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1 Introduction

1.1 Braided vector spaces
Let us study the following ad hoc problem:
Definition 1.1.1

Let K be a field. A braided vector space is a K-vector space V', together with an invertible
K-linear map

c:VeV-sVeV
which obeys the equation

(c®idy) o (iddy ®c) o (c®idy) = (idy ® ¢) o (¢c®idy) o (idy ® ¢)
in End(VoVeV).

Remark 1.1.2.
Let (v;)ier be a K-basis of V. This allows us to describe ¢ € End(V ® V') by a family (c ZJ)” klel
of scalars:

vl ® 1)] E cka Xy .

If ¢ is invertible, then ¢ describes a braided vector space, if and only if the following equation
holds:
ij Cqk Cpy CigCyr
P.q,y Y,q,7
This is a complicated set of non-linear equations, called the Yang-Baxter equation. In this
lecture, we will see how to find solutions to this equation (and why this is an interesting
problem at all).

Zcpq Yr . Im Zcqr ly A for all l7m’n’i7j,k’€].

Examples 1.1.3.
(i) For any K-vector space V' denote by

TvyiV@V - VeV
V1 @ Vg — Uy @V

the map that switches the two copies of V. The pair (V, 7) is a braided vector space, since
the following relation holds in the symmetric group S for transpositions 7; ;41 exchanging
¢ and ¢ + 1:

T12T23T12 = T23T12723 -

(ii) Let V be finite-dimensional with ordered basis (ey, ..., e,). We choose some ¢ € K* and
define c € End(V ® V), by

qe Re; if 1=7
cle; ®ej) = e; e it i<y
eie+(g—qgHe®e; if i>7.

For n = dimg V' = 2, the vector space V ® V' has the basis (e; ® e, ea® €3, €1 R eg, 65 R €1)
which leads to the following matrix representation for c:

0 0
0 0
0 1
1

0
q
0
0 q—q

S OO
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The reader should check by direct calculation that the pair (V] ¢) is a braided vector space.
Moreover, we have

(C — qidV®V)(c + qilidV®v) =0.
For ¢ = 1, one recovers example (i). For this reason, example (ii) is called a one-parameter

deformation of example (i).

1.2 Braid groups

Definition 1.2.1
Fix an integer n > 3. The braid group B,, on n strands is the group with n — 1 generators
o1 ...0,—1 and relations

oi0; = 0;0; for |i—j|>1.
0i0i110; = 0410041 for 1 <i<n-—2

We define for n = 2 the braid group By as the free group with one generator and we let
By = By = {1} be the trivial group.

Remarks 1.2.2.

(i) The following pictures explain the name braid group: the generators are depicted as

i i1 n
° o
O'jO'Z': Q H :O'Z'O'j
i i+l 5 j4+1 n
010201 = B%{ = }% = 020102

(ii) These pictures are made more precise by the following definition:
Definition 1.2.3

(i) A braid with n strands is a continuous embedding of n closed intervals [0, 1] into
C x [0,1] whose image Ly has the following properties:
(i) The boundary of Ly is the set {1,2,...n} x {0,1}
(ii) For any s € [0, 1], the intersection Ly N (C x {s}) contains precisely n different
points.

= O
N

(ii) Braids can be concatenated.

(iii) There is an equivalence relation on the set of braids, called isotopy such that the set
of equivalence classes with a composition derived from the concatenation of braids
is isomorphic to the braid group.



(iii) There is a canonical surjection from the braid group to the symmetric group:

T B, — S,
O; = Tijit+1-

There is an important difference between the symmetric group S,, and the braid group
B, in the symmetric group S,, the additional relation sz 41 = id holds. (For a description
of the symmetric group in terms of generators and relations, we refer e.g. to [JS, Example
[.LA.10 (4)].) In contrast to the symmetric group, the braid group is an infinite group
without any non-trivial torsion elements, i.e. without elements of finite order. The kernel
of the surjection 7 is called the pure braid group.

Let (V,¢) be a braided vector space. For 1 <1i < n — 1, define a linear automorphism of the
n-th tensor power V" by

¢ ®@idyem-2 for i=1
C; = idv®(i71) Rc® idv@(nfifl) for 1<i<n-—1
idyem-2 ® ¢ for i=n-—1.

We deduce from the axioms of a braided vector space that this defines for any n € N a linear
representation of the braid group B,, on the vector space V®:

Proposition 1.2.4.
Let (V,c) with ¢ € Aut (V ® V) be a braided vector space. We have then for any n > 0 a
unique homomorphism of groups

05 B, — Aut (V&)
o, — ¢ for 1=1,2,...n—1.

Proof.

The relation ¢;c; = ¢;¢; for |i — j| > 2 holds, since the linear maps ¢; and ¢; act on different
tensorands of the tensor product. The relation c;c;11¢; = ¢;11¢;¢541 is part of the axioms of a
braided vector space in definition [1.1.1] O

Let us explain one reason why the braid group is interesting: consider the subset Y,, C C" =
C x -+ x C consisting of all n-tuples (z1, ..., z2,) € C" of pairwise distinct points, i.e. such that

z; # z; for all pairs ¢ # j.

The symmetric group S,, acts on Y,, by permutation of entries. The orbit space X,, = Y,,/S,
is called the configuration space of n different points in the complex plane C. Fix the point
p=1(1,2,...n) €Y, and the quotient topology on X,.

Theorem 1.2.5 (Artin[l).
The fundamental group m(X,,p) of the configuration space X, is isomorphic to the braid
group B,,.

Proof.
We only give a group homomorphism

Bn — Wl(Xnyp) .

Vienna 1989 - Hamburg 1962, Professor in Hamburg 1923-37 and 1958-62
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We assign to the generator o, € B,, the continuous path in the configuration space X,, described
by the map

f:(fla7fn)[071]_>cn

given by
fi(s) = for j#£kand j£1+1
1 .
fi(s) = 5(2]{: +1—¢7)
1 .
fraa(s) = 5(% +1+¢e™)
s=1

k kE+1

Since we identified points, this describes a closed path in the configuration space X,,. Denote
the class of f in the fundamental group m1(X,, p) by dx. One verifies that the classes d; obey
the relations of the braid group. Hence there is a unique homomorphism

Bn — WI(X7p) .

We omit in these lectures the proof that the homomorphism is even an isomorphism and refer
e.g. to [GM], Section 3]. O

In physics, the braid group appears in the description of (quasi-)particles in low-dimensional
quantum field theories. In this case, more general statistics than Bose or Fermi statistics is
possible.

One of our goals is to present a general mathematical framework in which representations of
the braid group can be produced. This framework will incidentally allow to describe a variety
of physical phenomena:

e Universality classes of low-dimensional gapped systems.
e Candidates for implementations of quantum computing.

e Quantum groups also describe symmetries in a variety of integrable systems, including in
particular sectors of Yang-Mills theories.

It also produces representation theoretic structures that arise in many fields of mathematics,
ranging from algebraic topology to number theory. In particular, it is clear that when one closes
a braid, one obtains a knot, hence there is a relation to knot theory.



2 Hopf algebras and their representation categories

2.1 Algebras and modules

Definition 2.1.1

1. Let K be a field. A unital K-algebra is a pair (A, ) consisting of a K-vector space A and
a K-linear map

pA® A A

such that there is a K-linear map
n:K—A,
called the unit, such that
(a) po(p®ids) =po (ida @ p) (associativity)
(b) po(n®ida) =po (idg®n) =idy (unitality)
In the first identity, the identification (A ® A) ® A 2 A® (A ® A) of tensor products

of vector spaces is tacitly understood. Similarly, in the second equation, we identify the
tensor products K@ A= A= A® K. We also write a - b := pu(a,b).

2. A morphism of algebras (A, u,n) — (A’ 1/, n') is a K-linear map

p: A— A,

such that
popu=po(p®¢) and gpon=rn".

3. Consider again the flip map

TA7A2A®A - ARQA
URU = vRu

The opposite algebra A°PP is the triple (A, p°P® = o 74 4,1n). Thus a -opp b =5 - a.

4. An algebra is called commutative, if u°? = p holds, i.e. ifa-b="b-a for all a,b € A.

Examples 2.1.2.

1. The unit 7 is unique, if it exists.

2. The ground field K itself is a commutative K-algebra. The polynomial algebra K[X] is a
commutative K-algebra.

3. For any K-vector space M, the vector space Endg (M) of K-linear endomorphisms of M
is a K-algebra. The product is composition of linear maps. For dim M > 1, it is not
commutative.

4. Let K be a field and G a group. Denote by K[G]| the vector space freely generated by G.
It has a basis labelled by elements of G which we denote by a slight abuse of notation by
(9)gec- The multiplication on basis elements g-h = gh is inherited from the multiplication
of G. It is thus associative, and the neutral element e € GG of the group G provides a unit
for the group algebra K[G].



We introduce a graphical calculus in which associativity reads

Our convention is to read such a diagram from below to above. Lines here represent the al-
gebra A, trivalent vertices with two ingoing and one outgoing line the multiplication morphism
i. The diagram is progressive, i.e. lines are not allowed to “go back” downwards. The juxta-

position of lines represents the tensor product. We have identified again the tensor products
(ARA)RAZAR (A® A).

Similarly, we represent unitality by = m = ﬁ

where we identified again the tensor products K® A =2 A 2 A ® K. Invisible lines denote the
ground field K. Note that we have required that the unit element 14 := n(1lk) € A is both a
left and a right unit element. If it exists, such an element is unique.

A morphism ¢ of unital algebras obeys i = |/L(p ,

and

Alternatively, we can characterize associativity by the following commutative diagram

p®id

ARARA AR A
id®ul ul
A® A m A
while unitality reads
Ko A Aw A
Lk
A A



Examples 2.1.3.

1. We give another important example of a K-algebra: let V be a K-vector space. The
tensor algebra over V' is the associative unital K-algebra

(V) =Eve.

r>0

with the tensor product as multiplication:
(V@U@ @) (W1 R QW) =V QU QW R+ @Wy -

The tensor algebra is a Z, -graded algebra: with the homogeneous component 7" := /&
we have

T) 7))  plrts)

The tensor algebra is infinite-dimensional, even if V' is finite-dimensional. In this case,
obviously
dim 7™ = dim V®" = (dim V)" .

On the homogenous subspace V®"| it carries an action of the symmetric group S,.

2. Denote by I (V) the two-sided ideal of T'(V') that is generated by all elements of the form
r®y—y®x with z,y € V. The quotient

S(V)=TV)/ (V)

with its natural algebra structure is called the symmetric algebra over V. Since the two-
sided ideal I, (V) is a graded ideal, the symmetric algebra is a Z,-graded algebra, as
well. It is infinite-dimensional, even if V' is finite-dimensional. Note that in S(V') the
multiplciation is commutative.

3. Similarly, denote by I_(V') the graded two-sided ideal of T'(V') that is generated by all
elements of the form x ® x with x € V. The quotient

A(V) = T(V)/I_(V)

with its natural algebra structure is called the alternating algebra or exterior algebra
over V. The alternating algebra is a Z,-graded algebra, as well. If V' is finite-dimensional,
n :=dim V, it is finite-dimensional. The dimension of the homogeneous component is

dim A" (V) = ( " )

r

The notion of a module is central for these lectures:

Definition 2.1.4
Let A be a (unital) K algebra. A left A-module is a pair (M, p), consisting of a K-vector space
M and a (unital) morphism of K-algebras

p:A— Endg(M) .

Remark 2.1.5.



1. We also write
am:=pla)m forall a€ A and me M

and thus obtain a K-linear map which by abuse of notation we also denote by p:

pAM — M
alm — am

such that for all a,b € A and m,n € M and \, u € K the following identities hold:

a.(Am +un) = Aam)+ u(a.n)
(Aa+ pb).m = Xa.m)+ u(b.m)
(a-b)m = a.(b.m)

1lm = m

(The first two lines just express that p is K-bilinear.) For the properties of this map, one
can again use a graphical representation and write down the two commuting diagrams:

A A M2 Ao M

o |

A M A

while unitality reads

Ko M™W A0 M

Lk

M=M

2. A right A-module is a left A°®’-module (M, p) with p : A°°® — End(M). We write
m.a := p(a)m and find the relations:

(Am+pn).a = Am.a)+ p(n.a)
m.(Aa + ub) = A(m.a+ p(m.b)
m.(a-b) = (m.a).b

m.l = m

for all a,b € A and A\, u € K and m,n € M. This explains the word “right module”. This
also becomes evident in the graphical notation.

3. Multiplication endows any algebra with the structure of a module over itself,
a.b := a - b. The corresponding module is called the left regular module. Similarly, a
right regular module can be defined. Notice that for a general K-algebra, the ground
field K cannot be necessarily endowed with the structure of an A-module.

4. To give a module
p : K[G] — End(M)

over a group algebra K[G], it is sufficient to specify the algebra morphism p on the
distinguished basis (g),e¢ of K[G]. This amounts to giving a group homomorphism into
the group of invertible K-linear endomorphisms:

pc : G — GL(M) :={p € Endg(M), ¢ invertible }.

The pair (M, pg) is called a representation of the group G.

8



Remarks 2.1.6.

1. Any K-vector space V' carries a representation of its automorphism group GL(V) by
p = idagr(v). This representation is called the defining representation of the general linear

group GL(V).

2. Any vector space M becomes a representation of any group G by the trivial operation
p(g) =idy for all g € G.

3. To specify a representation (M, p) of the free abelian group Z amounts to specifying an
automorphism A € GL(M), namely A = p(1). Then p(n) = A" for all n € Z.

4. To specify a module of the polynomial algebra K[X] amounts to specifying a K-vector
space M and an endomorphism ¢ : M — M. By the universal property of the polynomial
algebra, this uniquely specifies a morphism of algebras K[X| — End(M) and thus a
representaton of K[X].

5. A representation of the cyclic group Z/27 on a K-vector space V amounts to an auto-
morphism A : V — V such that A? = idy.

If charK # 2, V is the direct sum of eigenspaces of A to the eigenvalues +1,
V=VtoV-,
since any vector v € V' can be decomposed as

UZE(U—FAU)-F%(U—AU).

2
Since ] ] ]
A§(v + Av) = §(Av + A%) = j:§(v + Av)
these are eigenvectors of A to the eigenvalues +1. This decomposition into eigenspaces is
unique.

If charK = 2, the only possible eigenvalue is +1. Because of A? = idy, the minimal
polynomial of A has to divide X? —1 = (X — 1)2. It has to be a power of the prime
polynomial X — 1 so that a Jordan block decomposition exists. The Jordan blocks of the
automorphism A have size 1 or 2. Indeed, we find for a Jordan block of size 2:

11 11y (12)\ (10
01 o1/ \o1) \o1])"
Definition 2.1.7

Let A be aK-algebra and M, N be A-modules. A K-linear map ¢ : M — N is called a morphism
of A-modules or, equivalently, an A-linear map, if

p(a.m) =a.p(m) forall me M,ac A .

As a diagram, this reads

A M AR N
ﬂle le
M > N




If A is a group algebra, A-linear maps are also called intertwiners of G-representations.

One goal of this lecture is to obtain insights on representations of groups and to generalize
them to a class of algebraic structures beyond groups. To this end, it is convenient to have
more terminology available to talk about all modules over a given algebra A at once: they form
a category.

Definition 2.1.8
1. A category C consists

(a) of a class of objects Obj(C), whose entries are called the objects of the category.

(b) a class Hom(C), whose entries are called morphisms of the category

(¢) Maps
id : Obj(C) — Hom (C)
s,t : Hom(C) — Obj(C)
o : Hom(C) xop;j (¢) Hom(C) — Hom(C)
such that

(a) s(idy) =t(idy) =V for all V € Obj(C)
(b) idysyo f = foidyy = f forall f € Hom(C)

(c) for all f,g,h € Hom(C) with t(f) = s(g) and t(g) = s(h) the associativity identity
(hog)o f="ho(go f) holds.

2. We write for V,W € Obj(C)
Home(V, W) = {f € Hom(C) | s(f) =V, i(f) = W}

and Ende (V) for Home(V, V). For any pair V, W, we require Hom¢(V, W) to be a set.
Elements of End¢(V') are called endomorphisms of V.

3. A morphism f € Hom(V, W) which we also write V L5 W or in the form f:V—=->Wis
called an isomorphism, if there exists a morphism g : W — V', such that

gof:idv andfog:idw.

Two objects V, W of a category are called isomorphic, if there is an isomorphism V' — W
Being isomorphic is an equivalence relation; the equivalence classes of the category C are
denoted by mo(C).

Remarks 2.1.9.

1. Never require two objects of a category to be equal - rather require them to be isomorphic.
The isomorphism is then an interesting piece of data. For example, any finite-dimensional
vector space is isomorphic to its dual vector space, but there is no distinguished such
isomorphism (for example, one has to chose a basis to exhibit such an isomorphism).

As a more subtle example, consider finite-dimensional representations of the compact Lie
group SU(n). We should not ask whether the defining n-dimensional complex representa-
tion equals it dual, but rather whether it is isomorphic to its dual; then we can ask refined
questions about the isomorphism, leading e.g. to the distinction of real and pseudoreal
representations.

10



2.

We explain why in the definition of a category we talk about sets and classes: for applying
category in practice one would like to have a notion of a “category of all sets” and, for
constructing interesting categories, for a given a property ¢(x) of a set x, also a category
“Yz|p(x)}” of all sets having the property . Famously, this leads to contradictions, such
as the one of the category of all sets that are not elements of themselves.

A solution to this problem is to restrict the application of ¢ to be allowed only for sets
that are elements in some specific set 4 (where it is supposed that the notion of a set
is defined, e.g. by working with Zermelo-Fraenkel axioms.) Further, such a set £l must
be sufficiently nice — technically speaking, it must be a universe (for details see [McL
Sect. 1.6]). All mathematical constructions are then carried out inside the universe 4. A
set that is an element of 4l is called small (relative to ). It should be appreciated that,
with this definition, sets that are small in terms of cardinality are not necessarily {-small;
for example, the one-element set {4} is not -small. Functions between small sets relative
to 4 can be constructed inside 4. This yields for each universe 4 a category of il-small
sets.

A category C is now called LU-small if the set Obj(C) of objects is in 4. The category of
$l-small categories is not U-small, because this would imply € 4, thus violating the
axioms of a universe. A class C (relative to a universe i) can then be defined as an
arbitrary subset C' C 4. It follows that every U-small set is a U-class, but the converse is
not true. Using classes, we can now talk about the category of i-small categories.

The choice of 4 is usually supressed in the notation. It is common to enlarge the axioms
of set theory by requiring that for any set X there is a universe 4 such that X € i, which
in particular ensures the existence of universes.

. Let K be a field. A K-linear category is a category for which all hom-sets have the ad-

ditional structure of a K-vector space and for which the composition operation has the
property of being K-bilinear.

Examples 2.1.10.

1.

Any set X can be endowed with a trivial structure of a category X in which the only
morphisms are the identity morphisms. This category is called the discrete category.

. The category Cob; o has as objects sets of finitely many oriented points and as morphisms

arrows (or, rather, oriented one-dimensional manifolds up to diffeomorphism). This cat-
egory (or rather its higher-dimensional analogues) is central for topological field theory.
They contain much information on the collection of all manifolds.

. Vector spaces over a field K, together with linear maps, form a category vect(K). It is a

particular feature of this category that its Hom-sets are not only sets, but K-vector spaces,
and that composition is K-bilinear. Hence, the category of K-vector spaces is K-linear.
We say that the category vect(KK) is enriched over the category vect(K).

More generally, left modules over a ring R form a category R-mod. Complex represen-
tations of a given group G, together with intertwiners, form an R-linear or a C-linear
category, respectively.

Consider a category with a single object *; this category is completely described by the
set End(x) which has the structure of an (associative, unital) monoid. The category is
called the delooping of the monoid.

11



6. A category in which all morphisms are isomorphisms is a called a groupoid. A groupoid
with single object * is completely described by the monoid G := End(%) which is a group.
We write *//G for this groupoid.

More generally, we can consider for any associative unital K-algebra A the category *//A
with a single object and morphisms given by A. This category is K-linear.

7. An important example of a groupoid is the fundamental groupoid II; (M) of a topological
space M: its objects are the points of the space M, a morphism from p € M to ¢ € M
is a homotopy class of paths from p to ¢. For this groupoid End(p) =: m (M, p) is the
fundamental group for the base point p € M. The isomorphism classes of II;(M) are
the path-connected components of M. See [B06] for a textbook on topology that uses
fundamental groupoids.

8. Let G be a group and X a set, together with an action

p: GxX — X

(9,2) — g
of G on X, ie. (gh).x = g.(h.x). Define a category, the action groupoid, X//G whose
objects are elements x € X and which has a morphism x — g.z for every pair (g, x) €
G x X. (We use the somewhat counterintuitive notation X//G for a left action.) The

isomorphism classes of objects are the G-orbits, thus mo(X//G) = X/G with X/G the
orbit set, the set-theoretic quotient.

9. The category Man has as objects smooth finite-dimensional manifolds and as morphisms
smooth maps of manifolds. All manifolds in this lecture will be smooth manifolds.

For the next observation, we need the following notion:

Proposition 2.1.11.
Let (A, pa,na) and (B, up,np) be unital associative K-algebras. Then the tensor product A® B
has a natural structure of an associative unital algebra determined by

(a®b)-(d @b):=ad @b-b forall a,a €A bl €B

and Nagp = N4 @ NB.
Put differently, the multiplication p4gp is the map

A@B@A® B Y Ao A9 B B"24? A9 B,
with 7 the flip map 7: a ® b — b ® a from Example|1.1.3] (i).

Observation 2.1.12.
The category of modules over a group algebra has more structure than just the structure of a
K-linear category:

e Let V. W be K[G]-modules. Then the ground field K, the tensor product V ®x W and the
dual vector space V* := Homg (V, K) can be turned into K[G]-modules as well by

gl = 1 forallgeG
g.(vew) = gv®gw forallge GveV and weW
(9.0)(v) = ¢(g7tw) forallge G,veV and ¢ € V* .

(In physics, the representation on the ground field K is used to describe invariant states,
and the representation on V' ® W corresponds to “coupling systems” for symmetries
leading to multiplicative quantum numbers.)
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e We want to encode this information in additional algebraic structure on the group algebra
K[G]. To this end, we note the following simple fact:

Let ¢ : A — A’ be a morphism of K-algebras and M an A’-module described by p' : A —
End(M). Then

A5 A End(M)
is an A-module, denoted by ¢*M. The A-action on M is
am :=p(a)m forall acAmeM.

The operation is called restriction of scalars, even if A is not a subalgebra of A’. One also
calls the A-module ¢*M the pullback of M along the algebra morphism .

e Now suppose that (M, p) and (M’,p') are two A’-modules and M 5 M s a morphism
of A’-modules. Then the linear map f is also a morphism ¢*M — ¢*M’ of A-modules
which we denote by ¢*f.

e In the case of the tensor product V ® W, we naturally get a morphism of algebras
K[G] @ K[G] "4 End(V) @ End(W) — End(V @ W)
91 @ g2 = pv(91) ® pw(g2)

If we identify the algebras K[G] ® K[G] = K[G x G|, we get a representation of the group
G x G, but not of the group G itself. The remedy is to take the additional datum of the
morphism of algebras

A:K[G] — K[G]®K[G]
g — g®g forall ge G .

The K[G]-module structure on V' ® W is then obtained by pullback
K[G] 2 K[G]@K[G] ™24 End(V)® End(W) — End(V @ W)
g = g®yg = pv(g) ®pwlg)

We thus get the K[G]-module structure on V' @ W as the pullback along A of the natural
K[G] ® K[G]-module structure on V @ W.

For the case of the ground field, consider the algebra morphism

e:K[G] — K
g — 1 forall geG

The K[G]-module structure on K is then obtained from
K[G] — K = Endg (K) .
Finally, for the dual vector space, consider the algebra morphism

S:K[G] — K|[G]°rP
g — gt' foral ge@

The K[G]-module structure on V* is then obtained via the transpose from

K|G] -2 K[G™® % End(V*)
H

g g = (g popy(g™)) .
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The same type of algebraic structure is present on another class of associative algebras. To
this end, we first introduce Lie algebras:

Definition 2.1.13

1. A Lie algebra over a field K is a K-vector space, g together with a bilinear map, called
the Lie bracket,
[—.—]: g®g — g
r@y = [z,
which is alternating, i.e. [z, x] = 0 for all x € g, and for which the Jacobi identity

[z, [y, 2] + [y, [z, 2] + [z, [, 9]] = 0
holds for all x,y,z € g.

2. A morphism of Lie algebras ¢ : g — ¢’ is a K-linear map which preserves the Lie bracket,
o[z, y]) = lp(x),0(y)]  forall zyeg.

