, B ™ B=1g and a : 15 — Mg defined
as B 999 Ar o M* @4 B 229N Ar o, Boa B 29 My, The condition

6 = 1 implies that Sa = idpg, that is 15 is a direct summand of Mp.
It remains to construct an algebra B with the properties above. For
this we consider an algebra S := S*(M @& M*). Let © : M = SY(M) C S and

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



300 9. FUSION CATEGORIES

@: M* = S'Y(M*) C S be the obvious inclusions. We define the map § : A — S as
a composition
1A Mo M "8 50,8 ™ 8.
Finally, we set B = S*(M @ M*)/I, where I is the ideal generated by the image of
the map 1 —4 : A — S. In other words, the algebra B is defined via the generators
M @ M* and the relation 1 = 4, see Exercise It is clear that the algebra
B endowed with the maps u : M* % S — B and v : M 2 S — B satisfies the
condition 1 = §. However, we still have to show that the algebra B is nonzero.
Thus, we need to show that I # S or, equivalently, that the map

p:S=50,1, 200 g0, 5 m g

is not surjective. Assume the contrary. Then the A-module map 1 : A — S
factors through p since A is a projective object of C4. In other words, there exists
a morphism « : 14 — S such that 1 = (1 — 6)z. Recall that the algebra S =
S*(M) ®4 S*(M*) is naturally graded by Z>q X Z>q; clearly 1 lands in the (0, 0)-
graded component and 6 lands in the (1,1)-graded component. Decompose z in
the sum of its graded components: = = x99 + 21,0 + 20,1 + 21,1 + . ... Clearly, we
can assume that z,, = 0 for p # ¢ (since if z is a solution of 1 = (1 — S)a: then
@' = x00+21,1 4. .. is asolution too). Now, the equation 1 = (1—4§)x is equivalent
to the following graded equations:

Z0o,0 = 1; 1,1 — 5130,0 = 0; €22 — (5.131)1 = 0; .

This means that x,, = 0” and 6" = 0 for large enough n since the sum z =
x0,0 + 21,1 + ... is finite. Conversely, if 6" =0 then 1 = (1- S)(l +04...+ 6n .

So the universal algebra B is nontrivial if and only if o # 0 for all n. Now o
14— S™(M)®4S™(M*) equals to the coevaluation map 14 — S™(M)®4 S™(M)*
and is zero if and only if S™(M) = 0. The lemma is proved. O

COROLLARY 9.10.9. Let X € C and dim(X) =d € Z~g. Then for any0 <i <d
there exist an algebra A; € C and an A;-module N; such that X a, ~ 1f4i ® N;.

PROOF. We use induction in 7. In the case i = 0 we set Ag = 1 and Ny = X.
Now assume that ¢ < d and A; and N; are already constructed. Observe that
dim(V;) = dim(X4,) — dim(1%,) = d — i > 0. Thus dim S™(N;) = (“7"3"71) #£ 0
for any n € Z>o. Hence by Lemma we can construct the A;-algebra A;yq
such that (N;)a,,, = 14,,, ® Nij1 for some Ny € Cya,,,. The result follows. [

LEMMA 9.10.10. Assume that C is a positive symmetric fusion category. Then
in the setup of Corollary [0.10.91 we have Nq =0, so X4, ~ lffxd.

PrOOF. We have dim A9t1(X) = 0. Since the category C is positive, this
implies that A9*1(X) = 0. On the other hand, by Exercise [I.10.2
ATHX)a, = AT (X)) = AT, 0Ny = @ A(1%,) ®a N (Na)
itj=d+1
contains /\d(lid) @4 AY(Ng) = Ny as a direct summand. The result follows. O
COROLLARY 9.10.11. Let C be a positive symmetric fusion category. There

exists an algebra A € C such that for any object X € C with dim(X) = d we have
XA >~ 1514.
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ProoOF. By Lemma for each simple X € C there is an algebra A(X)

such that X 4(x) ~ 1ii(mx()x). Now take A =@ A(X). O

Let A be an algebra as in Corollary @.I0.111 Then the tensor functor X +— X 4
lands into subcategory of C4 consisting of finite direct sums of A.

EXERCISE 9.10.12. Let R = Hom¢ (1, A). Then the subcategory of C4 consist-
ing of finite direct sums of copies of A is braided tensor equivalent to the category
of free R-modules of finite rank via the functor M — Hom¢(1, M).

COROLLARY 9.10.13. For any positive symmetric fusion category C there exists
a commutative k-algebra R and a braided tensor functor from C to free R-modules
of finite rank. O

Proof of Theorem (i). In order to specify a fiber functor F': C — Vec one
needs to assign a vector space F(X) of dimension dim(X) for any simple object
X € C and to define isomorphisms F(X ® V) ~ F(X) ® F(Y) satisfying the
axioms of a braided tensor functor. If we choose a basis in each vector space F(X)
and Hom¢ (X ® Y, Z), the isomorphisms above become matrices and the axioms
become some polynomial relations on entries of these matrices. Thus the existence
of the fiber functor is equivalent to the existence of solutions to some polynomial
system of equations. We know from Corollary that this system of equations
has a solution with values in some commutative k-algebra R. Thus by Hilbert
Nullstellensatz there is a solution with values in k.

EXERCISE 9.10.14. (1) Let X € C be an invertible object such that cx x =
idxgx. Prove that S*(X) = T*(X). Deduce that R = Hom¢(1,S5°(X)) is a
polynomial algebra in one variable, R = k[y].

(2) Prove that the algebra A = S*(X)/(y — 1) is commutative and semisimple.

(3) Give an alternative proof of Corollary

9.11. Deligne’s theorem for infinite categories

In the previous sections we described Deligne’s classification of symmetric fusion
categories. In fact Deligne’s theory developed in [Dell, [De2] is significantly more
general and his results extend to tensor categories which are not necessarily finite
or semisimple. Let us review this generalization, without detailed proofs (we refer
the reader to [De2] for details). This material is not used in subsequent sections.

At first sight, one might expect that Deligne’s theorem should extend to this
setting in a straightforward way, just replacing finite groups by affine proalgebraic
groups. However, this turns out not to be the case, because in a general tensor
category, there may be no twist of the symmetric structure making all dimensions
non-negative, and there may be simple objects of dimension 0.

To give an example, let V' be a supervector space of dimension (m|n), where
m,n >0, ie.,V =V, & V_, where V, is the even part and V_ is the odd part, so
that dim Vy = m and dim V_ = n. Consider the Lie algebra g = End(V) = V@V* ¢
sVec (as usual, the Lie bracket is obtained from the associative product by taking
the commutator). Let C be the tensor category of representations of g in sVec (see
Exercise[@3.7). Then A"V = @4, AV, @SIV_ and STV = @1 ;. SV, QN V_.
It is not difficult to show that these objects are simple (in particular, nonzero) for
all r, while if m —n > 0 then dimA™V =0 for r > m —n, and if n —m > 0
then dim S™V = 0 for » > n — m. In particular, there is clearly no twist making
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all dimensions positive. So, we see that in the non-fusion case, the story is more
complicated, and instead of a fiber functor to Vec after a suitable twist of the
symmetric braiding, which does not always exist, the best we can hope for is a fiber
functor to sVec.

Deligne showed that this hope is indeed realized, under a certain additional
assumption. Namely, there is the following necessary condition for the existence of
such a fiber functor.

DEFINITION 9.11.1. We say that a tensor category C is of subexponential growth
if for each X € C, there exists a positive number Cx such that for any n > 0,
length(X®™) < C%.

EXAMPLE 9.11.2. The category Vec has subexponential growth, with Cx =
dim(X). This is clearly the best constant, so the subexponential growth here is
honestly exponential. So we see a stark contrast with other fields of mathematics
(noncommutative algebra, theory of computation), where exponential growth is
viewed as fast. In the theory of tensor categories, this means the slowest possible
growth, and we will see that things can get worse.

LEMMA 9.11.3. Let C be a tensor category, and D a finite tensor category.
If there is a quasi-tensor functor F' : C — D then C has subexponential growth;
namely, one can take Cx = FPdim(F(X)).

PROOF. This follows immediately, since FPdim(Y") > 1 for any Y € D, so
length(X®") < length(F(X)®") < FPdim(F(X)®") = C%, n > 0.
|

Lemma [0.11.3] implies that subexponential growth is necessary for having a
fiber functor to sVec, and we will see that this condition is not always satisfied.
However, as Deligne showed, this condition is also sufficient.

THEOREM 9.11.4. ([De2]) Let C be a symmetric tensor category of subexpo-
nential growth over a field k of characteristic zero (for example, a finite category).
Then C admits a fiber functor F' : C — sVec, and this functor is unique up to an
isomorphism.

More precisely, Deligne proves the following theorem, which implies Theorem
0.11.4. For each partition A of n let m\ be the irreducible representation of S,
corresponding to A, and let S* : C — C be the corresponding Schur functor,
SMX) = (my ® XO")5n,

THEOREM 9.11.5. Let C be a symmetric tensor category over a field k of char-
acteristic zero, such that for every object X € C there exists a partition A such that
SMNX) =0. Then C admits a fiber functor F : C — sVec, and this functor is unique
up to an isomorphism.