3. Given a Lie algebra g, we define the opposed Lie algebra g°P? as the Lie algebra with the
same underlying vector space and Lie bracket

[xay]opp = —[x,y] = [y,.l’] for all T,ycg.

Examples 2.1.14.

1. For any K-vector space V', the vector space Endg (V') is endowed with the structure of a
Lie algebra by the commutator

[f.9]:=feog—gof.
We denote this Lie algebra by gl(V).

2. More generally, any associative K-algebra A inherits a structure of a Lie algebra by using
the commutator:

la,b] :=a-b—b-a foralla,be A.
The reader should check that the associativity of the product of A implies that Jacobi

identity for the commutator.

3. Let V be a finite-dimensional K-vector space. The subspace sl(V') of endomorphisms with
vanishing trace is a Lie subalgebra of gl(V).

4. Consider the algebra Endg(A) of K-linear endomorphisms of a K-algebra A. A linear
endomorphism ¢ : A — A is called a derivation, if it obeys the Leibniz rule:

pla-b)=¢(a)-b+a-pb) foralla,be A.

Denote by Der(A) C Endg(A) the subspace of derivations. It is a Lie subalgebra of
Endg(A):
[, ¢)(a-b) = w(ap(b) + ¢ (a)b) — p(p(a)b + ap(b))
pip(a)b + ap(b) — Pp(a)b — app(b)
[0, ¢(a) - b+ a- @, ¥](b)

14



5. Examples of Lie algebras are abundant. In particular, the smooth vector fields on a smooth
manifold form a Lie algebra.

Remarks 2.1.15.

e To any Lie algebra g, one can associate a unital associative algebra, the
universal enveloping algebra. It is constructed as a quotient of the tensor algebra

T(9) =P o°"

n>0

by the two-sided ideal I(g) that is generated by all elements of the form
rRy—yRx—|r,y] withz,yeg

le.
U(g) = T(9)/1(9) -
Since the ideal I(g) is not homogeneous, we only have a filtration: define U"(g) as the
image of '
U'(g) := m(®iT"(g)) < Ulg) -

Then we have an increasing series of subspaces
KcUYg)cU*g)c...cU(g)cU*g) C...
with U2, U%(g) = U(g) which is is compatible with the multiplication:

U(g) - U%(g) Cc U™"(g) .

e As an example, take V' to be any vector space. It is turned into a Lie algebra by [v, w] = 0
for all v,w € V. Such a Lie algebra is called abelian. In this case, the universal enveloping
algebra is just the symmetric algebra S(V') which is not only filtered, but even graded.

e If the Lie algebra g has a totally ordered basis (x;), the Poincaré-Birkhoff-Witt theorem
gives a K-basis of U(g).

Consider the map

g — T(g) > T(g)/1(g) = U(g)

which is a morphism of Lie algebras. Then the K-basis of U(g) consists of the elements
L) - () .. t(xy,) with £ =0,1,... and 43 <ip < ....

In particular, the elements (¢(z;)) generate U(g) as an associative algebra. As a conse-
quence of the Poincaré-Birkhoff-Witt theorem, E| the map ¢; : g — U(g) is an injective
map of Lie algebras.

e For later purposes, we note that for two K-Lie algebras g, hj, we have

U(goh) = U(g) ®x U(h) .

2Alsen 1911 - Hamburg 1991, Professor in Hamburg 1938-1991
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e The universal enveloping algebras U(g) has the following universal property: for any
associative K-algebra A and any K-linear map

p:g— A,
that is a morphism of Lie algebras,

o[z, y]) = [p(x),0(y)] forallz,ycg

with the Lie algebra structure on A from example 2.1.14}2, there is a unique morphism
of associative algebras ¢ : U(g) — A such that the diagram

g “—Ul(g)
Ny

The diagram implies that any morphism ¢ : g — A of Lie algebras can be uniquely
extended to a morphism ¢ : U(g) — A of associative algebras. As a consequence, it is
possible to construct algebra morphisms out of the universal enveloping U(g) algebra into
an associative algebra by giving a morphism g — A of Lie algebras.

For example, the linear map underlying the morphism ¢, : g — U(g) of Lie algebras can
also be seen as a morphism of Lie algebra g°®® — U(g)°PP, where on the codomain we
take the opposed algebra structure. It extends to a map of algebras U(g°"?) — U(g)°PP
which can be shown to be an isomorphism using the Poincaré-Birkhoff-Witt theorem.

Lie algebras have representations as well:
Definition 2.1.16

Let g be a Lie algebra over a field K. A representation of g is a pair (M, p), consisting of a
K-vector space M and morphism of Lie algebras

p:g—gl(M).

Remark 2.1.17.
We also write
zm:=p(x)m forall xe€gand me M

and thus obtain a K-linear map
gOM — M
re®m = xr.m

such that for all x,y € g and m,n € M the following identities hold:

r.(dm+pun) = MNx.m)+ p(x.n)
A+ py).m = (Ax.m)+ (px.m)
([x,y])m = z.(y.m)—y.(z.m) .

Again, the first two lines express that we have a K-bilinear map.
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Definition 2.1.18
Let g be a K-Lie algebra and let M, N be representations of g. A K-linear map ¢ : M — N is
called a morphism of representations of g, if

o(x.m) =x.(m) forall me M and z€g.

This defines the category g—rep of representations of g.

Using the universal property of the universal enveloping algebra, every representation p :
g — Endg (M) of a Lie algebra g extends uniquely to a representation p : U(g) — Endg(M) of
the universal enveloping algebra:

g - U(g)

We have thus proven:

Proposition 2.1.19.

There is a canonical bijection between representations of the Lie algebra g and modules over
its universal enveloping algebra U(g). One can show that morphisms of representations of g are
in bijection to U(g)-module morphisms.

These bijections are, however, not an appropriate language to compare the categories
U(g)—mod and g—rep which are bilayered structures consisting of objects and morphisms,
the intertwiners.

Definition 2.1.20
Let C and C' be categories. A functor F' : C — C’ consists of two maps:

F : Obj(C) — Obj(C)
F : Hom(C) — Hom(C),

which obey the following conditions:
(a) F(idy) = idpq) for all objects V € Obj(C)
(b) s(F(f)) = Fs(f) and t(F(f)) = Ft(f) for all morphisms f € Hom (C)
(c¢) For any pair f, g of composable morphisms, we have
F(go f)=F(g)o F(f) .
Two functors
F . C = C
G : C — ¢

can be concatenated to a functor Go F : C — C".

We have already encountered examples of functors:
Examples 2.1.21.
17



1. A functor x//G — vect(K) assigns to the single object * a K-vector space M and to any
group element g € G' an endomorphism p(g) of M. Since functors preserve composition,
the map p defines a representation of the group G. Thus K-linear representations of G
are just functors x//G — vect(K).

2. Associating to a vector space V its dual space provides a functor

vect(K) —  vect(IK)°PP
| S

Here we have introduced the opposed category C°PP of a category C. It has the same objects
as C, but Hom°?(U, V') := Hom(V,U). The composition is defined in a compatible way.
It thus implements the idea of “reversing arrows”.

The bidual provides a functor

Bi : vect(K)
v

—  vect(K)
=V

3. Let ¢ : A — A’ be a morphism of algebras. As in observation 2.1.12], we consider for any
A’-module M, p: A’ — End(M) the A-module p*M that is defined on the same K-vector
space M. The K-linear map underlying a morphism f :: M — M’ of A’-modules is also
a morphism of modules p*M — ¢*M’. We thus obtain a functor

¢* = Res’t : A/—mod — A—mod

that is called, by abuse of language, a restriction functor or pullback functor.

4. We have learned that any associative algebra is endowed, by the commutator, with the
structure of a Lie algebra. This provides a functor

Algy — Liex .

5. The universal enveloping algebra provides a functor from the category of Lie algebras to
the category of associative algebras,

U:Liex — Algg
g — Ug) .

6. In proposition [2.1.19) we have constructed a functor g—rep — U(g)—mod.

It is important to compare two functors F,G : C — C’ between the same categories. We
give two motivations:

e We have seen in example .1 that for G a group, a functor F), : x//G — vect(K)
corresponds to a K-linear representation of the group G. From definition [2.1.7] we know
that there are intertwiners between different representations. Given two functors F,, Fj :
x/ /G — vect(K), we thus need the analogue of an intertwiner.

e To get an idea on how to relate functors, we remark that any vector space V can be
embedded into its bidual vector space. This means that for every V' there is a linear map

wid(V) =V = vV =Bi(V)
v o= (B B(v))

that relates the two functors id, Bi : vect(K) — vect(K).
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We formalize this as follows:

Definition 2.1.22
1. Let F,G : C — C’ be functors. A natural transformation

n:F—G

is a family of morphisms
nv: F(V)— G(V)
in C', indexed by objects V' € Obj(C) in the source category such that for any morphism
f:V-w

in the source category C the diagram in C’

F(V)—=—G(V)
F(f)l lG(f)
FW)—2 = q(W)

commutes.

2. If for each object V € Obj(C) the morphism ny : F(V) — G(V) is an isomorphism in C’,
then n : F' — G is called a natural isomorphism.

3. A functor
F:C—D
is called an equivalence of categories, if there is a functor
G:D—C

and natural isomorphisms
n: idp — FG

0 : GF—)ldC

Remarks 2.1.23.
1. Let G be a finite group, K a field and consider two functors F),, Fj; : x//G — vect(K). A
natural transformation 7 : F,, = Fjy is a K-linear map 7, : F,(x¥) — F,,(*) which by the
commuting diagram in [2.1.22]1 is an intertwiner of G-representations.

2. Let F,G, H : C — D be functors. Two natural transformationsn: F' — Gandn' : G — H
can be composed. Indeed, consider for V € C the morphism:

onv: FO™SaW)™ mw).

Since for any morphism V' L W in C the two squares

Yy

F(V)~G(WV)—=H(V)
F(f) G(f)j H(f)l
FW) ™ (W) 2o g (W)

commute, also the outer square commutes so that (7' on)y : F' — H defines a natural
transformation. The composition of natural transformations is associative and has the
identity natural transformation n : F' — F' with ny = idy as a unit.
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3. If the class Obj(C) is a set, then there is a category Fun(C,C’) whose objects are functors
F,G : C — C and whose morphisms natural transformations n : F' — G.

The following lemma is useful to find equivalences of categories:

Lemma 2.1.24.
A functor F': C — D is an equivalence of categories, if and only if

(a) The functor F is essentially surjective, i.e. for any W € Obj(D) there is V' € Obj(C) such
that F(V) = W in D.

(b) The functor F is fully faithful: for any pair V, V' of objects in C, the map
F : Home(V, V') — Homp(F(V), F(V"))
on Hom-spaces is bijective.

Proof: see [Kassel, p. 278] and the exercises. The proof uses the axiom of choice twice.
An example for an equivalence of categories is the functor g-rep — U(g)-mod constructed

in proposition [2.1.T9]

We finally present some structure on universal enveloping algebras that should be compared
to the structure found in observation for group algebras. As a further consequence of the
universal property of the enveloping algebra U(g), we get from maps of Lie algebras maps of
unital associative algebras:

g - K gives €:U(g) — K

r — 0

g — gogCU(gdg) gives A:U(g) — Ulgdg) = U(g) ® U(g)
r — (x,2)

g — g CU(g®) gives S:U(g) — U(g®) = U(g)rr

r +— —X

These morphisms of algebras are explicitly given by the following expressions on the generators
zegcC U(g)

e(x) =0
Alz) =1®z+z®1
S(x) =—zx

These maps allow us to endow tensor products of representations of g, the dual of a vec-
tor space underlying a representation of g and the ground field K with the structure of g-
representations.

Observation 2.1.25.

e Let V, W be representations of g. The U(g)-module structure on the tensor product V@W
is then obtained from

U(g) -2 U(g) ® U(g) "“4" End(V) © End(W) — End(V @ W) .
The U(g)-module structure is uniquely determined by the condition

(%) r(v@w)=zvwt+v@rw foralveV,weWandxeg .
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e The U(g)-module structure on the ground field K is obtained from the unital algebra
morphism

U(g) = K = Endg (K) .
This is uniquely determined by the condition z.v = 0 for all z € g and v € K.
e The U(g)-module structure on V* is then obtained via the transpose from

U(g) -5 U(g)°™ 2 End (V™) .

e Again, in physics, the representation on K is used to introduce the notion of an invariant
state, and the representation on V ® W corresponds to the “coupling of two systems” for
symmetries leading by condition () to additive quantum numbers.

2.2 Coalgebras and comodules

The maps (A, €) in the two examples of a group algebra K[G] of a group G and the universal
enveloping algebra U(g) of a Lie algebra g have properties that are best understood by reversing
arrows in the definition of an algebra.

Definition 2.2.1

1. A coassociative coalgebra over a field K is a pair (C,A), consisting of a K-vector space
C and a K-linear map

A: C—-0xC,

called the coproduct, such that the coassociativity condition (A®id¢)oA = (ide®A)o A
holds. As a picture, we have

In terms of commuting diagrams, we have

CoCoC<22M ogC
idc@AT TA
C®C A C

2. A coassociative coalgebra is called counital, if there is a K-linear map

e:C—-K,
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called the counit, such that (e ® id¢) o A = (id¢ ® €) o A = id¢ holds. As a picture, we

In terms of commuting diagrams, we have

e®id id®e

KoC<2 oo opk
R
C C C

3. Given a coalgebra (C, A, €), the coopposed coalgebra C°PP is given by (C, A®PP := 10 0
A e).
A coalgebra is called cocommutative , if the identity A“PP = A holds. Here T is again
the map flipping the two tensor factors.

4. A coalgebra map is a linear map ¢ : C — C’, such that the equation

Aop=(p®p)oA

holds. It is called counital, if also the equation €' o ¢ = € holds. Pictorially,

Examples 2.2.2.

1. Let S be any set and C' = K[S] the free K-vector space with distinguished basis S. Then
C becomes a coassociative counital coalgebra with coproduct given on the distinguished
basis of K[S] by the diagonal map A(s) = s ® s and €(s) = 1 for all s € S. It is
cocommutative. It should be noted that for a general element v € K[S], we do not have
A(v) = v ® v and that the distinguished basis enters explicitly. Hence, it is somewhat
misleading to call A a diagonal.

2. In particular, the group algebra K[G] for any group G with the maps A, e discussed in
observation [2.1.12is a cocommutative coalgebra.

3. The universal enveloping algebra U(g) of any Lie algebra with the maps A, e discussed
before observation [2.1.25|will be shown to be a coalgebra which is cocommutative. (This is
easier to do once we have stated compatibility conditions between product and coproduct.)

Remarks 2.2.3.
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1. The counit € is uniquely determined, if it exists.

2. The following notation is due to Heyneman and Sweedler and frequently called Sweedler
notation: let (C, A, €) be a coalgebra. For any x € C', we can find finitely many elements
z; € C and z7 € C such that

A(r) = Zm; ® .
i
Dropping the summation indices, this is written as

Alz) = zm @) .
()

It is common to even omit the sum and write
Ax) = 20) ® 2(9) -
In this notation, counitality reads
e(xay)z@) = za)e(re) =2 forallz e C,
and cocommutativity
Ty ®T(e) = T2 @y forallz e C .
Finally, coassociativity reads
(Za)m © (2)) @ @ 2@) = 20) @ (T@)0) @ (T@)e) -
For the sake of a compact notation, we denote this element also by z(1) ® x(2) ® (3).

Lemma 2.2.4.

1. If C' is a coalgebra, then the dual vector space C* is an algebra, with multiplication from
m = A*|cge+ and unit n = €*.

Explicitly,

m(f®g)(c) =A"(f®g)lc)=(f@9)A(c) e K forall f,geC*andceC .

2. If the coalgebra C' is cocommutative, then the algebra C* is commutative.

Proof.

This is shown by dualizing diagrams, together with one additional observation: the dual
of the copoduct A : C — C ® C is a map (C ® C)* — C*. Using the canonical injection
C*® C* C (C®C)*, we can restrict A* to the subspace C* ® C* to get the multiplication on
C*. Details will be in an exercise. O

Remarks 2.2.5.

1. Let S be a set. The algebra K[S]* dual to the coalgebra K|[S] in example has the
product

P (s) =p @ (A5) = ¢ ® (s @ 5) = p(s)'(s)
which shows that K[S]* is the algebra of functions on S.
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2. Warning: algebras cannot be simply dualized to coalgebras: the dual of the multiplication
isamap m* : A* - (A® A)*, but we need a map A* — A*® A*. If A is finite-dimensional,
we have A*®@A* = (A® A)* and A* is a coalgebra. In general, A*® A* is a proper subspace,
AT A C (AR A)*.

3. For this reason, we denote by A° the finite dual of A:
A°:={f e A"| f(I) =0 for some ideal I C A of finite codimension, dim A/I < oo} .

If A is an algebra, then the finite dual A° can be shown to be a coalgebra, with coproduct
A = m* and counit n*. If A is commutative, then A° is cocommutative.

We dualize the notion of an ideal to get coalgebra structures on certain quotients:

Definition 2.2.6
Let C' be a coalgebra.

1. A subspace I C C'is a left coideal, if AI C C ® I.
2. A subspace I C C is a right coideal, if AI C I ® C.

3. A subspace I C C is a two-sided coideal, if

AICI®C+C®I ande(l)=0.

Any two-sided ideal of an algebra is, in particular, a left ideal and a right ideal. For coideals
of a coalgebra, however, an left or right coideal is a two-sided coideal, provided €(I) = 0 holds.
It is easy to check that a subspace I C C'is a two-sided coideal, if and only if C'/[ is a coalgebra
with comultiplication induced by A.

This raises the question what the algebraic structure on the quotient of C'/I with I a left

or right ideal is. To this end, we also dualize the notion of a module:

Definition 2.2.7
Let K be a field and (C, A, €) be a K-coalgebra.

1. A right C-comodule is a pair (M, Ayy), consisting of a K-vector space M and a K-linear
map

AMM—>M®C,

called the coaction such that the two diagrams commute:

M M MeC
AML lAJ\l®idC
and
M Mo
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2. A K-linear map ¢ : M — N between right C-comodules M, N is said to be a
comodule map, if the following diagram commutes

M 4 N
AIML LAN

3. We denote the category of right C'-comodules by comod-C'.

4. Left comodules and morphisms of left comodules are defined analogously. They form a
category, denoted by C'—comod.

Again, the reader should draw pictures in a graphical notation.

Examples 2.2.8.

1. A left coideal I of a coalgebra is a subspace that is also, by restriction of the coproduct
of C' a left comodule. Similarly, a right coideal I C C'is a subspace that is, by restriction
of the coproduct of C' a right comodule.

2. Let C be a coalgebra. A subspace I C C'is a left coideal, if and only if C'/I with the
natural map

A:C/II—-CxC/I

inherited from the coproduct of C' is a left comodule. There is an analogous statement
for right coideals. A subspace I C C'is a two-sided ideal, if and only if the quotient C'/I
with the inherited map

A:C/I = ClIxC/I

is a coalgebra. All statements will be exercises.

3. Let C' be a coalgebra and M be a right C-comodule with coaction
Ay (m) = Zm()@ml with mg € M and m; € C .

Here we have adapted Sweedler notation to comodules. The coassociativity of the coaction
is then encoded in the notion

(ldM & Ac) e} AM(m) = (AM X ldo) @) AM(m) =My @M1 & My

with mg € M and my, my € C. By lemma [2.2.4] then C* is an algebra and M is a left
C*-module, where the action of f € C* is defined by

Jm= Z<f, m1>m0 )

where (f,m1) denotes the evaluation of f € C* on m; € C. Warning: in this way, we do
not get all C"*-modules, but only the so-called rational C*-modules.

4. Let S be aset and C' := K[S] the coalgebra described in example [2.2.2/1. Then a K-vector
space M has the structure of a C'-comodule, if and only if it is S-graded, i.e. if it can be
written as a direct sum of subspaces My, C M for s € S:

M = EBSESMS .
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Given an S-graded vector space M, set Ays(m) := m® s for a homogeneous element m €
M. One directly checks that this is a coassociative counital coaction of the coalgebra C.
Conversely, given a C-comodule M, write Ay(m) = > .o m,®s, using the distinguished
basis of C'. We find

(Ay @ide) o Ay(m) = > (m,), ®t®s

s,tes

which by coassociativity of the coaction has to be equal to

(idps @ A) o Aps(m Zm5®s®s

seS

Thus (ms): = mgds,, which implies Ay(ms) = mys ® s. We introduce the subspaces
Mg :={ms|me M} .

The sum of the subspaces @M, is direct: m € M, N M, for s # ¢ implies m = m/, = m}
for some m/, m” € M. Then the comparison of

Am)=Am)=m.®@s=m®s

s

with the same relation for ¢ shows that m ® s = m @ ¢t and thus m = 0. Moreover,
counitality of the coaction implies

m = idy/(m) = (idy ® €) o Ay (m st :st,

seSs seSs

so that M = @M.

2.3 Bialgebras

Definition 2.3.1
1. A triple (A, u, A) is called a bialgebra, if

e (A, ) is an associative algebra, having a unit n: K — A.
e (A, A) is a coassociative coalgebra, having a counit € : A — K.

e The coproduct A : A — A® A is a map of unital algebras, where A ® A has the
algebra structure described in proposition [2.1.11}

Aa-b) = A(a) - A(b) foralla,be A

in pictures ﬁ - @

or in Sweedler notation

Z(ab)(l) %Y (ab)(g) = Z a(l)b(l) ® a(g)b(g) .

(ab) (a)(b)
and A(1) =1® 1.
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e The counit € : A — K is a map of unital algebras: e(a - b) = €(a) - €(b). In pictures

and €(1) = 1.

2. A K-linear map is said to be a bialgebra map, if it is both an algebra and a coalgebra
map.

Examples 2.3.2.

1. To endow the tensor algebra T'(V') with the structure of a bialgebra, it is enough to specify
the unital algebra morphisms A and € on the generators v € TMWV = V. We set

Av)=v®1+1®v ande(v) =0 forallveV .
Since € is required to be a morphism of algebras, one has
€(vg - - Up) = €(vy) ... €(v,) =0 .

Together with unitality, €(1) = 1, this fixes the counit uniquely. Inductively, one uses the
property that A is a morphism of algebras to show

n—1
Avp...vy) =1® (vg...0,) + Z Z(v"(l) V() @ (Vo(pr1) - - - Vo(n)) + (V1 ... 0) @ 1.
p=1

o

where the sum is over all (p, n — p)-shuffle permutations, i.e. over all permutations o € S,
for which 0(1) < 0(2) <--- <o(p) and o(p+1) < --- < o(n).

Counitality of A is now a direct consequence of the explicit formulae for coproduct and
counit. Similarly, coassociativity can be derived. Finally, cocommutativity comes from
the explicit formula for the coproduct, together with the observation that (p,n — p)-
shuffles are in bijection to (n — p, p)-shuffles via the cyclic permutation in S, that acts as
(1,2,...,n) = (p+1,p+2,...,n,1,...p).

2. A direct calculation shows that the group algebra K[G] of a group G is a bialgebra. Note
that here we do not make use of the inverses in the group G, hence monoid algebras are
bialgebras as well. The algebra of functions on a finite group is a bialgebra as well.

3. The universal enveloping algebra U(g) of a Lie algebra g is a bialgebra. In particular,
any symmetric algebra over a vector space has a natural bialgebra structure. Since the
arguments are similar to the case of the tensor algebra, we do not repeat them.

Remarks 2.3.3.
1. Since the counit € : B — K of a bialgebra is a morphism of algebras, the ground field K
can be endowed with the structure of a B-module by b.A = ¢(b) - A for b € B and A € K.
A bialgebra thus has a distinguished module, the trivial module. Similarly, the ground
field K has also the structure of a comodule by A(A) = A ® 1 for A € K. This gives the
trivial comodule.
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. If " and D are coalgebras, the tensor product C' ® D can be endowed with a natural
structure of a coalgebra with comultiplication

CeD*" CeCeDeD Y8 CoDoCwD
and counit
CoDPRKoK=K.
This is just the anaologue of proposition [2.1.11}
. In the definition of a bialgebra, the last two axioms of coproduct A and counit € being

morphisms of unital algebras can be replaced by the equivalent condition of the product
i and and the unit n being morphisms of counital coalgebras.

. Since the counit € : A — K is a morphism of algebras, the kernel A" := ker € is a two-sided
ideal of codimension 1, called the augmentation ideal.

. There is a weakening of the axioms of a bialgebra: one drops the condition of unitality
for the coproduct and the counit and replaces them the following identities

(A®ida) A1) = (AD)®1)-(1®A(1))
= (IA@D)- (A1) (1)
and
c(fgh) = e(fgn))elgxh)
= €(fge))e(gayh) forall f,g,h e A. (2)
This defines the notion of a weak bialgebra. In a weak bialgebra, we only have the relation

A1) = A(L-1) = A()A(D),

i.e. A(1) is an idempotent in A ® A.