For the proof of Theorem (which is nontrivial), see [De2|; the method
is similar to the proof of Deligne’s theorem for fusion categories. Note that the
result for fusion categories is a special case of Theorem [B.IT.5] since for positive
fusion categories we have A"X = 0 for n = dim(X) + 1, i.e., we can take A = (1"),
n=dim(X) + 1.
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PROPOSITION 9.11.6. Any symmetric tensor category of subexponential growth
satisfies the condition of Theorem [Q.I1H so Theorem OQ.IT.H implies Theorem
9.11.4

PROOF. Suppose that S*(X) # 0 for any A. We have X®" = Da:a|=nTy ®
S*(X). Thus,

length((X ® X*)®") > dimy Home (1, (X @ X*)®") =

dimy Ende(X®") > ) dimy(my)? = nl,
A A|=n
which contradicts subexponential growth. O

REMARK 9.11.7. Theorem [9.11.4] allows one to obtain an explicit classification
of finite dimensional triangular Hopf algebras in characteristic zero, which general-
izes Proposition [0.9.28) to the non-semisimple case. See [AEG), [EtG5| for details.

EXERCISE 9.11.8. Let V € sVec be a supervector space of dimension (m|n)
(i.e., the even part has dimension m and the odd part has dimension n). Show that
SAV) =0 if and only if A4 1 > n+ 1, i. e., the Young diagram of A contains the
square (n,m) (where both coordinates run from 0 to co).

Let us now explain how Theorem is applied. Suppose F': C — sVec is
a fiber functor. Let F} : C — Vec be the composition of F' and of the forgetful
tensor functor Forg : sVec — Vec. Let H = Coend(F). By the reconstruction
theory (see Theorem [B.41])) H is a Hopf algebra and the functor F; induces a tensor
equivalence C ~ Rep(H). If the functor F; is braided (e.g. when the functor
F factors through Vec C sVec) the multiplication in H is commutative and thus
H = O(G) for a suitable affine group scheme G. However in general the functor F;
is not braided (since Forg is not) and the multiplication in H is not commutative.
In order to deal with this possibility observe that the tensor functor Forg has a
canonical parity automorphism which acts by 1 on even vector spaces and by (—1)
on odd vector spaces. We will denote by z the induced tensor automorphism of the
functor Fy = Forg o F'; clearly 22 = 1. The automorphism z gives rise to a linear
form x, : H — k; since z is a tensor automorphism, the form x, is a homomorphism
of algebras. The algebra H carries an “adjoint action” of z given by

o2 g o g e 29 g

Thus H = Ho®H; where z acts by 1 on Hy and by (—1) on H;. One shows that H is
supercommutative with respect to this grading. Moreover, modifying suitably (see
Theorem 3.1.1 in [AEG]) the coproduct in H, one gets a commutative Hopf algebra
H in sVec, so according to Exercise @07 H = O(G) for some affine group scheme
G in sVec. By definition, for any X € C, F(X) has a natural structure of a G-
module (i.e., an O(G)-comodule). Moreover, the action of z € G coincides with the
parity automorphism of F'(X). Let Rep(G, z) denote the full subcategory of Rep(G)
consisting of all representations such that the action of z € G coincides with parity
automorphism (the tensor category Rep(G, z) is defined for any z € G such that
22 = 1 and the adjoint action of z on G' coincides with the parity automorphism).
The remarks above imply

THEOREM 9.11.9. The functor F' : C — Rep(G, z) is an equivalence of catego-
ries.
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REMARK 9.11.10. (i) It is instructive to apply Theorem Q. TT.9]to the symmetric
category Rep(G) where G is a an affine group scheme in sVec with the obvious fiber
functor. One gets Rep(G) ~ Rep(G, z) where G is a semi-direct product of G' and
Z/2Z where the nontrivial element 2z € Z/2Z acts on G by the parity automorphism,
see [De2].

(ii) One shows that the category Rep(G, z) is fusion if and only if G is an (even)
finite group, see Exercise below. Thus z should act trivially on G, i.e., z
should be central. Thus Theorem[@.IT.9]can be considered as a direct generalization
of Theorem (iii).

Theorem reduces the study of symmetric tensor categories with a fiber
functor C — sVec to the study of group schemes G in sVec. Let us describe such
group schemes in more explicit terms. For this purpose, let us apply the forgetful
functor Forg : sVec — Vec. Namely, let A = Forg(O(G)). Then, since Forg is
not a braided functor, A is not, in general, a commutative algebra, but rather it
is supercommutative, i.e., A = A, & A_ (a Z/2-grading), and elements of A,
commute with everything, while elements of A_ anticommute with each other.
Also, A has a coassociative coproduct, counit, and antipode, and the coproduct
A:A— A® Ais an algebra map, if A ® A is understood in the supersense. Such
a structure is called a (supercommutative) Hopf superalgebra.

We may think of A geometrically using the notion of an affine proalgebraic
supergroup, the geometric object attached to any supercommutative Hopf super-
algebra A. This notion can be defined in terms of the functor of points: for
every supercommutative local Artinian k-algebra R we have the group of points
G(R) = Hom(A, R) (the group of even homomorphisms).

DEFINITION 9.11.11. The functor G : R — G(R) is called the proalgebraic
supergroup corresponding to A; one writes G = Spec(A4).

Note that an affine algebraic supergroup is just an affine algebraic supermani-
fold with a group structure.

Let I C A be the ideal generated by A_. It is easy to see that I is a Hopf
ideal which consists of nilpotent elements (as A(A_) C A_ ® Ay ® A, ® A_ and
a?=0for alla € A_). So A/I = Ap is an ordinary commutative Hopf algebra.
Since we are in characteristic zero, by Corollary Ao = O(Gy), where Gy is
an ordinary affine proalgebraic group (called the even part of G). Thus, I is the
Jacobson radical of A, and Gy = G(k).

If we restrict ourselves to the case when C is tensor-generated by a single object
X (i.e., any object of C is a subquotient of a direct sum of tensor products of X’s
and X*’s; note that any tensor category is a union of such tensor subcategories),
then A is finitely generated, and G is an affine algebraic supergroup.

EXERCISE 9.11.12. (i) Let G = GL,,),, be the algebraic supergroup attached to
the affine group scheme GL(V) insVec, V =V, ®V_,dimVy = m,dim V_ = n (see
Exercise @.9.7). Describe explicitly the corresponding function algebra A = O(G).
Compute GLyy,,(R), where R = A(e1,...,en). Show that the even part of GL,,,
is GL,, x GL,.

(ii) Construct a character G'Ly,|,, — G L1 which generates a group of such char-
acters (it is called the Berezinian, in honor of F. Berezin who invented it). Compute
this character explicitly on G'Ly,|,,(R) for a supercommutative local Artinian alge-
bra R, and show that its value on (a,b) € GL,, x GL,, is det(a) det(b)*.
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(iii) Suppose that V is equipped with a symmetric or skew-symmetric iso-
morphism to V*. Define the corresponding orthogonal/symplectic supergroup
OSp(m|n), respectively OSp(n|m), and do the analog of (i) for this supergroup.

(iv) For any algebraic supergroup G, let g be the space of left-invariant deriva-
tions of A = O(G). That is, g = go @ g1, where gg is the space of even derivations
of A, and g, is the space of odd derivations of A, i.e., odd linear maps D : A — A
such that D(ab) = D(a)b + sgn(a)aD(b). Show that g is a Lie superalgebra (see
Exercise @.9.7)). Compute this Lie superalgebra in (i) and (iii).

(v) Let G be an algebraic supergroup. Show that G-modules is the same thing
as Go-modules with a compatible action of g (i.e., “Harish-Chandra modules” for
the pair (Go, g)).

EXERCISE 9.11.13. Let G be a finite supergroup, i.e., the algebra A = O(G) is
finite dimensional.

(i) Show that G is a semidirect product Gy x V of a finite group Gy with a
finite dimensional vector space V', i.e., A* = kGy x AV.

(ii) Deduce that any finite symmetric tensor category over k is of the form
Rep(Go X V,z), where z € Gy is a central element which acts by —1 on V. In
particular, such categories have Chevalley property (see Section [I2]), and do not
have simple modules of zero dimension.

(iii) Classify symmetric finite tensor categories with two simple objects which
are invertible.

(iv) Is (i) satisfied for G = G'Ly),,?

9.12. The Deligne categories Rep(S;), Rep(GL:), Rep(O;), Rep(Spat)

In this section we want to describe examples of tensor categories of faster-
than-exponential growth which were found by Deligne and Deligne-Milne ([De3l
DelM]). This material is not used in subsequent sections.

9.12.1. The category Rep(S;). We start with the category Rep(Sy), t € k,
which interpolates the categories Rep(S,,) of representations of the symmetric group
Sy, to non-integer values of n.

To construct such an interpolation, we should take a closer look at the category
Rep(Sy), and try to describe it in such a way that n occurs “analytically”, i.e.,
as a parameter which can be replaced by a non-integer number. To this end,
note that Rep(S,,) contains the permutation representation V = Fun(X, k), where
X = {1,...,n}, and every irreducible representation of S, occurs in V®™ for a
sufficiently large m. Therefore, we can start with the category C, whose objects
are VO™ m > 0, and Mor(V®™ V®*) = Homg, (V™ V®) and then define
Rep(Sy) to be the Karoubian envelope of the additive completion of C,,, obtained
by adding to C,, the operation of direct sum and images of all the idempotents. It
is easy to see that this recovers the usual representation category of S,.

To interpolate to non-integer ¢, we need to describe the space Mor(V®™ V&F)
without mentioning S,,. To do so, note that V* = V, so Homg, (V®™ V&) =
Fun(X™** k)9». The space Fun(X", k)" has a basis 6o of characteristic functions
of orbits of S,, on X" = {1,...,n}". These orbits are labeled by equality patterns:
if x = (x1,...,x,.) € X", the orbit of z is determined by which z; are equal to each
other. Such an equality pattern is encoded by a set partition of {1, ...,7}; namely,
the indices i for which x; are equal to a particular element b € X are included
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in the same subset. E.g., if = (21,79, 73,24,25) € X°, and x1 = 23,75 = 5,
and no other equalities hold, then the orbit of x is labeled by the set partition
(11,3), 2,51, [4)).