Remark 2.3.4.
A subspace I C B of a bialgebra B is called a biideal, if it is both an ideal and a coideal. In
this case, B/I is again a bialgebra.

We again discuss duals:
Lemma 2.3.5.

Let (A, u,n, A €) be a finite-dimensional (weak) bialgebra and A* = Homg (A, K) its linear
dual. Then the dual maps

A" (AR A 2 A @A — A

e K= A"
s AT (AR A = AT R AT
nt . A" =K

define the structure of a (weak) bialgebra (A*, A* €*, u*, n*).
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Remark 2.3.6.
For any (weak) bialgebra (A, i, n, A, €), we have three more (weak) bialgebras:

Aopp = (A7 Mopp7 , AJ 6) Aopp,copp - (A7 Nopp’ mn, Acopp, 6)
Acopp = (A7 My 17, Acopp7 6)

2.4 'Tensor categories

We wish to understand the additional structure that is present on the categories of modules over
bialgebras. Given two modules V, W over an algebra A, the tensor product has the structure
of an A ® A-module by

A®AER End(V) @ End(W) < End(V @ W) ,

i.e. as in the case of Lie algebras and group algebras, cf. observation [2.1.12] will use for a
bialgebra the pullback along the group homomorphism A : A — A ® A to endow the tensor
product V @ W with the structure of an A-module. This turns a pair of objects (V, W) of the
category A—mod into an object V' ® W, and a pair of morphisms (f, g) into a morphism f ® g.
We formalize this structure:

Definition 2.4.1

The Cartesian product of two categories C, D is defined as the category C x D whose objects are
pairs (V, W) € Obj(C) x Obj(D) and whose morphism sets are given by the Cartesian product
of sets:

Homeyxp((V, W), (V/,W")) = Home(V, V') x Homp(W, W') .

We are now ready to discuss the structure induced by the tensor product of modules:

Definition 2.4.2
1. Let C be a category and ® : C x C — C a functor, called a tensor product.

Note that this associates to any pair (V, W) of objects an object V@ W and to any pair of
morphisms (f, g) a morphism f ® g with source and target given by the tensor products
of the source and target objects. In particular, idyew = idy ® idy, and for composable
morphisms

(ff@gd)o(f@g) =(fof)®(d og).

2. A monoidal category or tensor category consists of a category (C,®) with tensor product,
an object I € C, called the tensor unit, and a natural isomorphism, called the associator,

a:®(®x id) - ®(id X ®).
of functors C x C x C — C and natural isomorphisms
r:id®l—id and [:1®id—id

called unit constraints such that the following axioms hold:
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e The pentagon axiom: for all quadruples of objects U, V, W, X € Obj(C) the following
diagram commutes

UeV)e (W eX)
(UV)eW)® X U (Ve (WeX))
aumw@idxl TidU@)aV,W,X

U (VeoW)oX U (VeW)eX)

AU, vVew,Xx

e The triangle axiom: for all pairs of objects V,W & Obj(C) the following diagram

commutes
Vol)oW L VeleoW)
VoW

Remarks 2.4.3.

1. A monoidal category can be considered as a higher analogue of an associative, unital
monoid, hence the name. The associator a is, however, a structure, not a property. A
property is imposed at the level of natural transformations in the form of the pentagon
axiom. For a given category C and a given tensor product ®, inequivalent associators can
exist. Any associator a gives for any triple U, V, W of objects an isomorphism

avvw :(U@V)oW U (Ve W)

such that all diagrams of the form

ay,v,w

UeV)eW U (VeW)
(f®g)®hl lf®(g®h)
UoV)QW ————=U(VaW)

commute.

2. The pentagon axiom can be shown to guarantee the following property: suppose we are
given finitely many objects Uy, Us, ..., U, € C. Any bracketing of this string determines
an object in C. For example, for n = 4, we get the five different objects at the vertices
of the pentagon diagram. The pentagon diagram illustrates that the associator can be
applied repeatedly in different ways to get an isomorphism between two objects arising
from different bracketings. In the case of the pentagon, we have two isomorphisms ((U ®
VMaW)eX - U (Ve ((W®X)). The pentagon axioms ensures that for arbitrary
n all such isomorphisms coincide. This is known as Mac Lane’s coherence theorem. We
refer to [Kassel, XI.5] for details.

3. A tensor category is called strict , if the natural transformations a, ! and r are the identity.
One can show that any tensor category is equivalent, as a tensor category, to a strict tensor
category.
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4. Let (C,®,a,l,r) be a tensor category. From the tensor product @ : C x C — C, we can
get the functor ®°PP = ® o 7 with
VRPPIW =WV and fPPg:=9gR f .
It defines a tensor product: given an associator a for ®, one verifies that agjyr,y, = a;[,%v’U
is an associator for the tensor product ®°PP. Similarly, one obtains left and right unit
constraints.xxxxx

Examples 2.4.4.

1. The category of vector spaces over a fixed field K is a tensor category which is not strict.
(See the appendix for information about this tensor category.) Tacitly, it is frequently
replaced by an equivalent strict tensor category.

2. Let G be a group and vectg(K) be the category of G-graded K-vector spaces, i.e. of K-
vector spaces with a direct sum decomposition V' = @gcqV;. Then the tensor product
V ® W is bigraded, V @ W = @©4 necVy, ® W), and becomes G-graded by the total degree

VW = ®yec (PreaVh @ Wi-14) .

Together with the associativity constraints inherited from vect(K) and with K., i.e. the
ground field K in homogeneous degree e € (G, as the tensor unit, this is a monoidal
category. For these considerations, inverses in GG are not needed and we could consider
the monoidal category of vector spaces graded by any unital associative monoid.

3. Let C be a small category. The endofunctors

F: C—¢C

are the objects of a tensor category End(C). The morphisms in this category are natural
transformations, the tensor product is composition of functors. This tensor category is
strict.

4. Let (Gp)nen, be a family of groups such that Gy = {1}.

Define a category G whose objects are the natural numbers and whose morphisms are
defined by

tomg(m.n) = { ¢, 0 7"

= n
Composition is the product in the group, the identity is the neutral element, id,, = e € G,,.

Suppose that we are given as further data a group homomorphism for any pair (m,n)
pm,n . Gm X Gn — Gm+n
such that for all m,n,p € N, we have

Pm+n,p © (pm,n X ide) = Pmmn+p © (idGm X pn,p) :

We define a functor

®:GXG—=G

on objects by m ® n = m + n and on morphisms by

G X Gy = G
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This turns G into a strict tensor category.

Such a structure is provided in particular by the collection (S, )nen, of symmetric groups
and the collection (B, ),en of braid groups. Define

Pmn  Bm X B, — Bpin
(05,05) = 0i0j4m,
as the juxtaposition of a braid from B,, to a braid B,.

Remarks 2.4.5.

1. In any monoidal category, we have a notion of an associative unital algebra (A, u,n): this
is a triple, consisting of an object A € C, multiplication p : A® A — A and a unit
morphism 7 : T — A such that associativity identity

pro(p®@ida) = po(ida @ p)oanaa
for the morphisms (A ® A) ® A — A and the unit property
Iuo(idA@’I]):idAOTA and Mo(n@idA):idAolA
hold. Note that the associator enters. For a general monoidal category, we do not have a

notion of a commutative algebra.

2. Similarly, we introduce the notion of a coalgebra (C, A, €) in any monoidal category. For
a general monoidal category, we do not have a notion of a cocommutative coalgebra.

3. Similarly, one can define modules and comodules in any monoidal category.

4. A coalgebra in C gives an algebra in C°PP and vice versa.

The graphical notation for algebras, coalgebras, modules and comodules in a (strict)
monoidal category is introduced in the obvious way.

If C is any category, the category of endofunctors End(C) has a composition. (If the category
is small, it is even a strict monoidal category with composition as the tensor product. ) This
composition allows us to define:

Definition 2.4.6

Let C be a category. An associative unital algebra in the monoidal category End(C) of endo-
functors is called a monad on C. Concretely, a monad is an endofunctor Z : C — C, together
with two natural transformations

w:ZoZ =2 and n:ide—Z2

such that the two diagrams

A

Z3(c) —= Z*(c) and Z(c) —= Z*(c)
Z(yc)l L,uc Z(TIC)l k\ LHC
Z%(¢) == Z(0) Z%(¢) == Z(0)

expressing associativity and unitality commute for all ¢ € C.

Considering Z as a monoid in End(C), one could define a module as as an object m in the
monidal category End(C) with a morphism Z o m — m. The following notion of a Z-module is
different and more useful:

Definition 2.4.7
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1. Let C be a category and Z : C — C a monad on C. A Z-module is a pair (m, p), consisting
of an object m € C and a morphism p : Z(m) — m such that the following two diagrams

Z2(m) 22~ Z(m) and m—2% Z(m)
W N
Z(m) ——m m

expressing associativity and unitality of the action commute.

2. Given two Z-modules (m, p) and (m, p'), the set of Z-module morphisms is

Homyz((m, p), (M, p')) :={f :m —m'|p o Z(f) = fop}.

We denote by Z—mod the category of Z-modules.

There exists also the notion of a comonad which the reader should work out as an exercise.

Tensor categories are categories with some additional structure. It should not come as a
surprise that we need also a class of functors and natural transformations that is adapted to
this extra structure.

Definition 2.4.8
1. Let (C,®¢,l¢c,ac,lc,re) and (D, ®p,Ip,ap,lp,rp) be tensor categories. (We will some-
times suppress indices indicating the category to which the data belong.) A tensor functor
or monoidal functor from C to D is a triple (F, ¢y, p2) consisting of

a functor F:C —- D
an isomorphism vo:Ip — F(Ie) in the category D
a natural isomorphism ¢y : ®@po (F x F) — Fo®¢

of functors C x C — D. This includes in particular an isomorphism for any pair of objects
Uvec
0o(U, V) : F(U)@p F(V) =5 F(U®c V).

These data have to obey a series of constraints expressed by commuting diagrams:
e Compatibility with the associativity constraint:

AF(U),F(V),F(W)

(F(U)® F(V)) ® F(W)

FU)® (F(V)® F(W))

2(U,V)®idpw) L lidF(U)®¢2(V’W)
FU®V)® F(W) FU) @ F(V e W)
wz(U@V,W)l lwz(U,V@W)

F(UV)eW)

FU®(VeW))

Flau,v,w)
e Compatibility with the left unit constraint:

Ll

Ip ® F(U) FU)
§00®idF(U)l ]F(IU)

F(Ie) @ F(U) Fle®U)

P2 (HC 7U)
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e Compatibility with the right unit constraint:

F(U)®Ip — 2 F(U)
idF(U)®300l ]F(TU)
FU)® F(le) —7m— FU @)

2. A tensor functor is called strict, if the isomorphism o and the natural transformation ¢
are identities in D. In general, the isomorphism and the natural isomorphism is additional
structure.

3. A monoidal natural transformation between tensor functors

n: (F,@0,02) = (F', ¢4, 05)

is a natural transformation n : F — F' with the following two properties: such that
diagram involving the tensor unit

F(Ie)
>
]ID L
©o
F'(Ie)

commutes, and for all pairs (U, V') of objects the diagram

W?(va)

F(U)® F(V) FU®V)
FU)© F(V) i F U V)

commutes.

4. One then defines monoidal natural isomorphisms as invertible monoidal natural transfor-
mations. An equivalence of tensor categories C,D is given by a pair of tensor functors
F:C— D and G : D — C and natural monoidal isomorphisms

n: idp—FG and 6: GF —ide.

Remarks 2.4.9.
1. Suppose that a tensor functor (F, ¢y, p2) has the property that the underlying functor F
is an equivalence of categories. One then then show that then there exists a tensor functor
G such that (F,G) is an equivalence of tensor categories [DM| Proposition 1.11] which
refers to [Saa, Proposition 4.4.2]

2. The strictification result for tensor categories can now be stated more precisely: any
tensor category C is monoidally equivalent to a strict tensor category C. The strict tensor
category ¢ equivalence F' : C — C can even be chosen such that F is a strict monoidal
functor, see [JS, Corollary 1.4].
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3. There is also a strictification result for tensor functors: Proposition 1.5 in [JS] explains
how tensor functors can be replaced by strict tensor functors.

We can now characterize algebras whose representation categories are monoidal categories.

Proposition 2.4.10.
Let (A, ) be a unital associative algebra. Suppose we are given unital algebra maps

A A—-ARA and €:A—-K.

Use the pullback along the morphism of algebras € : A — K = Endg (K) to endow the ground
field K with the structure of an A-module (K, ¢), i.e. a.A :=¢(a) - A for a € A and )\ € K. Let

® : A—mod X A—mod — A—mod

be the functor which associates to a pair M, N of A-modules their tensor product M ®x N as
vector spaces with the A-module structure given by the morphism of algebras

A2 A® A8 End(M) @ End(N) — End(M ® N) .

Then (A—mod, ®, (K, ¢€)), together with the canonical associativity and unit constraints of the
category vect(KK) of K-vector spaces is a monoidal category, if and only if (A, p, A) is a bialgebra
with counit €, i.e. if and only if (A, A, €) is a coalgebra.

Proof.

e Suppose that (A, pu, A) is a bialgebra. We have to show that the canonical isomorphisms
of vector spaces

UV)eW — U (VW)
(V)W — u® (v w)

are morphisms of A-modules. Using Sweedler notation, the element a € A acts on the left
hand side by

a.(u®@v) ®w=an).(u®v)®ae).w=((a@)q)v® (0w)ev) @ayw (¥
and on the right hand side
au® (v®w) = aq)u® ag).(v@w) = am)u® ((a@)a)-v® (ae))e).w) (%)

Coassociativity of A implies that the right hand side of the first equation is mapped to
the right hand side of the second equation after rebracketing.

Since the standard associativity constraints in vect(K) obey the pentagon relation, this
relation holds in A—mod, as well. Similarly, we have to show that the two unit constraints

VoK — V and KV — V
VRN — A\ AQU — M

are morphisms of A-modules. For the second isomorphism, note that
a.(A®v) = €elap) A ® a@).v = €(aq))a@).Av = a.v

where in the last step we used one defining property of the counit. The other unit con-
straint is dealt with in complete analogy.
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e Conversely, suppose that (A—mod, ®, K) is a monoidal category. We have to extract from
this categorical structure structure and relations on the algebra. This is usually done using
the following observation: the algebra A itself, with the action by left multiplication, is a
left A-module, the left regular A-module 4A. In the specific case U =V =W =, A, the
associator provides an isomorphism

(ARA)RA - AR (AR A)
(U)W — u (v w)

of A-modules. Taking the associator in the category of vector spaces to be the identity,
the fact that the identity intertwines the action of A leads to the equation

(a)mu ® (a@))@v @ azgw = agu ® (a@e) v @ (a@) W

for all u,v,w €4 A and all a € A. Choosing u = v = w = 14, implies coassociativity,

(am) @ ® (a@))@) ® a@) = aq) @ (a@))q) ® (a@)e)

for all a € A.

Similarly, we conclude from the fact that the canonical maps K® A — A and AQK — A
are isomorphisms of A-modules that € is a counit.

Remark 2.4.11.

1. Let (A, p, A) again be a bialgebra. Then the category comod-A of right A-comodules is
a tensor category as well. Given two comodules (M, Ays) and (N, Ay), the coaction on
the tensor product M ® N is defined using the multiplication:

Apon: MEN MY Mo AN A ™IS oNg Ao A ™M™ Mo NoA .

It is straightforward to dualize all statements we made earlier.

In particular, the tensor unit is the trivial comodule which is the ground field K with a
coaction that is given by the unit n: K — A:

K-S A~K®A.

Again, the associativity and unit constraints of comodules are inherited from the con-
straints for vector spaces:

(Me@N)@P = Mo (NoP)
KoM=~ M =~MaK.

2. A bialgebra thus gives rise to four monoidal categories, left and right modules and comod-
ules. These categories are, in general, rather different. For example, for a group algebra
K[G], the monoidal category of comodules is the category vectq of G-graded vector spaces
which has only one-dimensional simple modules while the category of left modules is the
category repG of G-representations.
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2.5 Hopf algebras

Observation 2.5.1.

Let (A, ) be a unital algebra and (C, A) a counital coalgebra over the same field K. We then
define on the K-vector space of K-linear maps Hom(C, A) a product, called convolution. The
product f * g of f,g € Hom(C, A) is the K-linear map

frg:C S 0Cc A4 4.
This product is K-bilinear and associative. In Sweedler notation

(f*9)(x) = flzq) - 9(z@)-

The linear map
C-SK-1 A
is a unit for this product.

This endows in particular the space Endg(A) of endomorphisms of a bialgebra A with the
structure of a unital associative K-algebra. Its unit is not the identity id4 € Endg(A). It is,
however, not clear whether in this case the identity id 4 has the property of being an invertible
element of the convolution algebra.

Definition 2.5.2

We say that a bialgebra (H, j1, A) is a Hopf algebra, if the identity idy has a two-sided inverse
S : H — H under the convolution product. This inverse is then called the antipode of the Hopf
algebra.

Remarks 2.5.3.
1. The defining identity of the antipode

Sxidy =idyg xS = ne

reads in graphical notation

and in Sweedler notation
13(1) . S(I(g)) = E(l’) 1= S(l‘(l)) . x(g) .

2. If an antipode exists, it is, as a two-sided inverse for an associative product, uniquely
determined:

S = Sx*(ne)=9x*(idy*S') = (S xidy) * S
= nexS' =9".

Thus, for a bialgebra, being a Hopf algebra is a property rather than a structure.
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3.If H = (A u,n, A6 S) is a finite-dimensional Hopf algebra, its dual H* =
(A* A* e, u*,n*, S*) is a Hopf algebra as well.

4. We will see in corollary [2.5.10| that any morphism f : H — K of bialgebras between Hopf
algebras respects the antipode, f(Sgh) = Sk f(h) for all h € H. It is thus a morphism of
Hopf algebras.

5. The antipode is not necessarily invertible as a linear map S : H — H. For counter
examples, see [T].

6. A subspace I C H of a Hopf algebra H is a Hopf ideal, if it is a biideal, cf. remark
and if S(I) C I. In this case, H/I with the structure induced from H is a Hopf algebra.

Example 2.5.4.
If G is a group, the group algebra K[G] is a Hopf algebra with antipode

S(g)=g ' forall geG.

Indeed, we have for g € G:

po(S®id)oAlg) =po(S®id)(geg) =g "' - g=—¢(g)l.

Before giving more examples, we need a fundamental property of the antipode. If (A, p4)
and (B, up) are algebras, a map f : A — B is called an antialgebra map, if it is a map of unital
algebras f: A — B ie. if f(a-a') = f(d)- f(a) for all a,a’ € A and f(14) = 1.

Similarly, if (C,A¢) and (D,Ap) are coalgebras, a map g : C — D is called an
anticoalgebra map, if it is a counital coalgebra map g : C' — C°PP i.e. if ep 0 g = €¢ and

9(c)@ ® g(c)a) = g(cq)) ® glcw) -

Proposition 2.5.5.
Let H be a Hopf algebra. Then the antipode S is a morphism of bialgebras S : H — HPP°PP
i.e. an antialgebra and anticoalgebra map: we have for all x,y € H

S(zy) = Sy)S(z) S(1) =1
and (S®S)oA = A®PPoS €oS =¢e.

Graphically,

and
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Proof.

Since H ® H is in particular a coalgebra and H an algebra, we can endow the vector space
B := Hom (H ® H, H) with bilinear product given by the convolution product: the product
vkpofv,pe Hom (H® H, H) is by definition

(id®T®id)o(AQA)
—

vip: H® H HEY Y28 o2 My p

As any convolution product involving an associative algebra and a coassociative coalgebra, this
product is associative. The unit is

lg:=noeopn : HoH-SHH-SK-LH

as can be seen graphically: for any f € Homg(H ® H, H), we have

I@b : % : Iﬁl |
Here we used that the counit € of a bialgebra is a morphism of algebras and then we used
the counit property twice. Recall that, as for any associative product, two-sided inverses are
unique: given u € B, for any p,v € B, the relation
prxpu=pu*xv=I1pg
implies

v=1xv=_(pxp)xv=px(puxv)=pxl=p.
We apply this to the two elements in the algebra B

H®H — H
v: xz®y — Sy)-S(x)
p: z®y — S(-y)

We compute for x,y € H:

(pxp)(x®y) = Z p((x®@y)ay) - ((z @ y)2) [defn. of the convolution x|

QY

= Z p(xa) ® ya)) (@) @ ye)) [defn. of the coproduct of H & H|
= Z S(zmyym))T@)Ye) [defn. of p and p|

= Z S((zy) ) (xy)2) [A is a morphism of algebras]

(zy)
= ne(zy) [defn. of the antipode]

= 1z(z®y)

It is instructive to do such a calculation graphically:
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The first equality is the multiplicativity of the coproduct in a bialgebra, the second is the
definition of the antipode.
On the other hand, we compute p * v:

[%( — @@ < @\S :l = ne(z) - e(y) = ne(x - y)
T I

where in the first step we used associativity twice and in last step we used that the counit € is
a map of algebras.
Finally, the equality defining the antipode

id * S = ne,
can be applied to 15 and then yields

where the first equality is unitality of the coproduct A and the last identity is the unitality of
the counit e. This identity in H implies S(1g) = 1y. The assertions about the coproduct are
proven in an analogous way by showing the equivalent identity

AoS=(S®S)o AP’ in Hom(H,H®H) .

Finally, apply € to the equality

to get
€(x) = e(x)e(1) = e(S(x))e(w(2) = €0 S(x) foralaxzec H .

We now present another class of examples of Hopf algebras

Example 2.5.6.
The universal enveloping algebra U(g) of a Lie algebra g is a Hopf algebra with antipode

S(z)=—x forall zeg.
Indeed, we have for x € g:

po(S®id)o A(z) =p(—z®1+1®x)=—-c+2=0=le(z) .

40



We extend this to all of U(g) by the following observation: let H be a bialgebra that is
generated, as an algebra, by a subset X C H. Suppose that the defining relation for an antipode
holds for all x € X, i.e.

Sxidy(z) =1idy * S(x) =ne(x) forall z € X .

Then S is an antipode for H. In fact, it is enought to check that the relation holds for products
xy with z,y € X. Then

(xy)1)S((zy)2) = Tmya)S(x@)y2)) [bialgebral
ryYnS (Y ) (g)) [antialgebra morphism]|
= e(x)e(y) = (xy) [relation for generators x,y and e algebra morphism.]

The other relation follows analogously.

In particular, the symmetric algebra over a vector space V' is a Hopf algebra, since it is the
universal enveloping algebra of the abelian Lie algebra on the vector space V. Similarly, the
tensor algebra T'V over a vector space V is a Hopf algebra, since it can be considered as the
enveloping algebra of the free Lie algebra on V.

Proposition 2.5.7.
Let H be a Hopf algebra. Then the following identities are equivalent:

(a) SQ = 1dH
(b) >, S(x@))ra) =€e(x)ly forall x € H.
(c) Yo, x@S(xn)) =€e(x)ly for all z € H.

Proof.
We show (b) = (a) by first showing from (b) that S % S? is the unit 7 o € of the convolution
product. In graphical notation, (b) reads

|
T

Thus

S l
SxS5% = 2 = = = = noe

"
—
=
=
—o
—0

For comparison, we also compute in equations:

SxSx) = Y S(xn)S(zw) = S( > 5(33(2))96(1))
(x)

2 S(e(x)1) = e@)S(1) = e(a)1.



Multiplying from the left with id yields id = id * (S * S?) = (id % S) * S? = S2.
Conversely, assume S? = idy

S S
S S
S
= = o= :’[706
5% =id 0
S S T

where we used S? = id, the fact that S is an anticoalgebra map, again S? = id and then the
defining property of the antipode S. The equivalence of (c) and (a) is proven in complete
analogy. O

The following simple lemma will be useful in many places:

Lemma 2.5.8.
Let H be a Hopf algebra with invertible antipode. Then

S_l(a(g)) Ca) = ae2) - S_l(a(l)) = 1H€(CL) foralla € H .

Proof.
The following calculation shows the claim:

S7Haw) apy = oS (57 ap) o)
= S7'(S(aw))-a@) [ S is antialgebra morphism]|
= S Y1g)e(a) = 1ye(a)

The other identity is proven analogously. O

Remark 2.5.9. .
Let H be a bialgebra. An endomorphism S : H — H such that

Z S(w@))x(l) = Zx(g)g(x(l)) = e(x)lH forall xze€ H

is also called a skew antipode. For any invertible antipode, S~ is a skew-antipode. Conversely,
a bialgebra with an antipode and a skew-antipode has an invertible antipode. As we will see,
a theorem of Larson and Sweedler asserts that for any finite-dimensional Hopf algebra the
antipode is invertible. Hence, finite-dimensional Hopf algebras also have a skew antipode.