Clearly, the set partitions that arise from orbits in this way are exactly those
which have the number of subsets < n = |X]|. So, if n > r, all set partitions arise.
Thus, for n > m+k, the space Homg, (V™ V*) is independent of n (it has a basis
00, where the orbits O = O(P) are labeled by set partitions P of {1,...,m + k}).

Now let us consider the composition of morphisms. For this purpose, it is
convenient to use a somewhat different basis of Homg, (V®™ V). Namely, let
us say that a set partition P is a refinement of P’ (P > P’) if P’ is obtained by
taking unions of some of the subsets of P. E.g., ([1,3],[2,5],[4]) is a refinement of
([1,3],]2,4,5]). Now for a set partition P let

ep= Y Sop-

P'>P

That is, ep is the characteristic function of all the configurations = = (x1, ..., z,)
such that x; = x; if 4,7 belong to the same subset in P, but there may also be
other equalities. Clearly, {ep} is a basis of Homg, (VE™ V®*) since it differs from
{0o(p)} by a triangular matrix with 1’s on the diagonal.

Now consider the composition of morphisms in the basis {ep}. Let ep : VE™ —
VOF eq: VO — VO™ (50 that P is a set partition of {1,...,m + k} and Q is a set
partition of {1,...,r +m}). Introduce variables xy, ..., Tk, Y1, .oy Yms 21, -y 2r € X
so P is a certain equality pattern involving x; and y;, and @ is an equality pattern
involving y; and z,. Let P * () be the least restrictive equality pattern between z;
and z, which is implied by P and Q. Also, let N(P, Q) be the number of equality
classes (under the pattern P * Q) of the variables y; that are not required to equal
any of the x; or z, by the equality pattern P x Q). Then we have

LEMMA 9.12.1.

EpoeQ = nN(P’Q)EP*Q.

Proor. It is clear that if z;,y; satisfy the pattern P and y;, z, satisfy the
pattern @ then z;, z; satisfy the pattern P % Q. Moreover, given x;, z; satisfying
P % @, the number of choices of y; such that x;,y; satisfy P and y;, z¢ satisfy Q is
nN(PQ) (regardless of the particular values of x;, z¢). This implies the lemma. O

EXAMPLE 9.12.2. Let k =4,m =5,r=3, P = (yo = y3,23 = T4 = Ys = ¥5),
Q= (21 = 22,y5 = 23). Then P Q = (z3 = 24 = 23,21 = 22), and N(P,Q) = 2
(the free y-variables are y; and y2 = y3). Thus, ep 0 eg = nep.q.

Now for each t € k define the category §e\p(St) whose objects are non-negative
integers [m] (counterparts of V®™), and Hom([m], [k]) is the k-vector space with a
basis ep labeled by set partitions P of {1,...,m + k} and composition law

epoeqQ €EPxQ-

Note that this category has a natural strict symmetric monoidal structure.
Namely, the tensor product functor is just the addition of integers for objects and
taking the union of equality patterns for morphisms, with the obvious symmetric
braiding. The unit object is the object [0].
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REMARK 9.12.3. The algebra Py, ; := End@(sf)([m]) is called the m-th parti-
tion algebra, and its structure is discussed in [Marll, Mar2} [Jond), [HaR].

DEFINITION 9.12.4. The category ﬁg/p(St) is the Karoubian envelope of the
additive completion of Rep(S;).

Clearly, F/QEEJ(St) is a Karoubian category (i.e., an idempotent-closed additive
category) over k, which inherits the tensor structure from R/e\p(St). Moreover, it is
not hard to show that this category is rigid (with all objects being self-dual). Fur-
thermore, it is easy check that dim[m] = t™ (where [m] is the object corresponding
to the integer m); this is just the interpolation of the equality dim V®™ = np™.

The following theorem summarizes the properties of /R;B(St).

Given a partition A and a positive integer n, define the partition X(n) =
(n — |Al; A1y Ag, ...) (it is well defined if and only if n > |A] + A1). Also, if u is a
partition of n, let 7, be the corresponding irreducible representation of Sy, and let
Py (t) be the polynomial defined by the equality

dim 7y, = Py(n), n>> 0.

THEOREM 9.12.5. ([De3|,[ComO]) (i) For any t € k, the indecomposable
objects X of ﬁ\e?)(St) are labeled by all partitions A, and for each A\, dim X = Py(t)
for all t € k but finitely many non-negative integers t.

(i) If t ¢ Z then /R—\e?)(St) is a semisimple abelian symmetric tensor category
with simple objects X (also denoted by Rep(St)).

(i) If t = n € Zy then /R;B(St:n) is not abelian, but admits an additive

symmetric monoidal functor F : Rep(Si=,) — Rep(Sy), such that F (X)) = T(n)
if X(n) is defined, and zero otherwise.

REMARK 9.12.6. Note that in Theorem [0.12.5(iii), the functor F is not a tensor
functor. More precisely, it satisfies all the properties of a tensor functor except that
it is not faithful: it maps some nonzero morphisms to zero.

Note that if ¢ ¢ Z, then the category Rep(S;) is not of subexponential growth,
and does not come from a supergroup; indeed, length([m]) is bounded below by
dim Hom([o], [m]), i.e., the number of set partitions of {1,...,m}, which is the Bell
number B,,, growing faster than any exponential. Also, if ¢ ¢ Z, dimensions of
objects aren’t integers, which clearly rules out an equivalence with supergroup
representations.

REMARK 9.12.7. The object X, may be informally viewed as an analog of the
representation of the symmetric group corresponding to the Young diagram A with
an additional “very long” top row of "length” ¢ — |A| (which may be negative and
even non-integer).

9.12.2. The category Rep(GL;). The category Rep(GL;) is obtained simi-
larly to the category Rep(S;), by interpolating Rep(GL,,) to non-integer values of
n. It was first defined in [DelM]|, Examples 1.26, 1.27 (see also [Dell, De2]).

Namely, recall that in the classical category Rep(GL,) we have the vector
representation V' = k", and every irreducible representation of GL, occurs in
V& @ V*®s for some 7, 5. Now,

HomGLn (V®r1 ® V*®51,V®T2 ® V*®52) — HomGLn (V®T1+827v®rz+81)7
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S0 it is nonzero only if ry + so = r9 + s1 = m, and in the latter case is spanned by
elements of kS,,, by the Fundamental Theorem of Invariant Theory (this spanning
set is a basis if n > m). The category Rep(GL,) can then be defined as the
Karoubian envelope of the additive completion of the subcategory with objects
[r,s] ;== V& @ V*®5 and morphisms as above.

Now consider composition of morphisms. To do so, note that the elements of
S defining morphisms can be depicted as oriented planar tangles (with possibly
intersecting strands) with s; inputs and 7, outputs on the bottom and ry inputs
and so outputs on the top, and m arrows, each going from an input to an output.
The composition of morphisms is then defined as concatenation of tangles, followed
by closed loop removal, with each removed loop earning a factor of n. For example,
if A:[1,1] — [1,1] is given by A = coevy o evy, then A% = nA.

Now, given t € k, one can define the category R/e\p(GLt) with objects [r, s],
r,8 € Z4, and the space of morphisms Hom([ry, s1], [r2, s2]) being spanned by pla-
nar tangles as above, with the same composition law as above, except that every
removed closed loop earns a factor of ¢.

REMARK 9.12.8. The endomorphism algebra End([r,s]) is called the walled
Brauer algebra and denoted B, (t) (see [Tu2, Koil).

Note that the category @(GLt) has a natural strict symmetric monoidal struc-
ture. Namely, the tensor product functor is just the addition of pairs of integers
for objects and taking the union of planar tangles for morphisms, with the obvious
symmetric braiding. The unit object is the object [0, 0].

DEFINITION 9.12.9. The category I%?)(GLt) is the Karoubian envelope of the
additive completion of Rep(GL;).

Clearly, Rep(GLy;) is a Karoubian category (i.e., an idempotent-closed additive
category) over k, which inherits the tensor structure from ﬁe\p(GLt). Moreover, it
is not hard to show that this category is rigid (with [r, s]* = [s,r]). Furthermore,
it is easy check that dim[r,s] = t"*%; this is just the interpolation of the equality
dim(V®" @ V*@s) = nrts,

THEOREM 9.12.10. ([DelM, Dell, De2|) (i) The category /R—;)(GLt) is a
semisimple abelian symmetric tensor category if t ¢ Z (in this case we also de-
note it by Rep(GLy)).

(i) The category /R;B(GLt) has the following universal property: if C is a rigid
symmetric tensor category then isomorphism classes of (possibly non-faithful) sym-
metric additive monoidal functors ﬁ\e/p(GLt) — C are in bijection with isomorphism
classes of objects X € C of dimension t, via F — F([1,0]).

(i) If t = n € Z, and if p,q are non-negative integers with p — q = n, then
the category ﬁE[/)(GLtz,L) (which is not abelian) admits a non-faithful symmetric
additive monoidal functor ﬁ\e/p(GLn) — Rep(GLy,) to the representation category
of the supergroup GLy, (introduced in Evercise , which sends [1,0] to the
supervector space V = kP17 with p even and q odd dimensions. -

(iv) We have a natural symmetric tensor functor Res:Rep(GL;) — Rep(GL;_1).

Note that (iii) and (iv) are easy consequences of (ii).

Let us consider the case t ¢ Z. In this case, simple objects in Rep(GL;) are
labeled by pairs of arbitrary partitions, (A, ), A = (A1, ., Ar)y o = (1, ey s)-
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Namely, letting V' = [1, 0] be the tautological object (the interpolation of the defin-
ing representation), we have simple objects X, , which are direct summands in
SAV ®SHV*, where S? is the Schur functor corresponding to the partition A\. More
specifically, X , is the only direct summand in SAV ® S*V* which does not oc-
cur in SNV ® S#'V* with |V| < |A]. This summand occurs with multiplicity 1.
All of this is readily seen by noting that this is the case in Rep(GL,,) for large n,
in which case X, , is the irreducible representation V}y ;). of GL,, with highest
weight [\, p],,, where

[)‘7 M]n = ()‘17 aS) >‘7“7 Oa B Oa “Hsy ey _;ul)
(here, the string of zeros in the middle has length n — r — s).
Thus, we should think of X ,, as the interpolation of the representation V| ,,
to non-integer values of n; in particular, Xj\‘)u =X,

EXERCISE 9.12.11. Show that the dimension of X} , is given by the interpola-
tion of the Weyl dimension formula:

(9.18)  dim Xy, ()
r (t+>\ —i— s s t+MJ J 7“

t+14+N+p; —i—
fdxduH (/\+rz H lL]+S] HH t_,_l_fj_jz !

i=1 j=1 i=1j=1

where o
dy =dimvy = [ A
1<i<j<r J—t
is the dimension of the irreducible representation of G'L|y| with highest weight A.
(Note that since the function ([@I8) takes integer values at large positive in-
teger t, it is an integer-valued polynomial, i.e., a linear combination of binomial
coefficients (}).)

9.12.3. The categories Rep(O;), Rep(Spa;). The category Rep(O;) is defined
similarly to the category Rep(GL;). Namely, recall that in the classical category
Rep(O,,) we have the vector representation V' = k™, and every irreducible repre-
sentation of O,, occurs in V& for some r. Now,

Homo (V®T17v®7"2) — (V®T1+7"2)On

so it is nonzero only if 71 +r2 = 2m, in which case it can be written as Endo,, (V&™)
and is the image of the Brauer algebra B,,(n), by the Fundamental Theorem of
Invariant Theory for orthogonal groups (this image is isomorphic to the Brauer
algebra if n > m). The category Rep(O,,) can then be defined as the Karoubian
envelope of the additive completion of the subcategory with objects [r] :== V®" and
morphisms as above.

Now consider composition of morphisms. A basis in the Brauer algebra B, (n)
is formed by matchings of 2m points, so we have a spanning set in Hom(V®™1 V/®r2)
formed by unoriented planar tangles (with possibly intersecting strands) connecting
r1 points at the bottom and 79 points at the top, which define a perfect matching.
Then composition is the concatenation of tangles, followed by removal of closed
loops, so that each removed loop is replaced by a factor of n.

Now, given t € k, one can define the category §e\p(0t) with objects [r], r € Z,
and the space of morphisms Hom([ri],[r2]) being spanned by planar tangles as
above, with the same composition law as above, except that every removed closed
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loop earns a factor of ¢. Thus, for instance, the endomorphism algebra End([m]) is
the Brauer algebra B,,(t) (see [Wenl]).

Similarly to @(GLt), the category @(Ot) has a natural strict symmetric
monoidal structure. Namely, the tensor product functor is just the addition of
integers for objects and taking the union of planar tangles for morphisms, with the
obvious symmetric braiding. The unit object is the object [0].

DEFINITION 9.12.12. The category /R—a)(Ot) is the Karoubian envelope of the
additive completion of Rep(Oy).

Clearly, /R;B(Ot) is a Karoubian category over k, which inherits the tensor
structure from §e\p(0t). Moreover, it is not hard to show that this category is rigid
(with [r]* = [r]). Moreover, it is easy check that dim[r] = ¢".

The category /R;?)(Spgt) is defined in a completely parallel way, starting from
the representation category of the symplectic group Sps,. It is in fact easy to
see that the categories /R_\eTa(Ot) and /R_\e/p(Sp,t) are equivalent as tensor categories,
and differ only by a change of the braiding. Namely, define an involutive tensor
automorphism u of the identity functor of %(Ot) (called the parity automorphism)
by ul;;) = (=1)", and define a new commutativity isomorphism on @B(Ot) which
differs by sign from the old one if both factors are odd (i.e., u = —1 on them), and
is the same as the old one if one of the factors is even (i.e., has u = 1). Then it is
easy to see that ﬁeVp(Ot) with this new commutativity is equivalent to ﬁE[/)(Sp_t)
as a symmetric monoidal category

THEOREM 9.12.13. (|[Dell, IDe2]) (i) The categories @(Ot), @B(Spt) are
semisimple abelian symmetric tensor categories if t ¢ Z (in this case they are also
denoted by Rep(O;), Rep(Sp) ).

(i) The category /RTEB(Ot) (respectively, R—éB(Spt)) has the following universal
property: if C is a rigid symmetric tensor category then isomorphism classes of (pos-
sibly non-faithful) additive symmetric monoidal functors ﬁ\e/p(Ot) — C (respectively
/REB(Spt) — C) are in bijection with isomorphism classes of objects X € C of di-
mension t with a symmetric (respectively, skew-symmetric) isomorphism X — X*,
via F'— F([1]).

(iii) If t =n € Z, and if p, q are non-negative integers with p—2q = n, then the
category %(Ot:n) (which is not abelian) admits a non-faithful additive symmetric
monoidal functor %(On) — Rep(OSpp2q) to the representation category of the
supergroup OSppaq, which sends [1] to the supervector space V = kpl2a,

(iv) We have a natural symmetric tensor functor Res :ﬁ\e/p(Ot) — ﬁ\e/p(Ot,l)
and Rep(Spa;) — Rep(Spai—2).

Again, (iii) and (iv) follow from (ii).

Now assume ¢ ¢ Z and let us describe the simple objects. The simple objects
X of Rep(O;) are labelled by all partitions A = (Aq,..., \.); namely, X, is the
unique direct summand in S*V which does not occur in SNV for any N with
[N < |A] (it occurs with multiplicity 1). The object X is the interpolation of the
representation V) of O,, with highest weight > A\;w;, where w; are the fundamental
weights corresponding to the representation AV

IThere is a similar relationship between the categories ﬁEB(GLt) and ﬁEB(GLft).
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EXERCISE 9.12.14. Show that the dimension of X is given by the interpolation
of the Weyl dimension formula:

dim X,\ (t)

+A —2)(”’&;;“) =N +i— D)+ A+t —i— )

(Note that, as for Rep(GLt), since this function takes integer values at large positive
integer ¢, it is an integer-valued polynomial).

REMARK 9.12.15. Similarly to Rep(S;), if t ¢ Z then the categories Rep(GLy;),
Rep(O;) are not of subexponential growth, and do not come from a supergroup,
since dimensions of objects are not integers.

Thus, we see that the fast-growing categories Rep(S;), Rep(GL:), Rep(O;) are
not pathological examples, but rather are glimpses of a new and largely unexplored
world of combinatorics of sets of "non-integer cardinality” and linear algebra of
vector spaces of "non-integer dimension”.

We note, however, that by Exercise[0.9.9(ii), these symmetric tensor categories
do not admit a straightforward generalization to positive characteristic (as sym-
metric tensor categories), since in characteristic p, dimensions of objects must lie
in F,. The appropriate generalization is more subtle, and was recently proposed by
Deligne [Ded].

EXERCISE 9.12.16. Let k be an algebraically closed field of characteristic p.
Show that the Karoubian category Rep(S;) is well defined for any ¢ € k, but it does
not admit a symmetric monoidal functor (faithful or not) into a symmetric tensor
category if t ¢ F,,.

9.13. Recognizing group-theoretical fusion categories

Let G be a finite group. Recall that a fusion category C is called a G-extension
of a fusion category D if C has a faithful G-grading

c=@pc,
geG
such that C; & D
The centers of G-extensions were described in Proposition [823.11] in terms of
de-equivariantization. In particular, the center of a G-extension contains a Tan-
nakian subcategory Rep(G). Using the theory of Tannakian categories developed
in Section we obtain the following converse to this result.

PROPOSITION 9.13.1. Let C be a fusion category such that Z(C) contains a
Tannakian subcategory € = Rep(G) which maps to Vec under the forgetful functor
Z(C) — C. Then C is a G-extension of some fusion category D.

PRrROOF. Let F' : Z(C) — C denote the forgetful functor. Its restriction F¢ :
&€ — Vec is isomorphic to the fiber functor of £ by Theorem Every simple
object X of C determines a tensor automorphism of F|¢ as follows. Given an object
Y in &, the permutation isomorphism vx : X ® F(Y) = F(Y) ® X defining the
central structure of Y (see ([40)) yields an automorphism vx o d of F(V) ® X,
where 0 : F(Y)® X — X ® F(Y) is the “trivial” isomorphism, coming from the
fact that F(Y) € Vec. Since Ende(F(Y) ® X) = Endg F(Y), we obtain a linear
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automorphism ix : F(Y) — F(Y). Clearly, ix gives rise to a tensor automorphism
of Flg. Let G denote the group of tensor automorphisms of F|s. We have a
canonical assignment X — ix € G. It is multiplicative in X (in the sense that
iz = ixty for any simple Z C X ® Y), and thus defines a grading C = EBgec Cgy.