Corollary 2.5.10.

1. If H is either commutative or cocommutative, then the identity S? = idy holds.

2. If H and K are Hopf algebras with antipodes Sy and Sk, respectively, then any (unital
and counital) bialgebra map ¢ : H — K is a Hopf algebra map, i.e. p 0 Sy = Sk o .

Proof.
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1. If H is commutative, then

defn. of S
z@) - S(za) = S(xm) 2@ = " e@)ly .
From proposition we conclude that S? = idy. If H is cocommutative, then

defn.zof S €($)1

z2) - S(z) = za) - S(z@) H -

Again we conclude that S? = idy.

2. Use again a convolution product to endow B := Hom(H, K) with the structure of an
associative unital algebra. Then compute

(poSy)*xp=pro(p®¢)o(Sy®idy) oAy =pouy(Sy®idy) o Ay = lgey
and
p*x(Sgop)=puxgo(id® Sk)oAgop=1kexop = 1lgey

The uniqueness of the inverse of ¢ for the convolution product shows the claim.

O

We use the antipode to endow the category of left modules over a Hopf algebra H with
a structure that generalizes contragredient or dual representations of groups. We first state a
more general fact:

Proposition 2.5.11.

1. Let A be a K-algebra and U,V objects in A—mod. Then the K-vector space Homg (U, V)
is an A ® A°°P-module by

[(a ® a').f] (u) :=a.f(d ) .
2. If H is a Hopf algebra, then Homg (U, V') is an H-module by
(af)(u) = amf(S(a@)u).

(a)

In the special case of the trivial module, V' = K, the dual vector space U* = Homg (U, K)
becomes an H-module by

(af)u= f(S(a)u) .

3. Similarly, if H is a Hopf algebra and if the antipode S of H is an invertible endomorphism
of H (or if a skew antipode exists), then the K-vector space Homg (U, V) is also an H-
module by

(af)(w) = aq f(S (aw)u).
(a)

In the special case V' = K, the dual vector space U* = Homg (U, K) becomes an H-module
by

(af)u=f(S" (a)u) .
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Proof.
We compute with a,b € A and a’, b € A°PP:

((a ®ad) (b)) fu) = (ab@bd)f(u)
= abf(ba'u)
= a()f)(w)
= (a@d)((beV)f(u)
For the second assertion, note that

AL A9 AUE 4 g govr

and, if S is invertible, also
: -1
A2 A AN 4 g Aovr

are morphisms of algebras.
In the specific case of the trivial module, V =K, we find

(@f)(u) = Y- elae)f(Slap)u) = 3 f (Slelan)ap)u) = f(S(au)
(a) (a)

where the second equality holds since f is K-linear and the last equality holds by counitality.
O

We recall the following maps relating a K-vector space X and its dual X* = Homg (X, K):
we have two evaluation maps

dx X" ®X — K
fexr — [x)

dX XX - K
@B = Bz

We call dy a right evaluation and dy a left evaluation. If the K-vector space X is finite-
dimensional, consider a basis {z;}ic; of X and a dual basis {z'};c; of X*. We then have two
coevaluation maps:

by ' K — X®X*
A= AY e
by 'K - X*®@X

A= )\Zidxi & x;
The two maps by and by are in fact independent of the choice of basis. For example,

by K — Endg(X)~ X ® X*
A Aidy

We call by a right coevaluation and BX a left coevaluation.

Definition 2.5.12
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1. Let C be a tensor category. An object V' of C is called right dualizable, if there exists an
object VV € C and morphisms

by :I=-VeVY and dy: V'@V I
such that

Ty O (ldv &® dv) oayyvy o (bV & ldv) o) l‘_/l = ldv

lyv o (dv & idvv) o a‘_,;vvvv o (idvv X bv) o ’r"_/\l/ = idyv

Such an object V'V is called a right dual to V.

The morphism dy, is called an evaluation, the morphism by, a coevaluation.

2. A monoidal category is called right-rigid or right-autonomous, if every object has a right
dual.

3. A left dual to V is an object YV of C, together with two morphisms
by :1=YV®eV and dy:Ve'V -1

such that analogous equations hold. A left-rigid or left autonomous category is a monoidal
category in which every object has a left dual.

4. A monoidal category is rigid or autonomous, if it is both left and right rigid or autonomous.

Lemma 2.5.13.
A K-vector space V' has a right dual, if and only if it is finite-dimensional.

Proof.
Consider the element

N
by(1) =) bi®BEVRV' with b€V and p eV

=1

which is necessarily a finite linear combination. Then by the axioms of a duality
N
v=(idy ®dy)(by (1) @idy)(v) = > bifi(v) .
i=1

This shows that the vectors (b;);=1,. n are a finite set of generators for V' and thus that V is
finite-dimensional. The converse is obvious. O

Remarks 2.5.14.

1. In any strict tensor category, we have a graphical calculus. Morphisms are to be read from
below to above. Composition of morphisms is by joining vertically superposed boxes. The
tensor product of morphisms is described by horizontally juxtaposed boxes.
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V

I:‘lj UL)V

U

% "x‘ #@
u Vv

We represent coevaluation and evaluation of a right duality and their defining properties

as follows.
dy
by

vV

= and m =

2. By definition, a right duality in a rigid tensor category associates to every object V
another object VY. We also define its action on morphisms:

Vv v

C1 — = f

U VY

One checks graphically that this gives a functor ?V : C — C°PP, i.e. a contravariant functor.
Similarly, we get from the left duality a functor ¥? : C — C°PP. There is no reason, in
general, for these functors to be isomorphic. The reader should check that as functors

V2. ¢ — Coppmopp

where we denote by C™°PP the monoidal category with the opposed tensor product, are
monoidal equivalences, cf. Remark [2.4.3/4.

Rigid duals are a property, not a structure as the following Lemma shows:
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Lemma 2.5.15.

Let V be an object in a tensor category. Let (V' dy, by ) and (f/v, dy, ZN)V) be two right duals of
V. Then VY and VY are canonically isomorphic: there is a unique isomorphism ¢ : V¥V — V'V,
such that the two diagrams

WeVv 2N yvev VeV — L ygpy
N dy \N by
I I
commute.
Proof.

For simplicity, we assume that the tensor category is strict. The axioms of a duality imply that

ldV\/ ®bv dv®ldv\/

a: VY VVeve vV VY
and
BTV IEY v gy g v MEYY
are inverse to each other. Uniqueness is easy to see. O

Proposition 2.5.16.

Let H be a Hopf algebra. Let V' be an H-module. We denote by VY the H-module defined on
the dual vector space V* = Homg(V,K) with the action given by pullback of the transpose
along S. If the antipode has an inverse S~! € End(H) or if a skew-antipode exists, then denote
by YV the H-module defined on the same vector space V* = Homg (V, K) with the action given
by pullback of the transpose along S—1.

1. The right evaluation
dy : VYV — K
a®uv — «alv)

is a map of H-modules.
2. If the antipode S of H is invertible, the left evaluation

dy : Vo'V — K
v@a — alv)

is a map of H-modules.
3. If V is finite-dimensional, then the right coevaluation
by K—=VeVY

is a map of H-modules.

4. If V is finite-dimensional and if the antipode S of H is invertible, then the left coevaluation
is a map of H-modules.

Proof.
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1. Let a € Hyv € V and a € V*. Then we compute

dy(a.(a ®v)) Zdv )0 @ agz).v)

= Z(a(l).a)(a(g).v) [defn. of dy]
(a)

a(Z S(a(l))a@).v> [defn. of action for V"]

= ae(a)v) = e(a)a(v) = ady(a@v).

In the last line, we used the defining property of the antipode, linearity of o and the
definition of the H-action on the trivial module K.

Here is also a graphical proof:

5(:} ] SgM
vy /
Hoo\Y v
A -1
< s@/ = 7
/ :
" Y v H v \%

2. Similarly, we use the identity

h =
e

S aw) - aqy = Lue(a)

from lemma to compute for v € V and a € V*

dy(a.(ve@a) = dy(ag).v® ag).a)
= a(S(a@)an)v)

= al(e(a)v) = a.a(v)

Again, we present a graphical proof:
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3. As a final example, we discuss the left coevaluation. We have to compare linear maps
K= V*®V = Endg(V). We compute for A € K and v € V

abyMNv = XY, 2(S7Haw))v) @ ag).z;
= Aag) (2" ®2:)(S Haw)v))
= A(a@ S (aw)) v = e(a)\w = by(a\)v

We conclude:

Corollary 2.5.17.

The category H-modgy of finite-dimensional modules over any Hopf algebra is right rigid. If the
antipode S of H is a (composition-)invertible element of Endg(H), the category H-modgy is
rigid.

We construct another example of a monoidal category.

Definition 2.5.18

1. Let n be any positive integer. We define a category Cob(n) of n-dimensional cobordisms
as follows:

(a) An object of Cob(n) is a closed oriented (n — 1)-dimensional smooth oriented mani-
fold. The empty set () is considered as an (n — 1)-dimensional manifold and thus an
object of Cob(n).

(b) Given a pair of objects M, N € Cob(n), a morphism M — N is a class of bordisms
from M to N. A bordism is an oriented, n-dimensional smooth manifold B with
boundary, together with an orientation preserving diffeomorphism

¢p: M][N-0B.
Here M denotes the same manifold with opposite orientation. (Since the empty set is

an object in Cob(n), every closed oriented n-dimensional smooth manifold B defines
a morphism () — ().)
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Two bordisms B, B’ give the same morphism, if there is an orientation-preserving
diffeomorphism ¢ : B — B’ which restricts to the evident diffeomorphism

oB L M][N 2 0B,

i.e. the following diagram commutes:

B ¢ B
o

MIIN

(c¢) For any object M € Cob(n), the identity map is represented by the product bordism
B = M x [0,1], i.e. the so-called cylinder over M.

(d) Composition of morphisms in Cob(n) is given by gluing bordisms together: given
objects M, M', M" € Cob(n), and bordisms B : M — M’ and B' : M’ — M", the
composition is defined to be the morphism represented by the manifold B[, B’
(To get a smooth structure on this manifold, choices like collars are necessary. They
lead to diffeomorphic glued bordisms, however.)

2. For each n, the category Cob(n) can be endowed with the structure of a tensor category.
The tensor product
® : Cob(n) x Cob(n) — Cob(n)

is given by disjoint union. The unit object of Cob(n) is the empty set, regarded as a
smooth manifold of dimension n — 1.

Example 2.5.19.
The objects of Cob(1) are finitely many oriented points. Thus objects are finite unions of (e, +)
and (e, —).

The morphisms are oriented one-dimensional manifolds, possibly with boundary, i.e. unions
of intervals and circles.

An isomorphism class of objects is characterized by the numbers (n,,n_) of points with
positive and negative orientation. Sometimes, one also considers another equivalence relation
on objects: two d — 1-dimensional closed manifolds M and N are called cobordant, if there
exists a cobordism B : M — N. Since there is a cobordism (e, +)]](e,—) — @, the objects
(ny,n-) and (n/,,n’ ) are cobordant, if and only if n, —n_ =n/, —n’.

One can also define a category of unoriented cobordisms. In this case, objects are finite
disjoint unions of points, isomorphism classes are in bijection to the number of points. Since a
pair of points can annihilate, there are only two cobordism classes, consisting of the set with
an even and and odd number of points, respectively.

We next comment on the rigidity of the category Cob(n):

Observation 2.5.20.

Let M be a closed oriented n— 1-dimensional smooth manifold. Then the oriented n-dimensional
manifold B := M x [0, 1], the cylinder over M, has boundary M [[ M. The manifold B can be
considered as a cobordism in six different ways, corresponding to decomposition of its boundary:

e As a bordism M — M. This represents the identity on M.
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e As a bordism M — M. This represents the identity on M.
e As a morphism dy; : M [[M — () or, alternatively, as a morphism dy: M [TM — 0.
e As a morphism by, : @ — M [[ M or, alternatively, as a morphism by, : § — M [ M.

One checks that the axioms of a left and a right duality hold. We conclude that the category
Cob(n) is rigid. (It has in fact more structure.)

We discuss a final example.

Example 2.5.21.

We have seen that for any small category C, the endofunctors of C, together with natural
transformations, form a monoidal category. In this case, a left dual of an object, i.e. of a functor,
is also called its left adjoint functor. Indeed, the following generalization beyond endofunctors
is natural and a central notion of category theory.

Definition 2.5.22

1. Let C and D be any categories. A functor F' : C — D is called left adjoint to a functor
G : D — C, if for any two objects ¢ in C and d in D there is an isomorphism of Hom-spaces

®,q4: Home(c, Gd) = Homp(Fe,d)

with the following naturality property:

For any homomorphism ¢ ycinCandd % d inD consider for ¢ € Homp(Fe,d) the
morphism
Hom(F'f, g)(p) := F¢ Hrpebhabde Homp(F¢, d')

and for ¢ € Home(c, Gd) the morphism
Hom(f,Gg)(p) :=¢ Leb il ad e Home(d', Gd') .

The naturality requirement for the family (®.4) of isomorphisms is then the requirement

that the diagram

Home(c, Gd) ———— Home(d, Gd')
Hom(f,Gg)

J/ q>c,d (I)c’,d’ J/

Homp(Fe,d) —— Homp(Fd,d)
Hom(F'f,g)

commutes for all morphisms f, g.

2. We write F' 4 G and also say that the functor G is a right adjoint to F'.

Examples 2.5.23.

1. In general, the existence of a left adjoint functor does not imply the existence of a right
adjoint functor. Even if both adjoints exist, they need not coincide. Also, the isomorphisms
®. 4 are in general not unique.
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2. As explained in the appendix, the forgetful functor
U : vect(K) — Set ,

which assigns to any K-vector space the underlying set has as a left adjoint, the free
vector space on a set:
F: Set — vect(K),

Indeed, we have for any set M and any K-vector space V' an isomorphism

cI)]\/[,V : HOIﬂSet(M, U(V)) — HOIHK(F(M), V)
© VAR (%)

where @,y () is the K-linear map defined by prescribing values in V' on the distinguished
basis of F'(M) using ¢ and extending linearly:

Parv (p)( Z Amm) 1= Z Amp(m)

meM meM

In particular, we find the isomorphism of sets Homge (0, U(V')) = Homg (F(0), V') for all
K-vector spaces V. Thus Homg (F(0),V) has exactly one element for any vector space
V. This shows F(()) = {0}, i.e. the vector space freely generated by the empty set is the
zero-dimensional vector space.

3. In general, freely generated objects are obtained as images under left adjoints of forgetful
functors. It is, however, not true that any forgetful functor has a left adjoint. As a coun-
terexample, take the forgetful functor U from the category of all fields to sets. Suppose
a left adjoint exists and study the image K of the empty set under it. Then K is a field
such that for any other field L, we have a bijection

HOHlField<K, L) = Homget(@, U(L)) = x .

Since morphisms of fields are injective, such a field K would be a subfield of any field L.
Such a field does not exist.

To make contact with the notion of duality, the following reformulation of the notion of a
pair F' - G of adjoint functors is needed:

Observation 2.5.24.

1. Let F 4 G be adjoint functors. From the definition, we get isomorphisms
Hom¢(G(d), G(d)) = Homp(F(G(d)), d)

and
Homp(F(c), F(c)) = Home(c, G(F(c))) .

The images of the identity on G(d) and F(c) for all ¢ € C and d € D respectively form
two natural transformations

€:FoG—idp and n:ide - GoF' .

Note the different order of the functors F,G in the composition and compare to the
definition [2.5.12| of a pair of dual objects. The natural transformation 7 is called the
unit, € is called the counit of the adjunction. The natural transformations n and € are
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not unique, since the isomorphisms ®., are not unique. In particular, for a K- linear
category, given any A € K*, we can replace 7 by An and € by A~!e to get another pair of
morphisms.

These natural transformations have the property that for all objects ¢ in C and d in D
the morphisms

G(d) B (GF)G(d) = GEFEG)(d) CY a(a)
and
F(e) " F(GF)(c) = (FG)F(c) 29 F(e)
are identities. Again compare with the properties of a pair of dual objects. In particular,

the left adjoint of an endofunctor is its left dual in the monoidal category of endofunctors
with monoidal product F ® G = G o F. For proofs, we refer to [McL, Chapter 1V]

2. Conversely, we can recover the adjunction isomorphisms ®. 4 from the natural transfor-
mations € and 7 by

Home (¢, G(d)) £ Homp(F(c), F(G(d)) “Y" Homp(F(c), d)
and their inverses by
Homp(F(c),d) 5 Hom¢(G(F(c)), G(d)) e Home/(e, G(d)) .

3. Note that a pair of adjoint functors F' - GG is an equivalence of categories, if and only if €
and 7 are natural isomorphisms of functors. In this case, one has an adjoint equivalence.
Any equivalence of categories can be improved to an adjoint equivalence, cf. [McLl IV 4,
Thm. 1].

Remark 2.5.25.

Adjoint functors can be understood in a planar diagrammatics, cf. e.g. [Khl, Section 1]. Con-
sider one-dimensional diagrams, with one-dimensional segments describing categories and zero-
dimensional parts indicating functors. In our convention, such diagrams are drawn horizontally
and are to be read from right to left. Thus for A and B categories and a functor F': A — B,
we draw the diagram

,,,,,,,,,,,, +,,,,,,,,,,,,

The composition F, --- Fy = F,0---0F;: A — A, of functors F;: A; — A;,1 is represented
by horizontal concatenation

To accommodate also natural transformations, a second dimension is needed. Categories are
now represented by two-dimensional regions and functors by one-dimensional vertical segments,
while zero-dimensional parts indicate natural transformations. In our convention, the vertical
direction is to be read from bottom to top. Thus a natural transformation «: F; = F5 between
the functors Fi, F» from objects A to B is depicted by the diagram




For the moment, we require that the strands always go from bottom to top and do not allow ‘U-
turns’. Such diagramms are called progressive in |JS]. For the identity natural transformation
a = idrp we omit the blob in the diagram. For the identity functor id4 we omit any label
except for the one referring to the category A. With these conventions, natural transformations
a: F'=idy and B: idy = F with F' an endofunctor of the category A are drawn as

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, F,,,,,,,,,,
. L,
Of[ and A
R R

A
a
0
F, Fi

Natural transformations can be composed horizontally and vertically. Horizontal composi-
tion is depicted as juxtaposition, as in

By observation for a pair of adjoint functors F': A — B and G: B — A, with F 4 G,

we have natural transformations
n: idgq=GF and €e: FG=1dg
satisfying
(ldF X 77) e} (6 &® ldp) = ldF and (77 X ldg) e} (ldG X 6) = ldG .
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In the diagrammatic description, special notation is introduced for the unit and counit of
an adjoint pair of functors: we depict them as

of diagrams.

Example 2.5.26.
Let C be a rigid tensor category. Then for any triple U, V, W of objects of C, we have natural
bijections

Hom(U®V,W) =~  Hom(UW @ V")

A = (A®idyv) o (idy ® by)
Hom(U @ VW) = Hom(V,Y U @ W)

A — (idvy ® \) o (by ® idy)

We have thus the following adjunctions of functors:
PV)H4(2?eVY) and (U®?)H(UR?).
We will see in Lemma that this implies that for C a rigid abelian category, the functors
—®V and V ® — are exact.
We now relate adjunctions and monads.

Proposition 2.5.27.

1. Let F : C — D and G : D — C be a pair of adjoint functors, i.e. F' 4 G. Then the
endofunctor T := G o F' : C — C, together with the natural transformation

T ToT=GoFoGoF S5 GoF
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which on objects reads
Gep(e
pe: GFGF(c) =5 GF(c)
together with the natural transformation id¢ — G o F' in Observation [2.5.24] is a monad.

2. Given a monad T : C — C, consider the forgetful functor U : T—mod — C which sends
the module (m,p) € T—mod to m € C and the induction functor I : C — T—mod
sending ¢ € C to the free module T'(¢) with action p. : T(T(c)) — T'(c). These functors
are adjoints, [ 4 U.

Proof.
The proof of 1. will be an exercise. For 2., we remark that the adjunction

Homy(Iec, m) = Home(c, Um)

with m = (d,p : Td — d) is given by the map that sends the morphism ¢ 1y din C to the
morphism

Te X T7d 5 d

which is a morphism of T-modules. Its inverse sends a morphism of T-modules T'c s m to the
morphism

c@Tcgm.

One should notice that U o I = T. Hence, different adjunctions can give rise to the same
monad. O

Remarks 2.5.28.

1. In the situation of the preceding proposition, we define a comparison functor
K :D — T—mod

which sends d € D to the object Gd € C with module structure given by

GFGd %S ad

2. An adjunction is called monadic, if K is an equivalence of categories. Beck’s monadicity
theorem |[McL, Chapter VI.7] gives criteria on on the functor G ensuring this.

Example 2.5.29.

Let C = Set and D = Grp be the category of groups. The forgetful functor U : Grp — Set has
as a left adjoint the functor F : Set — Grp that assigns to a set X the free group F(X) on
this set. This adjunction is monadic.

The monad T : Set — Set assigns to a set X the set F(X) underlying the free group on X.
These are words in an alphabet (7,27 ),cx modulo the relation identifying x,x_ and z_z,
with the empty word. The statement that the adjunction is monad means that we can describe
a group G in terms of a map of sets from the free group F(G) — G which encodes the relations
for the set of generators G that characterize the group. For more information on adjunctions,
we refer to [Riehl, Chapter 4,5] for a helpful exposition where it is also explained how categories
can be seen as modules over a monad on a category of graphs.
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2.6 Examples of Hopf algebras

We will now consider several examples of Hopf algebras that are neither group algebras nor
universal enveloping algebras.

Observation 2.6.1.

The following example is due to Taft. Let K be a field and N > 2 a natural number. Assume
that there exists a primitive N-th root of unity ¢ in K. Consider the algebra H = Hx generated
over K by two elements g and x, subject to the relations

gNzl, $N:O, rg = (gr .

We say that the elements x and g (-commute. The algebra Hy can be shown to have finite
dimension N? and a basis ¢g‘a’ with 0 <4,j < N — 1.
We claim that there are algebra maps

A:-H—-H®xH, S:H—H® ande:H —K
uniquely determined on the generators g, x by

Alg)=g®gand A(x)=1@zr+2rRyg
€(x) =0and e(g) =1
S(g) =g 'and S(z) = —zg~*
and that these maps endow the algebra Hy with the structure of a Hopf algebra. The special
case ( = —1,i.e. N =2, is also known as Sweedler’s Hopf algebra.

We work out the coproduct A in detail and leave the discussion of the counit € and the
antipode S to the reader. We have to show that the map A extends to a well-defined algbera
morphism, i.e. that it is compatible with the three defining relations of Hy. To check compat-
ibility with the relation ¢ = 1, we compute for n € N

Alg") =A(g)"=(g®9)"=g"®79",

where we use that A has to be a morphism of algebras, the definition of A(g) and the product
in Hy ® Hy. To be compatible with the relation ¢g"v = 1, the expression A(¢g") has to be equal
to A(1) = 1 ® 1, which indeed follows from the relation ¢ = 1. To show compatibility with
the relation xg = (gx, compare

Alzg) =Alz)-Alg)=(1Q@z+2®9) - (gQg) =919 +29d® ¢*

and
ACgr) = CA(9) - Alz) =¢(g@9)- 1@z +r®g) =(g® gz + (gr @ ¢*
which implies A(zg) = A((gz).

For the remaining relation 2% = 0, we need a few more relations:

Observation 2.6.2.
1. We denote for n € N\ {0} the following element in the polynomial ring Z[q]

(n)g:=1+q+...+q" ' €Zq]

and
(n>!q = (n)q T (2)q<1>q € Z[q] .
Finally, define for 0 < i < n in the field of fractions of Z|[q]
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2. We note the identity in the polynomial ring Z[q]:
qk(n +1—Fk)q+ (k)g=(n+1)q

and thus deduce

n n n)lq
q* < k ) + ( E—1 ) = (n+1£l€))'!q(k)!q (A" (n+1 = k)q + (k)q)
q q
B ( n+1 )
a k
q

from which we conclude by induction on n that ( Z ) € Z[q].
q

Given a field K, we can then specialize for ¢ € K the values of (n)q, (n)!q and the of the

g-binomials and to obtain elements (n),, (n)!, € K and Z € K. Note that (n); = n. If
q
q € K is an N-th root of unity different from 1, then
1 — N
(N)q:1+q+...+qN_1:ﬁ:0 .