Now note that every simple object of the center Z(C) of a graded category C is
either supported on its trivial component or is disjoint from it. By construction, the
centralizer £ coincides with the category Z(C). of objects of Z(C) supported on C,
(indeed, X is in £’ if and only if iz is the identity, where Z is a simple summand of
F(X)). Therefore, F restricts to a surjective functor £ — C.. Using Lemma [6.2.4]
and Theorem [L.16.6] we have

FPdim(£’)  FPdim(2(C))
FPdim(C.)  FPdim(C)
It follows from Corollary R21.7] that
_ FPdim(£’)  FPdim(C)
~ FPdm(C) ~ |G|
which means that the above grading of C is faithful (cf. Theorem [3.5.2]). O

= FPdim(C).

FPdim(C,)

Let C be a braided fusion category. Suppose that C contains a Tannakian
subcategory £ = Rep(G). Since C is embedded into Z(C), we can view £ as a
subcategory of Z(C). Let Cs denote the corresponding de-equivariantization of C
(see Section B23). By Theorem we have C = (Cg)“.

PRrROPOSITION 9.13.2. Let C be a non-degenerate braided fusion category. Sup-
pose that C contains a Tannakian subcategory € = Rep(G). Then Ce has a faithful
G-grading.

PROOF. The restriction of the de-equivariantization functor F' : C — Cg to &£
is isomorphic to the fiber functor Rep(G) — Vec. Hence for any object X in Cq
and any object V' in Rep(G) we have an automorphism of F(V) ® X defined as the
composition

(9.19) FWV)oX S XeFV) S F(V)e X,

where the first isomorphism comes from the fact that F'(V) € Vec and the second
comes from the central structure on F.

When X is simple, we have an isomorphism Aute, (F(V)®X) = Autvec(F(V)),
hence we obtain a tensor automorphism ix of F|g. Since Autg(F|g) = G, we have
an assignment X — ix € G. The hexagon axiom of braiding implies that this
assignment is multiplicative, i.e., that iy = ixiy for any simple object Z contained
in X ® Y. Thus, it defines a G-grading on Cg:

(9.20) Ca = P (Ca)g, where O((Ca)y) = {X € O(C) | ix = g}.
g€G
By construction, the trivial component C, of the above grading is £/,. So

_ FPdim(€’)  FPdim(C) _ FPdim(Cg)
~ FPdim(&)  |G]2 G|

FPdim(C.)

Thus, Cg has |G| nonzero components, i.e., grading ([@20) is faithful. O
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EXERCISE 9.13.3. In the notation of Proposition [3.13.2]let g — T}, denote the
action of G on Cg. Prove that for every simple object X in Cg such that ix = h
we have i1, (x) = ghg™'.

DEFINITION 9.13.4. Let C be a braided fusion category. We say that a Tan-
nakian subcategory £ C C is Lagrangian if £’ = &.

The following Proposition provides a characterization of the centers of pointed
fusion categories.

PROPOSITION 9.13.5. Let C be a non-degenerate braided fusion category. Then
C is equivalent to the center of a pointed fusion category if and only if C contains a
Lagrangian subcategory.

PRrROOF. The category Z(Vecg) contains a Tannakian subcategory £ = Rep(G)
by Proposition B23.111 Since FPdim(Z(Vecs)) = |G|? we see from Corollary B21.7]
that FPdim(&’) = FPdim(&) = |G|. Therefore, &' = &, i.e., £ is Lagrangian.

Conversely, if C contains a Lagrangian subcategory & = Rep(G) then by Propo-
sition @.13.2] C¢ is faithfully graded by G. Since

FPdim(C)
G|
we see that each component of Cs has Frobenius-Perron dimension 1, i.e., Cg is

pointed. Thus, Cg = Vecy for some group G and w € Z3(G, k*). Therefore,
C = (Vect)Y = Z(Vecs). O

FPdim(Cq) = = |G|,

Recall that group-theoretical categories were introduced in Definition 0.7.1]

COROLLARY 9.13.6. Let C be fusion category. Then C is group-theoretical if
and only if Z(C) contains a Lagrangian subcategory.

PROOF. By Theorem BIZ3] C is group-theoretical if and only if there is an
equivalence of braided fusion categories Z(C) = Z(Vecg) for some finite group G
and w € Z3(G, ,k*). So the result follows from Proposition O

EXERCISE 9.13.7. Show that the words “Lagrangian subcategory” in Proposi-
tion[@.13.5land Corollary [@.13.6] cannot be replaced by “subcategory which coincides
with its centralizer” (in other words, the condition that this subcategory is Tan-
nakian, i.e., positive, cannot be dropped).

Hint: Consider the Ising category C2(q) and use Exercise [BI8.6(1).

However, it turns out that the Tannakian condition can be dropped for in-
tegral categories. Namely, the following result is a quite useful improvement of
Corollary 0.13.6] for integral fusion categories.

PRrROPOSITION 9.13.8. Let C be an integral fusion category. Then C is group-
theoretical if and only if Z(C) contains a subcategory D such that D = D’ (i.e., a
symmetric subcategory D of mazimal possible dimension, FPdim(D) = FPdim(C) ).

PROOF. The proof is given in [DrGNO1l Theorem 4.8]; we will not give it
here. Note that this result is automatic if FPdim(C) is odd, since in this case D is
Tannakian and, hence, Lagrangian. ]

Author's final version made available with permission of the publisher, American Mathematical Society.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



314 9. FUSION CATEGORIES

9.14. Fusion categories of prime power dimension

Let p be a prime number.

PROPOSITION 9.14.1. Let C be a fusion category such that FPdim(C) = p™, n >
1. Then C admits a faithful Z/pZ-grading.

PROOF. By Proposition @.6.51C is pseudo-unitary. Using Theorem [0.3.7 we see
that Frobenius-Perron dimensions of all simple subobjects of object I(1) in Z(C)
are divisors of p™. Furthermore, these dimensions are integers since the forgetful
image of (1) belongs to Cyq. It follows from the class equation ([@3]) that the group
G of invertible subobjects of I(1) is non-trivial. This group is precisely the group of
tensor automorphisms of idc, see Exercise It follows from Proposition [£14.3]
that the universal grading group of C is a non-trivial p-group and, hence, has a
quotient isomorphic to Z/pZ. O

EXERCISE 9.14.2. ([KacG3|, [Mas]) Show that a semisimple Hopf algebra of
dimension p™ over k has a nontrivial central grouplike element.

COROLLARY 9.14.3. A fusion category of prime power Frobenius Perron di-
mension is nilpotent.

REMARK 9.14.4. Corollary [0.14.3] generalizes a classical result in group theory
stating that p-group is nilpotent.

COROLLARY 9.14.5. Let C be a fusion category such that FPdim(C) = p. Then
C = Vec3,; for some 3-cocycle w € Z*(Z/pZ, k*).

PRrOOF. This is clear since by Proposition [0.14.1] C must be pointed (since the
dimension of C; for any grading of C must divide the dimension of C). ]

This allows us to obtain a classification of semisimple quasi-Hopf algebras of
prime dimension.

COROLLARY 9.14.6. Any semisimple quasi-Hopf algebra of prime dimension p
over a field of characteristic zero is twist equivalent to the group algebra of a cyclic
group Z/pZ, with associator corresponding to some w € Z3(Z/pZ, k*).

As a corollary we also obtain the Kac-Zhu theorem on the classification of Hopf
algebras of prime dimension (first proved by G. Kac [KacG3]| for semisimple Hopf
algebras and later by Zhu [Z] in general).

COROLLARY 9.14.7. Any Hopf algebra of prime dimension over a field of char-
acteristic zero is the group algebra of a cyclic group.

Proor. If the Hopf algebra H in question is semisimple, then the result follows
from Corollary So it remains to show that H must be semisimple.

The result is trivial for p = 2 (as in this case H is clearly commutative), so we
may assume that p > 2. Also, if H or H* has a nontrivial grouplike element, the
result follows immediately. So it suffices to assume that there is no such grouplike
elements. Then by Radford’s S* formula (Corollary B9.7), S* = id. Hence the
eigenvalues of 52 are +1. Since p is odd, these eigenvalues cannot add up to zero,
so Tr(S?) # 0, hence H is semisimple by Corollary [[.IS.10 as desired. O

Unfortunately, even though we proved a quasi-Hopf analog of Radford’s S*
formula in Theorem [.T9.7] it is not clear to us how to extend the proof of Theorem
0.14.7 to quasi-Hopf algebras. Thus, we have the following
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CONJECTURE 9.14.8. Corollary [0.14.5] holds for any finite tensor category of
prime Frobenius-Perron dimension. Equivalently, the semisimplicity assumption in
Corollary 0.14.6] can be dropped.

The above method also allows us to classify fusion categories and semisimple
Hopf algebras of dimension p2.

PROPOSITION 9.14.9. Let C be a fusion category of Frobenius-Perron dimension
p?. Then either C is pointed, or, for p = 2, C is equivalent to an Ising category
C2(q) where q is a primitive 8th root of unity (see Example BRI8H]).

PROOF. By Proposition @.T4T] C admits a faithful grading by Z/pZ: C =
Co®C1 ... Cp_1. Since Cy has dimension p, by Theorem [Q.I47] it is pointed.
The category C; for each i is a module category over Cy, so Z/pZ acts transitively
on its simple objects. If this action is free for all ¢, then C is pointed. If this action
is trivial for some 7, then C; has a unique simple object of dimension ,/p. We know
from Corollary B5.8 that this can only happen if FPdim(C) is even, so p = 2. In
this case, C has the fusion ring of the Ising category, and one can show that C must
be one of the two Ising categories (we leave this to the reader). (]

COROLLARY 9.14.10. Any semisimple Hopf algebra of dimension p? over a field
of characteristic zero (for prime p) is the group algebra of (Z/pZ)?* or Z/p*Z.

PRrOOF. This follows from Proposition 0.14.9] and the fact that any group of
order p? is isomorphic to (Z/pZ)? or Z/p*Z. O

REMARK 9.14.11. Note that unlike the case of dimension p, there exist non-
semisimple Hopf algebras of dimension p?, e.g., Taft algebras (Example £.5.6). Ng
showed in |[Ng| that these are in fact the only examples; so any Hopf algebra of
dimension p? is either the group algebra of an abelian group or a Taft algebra.

Recall that for a fusion subcategory IC of a braided fusion category C the com-
mutator subcategory K is introduced in Definition [4.14.10l For a pair of fusion
subcategories A, B C C let AV B denote the fusion subcategory of C generated by
A and B.

PRrROPOSITION 9.14.12. Let C be a nilpotent braided fusion category. Then for
any mazximal symmetric subcategory K of C one has (K')qq C K.

PRrROOF. Let K be a symmetric subcategory of C, i.e., K C K’. Assume that
(K"Yaa ¢ K. Then we will construct a symmetric subcategory £ C C such that
&€ 2 K. Namely, set

2

(9.21) £ =KV (K n (KoY.

Clearly £ D K. It is also clear that KN (k) is symmetric. Since K is symmetric
and KN (K) c (K<)’ C K' we see that £ is symmetric. It remains to show that
& # K, or, equivalently, that K°N(K°)" ¢ K. By Corollary B2271 (K°) O (K')ad,
so it suffices to prove that

(9.22) KN (K Naa & K.
Consider the upper central series (see Definition [L.T4.12])
K'= (KO 5 (k)W o (K)o (K™D = ((K) )44
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Let n be the largest integer such that (K')™ ¢ K (such n exists because K’ is
nilpotent). Since (K')(*+1) c K, one has (K')(™ ¢ K. Since (K')qq ¢ K, one has
n > 0,50 (K™ C (K')aq. Thus (K')™ C KN (K')qa. Since (K')™ ¢ K, we get
@.22). O

COROLLARY 9.14.13. In the situation of Proposition[0.14.12 the fusion category
K' has a faithful grading with trivial component K':

(9.23) K=K, K=k
geG

Such a grading is unique up to equivalence. The group G is abelian.

THEOREM 9.14.14. Let C be an integral braided fusion category. Suppose that
C contains a symmetric subcategory K such that (K')qq C K. Then C is group-
theoretical.

PROOF. We may assume that K D C’ (otherwise replace K by K v C’).
By Proposition [@.13.8 it suffices to construct a fusion subcategory D C Z(C)
such that D = D’. To this end, we will use the braided tensor embeddings

C—Z(C): X = (X, ex-) and CP = Z(C): X = (X, c_ly),

where ¢ denotes the braiding of C. Let Cy, C— C Z(C) denote the images of these
embeddings. Note that C_ = (C;) and Cy NC_ =C".

By Corollary @ I4.13] there is a faithful grading K’ = @ (K'), with trivial
geaq
component K, and the group G is abelian. Set (K')9P := F((K'),), where F :

~

K’ = (K')°P is the canonical equivalence of k-linear categories. Since G is abelian,
the decomposition (K')P = @ (K')P is also a G-grading.
e

Let us identify K, K" and K°P, (K')°P with subcategories of C and C_, respec-
tively. Define D C Z(C) to be the fusion subcategory generated by all objects of
the form Y1 ® Ya, Y1 € (K')y, Y2 € (K')§P, g € G. We will show that D' = D.

We have a non-degenerate pairing b : G x G — k* such that c¢x,x,cx,x, =
b(g1,92)-idx,ex, if X; € (K')y,, 9: € G;. Since the subcategories K', (K")°P € Z(C)
centralize each other, we see that if V; = X; ® X;, X; € (K'),,, X; € (K’)gf),
gi, §; € G, then

(9.24) CyaviCvivs = b(g1,92)b(31,G2) " - idy, @y, -

This formula implies that D C D’ and moreover, D' N (K’ V (K')°P) = D. To prove
that D' = D, it remains to show that D’ C K’V (K')°P. Since D D KV K°P, it
suffices to show that (K Vv K°P)" = K’ v (K')°P. Clearly (K Vv K°P) D K’ v (K')°P,
so it remains to prove that

(9.25) FPdim(C v K°P) - FPdim(K’ V (K')°P) = FPdim(C)2.

Since K D C’, we have FPdim(K) - FPdim(K’) = FPdim(C) - FPdim(C’). Since C1 N
C_=Cand KD, weget K'N(K)P =KNK?P =C" Now (@25) follows from

Lemma [8.27.6] O
COROLLARY 9.14.15. An integral nilpotent braided fusion category C is group-
theoretical.
PRrOOF. This follows from Theorem [0.14.T4] and Proposition [0.14.12] O
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COROLLARY 9.14.16. Let C be an integral fusion category such that FPdim(C) is
a prime power. Then C is group-theoretical. Thus, any semisimple quasi-Hopf (in
particular, Hopf) algebra of prime power dimension has a group-theoretical category
of representations.

PROOF. Since FPdim(Z(C)) = FPdim(C)?, we see that Z(C) is nilpotent by
Corollary Thus, Z(C) is group-theoretical by Corollary Hence,
C X C°P is group-theoretical and so is C by Proposition |

REMARK 9.14.17. The integrality of C is automatic for odd primes.

9.15. Burnside’s theorem for fusion categories

Let C be a weakly integral fusion category. We will use shortened notation
dx for the Frobenius-Perron dimension FPdim(X) of an object X in C. By Corol-
lary [0.6.6] these dimensions coincide with those coming from the canonical spherical
structure of C.

LEMMA 9.15.1. Let X and Y be two simple objects of an integral braided cate-
gory C with relatively prime dimensions dx, dy. Let S denote the S-matrixz of C.
Then one of the following two possibilities is realized:

(i) X andY projectively centralize each other, i.e., the square of the braiding
on X ®Y s a scalar (see Definition B22.3);
(11) SXy — 0.

Proor. It suffices to consider the case when C is non-degenerate, since any
braided category can be embedded into a non-degenerate one (its center). In this
case, by the Verlinde formula, 2 and 23 are algebraic integers (see Proposi-

X Y
tion BI3TI)). Since dx and dy are relatively prime, ds)fj/y is also an algebraic
integer. Since sxy is a sum of dxdy roots of unity, we see that ds;‘é’y is either a
root of unity, in which case the square of the braiding must be a scalar (case (i)),

or 0 (case (ii)). O

COROLLARY 9.15.2. Let C be an integral non-degenerate braided category which
contains a simple object X with dimension dx = p”, r > 0, where p is a prime.
Then C contains a nontrivial symmetric subcategory.

ProOOF. We first show that C contains a nontrivial proper subcategory. Assume
not. Take any simple Y # 1 with dy coprime to dx. We claim that sxy = 0.
Indeed, otherwise X and Y projectively centralize each other, hence Y centralizes
X ® X*, so the centralizer of the subcategory generated by Y in C is nontrivial,
and we get a nontrivial proper subcategory, a contradiction.

Now let us use the orthogonality of columns (sx,y) and (dy) of the S-matrix:

3 S;—Ydy ~0.

veoi) X

By Lemma [0.I5.1] all the nonzero summands in this sum, except the one for Y =1,
come from objects Y of dimension divisible by p. Therefore, all the summands in
this sum except for the one for Y = 1 (which equals 1) are divisible by p. This is
a contradiction.
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Now we prove the corollary by induction in FPdim(C). Let D be a nontrivial
proper subcategory of C. If D is degenerate, then DND’ is a nontrivial proper sym-
metric subcategory of C. Otherwise, D is non-degenerate, and by Theorem [B2T.4((i),
C=DKXD. Thus X = X; ® X5, where X; € D, X5 € D’ are simple. Since the
dimension of X; or X5 is a positive power of p, we get the desired statement from
the induction assumption applied to D or D’ (which are non-degenerate braided
categories of smaller dimension). ]

DEFINITION 9.15.3. A braided fusion category C is called slightly degenerate if
C’ = sVec.

In other words, a degenerate braided fusion category C is slightly degenerate if
C’ does not contain non-trivial Tannakian subcategories.

PROPOSITION 9.15.4. (i) Let C be a braided fusion category such that
sVec C C' (for example, a slightly degenerate category). Let x be the in-
vertible object generating sVec and let Y be any simple object of C. Then
X ®Y is not isomorphic to Y.

(ii) Let C be slightly degenerate and pointed. Then C = sVec®Cy, where Cy is
a non-degenerate pointed category.

PROOF. (i) Assume the contrary, i.e., x ® Y =Y. Since x centralizes Y, we
have from this identity that the trace T of the isomorphism v : Y — Y** from
(B30)) is equal to —T" (as u|, = —1). This is a contradiction, as T # 0.

(ii) Our job is to show that y # £%? for any £ (this is the condition for the group
of invertible objects of C to be the direct product of the Z/2Z generated by x with
another subgroup). Assume the contrary, and let ¢ be the quadratic form defining

the braiding. Then we have q(£)* = q(x) = —1, q¢(x ® &) = q(£%3) = q(£)° = q(¢),
so the squared braiding of £ and y is given by the scalar

B(x, §) =a(x ®§)/a(x)a(§) = —1,
which contradicts to x lying in C’. O

COROLLARY 9.15.5. Let C be a slightly degenerate integral category of dimension
> 2. Then C contains an odd-dimensional simple object that does not belong to C’.