In a field of characteristic p > 0, the quantity N := 1+ ...+ 1 with p summands also vanishes.
There are indeed similarities between g¢-deformed situations and situations in fields of prime
characteristic. As a further consequence, for ¢ an N-th root of unity,

(jlj) =0 forall O0<k<N.
q

Lemma 2.6.3.
Let A be an associative algebra over a field K and ¢ € K. Let 2,y € A be two elements that
g-commute, i.e. xy = qyxr. Then the quantum binomial formula holds for all n € N:

n - n i, n—1i
ey =3 (1) v
=0 q

Proof.
By induction on n, using the relation we proven in Observation 2. O

We then conclude, since for the Taft-Hopf algebra 1 ® x and x ® g (-commute, we have

A(xN):A(x)N — (1®I+x®g)N:ZZNO(i\[)C(x@g)i(l@x)N—i
= @egV+1er)V =2"og"+102" =0

In the second identity, we used that the binomial coefficients vanish, except for ¢ = 0, N. This
shows that the coproduct of the Taft Hopf algebra is well-defined.
We remark that for the square of the antipode, we have

S%g)=S(g ) =g and S*(x)=S(—zg ") =-S(gHS(x) = gxg!

which is a so-called inner automorphism of order N. Thus there exist finite-dimensional Hopf
algebras with antipode S of any even order.
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Note that the Taft algebra is, in general, not cocommutative. Indeed, one can show that over
an algebraically closed field K of characteristic zero, all finite-dimensional cocommutative Hopf
algebras are group algebras of some finite group. More precisely, the Cartier-Kostant-Milnor-
Moore theorem [Sweedler] Theorem 8.1.5] asserts that over an algebraically closed field K of
characteristic zero, any cocommutative Hopf algebra can be written as U(g) x K[G], where G
is a group acting on a Lie algebra g.

This is not true in finite characteristic. To provide a counterexample, we need a class of Lie
algebras with extra structure: restricted Lie algebras.

Observation 2.6.4.

Let K be a field of prime characteristic, charK = p. Let A be any K-algebra. The algebra A
might even be non-associative. Then the derivations Der(A) form a Lie subalgebra of the Lie
algebra Endg(A). Moreover, if D : A — A is a derivation, then because of

p

DP(a-b) =Y ( 1; > Di(a) - D*7'(b) = D”(a) - b+ a - D"(b)

=0

the p-th power of D, i.e. DP : A — A is a derivation as well. Thus the Lie algebra Der(A) has
more structure: the structure of a restricted Lie algebra.

Definition 2.6.5

1. Let K be a field of characteristic p > 0. A restricted Lie algebra L over K is a Lie algebra,
together with a map

L

alP!

L —

a
such that for all a,b € L and A € K

Q) = gl

ad(bP)) = (adb)P

(a+b)F = all o) 43700 s, (a, b)

Here ad(a) : L — L denotes the adjoint representation of L on L with ad(a)(b) = |a, b].
Moreover, i - 5;(a,b) is the coefficient of X' in ad(\a + b)P~!(a).

2. A morphism of restricted Lie algebras f : L — L’ is a morphism of Lie algebras such that
f(a®y = f(a)lP for all a € L.

Example 2.6.6.
If A is an associative K-algebra with K a field of prime characteristic, char(K) = p, then the
commutator and the map a +— a” turns it into a restricted Lie algebra.

Observation 2.6.7.

1. Let L be a restricted Lie algebra, U its universal enveloping algebra. Denote by B the
two-sided ideal in U generated by a?” —al?! for all a € L. Denote by U the quotient algebra
U :=U/B. It is a restricted Lie algebra with a/”! given by the p-th power.

2. Then the canonical quotient map 7 : L — U is a morphism of restricted Lie algebras. It
is universal in the following sense: if A is any associative algebra over K and f: L — A a

99



morphism of restricted Lie algebras, then there exists a unique algebra map F : U — A
such that f = Fom:

L—7=U

I
I3F
\f\ Y

A

. By the universal property, the restricted morphisms

L —- K
— 0
LxL
(a,a)
LOPP

—a

o e Mo
1111

define algebra maps
eeU—-K, A:U—->URU and S:U—UPP

that are uniquely determined by

e(m(a)) = 0
A(m(a)) = 1@7(a)+7(a)®1
S(r(a)) = —m(a)

for a € L that turn U into a cocommutative Hopf algebra. It is called the u-algebra of
the restricted Lie algebra L.

. One has the following variant of the Poincaré-Birkhoff-Witt theorem: the natural map
tr, L — U is injective. If (u;);er is an ordered basis for L, then

uftouk o ul with i <ds < ..li,  and 0<k;<p-—-1

i1 i2 T
is a basis of U.

. Thus if L has finite-dimension, dimg L = n, then U is finite-dimensional of dimension
dimU = p". Thus U is a cocommutative finite-dimensional Hopf algebra.

To show that a restricted Lie algebra is not isomorphic to the group algebra of any finite

group, we need some notions which are of independent interest:

Definition 2.6.8
1. An element h € H \ {0} of a Hopf algebra H is called group-like , if A(h) = h ® h. The

set of group-like elements of a Hopf algebra H is denoted by G(H).

2. An element h € H of a bialgebra H is called a primitive element, if A(h) = 1®@h+h® 1.

The set of primitive elements of a bialgebra H is denoted by P(H).

3. More generally, if ¢g1,9o € G(H) are group-like elements, an element h € H is called

g1, go-primitive, if A(h) = g1 @ h+ h ® go.

Remark 2.6.9.
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1. Consider group-like elements in the dual K-linear Hopf algebra H*. These are K-linear
maps $ : H — K such that for hy,hy € H

B(hy - he) = A(B)(h1 ® hy) = (B ® B)(h1 @ hy) = B(hy) - B(ha) .

Thus the group-like elements in the dual Hopf algebra H* are the algebra maps H — K
which are also called characters of H.

2. The primitive elements in the dual Hopf algebra H* are linear maps D : H — K such
that for all Ay, ho € H

Thus, they are the K-valued derivations of H.

We need the following Lemma which is also important in Galois theory:

Lemma 2.6.10 (Artin).

Let M be an associative monoid. Let x1,...x, be pairwise different characters y; : M — K*,
i.e. group homomorphisms of the monoid M with values in the multiplicative group K* of a
field K. Then these characters are linearly independent as K-valued functions on M.

Proof.
By induction on n. The assertion holds for n = 1, since for a character x(M) C K* so that a
single character is linearly independent.

Thus assume n > 1 and consider a non-trivial relation

a1X1+"'+ame:O (*)

of minimal length m in which all coefficients are non-zero, a; # 0 for all © = 1,...m. Thus
2<m<n.

From x; # x2 we deduce that there is z € M such that x;(z) # x2(z). Using the multi-
plicativity of characters, we find for all x € M:

0 = axa(zz)+ -+ amxm(z2)
= ale(Z)Xl(x> +-eot ame(Z)Xm(I)'

and thus a different non-trivial linear relation of the characters:

m

Z a;xi(z) xi = 0.

i=1

Dividing this relation by xi(z) # 0 and subtracting it from(x), we find

() (@) L
aQ(»a(z)”)“ ron (35 1) e =0
—_———

£0

and thus a shorter non-trivial relation. O

Proposition 2.6.11.
Let H be a Hopf algebra over a field K.
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1. We have ¢(x) = 1 for any group-like element x € H.

2. The set of group-like elements G(H) is a subgroup of the set of units of H. The inverse
of x € G(H) is S(x).

3. Distinct group-like elements are linearly independent. In particular, the set of group-like
elements of a group algebra K[G] is precisely G.

Proof.
1. We note that by definition of the counit e,

r=(e®id) o A(x) = e(z)x .

Since by definition for a group-like element x, we have x # 0, this implies over a field
e(r) = 1.

2. Using the fact that S is a coalgebra antihomomorphism, we find for a group-like element
re H
A(S(z)) = (S®85) 0 A*PP(z) = (S® 9)(z®@x) = S(x) ® S(x)

so that S(z) is group-like, provided that S(z) # 0. The defining identity of the antipode,
applied to a group-like element = shows

25(z) = (id * S)(z) = le(z) = 1

so that S(z) is the multiplicative inverse of x in the algebra underlying H. In particular,
it follows that S(z) # 0 for all grouplike elements = € H.

3. Using the embedding H — H**, group-like elements of H are characters on the monoid H*
with values in the field K. By Artin’s lemma [2.6.10], characters are linearly independent.

O

Proposition 2.6.12.
1. For any primitive element z in a bialgebra H, we have ¢(z) = 0.

2. The commutator
[z,y] = 2y — yx

of two primitive elements x,y of a bialgebra H is again primitive.

Proof.
1. The equation

r=(e®id) o Alz) =(e®id)(z®@1+1®z) =¢e(x)l +e(1)x
for x primitive implies €(z) = 0.
2. We compute for primitive elements z,y € H

Alz-y) = ADA@Y)=1Rz+z1)(1y+y®1)
= 1w+ rQyt+ty@r+ry®1

Subtracting the corresponding identity for A(yx), we find
Az, y)) =1® [z, y] + [z,y] ® 1.
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O

The following proposition applies in particular to universal enveloping algebras of Lie alge-
bras and u-algebras of restricted Lie algebras.

Lemma 2.6.13.
Let K be a field. If H is a Hopf algebra over K which is generated as an algebra by primitive
elements, then the group of group-like elements of H is trivial, G(H) = {1g}.

Proof.

Let {z;};c; denote the family of non-zero primitive elements of H. Let Ay = Kl4. For n > 0,
denote by A,, the linear span in H of elements of the form mfll . mf:: with k; € Z>¢ such that
ki+ ko + ...k, <n. Then

o An C An+1.
e Since H is generated, as an algebra, by primitive elements, we have U,>0A, = H.
e By multiplicativity of the coproduct, A(A,) C > " (A, ® A, _;

Let g # 1 be group-like. Then g € A,, for some m. Choose m to be minimal. Since g is
non-trivial, g € K14 = Ag. Then find f € H* such that f(Ag) =0 and f(g) = 1.
Now g € A, implies

Alg) =) ai®a,_,
i=0
for some a;,a; € A; which in turn implies
m—1
g=(d® fg®g) =({d® f,Al9) =D aif(a, ) € An1
=0

where the second equality follows from the fact that g is grouplike, contradicting the minimality

of m.
O

The lemma implies that the w-algebra of a non-trivial restricted Lie algebra cannot be
isomorphic, as a Hopf algebra, to a group algebra, since it contains no non-trivial group-like
elements. It cannot be isomorphic to a universal enveloping algebra either, since it is finite-
dimensional. This shows that the Milnor-Moore theorem does not hold in finite characteristic.

We remark that over fields of characteristic zero, we can recover a Lie algebra from the
primitive elements in its universal enveloping algebra:

Proposition 2.6.14.
Let g be a Lie algebra over a field K of characteristic zero with an ordered basis and ¢4 : g — U(g)
its universal enveloping algebra. Then the primitive elements of U(g) are given by the image of

9
P(U(g)) = tq(9) -

If char(K) = p, then the subspace of primitive elements of U(g) is the span of all 2*" with
x € gand k > 0. It is a restricted Lie algebra.
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Proof.
Define

U"(g) := spang {2"|z € g}
and consider the subspace of U(g) given by the direct sum:

U(g) > P U"(9)- (+)

Since x € g is primitive in the Hopf algebra U(g), we find

n

A"y = (Z) ok @k

k=0

Thus the subspace in (x) is a subcoalgebra of U(g) and the coproduct
A:U(g) — Ulg) ® Ulg)

preserves the degree where the right hand side is endowed with the total degree. One checks
inductively using the Poincaré-Birkhoff-Witt theorem, that the direct sum is closed under
multiplication as well (the multiplication is not homogeneous, though). Since the elements
x € g generate U(g) as an algebra, we conclude U(g) = @, -, U™(g).

Since A preserves the grade, we can restrict to homogenous elements

l

z=>Y Nlz;)" € U'(g)

j=1
with n > 2 to find a primitive element . We obtain for the coproduct:
l n n
2w =30 Y (1) @) e )
j=1 k=0

Then x is primitive, if and only if all components with bigrade (k,n — k) and 1 <k <n—1
vanish. Applying multiplication to the sum of these terms, we find

n—1 l
[Z(Z)]-ZAj(xj)":o forall k=1,....,n—1.
j=1

k=1

Over a field of characteristic zero, this implies x = 0. In finite characteristic p, n can be a
power of p. O
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3 Finite-dimensional Hopf algebras

3.1 Hopf modules and integrals

The goal of this subsection is to introduce the notion of an integral on a Hopf algebra that is
fundamental for representation theory and some applications to topological field theory. Hopf
modules are an essential tool to show the existence of integrals.

Definition 3.1.1
1. Let H be a K-Hopf algebra. A K-vector space V' is called a right Hopf module, if

e [t has the structure of a right (unital) H-module.

e It has the structure of a right (counital) H-comodule with right coaction Ay : V —
V®H.

e Ay is a morphism of right H-modules.

2. If V and W are Hopf modules, a K-linear map f : V — W is a map of Hopf modules, if
it is both a module and a comodule map.

3. We denote by M the category of right Hopf modules. The categories g M, T My and
B M are defined analogously.

Remarks 3.1.2.

1. We have in Sweedler notation for the right coaction with Ay (v) = v(g)®v(1) where v € V
and v € H

Av(v..’[‘) = V(0)-Z(1) @ V(1) - T(2) forall re HvelV.

In the graphical calculus, the condition reads:

1l

2. Any Hopf algebra H is a Hopf module over itself with action given by multiplication and
coaction given by the coproduct.

3. More generally, let K C H be a Hopf subalgebra. We may consider the restriction of the
right action to K, but the coaction of all of H to get the category of right (H, K)-Hopf
modules M.

4. Given any H-module M, the tensor product M ® H is a right H-module, where H is seen
as a regular right H-module. Using Aoy = idy; ® A as a coaction, one checks that it
becomes a Hopf module.
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5. Let M be a K-vector space; then M ® H becomes an H-Hopf module by
(m@h)h:=m®(h-h) and Ayen(m@h) =me h(1y @ ha)

We call such Hopf module a trivial Hopf module.

Formally, this can be reduced to a special case of the examples given in 4.: let M be a
left H-module on which H acts tivially in the sense of remark [2.3.3/1, i.e. m.h = €(h) - m
for all h € H and m € M. Then, the right action on the tensor product M ® H is
(m®k).h =m® k- h. (Note that this H-action is not trivial. In particular, both action
and coaction of a trivial Hopf module are not given by the counit and the unit!)

We also need the notion of invariants and coinvariants:

Definition 3.1.3
Let H be a Hopf algebra.

1. Let M be a left H-module. The invariants of H on M are defined as the K-vector subspace
M":={me M| hm=eh)m forallhec H}
of M. This defines a functor H—mod — vect(K).

2. Let (M,Ays) be a right H-comodule. The coinvariants of H on M are defined as the
K-vector space
M . ={me M| Ay(m)=mo1}.

Remarks 3.1.4.

1. For invariants of left modules, the notation M would be more logical, but is not common.
One can also define invariants for right H-modules.

2. The invariants, M endowed with the trivial action h.v = ¢(h)v, form a submodule of
M. The coinvariants M form a subcomodule.

Examples 3.1.5.
1. If M is a right H-comodule, it can be considered as a left H*-module. Then

M*T ={meM Bm=pB1)m VBeHY}={meMmguB(mau)=p1m V5eH}=M".

2. Consider a group algebra, H = K[G]. For a left K[G]-module
MEE —{meM|gm=m forallgeG}.
For a K[G]-comodule the coinvariants
MERIE] —

are the identity component of the G-graded vector space underlying according to example
2.2.813 the comodule.

3. For a module M over the universal enveloping algebra H = U(g) of a Lie algebra g,

MY® ={meM|zm=0 forall zcg}.
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The category of Hopf modules in itself is not of particular interest, but the equivalence to
be stated next provides a powerful tool:

Theorem 3.1.6.
Let M be a right H-Hopf module. Then the multiplication map:

p: M PoH — M
m®h — m.h

is an isomorphism of Hopf modules, where the left hand side has the structure of a trivial Hopf
module, cf. Remark [3.1.2]4.

In particular, any Hopf module M is equivalent to a trivial Hopf module and thus a free
right H-module of rank dimg M.

Proof.
We perform the proof graphically.
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Example 3.1.7.
Consider a Hopf module M over a group algebra K[G]. Since it is a comodule, M has by
example [2.2.8/4 the structure of a G-graded vector space

M = ®QEGM9

with coaction Ay(my) = my ® g for my, € M,. Moreover, G acts on M. Since we have a
Hopf module, G acts such that Ay/(m.h) = Ap(m).h. Thus for m, € M, and h € G, we
have Ay(mgy.h) = my.h ® gh. Thus M,.h C My,. Using the action of h~!, we find a canonical
identification of the subspaces, M,.h = M,. Thus the G-action permutes the homogeneous
components and

M, = M,.g = MK g .

This is exactly the statement of the fundamental theorem: M = M<KI¢l @ K[G].
We discuss a first simple application to finite-dimensional Hopf algebras:

Corollary 3.1.8.
Let H be a finite-dimensional Hopf algebra. If I C H is a right ideal and a right coideal, then
I =Horl=(0).

Proof.
As a right ideal, I is a right submodule of H. Similarly, as a right coideal, it is a right H-

subcomodule. The condition of a Hopf module is inherited, so I is a Hopf submodule. The
fundamental theorem for Hopf modules implies

Tt @ H .
Taking dimensions, we find
dimg H - dimg I°°" = dimg I < dimg H

where the inequality comes from the fact that I is a vector subspace of H. This only leaves
the two possibilities dimg /°°# = 0,1 and thus I = (0) or [ = H. O

Definition 3.1.9
1. Let H be a Hopf algebra. The K-linear subspace

Li(H) ={reH|h-x=€(h)x forallhe H}
is called the space of left integrals of the Hopf algebra H. Similarly,
Z.(H):={re€H|x-h=¢e(h)xr forallhe H}
is called the space of right integrals of H.
2. Similarly, the subspace of the linear dual H*
CL(H) ={¢pe€ H|(idyg ® ¢) o Ag(h) = 1go(h) for allh € H}

is called the space of left cointegrals. Right cointegrals are defined analogously.
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3. A Hopf algebra is called unimodular, if 7;(H) = Z,(H).

Remarks 3.1.10.

1. The space of left integrals is the space of left invariants for the left action of H on itself
by multiplication. Alternatively, consider the canonical isomorphism Homg (K, H) = H
that sends ¢ — ¢(1) and H 5 A — (A — AA). Under this identification, an integral h €
7,(H) C H corresponds to a morphism of left H-modules in Homy (K, H) C Homg (K, H)
from the trivial H-module to the left regular H-module. A similar statement holds for
right integrals.

2. Even if a Hopf algebra H is cocommutative, it can be not unimodular. For an example,
see [Montgomery|, p. 17].

3. Let H be finite-dimensional. Then, by definition, ¢ € H* is a left integral for the dual
Hopf algebra H*, if and only if

W(B,6) = (B)g forall BeH".

(Our convention needs an explanation: p* is here the multiplication of H*, not the linear
map dual to the multiplication on H. Similarly, ¢* is the counit of H*.) Applying this
identity in H* to h € H and using the definition of the bialgebra structure on H*, we
obtain the equality

5(h(1)) . qb(h(g)) = 6(1[{) . gb(h) forall fe€ H® and he H .
Thus ¢ is a left integral of H*, if and only if
h(1)<¢, h(2)> = <¢, h>1H forall heH,

i.e. if and only if ¢ is a left cointegral for H. In this way, (co-)integrals are compatible
with duality.

4. Let G be a finite group. Then the group algebra K|G| is a unimodular Hopf algebra, with
integrals

L,=T,=K)» g.

geG

Indeed, for I := %, _~h we have g./ = >, og9h =1 = €(g)] for all g € G, and it is
enough to check this relation on the distinguished basis of K[G].

5. The dual KG of the group algebra K[G] is a commutative Hopf algebra. Suppose that
G is a finite group; then it can be identified with the commutative algebra of K-valued
functions on G. In this case, a right integral A € K[G] can be considered as an element
in the bidual, A € KG*, i.e. a linear form X : ¢ — $(\) on functions on G. The form X is
called a measure.

On the space of functions on a group G, we have a left action of G by translations:
L,: KG—KG
defined by (Ly¢)(h) = ¢(hg). We compute, using that A is a right integral:
ML) = (Ld)(N) = 6\ - g) = 6(\) = A(9) .

Thus the measure on KG given by a right integral is invariant under left translations.
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6. The spaces of integrals for the Taft algebra are
N—-1
5=0

and
N—1
. =K) {ga"".
5=0
This is an expansion as a linear combination of basis elements, hence the integrals differ
and the Taft algebra is thus not unimodular.

We need some actions and coactions of the Hopf algebra H on the dual vector space H*.
Since we will use dualities, we assume H to be finite-dimensional.

Observation 3.1.11.
1. We consider H* as a right H-comodule

p-H — H*®H

I = fo®foy "

with coaction derived from the coproduct in H:

<f(0), h> . <p, f(1)> = <p, h(1)> . <f, h(2)> for all pE H*, he H.

Graphically, this definition is simpler to understand

3 P
n s = &%
ol g

and the proof that p is a coaction follows from comparing

g%? ) % Corns] U’Amj
37
5 L_YT—/ -

2. Consider for z € H the K-linear endomorphism given by right multiplication with =

my, . H — H
h — h-x
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It is a morphism of left modules. The transpose is a map m} : H* — H*, for each x € H.
One checks graphically that these maps define the structure of a left H-module on H*.
We write

h—h* €H"

for the image of h* € H* under the left action of h € H. Thus
(h —=h*,g) = (h*,gh) forall ge€H.

One can perform this construction quite generally for an algebra in a rigid monoidal
category. In this case, one has to take the left dual for this construction to work to avoid
crossings of lines.

%

28

»

H |

This is again immediately obvious from the graphical proof:

% | |
Yo H* H%*

N 1

3. In the same vein, the transpose of left multiplication defines a right action of H on H*.
We write
h*—h €H"

for the image of h* € H* under the right action of h € H. Thus
(h* ~— h,g) = (h*,hg) forall g€ H.

One can perform this construction quite generally for an algebra in a rigid monoidal
category. In this case, one has to take the right dual for this construction to work:

H)‘

4

¥

H

This is again immediately obvious from the graphical proof.
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4. Since the antipode is an antialgebra morphism, we can use it to turn left actions into
right actions and vice versa.

In this way, we get a left action of H on H* by
“\‘

(h — h*) := (h* < S(h)) which is graphically g

It obeys
(h — h*,g) = (h*,S(h)g) forall g¢geH.

Similarly, we get a right action of H on H* by
(h* <~ h) := (S(h) — h*) which is graphically

with
(h* ~— h,g) = (h*,gS(h)) forall g¢geH.

The following Lemma will be needed to show the existence of integrals:

Lemma 3.1.12.
Let H be a finite-dimensional Hopf algebra. Then H* with right H action «— and right coaction
p from observation [3.1.11]is a Hopf module.

Proof.
The condition in H* ® H to have a Hopf module is

p(f ~h) = (fo) ~ ha) @ (fu) he)

for all f € H* and h € H. The right coaction p appears on the right hand side in the form
of the Sweedler-like notation f) ® f(1). By the definition of the coaction p, this amounts to
showing for all p € H* and z € H:

(0, 20)) (f ~ h,22)) = (fio) ~ hay. )0, fa) - he2)) -
We start with the right hand side:
<f(0) — h(l),.’L’> <p, f(l)h(2)> = f(o),:L’S( )><h(2) —Dp, f( )> [defn. of — and —\]

(
(h) = poz)S(he)) - (f,22)S(ha)))  [defn. of p]
= (p,z)(e b)) - (f.o@2)S(h (1))> [defn. of — and antipode]
(
(p

P, xq))(f, x@2)S(h))  [counit]
;) (f ~ h,z)) [defn. of ]
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Lemma 3.1.13.
Let H be a finite-dimensional Hopf algebra. Consider H* as a right comodule with the H-

coaction p. Then
(H*)COH _ Il(H*) .

Proof.
We recall from remark [3.1.10| that elements 5 € Z;(H*) are left cointegrals for H: they are
elements such that
w(h*,5)=¢€(h*)p forall h"e H".
This means that we have § € Z;(H"), if and only if for all h € H and h* € H*, we have
h*(hq)) - B(he) = p*(h", B)(h) = " (h")B(h) = K" (1)B(h) .
On the other hand, we have for coinvariants € H* under the coaction p
p(B)=B®1y
and thus by definition of p
(", hay) - (B, hiy) = (h*, 1) - (B, h)
for all h* € H and h € H. O

Theorem 3.1.14.
Let H be a finite-dimensional Hopf algebra over a field K.