PROOF. Let x be the invertible object generating C’. Let X be any simple
object outside of C’. By Proposition @ I5.4(i), x ® X # X, which implies that
X ® X* does not contain . Thus, either X itself is odd-dimensional, or X ® X*/1
is odd-dimensional, and is a direct sum of simple objects not contained in C’. In
this case one of the summands has to be odd-dimensional. O

PROPOSITION 9.15.6. Let C be a slightly degenerate integral braided fusion ca-
tegory containing a simple object X of dimension p" for some prime p > 2. Then
C contains a nontrivial Tannakian subcategory.

PrOOF. The proof is by induction on the dimension of C. Let B be the category
spanned by the invertible objects of C. Then BN B’ contains the subcategory sVec.

If BNB' is bigger than sVec, then it contains a nontrivial Tannakian subcategory,
and we are done. Otherwise, by Proposition [0.I5.4(ii), B = sVecXBy, where By is
a pointed non-degenerate braided category. If By is nontrivial, then C = By X B,
and Bj is slightly degenerate, so we are done by the induction assumption. Thus,
it suffices to consider the case B = sVec, which we do from now on.
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Let 1 and x be the simple objects of sVec C C (which are the only invertible
objects of C). Let Y be a non-invertible simple object of C of dimension not divisible
by p.

Assume that X and Y projectively centralize each other. In this case the
category D generated by Y and x centralizes X ® X*, so it is a proper subcategory
of C. If it is not slightly degenerate, DND’ contains more than two simple objects,
hence contains a nontrivial Tannakian subcategory. So we may assume that this
subcategory is slightly degenerate, in which case we are done by the induction
assumption.

Thus, we may assume that X and Y do not projectively centralize each other.
In this case Lemma tells us that sxy = 0.

Now, using Proposition 0. 15.4((i), we have

Z!S;(—YdY :07
% X

and all the nonzero terms in this sum correspond to either dy = 1 (there are two
such terms, both equal to 1), or dy divisible by p, which gives terms divisible by p.
So we get that 2 is divisible by p, a contradiction. (I

PRrROPOSITION 9.15.7. Let C be an integral non-degenerate braided category of
dimension p®q®, a +b > 0. Then C contains a nontrivial invertible object.

ProOOF. By Corollary a fusion category of a prime power Frobenius-
Perron dimension is nilpotent and, hence, contains a nontrivial invertible object.
So we may assume that both a and b are positive. Suppose that C does not con-
tain nontrivial invertible objects. By Proposition the squared dimensions
of simple objects of C divide p®q®. Therefore, C must contain a simple object of
dimension p”, r > 0. Hence by Corollary [0.15.2] it contains a nontrivial symmetric
subcategory D. By Deligne’s Theorem [0.9.26] D = Rep(G, z) for some group G.
This group G is solvable, thanks to the usual Burnside theorem for finite groups
(saying that a group of order p™¢™ is solvable). Therefore, D contain nontrivial
invertible objects, which is a contradiction. (Il

LEMMA 9.15.8. Let C be a slightly degenerate integral braided fusion category
of dimension 2"q® > 2, where q > 2 is a prime, and r,s are non-negative integers.
Suppose that C contains only two invertible objects. Then C contains a nontrivial
Tannakian subcategory.

PRrROOF. It follows from Proposition that there exists a non-invertible
simple object Y of C whose dimension is a power of 2. Also, by Corollary B.15.5]
C contains a simple object X of dimension ¢, m > 0. Now the statement follows
from Proposition |

THEOREM 9.15.9. A fusion category of Frobenius-Perron dimension p"q®, where
P, q are primes and r, s are non-negative integers, is solvable.

PROOF. Let C be a fusion category such that FPdim(C) = p"¢®*. We may
assume that C is integral (which is automatic when p, ¢ are odd) since otherwise C
is Z/2Z-graded with integral trivial component and we can apply Proposition

It suffices to prove that Z(C) contains a Tannakian subcategory T = Rep(G),
where G is a cyclic group of prime order. Indeed, the restriction of forgetful functor
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F: Z(C) — C to T is either fully faithful or maps 7 to Vec (since 7 has no quo-
tient categories except Vec and 7). In the former case C is a G-equivariantization
(Theorem B233)) and in the latter case C is a G-extension (Theorem @I3.1]). In
any case, C is categorically Morita equivalent to a G-extension. The statement then
follows from induction on the dimension of C and Lemma

By Proposition the subcategory B spanned by all invertible objects of
Z(C) is nontrivial. If B is non-degenerate, then by TheoremB2T.4(i), Z(C) = BXB/,
where B’ is another non-degenerate braided category, which is nontrivial (as Z(C) is
not pointed), but has no nontrivial invertible objects. Thus, by Proposition B.15.7]
this case is impossible.

Therefore, B is degenerate. Let £ := BNB’. It is a nontrivial pointed symmetric
subcategory in Z(C). So if FPdim(E) > 2, we are done (as £ necessarily contains a
Tannakian subcategory Rep(G), where G is a cyclic group of prime order).

It remains to consider the case FPdim(€) = 2. In this case, we must consider
the additional possibility that £ = sVec (in which case one of p, ¢ is equal to 2). In
this situation, by Proposition @.I15.4ii), B = £ X D, where D is non-degenerate, so
if D is nontrivial, by Theorem R2T.4(i) Z(C) = D K D', where D’ is another non-
degenerate braided category, whose subcategory of invertible objects is £. Thus, it
is sufficient to consider the case B = & = sVec. In this case £’ (the centralizer of £
in Z(C)) has dimension is 22" 71¢% > 2, contains only two invertible objects, and
E'NE=E=sVec, ie., & is slightly degenerate. Thus, Z(C) contains a non-trivial
Tannakian subcategory 7 by Lemma[0.I5.8l Since T is the representation category
of a solvable group, it contains a subcategory Rep(G) for a cyclic group G, thanks
to the classical Burnside’s theorem for finite groups. (]

9.16. Lifting theory

In this Section k is any field.

The Ocneanu rigidity theory (Section [@]) can be used to define liftings of
tensor categories and related objects from characteristic p to characteristic zero,
see [ENOZ2]. Let us briefly summarize the basics of lifting theory and some of its
applications (we refer the reader to [ENO2| for more details).

Let C be a split fusion category over k, see Section Let O be a local
commutative ring with maximal ideal m, and O/m = k. A lifting CofCtoOisa
split fusion category over O with the same Grothendieck ring as C, together with
an equivalence C /m > C. If we are given such a hftmg, and if K is the quotient
field of O, then we can consider the split fusion category c:=C ®e K over the field
K, which is called a lifting of C to K.

We are interested in these notions in the “mixed characteristic” case, when
k has characteristic p, and K has characteristic zero. In this case, one is faced
with the question of the existence of the lifting. This question is answered by the
following theorem.

THEOREM 9.16.1. If dimC # 0 then C admits a lifting to O and K, and this
lifting is unique up to equivalence.

The proof of this theorem is based on Ocneanu rigidity (Section @.1]). Namely,
one can show by standard methods of deformation theory that obstructions to
lifting lie in H*(C), and if this obstruction vanishes, then the freedom in choosing
a lifting lies in H3(C). But by Ocneanu rigidity, H*(C) = 0 for ¢ > 1 if dimC # 0.
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Similar theorems hold for braided and symmetric categories, module categories,
Hopf algebras, etc., as long as the fusion categories involved have nonzero dimen-
sions in k (see [ENO2], Section 9). Moreover, it is shown in [ENOZ2| that lifting
is faithful, i.e., liftings of non-equivalent categories to K are not equivalent.

One early application of the lifting theory is the following theorem.

THEOREM 9.16.2. ([EtG1]) Let H be a semisimple and cosemisimple Hopf
algebra over any field k. Then S? =idy and dim(H) # 0 in k.

PROOF. It is shown in Corollary B20.I7that the categorical dimension Try (S?)
of Rep(H) is nonzero. Theorem then implies that Rep(H) admits a lifting to
characteristic zero. Similarly, using Corollary (Ocneanu rigidity for module
categories), one shows that the fiber functor on this category associated to H admits
a lifting to characteristic zero. Thus, the Hopf algebra H admits a lifting H to
characteristic zero. By Corollary one has S2 = id on H. Hence, one has
S$? =id on H, and hence dim(H) = Try(5?) # 0. O

9.17. Bibliographical notes

9.1. The statement of Theorem is known as “Ocneanu rigidity” since
it was first established by Ocneanu for unitary categories (unpublished). In the
case of categories of nonzero global dimension a proof was given by Blanchard and
Wassermann (unpublished). In [ENOZ2| it was pointed out that the assumption
of nonzero dimension is automatically satisfied in characteristic zero. The first
published proof was given in [ENO2]. Our exposition is an improved version of
the arguments of Section 7 of [ENOZ2]: namely, unlike [ENO2], we do not use
weak Hopf algebras, but rather use the categorical language.

9.2. Proposition is Proposition 5.4 in [ENOZ2].

9.3. Theorems and and Propositions and are taken from
[ENO2|. Corollary appears as Remark 3.2 in [ENOZ2|. Theorem is
[ENO2| Theorem 8.51]. In the special case C = Rep(H) for some Hopf algebra H
Lemma and Theorem were proved in [KaSZ| 6.3].

9.4. Proposition is Proposition 8.22 in [ENOZ2].

9.5. Proposition is Proposition 8.23 in [ENOZ2].

9.6. The results of this Section are motivated by those of Larson and Radford,
see Corollary Proposition is Proposition 8.24 in [ENO2] and Propo-
sition [0.6.9(i) is Proposition 8.27 in [ENOZ2]. Proposition (ii) is taken from
[DrGNO2]. Proposition is essentially Theorem 8.35 in [ENO2].

9.7. Group-theoretical fusion categories were implicitly introduced in [Os2]
and explicitly in [ENO2] Section 8.8]. Proposition is [ENO2, Proposition
8.44]. Hopf algebras obtained by an extension of a cocommutative Hopf algebra
by a commutative one were first considered by Kac in [KacG2]. The proof of
the fact that fusion categories from Exercise [I.7.5(ii) are group-theoretical is due
to Natale [Nal]. A criterion for an equivariantization of a fusion category to be
group-theoretical (cf. Remark @.7.0) was given in [Nik2].

9.8. The classes of weakly group-theoretical and solvable fusion categories were
introduced in [ENO3], and the material of Section 9.8 is taken from that paper.

9.9. Tannakian fusion categories form a very special class of Tannakian catego-
ries considered in [Sa]. The results of this Section is a special case of more general
results in Section 9.11.
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9.10. The material of this Section is taken from [Dell.

9.11. The results of this Section are taken from [De2].

9.12. The category Rep(GL;) was introduced by Deligne and Milne in [DelM]
and the categories Rep(St), Rep(O;), and Rep(Spst) were introduced by Deligne in
[De3].

9.13. The results of this Section are taken from Section 4 in [DrGNO2].

9.14. Propositions B.I4]] and @.14.9 and Corollary are from [ENQ2].
Corollary is the main result of [Z]. In the semisimple case it was proved in
[KacG3]. Proposition and Theorem are taken from [DrGNOI].

9.15 The results of this Section are taken from [ENOJ].

9.16. Theorem is Theorem 9.3 from [ENOZ2| and Theorem [0.16.2] is
Corollary 3.2 from [EG5].

9.18. Other results

9.18.1. Isocategorical groups. We have seen that a finite group G is com-
pletely determined by its category of (say, complex) finite dimensional representa-
tions as a symmetric tensor category. This gives rise to the question whether this
is still true if we drop the symmetric structure. In other words, is a finite group G
determined by its fusion category of finite dimensional complex representations?

The answer turns out to be “no”. Namely, let us say that finite groups G
and G are isocategorical if Rep(G1) = Rep(G2) as fusion categories. Examples of
isocategorical G; and G2 were found by Davydov in [Da4] and later independently
by Izumi and Kosaki in [IK] and also in [EtG4]. A basic example is as follows:
G1 = Spy,,(F2) x F2™ for m > 3, and G5 is the unique nontrivial extension of
SPay, (F2) by F2™ (which acts in the corresponding Weil representation). Moreover,
one can show that all examples are of this type: if G; and G, are isocategorical
then they are extensions of the same group G by the same G-module A over Fy
which admits a G-invariant nondegenerate skew-symmetric isomorphism A — AV
of A to the character group of A (i.e., a skew-symmetric form on A). In particular,
isocategorical groups always have the same order, and if this order is not divisible
by 4, then they must be isomorphic.

9.18.2. Classification of weakly integral fusion categories. By Theo-
rem [0.15.9] a weakly integral fusion category C such that FPdim(C) is divisible by at
most two primes is weakly group-theoretical. At the moment of writing it is an open
problem whether every weakly integral fusion category is weakly group-theoretical.
(In particular, we do not know if the representation category of every semisim-
ple Hopf algebra is weakly group-theoretical. Examples of non group-theoretical
semisimple Hopf algebras were constructed in [GeNN, [Nik2]). It was also shown
in [ENO3| that a weakly group-theoretical fusion category C has the following
Frobenius property: for every simple object X in C the Frobenius-Perron dimen-
sion of X divides FPdim(C) in the ring of algebraic integers. Generalization of this
result to arbitrary fusion categories (in particular, to weakly integral ones) is also
an open problem.

Below we list several partial results for the above-mentioned problems.

Every fusion category C of dimension pqr, where p, g, r are primes is weakly
group-theoretical [ENO3]. If p, q, r are distinct odd primes then C is group-
theoretical. Every fusion category of dimension 60 is group-theoretical [ENQO3].
Every non-degenerate braided fusion category whose Frobenius-Perron dimension
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is a natural number less than 1800, or an odd natural number less than 33075, is
weakly group-theoretical [Na2].

Proofs of results of this type are usually based on proving existence of non-
trivial Tannakian subcategories of the center.

Every weakly integral fusion category of dimension less than 120 has Frobenius
property [DonNV].

In general, classification of fusion categories of a given dimension up to equiv-
alence is a hard problem (just like the problem of classifying finite groups or
semisimple Hopf algebras of a given order is hard). Complete classification is known
for fusion categories of “small” Frobenius-Perron dimension: dimension p (Corol-
lary [@.14.5), dimension p? (Proposition[@.124.9)), dimension pg [EGO], and dimension
pq® [JorLl.

9.18.3. Obstructions to categorification of based rings. An interesting
question is whether a given based ring admits a categorification (see Definition
[MI0T). One obstruction to existence of a categorification was given in Theo-
rem if there exists a representation of a based ring such that the trace of
a basis element is not cyclotomic then this ring has no categorifications. Another
obstruction given in [Os6] is as follows: let R be the operator of left multiplication
by the element ), b;b;+ and let p(t) be the characteristic polynomial of R. Then
for a categorifiable based ring a root « of p(t) must be a d-number, that is, for any
Galois automorphism ¢, the number @ must be a unit.

These results suggest that most based rings are not categorifiable. It was
conjectured in [Os3] that only finitely many based rings of a given rank are cat-
egorifiable. This conjecture is known to be true in rank < 2 (see [Os3]) and in
rank 3 (see [Os7]) under an additional assumption that the categorification admits
a pivotal structure.

An interesting class of examples to test this conjecture is given by near-group
categories introduced in [Sie]. Namely a fusion category is called near-group cate-
gory if all its simple objects except for exactly one are invertible. It is easy to see
that the Grothendieck ring of such a category is determined by the finite group G
of isomorphism classes of invertible objects and one more non-negative integer n
which is the multiplicity of the non-invertible object in its tensor square (thus for
n = 0 we obtain Tambara-Yamagami fusion rings from Example LI0.5). One can
ask which pairs (G, n) admit a categorification. Some results in this direction are
contained in [EvGl 2, NikO]. For example, it is known that if n > |G| then G
must be abelian and n must be a multiple of |G|. However, it is unknown if for
a given group G, only finitely many values of n give rise to a categorifiable based
rings.

9.18.4. C*-tensor categories and compact quantum groups. The no-
tion of a C*-tensor category was introduced by Doplicher and Roberts in [DoR].
By definition, it is a tensor category C over complex numbers such that mor-
phism spaces Home (U, V) are Banach spaces, the composition of morphisms S €
Home(U, V) and T € Hom¢(V, W) satisfies | T o S| < ||T]|S]], and there is a
contravariant conjugation functor x : C — C that is the identity map on objects
and for any morphism S one has $** = S and [|S*S|| = ||S||? (in particular each
Endc(V), V € C, is a C*-algebra). See the textbook [NeT] for an introduction to
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the theory of C*-tensor categories and references. The most basic instance of a
C*-tensor category is the category Hilb of finite dimensional Hilbert spaces.

An important example of a C*-tensor category is the category of finite dimen-
sional unitary representations of a compact quantum group. The latter was defined
by Woronowicz [Wol| as a unital C*-algebra A with a coassociative x-algebra ho-
momorphism A : A — A ® A satisfying the following cancellation property: the
subspaces {(a ® 1)A(b) | a,b € A} and {(1® a)A(b) | a,b € A} are dense in A ®@ A
(note that for a finite dimensional A these conditions are equivalent to the existence
of an antipode, but in general an antipode is not a part of the definition). In this
setting, the role of a dual object (in the sense of Definition [2.10.1]) is played by the
conjugate representation.

The algebra of continuous functions on a usual compact topological group is
the most general example of a compact quantum group for which the underlying
C*-algebra is commutative. Also, bimodule categories associated to finite index
subfactors (cf. Section [[25.2]) are C*-tensor categories (these categories are known
under the name of Longo’s Q-systems [Lon)).

Similarly to the reconstruction theory described in Section (3] compact quan-
tum groups may be characterized as C*-tensor categories equipped with a unitary
fiber functor to Hilb (this result is known as Woronowicz’s Tannaka-Krein duality)
[Wo2]. Thus, compact quantum groups are functional analytic analogues of Hopf
algebras. The theory of braided C*-tensor categories is parallel to the one devel-
oped in the beginning of Chapter[8 A theorem by Doplicher and Roberts in [DoR]
reconstructs a symmetric C*-tensor category as the category of finite dimensional
complex representations of a usual compact group (cf. Deligne’s Theorem [0.9.22]).

The Drinfeld-Jimbo deformation of a simply connected semisimple compact Lie
group G (cf. Section B Tland Example [[2220]) gives rise to a compact quantum group
Gy (here ¢ > 0, ¢ # 1). It can be defined as the C*-completion of the quantum
function *-algebra Oy(G) (see Definition [E.87]) generated by matrix elements of
type I representations of U,(g) (where g is the Lie algebra of G). The C*-tensor
category of representations of this compact quantum group is the category Cq(G)
generated by type I representations of U,(g) (see Section [5.8]).

Finally, a large class of compact quantum groups appears as symmetries of
non-commutative spaces. This class includes Wang’s free unitary and free orthog-
onal quantum groups of [WangS1] and quantum permutation groups [WangS2|,
BaBC(].
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