1. Then dimZ;(H) = dimZ,(H) = 1.

2. The antipode S is bijective and S(Z;) = S™(Z;) = Z.. In particular, a skew antipode
exists.

3. For any non-zero left cointegral A\ € Z,(H*) \ {0}, the so-called Frobenius map

U,:H — H*
h — (S(h)y—=X)=A<h)
is an isomorphism of right H-modules, where H is endowed with the regular right action,
i.e. by multiplication, and H* with the action h* «— h.

i ) @ H 2
We see that o, LJJ — = IIE and thus Iw,\ = L&
o a
s H
.

Proof.
1. Consider H* with the Hopf module structure described in lemma [3.1.12, By the funda-
mental theorem on Hopf modules,

H* ~ (H*)COH ® H ]

Since H is finite-dimensional, we can take dimensions and find dim(H*)®°? = 1. By
lemma [3.1.13] we have dimZy(H*) = dim(H*)°" = 1. Thus the Hopf algebra H* has
a one-dimensional space of left integrals. Since any finite-dimensional Hopf algebra can
be written as the dual of a Hopf algebra, we get the first equality. The second equality
follows analogously or from the assertion in 2.
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2. Again by the fundamental theorem [3.1.6| on Hopf modules, the map

L(H)Y®H — H* )
ARh = (A—h)

is an isomorphism of Hopf-modules. In particular, it is a morphism of right H-modules.
The compatibility with the right action is also shown graphically. Keeping A € Z;(H*)\{0}
fixed, we deduce the third assertion.

3. Fix a non-zero left integral A € Z;(H*) \ {0} and suppose that there is h € H such that

S(h) = 0. Then
0=(S(h) =X EA—h)

and thus by injectivity of the map , we have A ® h = 0. This implies over a field that
h = 0. Thus the antipode S is injective and, as an endomorphism of a finite-dimensional
vector space, bijective.

If A € Z)(H), we have h- A = e(h)A for all h € H. Applying the antipode, and its inverse
respectively, which are antialgebra morphisms and preserve the counit, we find

S(A) - S(h) = e(h)S(A) = e(S(h)S(A) forall he H

and
STHA) - S7Hh) = e(h)STH(A) = e(STH(R)STHA) forall heH.

Since S is bijective, this implies that S(A) is a right integral. We have now also proven
the second assertion.

Corollary 3.1.15.
Let H be a finite-dimensional Hopf algebra over a field K. Then the monoidal category
H—mody, of finite-dimensional H-modules is rigid.

Proof.
Given the existence of a skew antipode, this follows immediately from from Lemma [2.5.17, O

We find a different relation between the left and right integrals on a finite-dimensional Hopf
algebra in the following

Observation 3.1.16.

1. Let t € Z)(H) be a left integral. Then for any h € H, the element th € H is a left integral
as well: we have for all b’ € H

H(th) = (Wt)h = e(W)th .

Since the subspace of left integrals is one-dimensional, we have t - h = ta(h) with some
linear form oo € H*.

2. One directly checks that o : H — K is a morphism of algebras and thus a group-like
element of H*.
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3. Let now be t' € Z.(H) a non-vanishing right integral. Then by theorem [3.1.1412, the
element St is a left integral and thus for all h € H

S(ht') = St' - Sh = a(Sh) St .

The invertibility of the antipode implies ht' = a(Sh)t' = (S*«)(h)t’ for all h € H. Here
S* is the antipode of the dual Hopf algebra H*. Thus the inverse ™! = S*a € G(H*)
plays a similar role for right integrals.

4. Since a : H — K is a morphism of algebras, it endows the ground field with the struc-
ture of an H-module by h.A := «a(h) - A for h € H and A\ € K. We conclude that the
category H—mody, of finite-dimensional modules over a finite-dimensional Hopf algebra
contains, apart from the monoidal unit, another distinguished object, given by «. It is
called the distinguished invertible object D, since we have for the object D! given by
a~!isomorphisms D ® D'~ 1=~ D '@ D.

Definition 3.1.17
Let H be a finite-dimensional Hopf algebra. The element o € G(H*) constructed in observation

is called the distinguished group-like element or the modular element of H*.

Corollary 3.1.18.

A finite-dimensional Hopf algebra is unimodular, if and only if the distinguished group-like
element « equals the counit, a = e. In this case, the distinguished invertible element D is
isomorphic to the monoidal unit I.

Proof.
Let t € Z)(H) \ {0}. If o = ¢, then ¢t - h = ta(h) = te(h) for all h € H so that t is a right
integral as well. The converse is obvious. O

The third assertion of theorem [3.1.14] about the bijectivity of the Frobenius map allows us
to identify additional algebraic structure on any finite-dimensional Hopf algebra.

Definition 3.1.19
Let (A, p,m) be a unital associative algebra in a monoidal category C.

1. A (A, e)-Frobenius structure on A is the structure of a coassociative, counital coalgebra
(A, €) such that A: A — A® A is a morphism of A-bimodules.

2. Assume now that the monoidal category C is rigid. A k-Frobenius structure on A is a
pairing k € Home(A ® A, 1) that is invariant (or associative) i.e. satisfies

Ko(u®ida) = ko (ida ® ),

and that is non-degenerate in the sense that

P, = (idvy @ k) o (by ®ids) € Hom(A,"A)
is an isomorphism.

3. Assume again that the monoidal category C is rigid. A ®,-Frobenius structure on A is
a left-module isomorphism ®, € Homy_moa(A,VA) between the left regular A-module
(A, ) and left A-module VA with the left dual action.
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Remarks 3.1.20.

1. Graphically, the condition in the (A, €)-Frobenius structure that A is a morphism of
bimodules reads

A A A A A A

2. Note that, unlike in the case of bialgebras (which needs the swap of two tensorands and
hence cannot be defined in any monoidal category), neither the coproduct A nor the
counit € is an algebra morphism.

3. Concerning the ®,-Frobenius structure, we remark that if ®, € Hom(A, YA) is an iso-
morphism between the left regular A-module (A, 1) and left A-module VA, then the right

dual morphism
®; € Hom((A)", AY) = Hom(A, AY)

is an isomorphism between the right regular A-module (A, p) and the right A-module AY
with the right dual action. This is shown graphically on the next page.

It turns out that the three concepts are equivalent:

Proposition 3.1.21.
In a rigid monoidal category C the notions of a (A, €)-Frobenius structure and of a xk-Frobenius
structure on an algebra (A, i, n) are equivalent.

More concretely:

L. If (A, u,m, A €) is an algebra with a (A, €)-Frobenius structure, then (A, p,n, k) with
Ke := €0 i
is an algebra with x-Frobenius structure.
2. If (A, u,m, k) is an algebra with k-Frobenius structure, then (A, u,n, Ay, €,) with
A, = (idy ®@ p) o (idy @ @' @idy) o (by ®idy) and €, :=ro (ids®n)

with ®, € Hom(A, AY) the morphism that exists by the assumption that s is non-
degenerate is an algebra with (A, €)-Frobenius structure.

Proof.
We present the proof that a (A, €)-Frobenius structure gives a k-Frobenius structure graphi-
cally. The converse statement is relegated to an exercise. O
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Proposition 3.1.22.
In a rigid monoidal category C the notions of a s-Frobenius structure and of a ®,-Frobenius
structure on an algebra (A, i, n) are equivalent.

More specifically, for any algebra A in C the following holds:

1. There exists a non-degenerate pairing on A, if and only if A is isomorphic to YA as an
object of C.

2. There exists an invariant pairing on A, if and only if there exists a morphism from A to
VA that is a morphism of left A-modules.

Proof.
Given a morphism ® € Home(A,VA), we define a pairing on A by

Ke 1= dAo(idA®@).

Conversely, using the dualities, we find for any non-degenerate pairing an isomorphism ¢ €
Hom(A, Y A) such that the operations are inverse.

A pairing is obviously non-degenerate, if and only if the morphism & is an isomorphism.
Similarly, invariance of the pairing amounts to the fact that ® is a morphism of left modules.
This can be seen graphically and is relegated to an exercise. O

Definition 3.1.23
A Frobenius algebra in a rigid monoidal category C is an associative unital algebra A in C
together with the choice of one of the following three equivalent structures:

1. A (A, e)-Frobenius structure on A.
2. A k-Frobenius structure on A.

3. A ®,-Frobenius structure on A.

Example 3.1.24.
It is instructive to write down explicitly a distinguished Frobenius algebra structure on the
group algebra K[G] of a finite group.

1. The invariant bilinear form is defined on the distinguished basis by
k(g,h) = 0gp. forall g,h e G

and hence the evaluation of the product on the component of the neutral element e.
This form is obviously non-degenerate and invariant, x(gh,l) = g = (g, hl) for all
g,h,l €G.

2. The corresponding ®,-Frobenius structure is the morphism

o, K@ — K@) =K
g — (59—1

To show that this is indeed a morphism of left modules, we have to show ®,(hg) =h —
®,(g). Indeed, evaluating this on z € G, we find

(h — (Sg—1>(33) = 5g—1<.1’h) = (59-1h_1(x) = 5(hg)—1(1}) forall z € G .
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3. We can finally deduce the (Ap, ep)-Frobenius structure, where we added an index F' to
the Frobenius coproduct and counit to distinguish them from the Hopf coproduct and
counit. We find

er(9) =05 and  Ap(g)=) gh'®h
heG

which is indeed different from the coproduct and counit giving the Hopf algebra structure
on K[G] which were only using the structure of the set underlying G. Note that here, in
contrast to the Hopf coproduct, the product in the group enters and the elements g € G
are not group-like.

We can now state:

Theorem 3.1.25.
Let H be a finite-dimensional Hopf-algebra with left non-zero integral A € H*. Then H has the
structure of a Frobenius algebra with bilinear pairing

k(h,h'):=Xh-h') for h,h' € H .

Proof.
From the associativity and bilinearity of the product of the algebra H, it is obvious that the
form is bilinear and invariant. To show non-degeneracy, assume that there exists a € H such
that

0 =k(a,h) = Xah) =(h — X a) forall he H.

But (H — \) = H* by equation in the proof of theorem [3.1.14, and the pairing between
the vector space H and its dual H* is non-degenerate. O

Example 3.1.26.
Consider the case of a group algebra H = K|[G| for a finite group G. Then the cointegral A € H*
is the projection to the component of the neutral element: A(g) = d, . for all g € G. Indeed,

(idg @ X) 0o A(g) = gA\(g) = €dge = 1yA(g) forallge G .

This yields the Frobenius structure on K|G| discussed in example [3.1.24]

Proposition 3.1.27.
Let H be a finite-dimensional Hopf algebra. Recall from theorem that for a non-zero
A €T (H")
Uy:H — H*
h — (S(h) =\

is an isomorphism of right H-modules. As a consequence, also the map H — H* with h —
(A~ h) is a linear isomorphism H — H*.

1. Let X be a left integral in H*. We can find A € H such A «— A = € equals the counit .
Then A is a right integral.

2. Conversely, if I € H is a right integral, then (A, I) # 0. If we normalize I € H such that
(\,I) =1, we have A — [ =e.
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Proof.
1. We first show 2. and assume that [ is a non-zero right integral. Then for all h € H

N I,h) = (\I-h) = (\ De(h)

and thus A — I = (\, I')e. By injectivity, since I # 0, we conclude (A, I') # 0. Normalizing
I, we find the identity A — [ = e¢.

2. Conversely, suppose that we have A € H such that A — A = ¢. Then
(A=A hy = (A\,Ah) =¢(h) forall heH.
Applying this to h = 1y € H, we find
(MA) = (N Aly) =€(ly)=1.

Thus
(N, AR) = e(h) = €e(h){\,A) = (X, e(h)A) .

By the injectivity of the map h — (A < h), we conclude Ah = €(h)A for all h € H. Thus
A is a right integral.

3.2 Integrals and semisimplicity

We now need the important notion of semi-simplicity.

Definition 3.2.1
1. A module M over a K-algebra A is called simple, if it has no non-trivial submodules, i.e.
the only submodules of M are (0) and M itself.

2. A module M over a K-algebra A is called semisimple, if every submodule U C M has
a complement D, i.e. if we can find for any submodule U a submodule D such that
DaoU=M.

3. An algebra is called semisimple , if it is semisimple as a left module over itself.

We also have the corresponding categorical definitions they are formulated in the framework
of abelian categories. In appendix 77, we develop the necessary background knowledge.

Definition 3.2.2

1. 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.

2. A subobject of an object Y is an object X, together with a monomorphism ¢ : X — Y.
We write X C Y

3. A quotient object of Y is an object Z with an epimorphism p : Y — Z. For a subobject
X C Y, define the quotient object Z = Y /X to be the cokernel of the monomorphism
f: X—=>Y.
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4. A nonzero object X € C is called simple, if 0 and X are its only subobjects. An object
X € C is called semisimple, if it is a direct sum of simple objects,

Remarks 3.2.3.

1. A K-vector space is a semisimple module over the K-algebra K. A K-vector space V'
together with an endomorphism ¢ € Endg (V') is a module over the polynomial algebra
K[X]. Suppose that V is finite-dimensional and that ¢ can be described by a matrix
that consists of a single Jordan block of size n > 2. Then the K[X]-module contains a
one-dimensional submodule, the only eigenspace of ¢. This submodule does not have a
complement.

2. One has a similar notion of semisimplicity for right modules. It follows from the structure
theory of semisimple algebras that an algebra is semisimple as a right module over itself,
if and only if it is semisimple as a left module over itself |JS, Satz VII.2.10].

Proposition 3.2.4.
Let A be a K-algebra and M an A-module. Then the following assertions are equivalent:

(i) M is a direct sum of simple submodules.
(ii) M is a (not necessarily direct) sum of simple submodules.
(iii) M is semisimple, i.e. any submodule U C M has a complement D.
For the proof, we refer to the lecture notes on advanced algebra.

Corollary 3.2.5.
Any quotient and any submodule of a semisimple module is semisimple.

Proof.

Suppose we are given a submodule U C M of a semisimple module M. Consider the canonical

surjection M — M /U. The image of a simple submodule of M is then either zero or simple.

Thus the quotient module is a sum of simple modules and thus semisimple by proposition [3.2.4]
Next, find a complement D of U. Then the submodule U is isomorphic to the quotient

U = M/D and by the result just obtained semisimple. O

We next need the important notion of a projective module. We recall that a collection of
morphisms of A-modules

0N L NESN 0
is called a short exact sequence, if f is injective, g is surjective and Im f = ker g. The injectivity
of f means that ker f C N’ is the image of the left most morphisms; the surjectivity of g means
that Im (g) C N” is the kernel of the right most morphism. Hence we have at all objects that

the image of the preceeding morphism is the kernel of the subsequent morphism. This property
can be formulated in an arbitrary abelian category C.

Definition 3.2.6
A functor F : C — D to another abelian category D does not necessarily preserve this property.
If it preserves it, it is called exact; if the sequence

0— F(N) ™ p(vy 9 g
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is exact, the functor is called left exact; if the sequence
FINY "0 pvy ™ PNy 0

is exact, F' is said to be right exact. The functor Home(c, —) : C — vecty for a K-linear category
C is left exact.

Proposition 3.2.7.
Let A be a K-algebra. Then the following assertions about an A-module M are equivalent:

1. For every diagram with A-modules Ny, N
M

N1—>N2—>O

with exact line, there is a lift such that the diagram commutes. (The lift is indicated by
the dotted arrow. The lift is, in general, not unique.)

2. There is an A-module N such that M @ N is a free A-module.

3. Any short exact sequence of the form

0N NL M=o
splits, i.e. there is a morphism s : M — N such that f os =idy;. Then N = N' @& s(M).
4. For any short exact sequence of modules
0T -T—>T"—0
the sequence of K-vector spaces with morphisms given by postcomposition
0 — Homu (M, T") — Homa(M,T) — Homa (M, T") — 0
is exact. (Note that the sequence
0 — Homu (M, T") — Homa(M,T) — Homa (M, T")

is exact for any module M.)

Proof.
1= 3 The split is given by the lift in the specific diagram
lid
L
N—LoM——0

3= 2 Any A-module M is a quotient of a free module, e.g. by the surjection

@mEMA — M
Ay, > Q.M

Take a surjection N — M with kernel N’ and N a free module. Since the short exact
sequence 0 — N — N — M — 0 splits, we have N = M @& N’, where N is a free module.
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2= 4 We first note that assertion 4 holds in the case when M is a free module: then
Homu (M, T) = Homa(®ierA,T) = [[;e; T for any module T, where the index set I
labels a basis of M. The maps are simply in each component the given maps.

In particular, if N is a complement of M to a free module, the sequence
0 — Homa(M & N, T") — Homa(M & N,T) — Homu(M & N, T") — 0
is exact. Using the universal property of the direct sum, this amounts to

0 — Homyu (M, T") x Homy (N, T") — Homa(M,T) x Homy (N, T)
— Homy (M, T") x Homyu (N, T") — 0 .

The kernel of a Cartesian product of maps is the product of kernels; the image of the
Cartesian product of maps is the Cartesian product of the images. This implies the ex-
actness of the sequence in 4.

4=-1 From the surjectivity of the horizontal line, we get a short exact sequence

0— ker((N1 — NQ)) — N1 i> N2 —0
By 4, we get a short exact sequence
0 — Homy (M, ker(N; — N3)) — Homyu (M, Ny) — Homy (M, Ny) — 0

where the last arrow is

fe: Homa(M,N;) — Homa(M,N,)
o = fop=:fp)

The surjectivity of this morphism amounts to property 1.

Definition 3.2.8
An A-module with one of the four equivalent properties from proposition is called a
projective module.

We also have the corresponding notion in a general abelian category:

Definition 3.2.9

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

2. Dually, an object I € C is called injective, if the functor Home(—, I) is exact.

We can now define

Definition 3.2.10
Let K be a field. A K-linear category C is called a finite category,

1. C has finite-dimensional spaces of morphisms.
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2. Every object of C has finite length, i.e. for any object ¢ € C there exists a finite filtration
O0=cgCciCcyC...Cc,=c
by subobjects such that the quotient object ¢;/c;_1 is a simple object.

3. C has enough projectives, i.e. every simple object has a projective cover. (A projective
cover of an object ¢ € C is a projective object p(c) € C, together with an epimorphism
7 : p(c) — ¢ such that if g : p' — ¢ is an epimorphism from a projective object p' to c,
then there exists an epimorphism h : p' — p(c) such that mo h = g.

4. There are finitely many isomorphism classes of simple objects.

Remark 3.2.11.

A K-linear category is finite, if and only if it is equivalent to the category A-mod of finite-
dimensional A-modules over a finite-dimensional K-algebra. A detailled proof can be found in
[DSPS2|, Proposition 1.4]. The algebra can be given explicitly: chose for any isomorphism class
of simple module with representative .S; a projective cover P; — S;. Then A can be chosen to be
the endomorphism algebra End(®;c;P;), where the sum goes over a system of representatives
for the isomorphism classes of simple objects.

Definition 3.2.12
A finite tensor category is a finite rigid monoidal linear category.

Remarks 3.2.13.

1. The category H—mody, of finite-dimensional modules over a finite-dimensional Hopf al-
gebra is a finite tensor category. It is, however, not true that every finite tensor category
is monoidally equivalent to the category of finite-dimensional modules over some Hopf
algebra.

2. It can be shown though that every finite tensor category is monoidally equivalent to the
category of finite-dimensional modules over a Hopf algebroid, see [BLV], Theorem 7.6]; for
the definition of a Hopf algebroid see the beginning of [BLV], Section 7].

Proposition 3.2.14.
Let A be a K-algebra. Then the following assertions are equivalent:

1. The algebra A is semisimple, i.e. seen as a left module over itself, it is a direct sum of
simple submodules.

2. Any A-module is semisimple, i.e. direct sum of simple submodules.
3. The category A—mod is semisimple, i.e. all A-modules are projective.

As a consequence of this result, we need to understand only simple modules to understand
the representation category of a semisimple algebra. The morphisms between simple modules
are controlled by Schur’s lemma; there are no extensions, so the homological algebra of such
categories is trivial.

Proof.
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3.= 2. Suppose that the category A—mod is semisimple. Let M be an A-module. Any submodule
U C M yields a short exact sequence

0—-U—-M-—M/U—=0,

which splits, since the module M /U is projective. Then M = U& M /U and the submodule
U has a complement in M. Thus, the module M is semisimple.

2.= 1. Trivial, since 1. is a special case of 2.

1.= 3. We have to show that every module is projective, i.e. direct summand of a free module.
Since every module is a homomorphic image of a free module F', we have a short exact
sequence:
0—=kerm — F 5 M—0

A being semisimple by assumption, implies that also the direct sum F' of copies of A
is semisimple. Thus the submodule ker 7 has a complement which is isomorphic to M,
F = M @ kerw. Thus M is projective by property 2 of a projective module.

Lemma 3.2.15.
Let C be an abelian category. Then a sequence A = B 2 ¢ s exact in C , if for any object
X € C the sequence

Home(X, A) 25 Home (X, B) 25 Home (X, C)

of abelian groups is exact.

Proof.

Let X = A and find from the exact Hom-sequence foa = B, 0a,(id4) = 0. Thus Im e C ker 5.
Next consider X = ker § with inclusion map ¢ : ker 3 — B. Since ¢ is the embedding of

the kernel of 8, we have f,(t) = ot = 0. By exactness of the Hom sequence, there exists

¢ € Home(ker 5, A) such that oo ¢ = () = t. Thus ker 5 C Im . The converse statement

follows since the Hom-functor is left exact. O

Lemma 3.2.16.
Let C and D be abelian categories and F' : C — D be an additive functor left adjoint to
G:D —C,ie. FHG. Then F is a right exact functor and G is a left exact functor.

Proof.
Let 0 = A - B — C — 0 be an exact sequence in D and let X € C. Then we have the
following commutative diagram:

0 — Hom(F(X),A) — Hom(F(X), B) — Hom(F'(X),C)

T

0 —— Hom(X, G(A)) — Hom(X, G(B)) — Hom(X, G(C))

The vertical arrows are the adjunction isomorphisms and isomorphisms of abelian groups. The
top row is exact since the Hom-functor is left exact, thus the bottom row is exact as well. By
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lemma this implies that 0 — G(A) — G(B) — G(C) is exact. Thus any right adjoint
functor is left exact.

To see that F'is right exact, notice that F°PP : C°PP — D°PP ig a right adjoint of G°PP and thus
by the previous argument left exact. But this amounts to the statement that F is right exact. O

A certain converse is provided by so-called adjoint functor theorems: they state that under
certain conditions a functor that preserves limits (which generalizes left exactness) is a right
adjoint, and that a functor that preserves colimits (which preserves right exatness) is a left
adjoint. In our setting, the following proposition can be shown [DSPS2], Proposition 1.7

Proposition 3.2.17.
Let C and D be finite linear categories and let G : C — D be a linear functor. Then G is left
exact if and only if G admits a linear left adjoint, and G is right exact if and only if G admits
a linear right adjoint.

Lemma 3.2.18.
Let C be an abelian monoidal category. Suppose that the object X is rigid. Then the functor
— ® X of tensoring with X is exact, i.e. if

0=-U—=V-=>W-=0
is an exact sequence in C, then
0=2URX =2 VXWX =0

is exact in C as well. In particular, the tensor product of a finite tensor category C provides
exact functors ¢ ® — and — ® ¢ for every object ¢ € C.

Proof.
This follows from lemma [3.2.16] since the functor of tensoring with a rigid object has a left
and a right adjoint by example [2.5.26] O

For the following propositions, the reader might wish to keep the category C = H—mody,
of finite-dimensional modules over a finite-dimensional Hopf algebra in mind.

Lemma 3.2.19.
Let C be an abelian tensor category. Let P be a projective object and let M be an object that
has a right dual. Then the object P ® M is projective.

Proof.
By rigidity, we have adjunction isomorphisms

Hom(P ® M, N) = Hom(P,N @ M") .

Thus the functor Hom(P ® M, —) is isomorphic to the concatenation of the functor — ® MY
(which is exact by lemma [3.2.18)) with the functor Hom(P, —) which is exact by property 4 of
the projective object P. O

Corollary 3.2.20.
A finite tensor category C is semi-simple, if and only if the monoidal unit is projective. In
particular, a K-Hopf algebra is semi-simple, if and only if the trivial module (K, €) is projective.
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Proof.

If the tensor unit I is semisimple, then by lemma [3.2.19] any object M = M ® I is projective.
The converse is trivial. In the case of C = H—modyg, the trivial module (K, e¢) is the tensor
unit in A —mod. O

Definition 3.2.21
A semisimple finite tensor category is called a fusion category.

Theorem 3.2.22 (Maschke).
Let H be a finite-dimensional Hopf algebra. Then the following statements are equivalent:

1. H is semisimple.

2. The counit takes non-zero values on the one-dimensional space of left integrals, e(Z;(H)) #
0.

Proof.

1. Suppose that H is semisimple. Then any module is projective, in particular the trivial
module (K, €). Thus the exact sequence of left H-modules given by the counit

(0) = kere = zH S K— (0) (%)

splits. Here, H is considered with the structure of the left regular module; note that € is
a morphism of modules: e(h.x) = €(h - ) = €(h)e(x) = h.ex. Thus, we have a direct sum
decomposition of H-left modules H = kere @ I with I a left ideal of H.

We first note that for any h € H, we have h — ¢(h)1 € kere. Moreover, since [ is a left
ideal, we have h -z € I for any h € H and 2z € I. Thus, in the equality

h-z=(h—eh)l)-z+e(h)z

the left hand side is in I, while on the right hand side the first summand is in ker e and
the second summand is in /. Because of the direct sum decomposition H = kere & I, the
first summand has to vanish and we find h - z = €(h)z for all h € H and all z € I. This
is the defining equation for a left integral, so any z € Z;(H) is a left integral in H.

Since dimg I = 1, we may choose z # 0. Then z ¢ ker e and thus ¢(Z;(H)) # 0.

2. Conversely, let A be a left integral and assume that ¢(A) # 0. Replacing A by a non-zero
scalar multiple, we can assume that ¢(A) = 1. Then

s: K —» H
o= pA

obeys eos(\) = Ae(A) = A and is a morphism of left H modules, since A is a left integral,
so that the exact sequence (k) splits. Thus the trivial module is projective and the claim

follows from corollary |3.2.20]
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Example 3.2.23.
Consider the group algebra K[G] of a finite group G with two-sided integral A = > gec g- Then

(A) = elg) =G| € K.

geG

Thus the group algebra K[G] is semisimple, if and only if char(K) / |G|. In this case, the
category G — repy, of finite-dimensional G-representations is a fusion category.
The category vectq of finite-dimensional G-graded vector spaces is a fusion category for any

field K.

Corollary 3.2.24.
A finite-dimensional semisimple Hopf algebra is unimodular.

Proof.
Since H is semisimple, we can choose by Maschke’s theorem (3.2.22| a left integral t € H such
that €(t) # 0. Then for any h € H, we have

a(h)e(t)t = a(h)t* = (th)t = t(ht) = e(h)t* = e(h)e(t)t ,

where we used the definition of a left integral and of the distinguished group-like element « of
H*. Since €(t) # 0, we have a(h) = €(h) for all h € H which implies unimodularity by corollary
B.I1I8 O

Remarks 3.2.25.

1. We can immediately conclude from Remark|3.1.10|that the Taft algebra is not semisimple,
since it is not unimodular.

2. A distinguished invertible object D can also be introduced for a general finite tensor cate-
gory C, e.g. as the socle of the projective cover of the monoidal unit [EGNO] Section 6.4].
The finite tensor category is called unimodular, if D is isomorphic to the monoidal unit
I. Every semisimple finite tensor category is automatically unimodular [EGNO| Remark
6.5.9].

We recall the notion of a separable algebra over a field K. To this end, let A be an associative
unital K-algebra. The algebra A° := A ® A°PP is called the enveloping algebra of A. If B is an
A-bimodule, it is a left module over A¢ by

(a1 ® ag).b:= (ay.b).ay .

Conversely, any A°-left module M carries a canonical structure of an A-bimodule with left action
a.m := (a ® 1).m and right action m.a := (1 ® a).m. Thus the categories of A°-left modules
and A-bimodules are canonically isomorphic as K-linear abelian categories. (The category of
bimodules has on top of this a monoidal structure with A as a bimodule as the monoidal unit.)

Proposition 3.2.26.
Let K be a field and A be an associative unital K-algebra. Then the following properties are
equivalent:

1. A is projective as an A°-module.
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2. The short exact sequence of A°-modules
0> kerp— A5 A0
splits. Put differently, the multiplication epimorphism
n: ARk A— A
has a right inverse as a morphism of bimodules:
p:A—> ARk A
with po ¢ =idy and p(abc) = a - ¢(b) - ¢ for all a,b, c € A.

3. Given any extension of fields K C F, the E-algebra A ®x F induced by extension of
scalars is semisimple.

For the proof of this statement, we refer to [Piercel, Chapter 10]. Note that over a field that
is not perfect there are semisimple algebras that are not separable. For example, for any prime
p, consider the field K := F,(¢) of rational functions over the field F, with p elements. Then
the algebra K[X]/(X? — t) is known to be semisimple but not separable.

Definition 3.2.27
A K-algebra A that has one of the properties of proposition is called separable.

Remarks 3.2.28.
1. The choice of a right inverse ¢ of the multiplication p: A ®x A — A is called the choice
of a separability structure of A.

2. We can describe ¢ by the element e := ¢(14) € A°. Indeed, since ¢ is a morphism of
A-bimodules, ¢(a) = a.e = (a ® 14)e. Since s is a section of the multiplication, we have
p(e) = u(s(1a)) = 14. Finally, we have

(a®1s)e=ae=p(a-1)=p(l-a)=ea=e(ly®a)

for all a € A. An element C' € B in an A-bimodule B that obeys a.C' = C.a is called a
Casimir element.

With the multiplication in A¢, we have e? = e, see [Piercel, p. 182].. The element e € A°
is therefore called a separability idempotent.

3. Separable algebras over fields are finite-dimensional and semisimple.

More precisely, a K-algebra A is separable, if and only if
A = Al EB e EB Ar

is a direct sum of finite-dimensional simple K-algebras where all Z(A;)/K are separable
extensions of fields.

4. We present an example: for any field K, the full matrix algebra Mat, (K) is a separable
K-algebra.
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Introduce matrix units €;;, i.e. €; is the matrix with zero entries, except for one in the
t-th line and j-th column. Fix some index 1 < j < n; then

e(j) = Z €ij &® €ji € Matn(K) & Matn(K)Opp
=1

obeys

n n

u(e(])) = Z €ij€5i = Z €ii — 1e Matn(K)

i=1 i=1
and for all k£, =1,...n

n n

E €ij ® €ji * €xl = €kj & €1 = E €kl1€ij & €js

=1 i=1

so that all elements eV) are separability idempotents. In particular, the separability idem-
potent is not unique.

Proposition 3.2.29.
Let H be a finite-dimensional semisimple K-Hopf algebra.

1. H is a separable K-algebra.

2. Any Hopf subalgebra U C H such that H is free over U is semisimple as well.

Proof.
1. We have to show that for any field extension K C FE| the algebra H ®k F is semisimple

as well. Note that H ® F is an E-Hopf algebra with morphisms
Ah®a) = AM)@acHIHRE=(H®E)®g (H®FE)
eh®@a) = eh)@a
Sh®a) = Sh)®a«a

for all h € H and all @ € E. This implies that the ideal of left integrals is obtained by
extension of scalars as well,

T,(H @ E) = T,(H) @x E

and thus that the counit € is non-zero on Z;(H ®k F). Now Maschke’s theorem |3.2.22
implies that the Hopf algebra H ®k E is semisimple.

. Since H is semisimple, find t € Z;(H) with €(t) # 0. Since H is free as a U-module, find a
U-basis {h;} of yH and write t = >_._ u;h; with coefficients u; € U. Then for all u € U,
we have

el
> (uui)h; = ut = e(u)t = (e(u)ui)h; .
iel iel
Comparison of coefficients with respect to the basis {h;} shows uu; = e(u)u; for all ¢ € I
and all £k € K. Thus all coefficients u; € U of t are integrals of U, i.e. u; € Z;(U) .

Now 0 # €(t) = > .., €(u;)e(h;) implies that e(u;) # 0 for some i € I. Thus, by Maschke’s
theorem [3.2.22] the Hopf subalgebra U is semisimple.
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Observation 3.2.30.

1. We comment on the results in a language using bases. Let A be a Frobenius algebra. It
is finite-dimensional and let (I;);=1,.n be any K-basis of A. Since the Frobenius form « is
non-degenerate, we can find another basis (r;);—1 .y such that

/@(li,rj) = 6ij .

Such a pair of bases is called a pair (r;,[;) of dual bases for the Frobenius form x.

2. Since (I;)i=1,..n is a basis, we can write any € A as a linear combination, x = Zi:l il;.

Since
N
k(x,rj) = Zajm(li, rj) = x;
i=1

we have explicit expressions for the coefficients z; € K and find for the expansion in the

basis (;)i=1,.n
N

T = k(z,r)l; forall ze A; (%)
i=1
similarly, we find for the expansion in the basis (1;)i=1,.~
N

T = K(lj,x)r;  forallx € A . (xx)
1

1

3. Conversely, given a pair of bases (r;,[;) such that equation (%) holds for all x € A, we
find with = = [; by comparing coefficients that x(l;, ;) = d;; holds. We conclude that (xx)
holds for all x € A.

4. Consider for any pair of dual bases of a Frobenius algebra A the element
N
O:ZT1®ZZ cARA.
i=1

We claim that it is a Casimir element, i.e. z.C' = C.x for all z € A. Indeed, by (x)

N

lil’ = Z Ii(li.f, Tl)lz
i=1
which implies
N N
Cux= Zri & lliU = Z H(lix,rj)ri X lz .
i=1 ij=1
Similarly, we find with ()
N N
x.C = Zxri Rl = Z k(li, xrj)r; @ 1; .
i=1 ij=1

The invariance of the Frobenius form x now implies the Casimir relation zC = C'z.
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Remark 3.2.31.
We can give explicitly a separability idempotent of a finite-dimensional semisimple Hopf algebra.

1. Let A € H* be a non-zero left integral and let A € H be a right integral such that
A(A) =1, cf. proposition [3.1.27, Then we have for all z € H

S(A(l))<)\, A(g)x> = S(A(l))A(Q):L'(l)()\, A(3)$(2)> [)\ left integral for H*]
= xa) (N Az) [S antipode]
= x(\,A) =z [A right integral, normalization]

It follows that the components Aél) of any representation of A(A) as a sum
AN) =D Ay®AyeHOH

form a generating system of H. We can thus express A(A) as a sum such that the compo-
nents (A{y)) form a basis. Thus (S(Aq)), A«z)) form a pair of dual bases for the standard
Frobenius structure on on the Hopf algebra H given by A, cf. Theorem [3.1.25

2. Assume that H is moreover semisimple. By Maschke’s theorem & := €(A) # 0. Then
e:=r"-S(A1) @A € HR H
is a separability idempotent. Indeed,
ple) == k7 S(Amy) - Ay = k' 1ge(A) = 1y

by the defining property of the antipode. The Casimir property of a separability idempo-
tent follows directly from observation [3.2.30[4, since it is built from a pair of dual bases.
The integral thus provides a separability idempotent for a semisimple Hopf algebra.

3.3 Powers of the antipode

Observation 3.3.1.
Let V' be a finite-dimensional K-vector space. Using the canonical identification

V'@V — Endg(V)
RV = (w— f(w)v)

we can associate to § ® v the value of the trace. We have Tr(8 ® v) = f(v). Indeed, consider
dual bases (e;);er of V and (e');e; of V* and write 8 = Y, f;¢' and v = Y, v'e;. The linear
endomorphism corresponding to 8 ® v maps the basis vector e; to

ei > Ble) Yy vej = Ble;
j j

and thus has trace Y. 807 = B(v).

Lemma 3.3.2.
Let H be a finite-dimensional Hopf algebra with A € Z;(H*) and a right integral A € H such
that A(A) = 1. Let F' be a linear endomorphism of H. Then

Te(F) = (A, F(A)S(Aw))) -
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Proof.
We know by remark [3.2.31.1 that for all x € H, we have

F(z) = A F(2)S(Aw))Ae) -
Thus under the identification H* @ H = End(H), the endomorphism F' corresponds to
(A F(=)S(Awy)) @ A ;

thus by observation [3.3.1
Tr(F) = (A F(A@)S(Aw)) -

O

We need to understand the powers of the antipode. We first need another structure: for any
element h € H, left multiplication yields a K-linear endomorphism

L,: H — H
r — hzx
We thus define a linear form
Trg: H — K
h +— TI'(Lh) .

Proposition 3.3.3.
Let H be a finite-dimensional Hopf algebra with A € Z;(H*) and a right integral A € H such
that A(A) = 1.

1. We have for the trace of the endomorphism S? : H — H

TrS? = (e, AY(\, 1) .
2. If S? =idg, then Try = (¢, A)\.

Proof.
1. Taking S? in lemma [3.3.2, we find

Tr(S?) = (A, S*(A)S(Aw)) = (A, S(Ay - S(A@))) = (6, A) - (A1) .

2. The identity S? = idy implies that S is also a skew antipode and thus by proposition

251
h(g)S(h(l)) = <€, h>1 forall he H . (*)

Taking F' = Ly, we find

Tegr(h) % Te( L) =22 (A hA @) S(A)) &2 (e, A) - (A B)

where we used in the last step equation (%) for h = A.

Corollary 3.3.4.
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1. H and H* are semisimple, if and only if TrS? # 0.
2. If S? = idy and charK does not divide dim H, then H and H* are semisimple.

Indeed, for the Taft algebra S? # id, and the Taft algebra over any field is not semisimple.

Proof.

1. By Maschke’s theorem [3.2.22) H is semisimple, if and only if (¢, A) # 0. Similarly, again
by Maschke’s theorem, H* is semisimple, if and only if (¢*, A*) = (A, 1) # 0. Together
with proposition 1, this implies the assertion.

2. If S? = idy, then by proposition |3.3.3/1
dim H = TrS? = (e, A)(\, 1)

which is non-zero by the assumption on the characteristic of K. Now Maschke’s theorem

3.2.22| implies the assertion.

Remark 3.3.5.

1. Assume that H is a cocommutative Hopf algebra. We have seen in corollary 2.5.10/1 that
S? = idy for a cocommutative Hopf algebra. Thus by corollary a cocommutative
finite-dimensional Hopf algebra over a field K of characteristic zero is always semisimple
and cosemisimple.

2. Let us assume that the field K of characteristic 0 is moreover algebraically closed. Since
H* is semisimple, it is, as an algebra, isomorphic to H* = K x K x ... x K by the Artin-
Wedderburn theorem. The projection p; to the i-th factor is a morphism of algebras or, put
differently, a grouplike element in H** = H. All projections give a basis of H consisting
of grouplike elements. Thus a cocommutatitve finite-dimensional Hopf algebra H over an
algebraically closed field is a group algebra of a finite group. We will therefore have to go
beyond cocommutativity.

Observation 3.3.6.

1. Consider a Frobenius algebra A over a field K with bilinear form k. Since x is non-
degenerate, it provides a bijection

A — A*
h — k(—,h).

Consider for fixed z € A the linear form on A
y = k(T,y) .
Using the bijection A — A* above, we find p(z) € A such that
k(z,y) = k(y,p(x)) forallye A.

The map p: A — A is obviously K-linear and a bijection.
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2. The map p : A — A is a morphism of algebras. Indeed, using the definition of p and the
invariance (I) of x, we find for all z,y,z € A

Kz p(ay) = w(ey,2) D ke, y2) = klyz p(x) L wly, 2p(x))
= k(zp(2), p(v)) L k=, p(x)p(y))

Since the Frobenius form & is non-degenerate, this implies p(zy) = p(z)p(y) for all z,y €

A.

Definition 3.3.7
Let A be a Frobenius algebra over a field K.

1. The automorphism p is called the Nakayama automorphism of the Frobenius algebra A
with respect to the Frobenius structure k.

2. A Frobenius algebra is called symmetric, if the Nakayama automorphism equals the iden-
tity, i.e. if K(z,y) = k(y,x) for all z,y € A.

Remark 3.3.8.

1. If the Frobenius algebra A is commutative, the Nakayama involution is the identity and
the Frobenius algebra is symmetric.

2. Group algebras over a field are examples of symmetric Frobenius algebras that are not
necessarily commutative.

3. The notion of a symmetric Frobenius algebra can not be defined for an Frobenius algebra
A in a general tensor category C, since it involves left and right duals of A which can be
different.

4. Denote by v : A — A the inverse of the Nakayama automorphism and define an endo-
functor
N : A—mod - A—mod

which sends a module (M, pys : A — Endg(M)) to the module with twisted action pyov :
A — Endg (M). This so-called Nakayama functor is an autoequivalence of A—mod.

We compute

k((2) - 2,9) 2 R((2), oY) = K(xy, 2) L A, y2) (+)

Endowing A* with the standard —-action of A and A with the A-action twisted by u, we

see that the morphism
D . A — A*
r — k(z,—)

intertwines the two A-actions:

*

O(z.2)(y) = k(z.x,y) = k(v(2)z,y) ®) k(z,yz) = (2 = O(x))(y) -

The Eilenberg-Watts theorem then shows that the Nakayama functor is equivalent to
A ®4 —.
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5. The Nakayama functor can be defined for any finite K-linear category [FSS]; it is not
necessary an equivalence. If C =2 A—mod, the Nakayama functor is A* ® 4 —. It is right
exact and has a right adjoint.

Our strategy will now be to compute the Nakayama automorphism for the Frobenius algebra
structure of a finite-dimensional Hopf algebra given by the right cointegral, cf. theorem [3.1.25
in two different ways. (One can show that the Nakayama automorphism has, in this case, always
finite order.) We need two lemmas. Denote by S~! the composition inverse of the antipode,

SoS™t=8"108 =idy. It exists by theorem [3.1.14]

Lemma 3.3.9.

Let H be a finite-dimensional Hopf algebra. Let v € H* a non-zero right integral and let I' € H
be the left integral such that (7,I") = 1. Such a left integral exists by proposition [3.1.27/2.
By theorem , t .= S(I') € H is then a non-zero right integral. Denote by o« € H* the
distinguished group like element which is an algebra morphism H — K.

1. Then (S~ '(t()),ta)) is a pair of dual bases for 7.

2. We have for the Nakayama automorphism for the Frobenius structure given by the right
integral ~

p(h) = {a, hay) S72(h) -

Proof.

e We already know from remark [3.2.31] that for the Frobenius form given by a left integral
A for H* we have a dual basis (SAqy, A(2)). Applying this to the Hopf algebra H PP which
has antipode S™!, we find the assertion.

We remark that for all x € H, we have by the general facts about dual bases

= (7,t)x)S™ (tz)

Let x = 1 and apply the counit ¢; then
L=e(1) = (v,tane(S~ (k) = (1 t)e(te) = (1.t) (%)
e We also have have, using dual bases,

p(h) = S~ (tw) (v.tph)) = S~ (tw) (v, htw)

where in the second step applied the definition of the Nakayama automorphism p of H
with Frobenius structure given by 7. Applying S?, we find

S2p(h) = (v, >5 (t2)
= (’y >h(2)t S(t@) [y right integral of H*]
= ('y ) = (v,a(hq))t)he) [antipode, o distinguished element]
= (a, > [normalization in ()]

Applying S—2 yields the claim.

Similarly, we have
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Lemma 3.3.10.
Let a € G(H) be the distinguished group-like element of H and t,~ as before in lemma |3.3.9}

1. Then (S(ta))a,t)) is a pair of dual bases for ~.

2. We have for the Nakayama automorphism for the Frobenius structure given by the right
integral v:
p(h) = a_152(h(1))<04, h(g))(l .

Proof.
e Using the definitions, we find for all h € H:

S(t(l))a(’y, t(g)h> = S(t(l))t(g)h(l) (’y, t(g)h(2)> [”)/ right integral of H*]
= hay (1, the) = haelhe) = h

so that we have dual bases.

e By the fact that we have dual bases, we can write

p(h) = S(twy)aly, tp(h)) = S(ta))aly, hte) ,

where in the second identity, we applied the definition of the Nakayama automorphism
p. Applying S~2 and conjugating with a, we find

aS7*(p(h))a™ = aly,ht@)S (t))
= hmte) (v, heyte)S  (tay) [y right cointegrall
= ha(: hyt) = hayle, b)) -

Conjugating with ¢! and then applying S? yields the claim.

Observation 3.3.11.
If H is a finite-dimensional Hopf algebra, then H* is a finite-dimensional Hopf algebra as well.
We then have the structure of a left and right H*-module on H by

W —=h:=hayh" he)  and b= h'i=(h" ha)h) -
This follows by identifying H = H** from
(h* = h).B = h(B- h*) = B h*(h) = Blhy) - h* (he)
for all h*, 5 € H* and h € H. This is indeed a left H*-action:

g = (" = h) =g" = (hay(h*, h)) = ha)(g", h)) (B, b)) = hay (g™ - h* hy) = g7 - " — h

Theorem 3.3.12 (Radford,1976).
Let H be a finite-dimensional Hopf algebra over a field K. Let a € G(H) and o € G(H*) be
the distinguished grouplike elements. Then the following identity holds:

SYh) =ala™ = h—a)a! =a = (aha™) — «
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Proof.
e We first show the second identity

-1

alat =~ h+—a)at=at = (aha™) — a

We transform the left hand side by using the definition of the H*-actions for observation

B3IT
ala™ = h+—a)a”' = (a,ha))ahea " (a™ " b)) - (+)

We transform the right hand side, using the definition of the H* actions from observation
3.3.11] and the fact that a is group-like:

a = (aha™) —a = (a,ahpya Hahoa (o™ ahza™)

= <Oé, h(1)>ah(2)a*1(a*1, h(3)> ,

where in the last identity we used that a as a group-like element of H* is a morphism of

algebras H — K, cf. remark 1.

e The two lemmata [3.3.9 and [3.3.10| for the Nakayama automorphism p for the right coin-
tegral v imply the identity

(@, hy) S2(hy) 22 p(h) B2 07152 (hyy ) (a, heayda -
Applying 52 to this equation and conjugating with a € G(H), we get

a-(a,hay) he -a™t = S*(ha){a, he) (xx)
We now compute (o', ), we find

alat = h—a)at 2 a(a,hay) helat he) - a!

Corollary 3.3.13.
Let H be a finite-dimensional Hopf algebra.

1. The order of the antipode S of H is finite.

2. If H is unimodular, then S* coincides with the inner automorphism of H induced by a
grouplike element. In particular, the order of the antipode is at most 4 - dim H.

3. If both H and H* are unimodular, then S* = idy.

Proof.

1. Since H and H* are finite-dimensional and since distinct powers of a group-like element
are linearly independent by proposition [2.6.11] every group-like element in H or H* has
finite order. By Radford’s formula [3.3.12, S* has finite order and thus S has finite order.
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2. By corollary the Hopf algebra H is unimodular, if and only if the distinguished
group-like element « equals the counit. The action of the counit on H is trivial, thus for
unimodular Hopf algebras, Radford’s formula reads S*(h) = aha™!. The last assertion
follows by applying the same reasoning to the Hopf algebra H* as well.

Remark 3.3.14.
For a finite tensor category C, the Nakayama functor comes with coherent isomorphisms [E'SS]

Na@m®b) = Ya® N(m)®b"" .
Using that N(1) = D! is the inverse of the distinguished invertible object, we conclude
N(@)=N1®a)2N1)®ad"V =D 'a"

and
N(a)=N(@®1)= Ya@ N(1)= Ya® D!

which implies the following categorical variant of Radford’s S*-theorem:
a\/V\/VgD®a®D—1 ]

We finally derive a result relating the order of the antipode S of H to the semisimplicity of
the Hopf algebra H.

Lemma 3.3.15.
Let A be a Frobenius algebra with bilinear form x and dual bases (74, [;) as in observation [3.2.30}
Suppose that e € A has the property that e? = ae with some o € K. Consider an K-linear

endomorphism f of the subspace eA := {ea|a € A} of A. Then
L oTr(f) = >, w(f(ely), ri).
2. oTr(f) = >, k(l, f(ery)).

Proof.
Using the defining property of dual bases, we find

aer = e’r = e (Z k(ex, ri)li> = Z k(ex,r;)el; .

i

Thus, since f is linear,

af(ex) = Z k(ex,r;) f(el;)

so that under the isomorphism
(eA)* ® (eA) — Endg(eA)
we have

Z/ﬁ(—,ﬁ') ® f(el;) — af .

i
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Combined with lemma [3.3.2] on the computation of traces, this shows the first formula. The
second formula is shown analogously. O

Definition 3.3.16
Let A be a unital associative K-algebra. Let V' be a finite-dimensional left A-module given by
the algebra map p : A — Endg (V). Then the linear form

xv: A — K
a +— Trp(a)

is called the character of the module V.

Remarks 3.3.17.
The following properties are easy to check:

1. xv(14) = dimg V for any A-module V.

2. Let V,W be A-modules. Any isomorphism of modules V' = W implies identity of char-
acters, Yy = xw. LThe converse is, in general, wrong. As an example, consider the group
algebra K[Cy] of the cyclic group of order two over a field of characteristic two which was
discussed in remark [2.1.6]5. The direct sum of two copies of the one-dimensional simple
representation and the regular representation have the same character (which identically
vanishes).

3. Let VW be A-modules. Then we have xyvew = Xv + Xw, as a consequence of the
behaviour of the trace on direct sums of vector spaces.

4. Suppose that we consider modules over a Hopf algebra H. Then yyew = xv - xw with
the product in H*. Indeed,

xvew (h) = Trvegwpyv (ha)) @ pw(he) = xv(ha) - xw(he) = (xv - xw)(h) .

5. Suppose again that we consider modules over a Hopf algebra H. Then for a trivial module
T = (V,e®idy), we have xr(h) = e(h)dim V.

6. For the character of the right dual module V'V, we have
xvv(h) = Try-py(S(h))" = Trypy (S(h)) = xv(S(h)) .

For the character of the left dual module, we have
xvv(h) = Trvepy (STH(R))" = Trvpy (ST () = xv (ST (h)) -

Lemma 3.3.18.
Let H be a Hopf algebra. Then we have for the character of the left regular module

1. x4 =dimH - xg.
2. 8%y = xu, where we use S for the antipode of H* as well,

as identities of elements in the Hopf algebra H*.
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Proof.

1. Let V be any H-module and V, the trivial H-module structure on the vector space
underlying V. Then the Hopf algebra property of H implies that the linear map

HeV. - HRV
h@v — h(1)®h(2)v

defines an isomorphism of H-modules with inverse

HV — HQV.
hQu — h(l) (9 S(h(g)).v

This implies

XEXV = XHXv, = Xg dim V|
where all products are products in H* and where we used that the counit € is the unit of
H*. Then specialize to V = H.

2. Let h € H. Then
(S*(xu), h) = (x#, S°h) = Try(Lsauy) -

Since S? is an algebra automorphism, we have
TI'H(L52(h)) = TI'H(Lh) = <XH7h> .

O

Since S*yy = xm by lemma [3.3.18/2 and since S? is a an algebra auto morphism of H*, we
have for any § € H*

S*(xupB) = S*(xm) - S*(B) = xu - S*(B)

so that S? restricts to an endomorphism of the linear subspace xyH* C H*.

Lemma 3.3.19.
Let H be a Hopf algebra. Let v € H* be a nonzero right integral and I' € H be a left integral,
normalized such that (y,I") = 1. Then

Try-(S?) = (e, T)(y,1) = (dim H)Tr (S?|y, 1+) -

Proof.
By applying proposition to HOPPOPP we find

TryS? = (y,1) - (¢,T) .

We denote by I' € H** the image of I' € H in ‘the bidual of H. Now 7 is a Frobenius form
with dual bases (I'(1), S(I'(2))) which implies that I" is a Frobenius form for H* with dual bases

(S(vw), v@)-
Now lemma [3.3.15| applies to e := xy with @ = dim H, thus yielding

dim H - Te(S*) [y = (T8 (xm12)S ()

= (T,8%(xu)S*(72)S(vw)) [S? algebra morphism]
(CoxmS(ry - Stie)) 8% = xa]
(v, 1) - <XH,F>
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By the same lemma [3.3.15, taking f = Lr and e = 1 with @ = 1, we have for the second

factor
xu(l) = (7, 5(e)ITw)
= (1,el@)IT ) [Iis a left integral of H]
= (I =e@)(7,T) = €(T)

Combining the two results yields
dim H - Tr(SQ)|XHH* = <77 1> ’ <XH7F> = <77 1> ’ <€’F>

which completes the proof of the lemma. O

Theorem 3.3.20 (Larson-Radford, 1988).
Let K be a field of characteristic zero. Let H be a finite-dimensional K-Hopf algebra. Then the
following statements are equivalent:

1. H is semisimple.
2. H* is semisimple.
3. 82 =idy.

It has been shown |[EGlL Theorem 3.1] that over a field of any characteristic, the following
holds: if H and H* are semisimple, then S? = idy.

Proof.
We have already seen in corollary .2 that 3. implies 1. and 2. One can show [LR] Theorem
3.3] that 2 implies 1. Here we only show that 1. and 2. together imply 3. Suppose that H and
H* are both semisimple and thus, by corollary [3.2.24] unimodular. By corollary [3.3.13]3, then
St = (8%)? =id.

Hence the eigenvalues of S? on H and of S?|,, -+ are all £1 and S? can be diagonalized,
cf. remark .5. Call the eigenvalues (j1;)1<j<, With n := dim H and (;)1<i<m with m :=
dim yg H*. Thus

Try-(S?) = Zuj and  Tr(S?|,, u) an :
By lemma [3.3.19,
Domp=ndy mi. (%)
j=1 i=1
This implies

m n
ne |y oml = <> lpil=n.
i=1 j=1 j=1

For a semisimple Hopf algebra, we have seen in corollary [3.3.4] that 0 # TrS? = Z;;l 1
and thus by the equality (x) we find Y ", n; # 0. This implies » " n; = +1 and, as a further
consequence of equation () we have Y 7 | u; = Fn. Since S*(1y) = 1y, we have at least
one eigenvalue +1. Thus all eigenvalues of S? on H have to be +1 which amounts to S? = idy. O

There are some important results we do not cover in these lectures. The following theorem
is proven in [Schneider]:
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Theorem 3.3.21 (Nichols-Zoeller, 1989).
Let H be a finite-dimensional Hopf algebra, and let R C H be a Hopf subalgebra. Then H is
a free R-module.

Corollary 3.3.22 (“Langrange’s theorem for Hopf algebras”).
If R C H are finite-dimensional Hopf algebras, then the order of R divides the order of H. (The
order of a Hopf algebra is, by definition, its dimension.)

We finally refer to chapter 4 of Schneider’s lecture notes [Schneider] for a character theory
for finite-dimensional semisimple Hopf algebras that closely parallels the character theory for
finite groups.
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4 Quasi-triangular Hopf algebras and braided categories

4.1 Braidings and topological field theory

In this subsection, we introduce the notion of a topological field theory and investigate low-
dimensional topological field theories. To this end, we need more structure on monoidal cate-

gories.
We recall from Remark [2.4.3]4 that, given a tensor category (C,®,a,l,r) we obtain from
the tensor product ® : C x C — C, a functor ®°PP = ® o 7 with

VeI =W eV and f&™g:—g [ .
which admits the associator agly = ay'y -

Definition 4.1.1

1. A commutativity constraint for a tensor category (C,®) is a natural isomorphism

c: R — QPP

of functors C x C — C. Explicitly, we have for any pair (V, W) of objects of C an isomor-
phism
Cyvw - V®WL>W®V

such that for all morphisms V' TV and W —L5 W the diagrams

VoW Y weV

f®gL lg®f

V/ ® W/ M W/ ® V/
commute.

2. Let C be, for simplicity, a strict tensor category. A braiding is a commutatitivity constraint
such that for all objects U, V, W the compatibility relations with the tensor product

cvovw = (cow ®idy)o (idy ® cvw)
coyvew = (dv ®@cpw)o (cuyv @ idw)

hold.

If the category is not strict, the following two hexagon axioms involving also the associ-
ators have to hold:

CU,VQW

U ((VeoWw) Vew)eU
UeV)eW Ve (WaeU)
av,u,w
VeU)eWw Ve UaoWw)
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and

CURQV,W

UV)eW WeUeV)

—1 —1

UV eW)
;Qﬁx\ /AﬂQi
UW)QV

U (WeV)

QU)RV

-1
Qyw,v

3. A braided tensor category is a tensor category together with the structure of a braiding.

4. With cyy, also cyy; is a braiding. If the identity cyy = c‘_/lU holds, the braided tensor

category is called symmetric.

Remarks 4.1.2.

1.

Graphically, we represent the braiding by overcrossings and its inverse by undercross-
ings. Overcrossings and undercrossings have to be distinguished, unless the category is
symmetric.

. It is not necessary to impose the correct behaviour of the monoidal unit as an axiom, see

[JS| Proposition 2.1].

. The flip map

T7: VW — WV
VR W = w®

defines a symmetric braiding on the monoidal category vect(KK) of K-vector spaces. It also
induces a symmetric braiding on the category K[G]-mod of K-linear representations of a
group. More generally, flip maps give a symmetric braiding on the category H—mod for
any cocommutative Hopf algebra. Since the universal enveloping algebra U(g) of a Lie
algebra g is cocommutative, the category of K-linear representations of g has the structure
of a symmetric tensor category, as well.

. There are tensor categories that do not admit a braiding. For example, for G a non-abelian

group, the category vect(G) of G-graded vector spaces does not admit a braiding since
Kg X Kh = th and Kh X Kg = th

are not isomorphic, if gh # hg.

. The category vect(G) admits the flip as a braiding, if the group G is abelian. In the

case of G = Zs, objects are Zo-graded vector spaces Vi @ Vi. We can introduce another
symmetric braiding ¢: on homogeneous components, it is the flip up to signs:

VoW, — W, @V,
v; Qw; > (—1)ijwj®vi

This category is the symmetric category underlying the spherical category of
super vector spaces. For more details, see remark [5.1.12, In particular, a tensor category

can admit inequivalent braidings.
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6. Recall from definition [2.5.18| that the monoidal category of cobordisms has disjoint union
as the tensor product, S;1 ® So = S U S,. It admits symmetric braiding given by the
morphism represented by the bordism of two cylinders

(Sll_ng)XI:&XII_ISQXI
with maps

\Ifi:Sll_ng — (Sll_lSQ>XI and Sgl_lgl — (Sll_lSQ)XI
(s1,82) > (s1,82,0) and (s2,81) + (s1,89,1) .

We note that in a braided category, a version of the Yang-Baxter equation holds:

Proposition 4.1.3.
Let U, V, W be objects in a strict braided tensor category. Then the following identity of mor-
phisms U @ VW — W ® V ® U holds:

(cvw ®idy) o (idy ® cuw) o (cpy ® idw)
= (ldW X CU,V) 9] (CU,W X ldv) o) <1dU (%9 CV,W) .

Expressed using the graphical calculus, we find

If the braided category is not strict, this amounts to a commuting diagram with 12 corners,
a dodecagon. The reader should draw the graphical representation of this identity.

In particular cyy € Aut (V ® V) is a solution of the Yang-Baxter equation, cf. remark
[1.1.2] Thus any object V of a braided tensor category provides a group homomorphism B, —
Aut(V®m), cf. proposition [1.2.4]

Proof.
The equality is a direct consequence of the hexagon axiom from definition and the func-
toriality of the braiding:

(CV,W ® idU) o (idv ® CU7W) o (CU,V ® idW)
= (cyw ®idy) o cuvew [Hexagon axiom)]
= cuweyv © (Idy ® cvw) [Naturality of ¢y yew]
= (iddw ®cyyv)o (cuw ®idy) o (idy @ cyw) [Hexagon axiom

Remarks 4.1.4.

1. As in any tensor category, we can consider algebras and coalgebras in a braided tensor
category (C,®,c). Now, we have the notion of a commutative associative unital algebra
(A, p,m): here the product is required to obey pocya = pu. We also have the opposed
algebra with multiplication p°?? := pocy 4. Similarly, we have the notion of the coopposed
coalgebra with coproduct A“PP := co oA, and the notion of a cocommative coassociative
counital coalgebra with coproduct obeying ccc o A = A.
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2. Another construction that uses the braiding is the following: Suppose that we have two
associative unital algebras (A, u,n) and (A’, 1/, ') in a braided tensor category C. Then
the tensor product A ® A’ can be endowed with the structure of an associative algebra
with product

idA®CA,A’®idA’
it

AQA QAR A AQARA @A Ag A

A unit is then n ® 7.

Dually, also the tensor product of two counital coassociative coalgebras can be endowed
with the structure of a coalgebra.

3. Hence, in braided tensor categories, it makes sense to consider an object H which has both
the structure of an associative unital algebra and of a coassociative counital coalgebra
such that the coproduct A : H — H ® H is a morphism of algebras. We are thus able to
introduce the notion of a bialgebra and, moreover, of a Hopf algebra, in a braided category.
Such Hopf algebras play an important role in the construction of modular functors and
of invariants of three-manifolds. For a detailled exposition of the modular functor which
goes back to the work of Lyubashenko we refer to [LMSS].

4. We will see in an exercise that the exterior algebra is a Hopf algebra in the symmetric
tensor category of super vector spaces. A generalization are Nichols algebras [HJ.

We again need functors and natural transformations with appropriate compatibilities:

Definition 4.1.5

1. A tensor functor (F, o, p2) from a braided tensor category C to a braided tensor category
D is called a braided tensor functor, if for any pair of objects (V, V') of C, the square

FWVY@ FV) 2= FV eV
CF(V»F(V’)L LF(CV,V’)

FWVYQFV)Z2-FV' V)

commutes. If the braided tensor category has the property of being symmetric, a braided
tensor functor is also called a symmetric tensor functor.

2. As braided monoidal natural transformations, we take all monoidal natural transforma-
tions.

Example 4.1.6.

We discuss an important class of braided monoidal categories. Let GG be a finite abelian group
and vectq the category of (finite-dimensional) G-graded vector spaces. For simplicity, we assume
that the category of finite-dimensional vector spaces has been replaced by an equivalent strict
monoidal category. An associator is then determined on simple objects by

Qg1,92,95 = w(g1, 92, 93)id (Kgl ® ng) R Ky = Ky, ® (Kgm ® Kgs)
and the braiding by
Carge = B(g1,92)id 1 Ky, @ Ky, 2 Ky, = Kypg, 2Ky, @ Ky,
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with functions

w: GxGxGE—-K* and f: GxG—K~

obeying by the pentagon and the two hexagon equations

w(9192; g3, ga)w (g1, 92, 9392) = w(g1, g2, g3)w (91, 9293, 9a)w (G2, g3-94)
w(g2,g3,91)5(9179293)60(91792793) = 5(91>93)w(92,91,93)5(917£}2)
w(g3, 91, 92) ' B(9192, 93)w (g1, 92, 93) " = Blg1,93) w91, 93, 92) " B(g2. 93)

for all g1, g2, 93,94 € G.
Using these equations, one shows [EGNO| Theorem 8.4.9] that the function

qg: G — K*
g — Blg,9)

is a quadratic form on G, i.e. it obeys q(g) = ¢(¢~!) and

q(gh)
q(g)q(h)

is a symmetric bicharacter, b(gig2,h) = b(g1,h)b(g2, k). Such quadratic forms even classify
structures of a braided monoidal category on vectg up to braided equivalence. This makes this
class of braided monoidal categories accessible by tools from (abelian) group cohomology. For
more information, see [EGNOL Section 8.4].

b(g: h) =

Definition 4.1.7 [Atiyah]
Let K be a field. A topological field theory of dimension n is a symmetric monoidal functor

Z : Cob(n) — vect(K) .

Remarks 4.1.8.

1. The category vect(K) can be replaced by any symmetric monoidal category. (Interesting
examples include e.g. categories of complexes of vector spaces.) Also variants of cobor-
dism categories are in use: spin cobordisms, manifolds with principal bundle, unoriented
manifolds, .... One also considers categories with less morphisms, e.g. admitting only
cobordisms S — S that are cylinders, M = Sx [ with two diffoemorphisms 1; , : S — S®1I.

2. Without loss of generality, one can suppose that the symmetric monoidal functor Z is
strict.

3. Recall for G a finite group from example[2.1.21|the functor category [x//G, vect(K)] which
is the category of K-linear representations of GG. Topological field theories can be seen as
representations of cobordism categories.

4. We deduce from the definition that a topological field theory Z of dimension n is given
by the following data:

(a) For every oriented closed manifold M of dimension (n — 1), a K-vector space Z(M).

(b) For every oriented bordism B from an (n—1)-manifold M to another (n—1)-manifold
N, a K-linear map Z(B) : Z(M) — Z(N).
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(¢) A collection of coherent isomorphisms
ZW) =K  Z(M]]N)=Z(M)® Z(N).

Functoriality implies that we can glue cobordisms and get the composition of linear maps.
Moreover, these data are required to satisfy a number of natural coherence properties
which we will not make explicit.

5. A closed oriented manifold M of dimension n can be regarded as a bordism from the
empty (n — 1)-manifold to itself, M : ) — (. Thus

ZM):K=Z0) — Z(0) =K

and thus Z(M) € Homg(K,K) = K is a number: an invariant assigned to every closed
oriented manifold of dimension n.

Observation 4.1.9.
Let Z be an n-dimensional topological field theory. For any closed oriented (n — 1)-dimensional
manifold M, Z(M) is a vector space. The cylinder on M gives a bordism dy; : M [[M — 0
which is a right evaluation. Similarly, we get a right coevaluation by : ) — M [ M.

Applying the functor Z, we get a vector space Z (M) together with another vector space

Z(M) that is a right dual.

We can now use Lemma [2.5.15| and Lemma [2.5.13| which state the uniqueness of duals and
the fact that the finite-dimensional vector spaces are precisely the ones that admit duals.

Corollary 4.1.10.
Let Z be a topological field theory of dimension n. Then for every closed (n — 1)-manifold M,

the vector space Z(M) is finite-dimensional, and the pairing Z(M) ® Z(M) — K is perfect:

that is, it induces an isomorphism « from Z (M) to the dual space of Z(M).
In low dimensions, it is possible to describe topological field theories very explicitly.

Example 4.1.11 (Topological field theories in dimension 1).

e Let Z be a 1-dimensional topological field theory. Then Z assigns a finite-dimensional
vector space Z(M) to every closed oriented O0-manifold M, i.e. to a finite set of oriented
points. Since the functor Z is monoidal, it suffices to know its values Z(e,+) and Z(e, —)
on the positively and negatively oriented point which are finite-dimensional vector spaces
dual to each other. Thus

Z(M) = (R V)@ (R V)

xeMy yeM_
with V := Z(e, +).

e To fully determine Z, we must also specify Z on 1-manifolds B with boundary. Since Z
is a symmetric monoidal functor, it suffices to specify Z(B) when B is connected. In this
case, the 1-manifold B is diffeomorphic either to a closed interval [0, 1] or to a circle S*.

e There are five cases to consider, depending on how we interpret the one-dimensional
oriented manifold B with boundary, the interval, as cobordism:

(a) Suppose that B = [0, 1], regarded as a bordism from (e, +) to itself. Then Z(B) is
the identity map idy : V — V.
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(b) Suppose that B = [0, 1], regarded as a bordism from (e, —) to itself. Then Z(B) is
the identity map id : VY — V'V,

(c¢) Suppose that B = [0, 1], regarded as a bordism from (e, +)]](e, —) to the empty
set. Then Z(B) is a linear map from V' ® V" into the ground field K: the evaluation
map (v, A) — A(v). Since the order matters, we also consider the related bordism
from (e, —) ] (e, +) to the empty set. Then Z(B) is a linear map from V¥ ® V into
the ground field K: the evaluation map (A, v) — A(v).

(d) Suppose that B = [0, 1], regarded as a bordism from the empty set to (e, +)][(e, —).
Then Z(B) is a linear map from K to Z((e,+)][[(e,—)) = V ® VY. Under the
canonical isomorphism V®@V"Y = End(V), this linear map is given by the coevalution
x — ridy. Again, we can exchange the order of the objects.

(e) Suppose that B = S', regarded as a bordism from the empty set to itself. Then
Z(B) is a linear map from K to itself, which we can identify with an element of K.
To compute this element, decompose the circle S = {z € C : |z| = 1} into two
intervals

St ={z€C:(zl=1)AIm(2) <0} St ={z€C:(]z]=1)Alm(2) > 0},

with intersection

St NSt ={£1} C St
It follows that Z(S?) is given as the composition of the linear maps

K=~ 20) "5 761" 200) ~x .

These maps were described by (¢) and (d) above. We thus get a map

K=Z(0) —» ZED2VeVY - Z(0)=K
A =AY vy =AY () = A-dimV

where we have chosen a basis (v;);cr of V and a dual basis (v%);e; of V*. Consequently,
Z(S") is given by the dimension of V.

In physical language, we have a quantum mechanical system which has only ground
states and thus trivial Hamiltonian. Then the only invariant of the system is the
degeneracy dim V' of the space of ground states.

Example 4.1.12 (Topological field theories in dimension 2).
e A two-dimensional topological field theory assigns a vector space Z(M) to every closed,
oriented 1-manifold M. Such a manifold is diffeomorphic to a disjoint union of circles,
M = (SYHU" for some n > 0. Since Z is monoidal, Z(M) = A®" with A := Z(S') by
Lemma [2.5.13] a finite-dimensional vector space.

e One can show (see e.g. [Kockl, Proposition 1.4.13]) that the morphisms of monoidal cate-
gory Cob(2) are generated under composition and disjoint union by six cobordisms: cap
or disc, trinion, also called pair of pants, the cylinder, the trinion with two outoing circles,
a disc with one ingoing circle and two exchanging cylinders. This a proposition about the
structure of oriented 2-manifolds!

D D= GO N
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Cap () — S, trinion or pair-of-pants S*1US! — St cylinder S — S*, their mirror images
and commutativity constraint.

Applying the functor Z to these cobordisms, we get the following linear maps:

cap n:K—A
trinion pu:A®A— A
cylinder I4:A— A
opposite trinion A:A—->A® A
opposite cap €: A— K
exchanging cylinder 7:A®A—> A® A

e One can also classify all relations between the generators, see [Kockl 1.4.24-1.4.28].
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The relations can be summarized that category Cob(2) is the free symmetric monoidal
category on a commutative Frobenius object [Kockl, Theorem 3.6.19]. The relations imply
that A has the structure of a commutative (A, €)-Frobenius algebra.

e The converse is true as well: given a commutative Frobenius algebra A, one can construct
a 2-dimensional topological field theory Z such that A = Z(S') and the multiplication and
Frobenius form on A are given by evaluating Z on a pair of pants and a disk, respectively.

e In a categorical language, we thus arrive at the following classification result for two-
dimensional topological field theories: the topological field theories are described by the
category [Cob(2), vect(KK)]symm. monoidal Of symmetric monoidal functors. This category
which is actually a groupoid [Kockl Lemma 2.4.5] is equivalent to the category of com-
mutative K-Frobenius algebras.

This example can be generalized:

Example 4.1.13 (Open/closed topological field Theories in dimension 2).

e We define a larger category Cob(2)°/°! of open-closed cobordisms:

— Objects are compact oriented 1-manifolds which are allowed to have boundaries.
These are finite disjoint unions of oriented intervals and oriented circles.

— As a bordism B : M — N, we consider a smooth oriented two-dimensional manifold
B, together with an orientation preserving smooth map

¢p: M][N—0B

which is a diffeomorphism to its image. The map is not required to be surjective.
In particular, we have parametrized and unparametrized intervals on the boundary
circles of M. The unparametrized intervals are called free boundaries and consti-
tute physical boundaries of two-manifolds. The other boundaries are cut-and-paste
boundaries and implement (aspects of) locality of the topological field theory.

Two bordisms B, B’ give the same morphism, if there is an orientation-preserving
diffeomorphism ¢ : B — B’ such that the following diagram commutes:

¢

N

MIIN

B B’

Thus the diffeomorphism respects parametrizations of intervals on boundary circles
and parametrizations of whole boundary circles.

— For any object M, the identity morphism id,, is represented by the cylinder over M.

— Composition is again by gluing.

e Again, disjoint union endows Cob(2)°/! with the structure of a symmetric monodial
category with the empty set as the tensor unit.

e An open-closed TFT is defined as a symmetric monoidal functor

7 : Cob(2)”/? = vect(K) .
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Again C := Z(S') is a commutative Frobenius algebra. One can again write generators
and relations for the cobordism category. Generators for morphisms are the generators
for morphisms of the closed TFT, together with the additional generators:

a Sp T %
0 (

and their mirror images. The last generator is called the zipper and is topologically an

annulus with a parametrized interval on one boundary component and a parametrized
circle on the other boundary component.

1
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One finds that the image O := Z(I) of the interval I carries the structure of a Frobenius
algebra. C' is called the bulk Frobenius algebra, O the boundary Frobenius algebra.

The Frobenius algebra O is not necessarily commutative: given three disjoint intervals
on the boundary of a disk, two of them cannot be exchanged by a diffeomorphism of the
disc. This situation is thus rather different from three boundary circles in a sphere, where
two of them can be continuously commuted. For this reason, the bulk Frobenius algebra
C' is commutative.

Still, the boundary Frobenius algebra is symmetric, i.e. the bilinear form xy : O® O — K
is symmetric: ko(a,b) = ko(b, a).

The zipper gives a linear map i, : C' — O and the cozipper i* : O — C. We show
graphically that

(1) poo(®i,) = iopuc

(2) ("®i) oAy = Acoi*

(3) i.(le) = 1o

( ) ECOi* = €0

We summarize the relations: i, : C' — O is a unital algebra morphism. ¢* : O — C'is a
counital morphism of coalgebras.

One next shows that the image i.(C) is in the center Z(O). Moreover, i, and i* are
adjoints with respect to the Frobenius forms:

(6) ko(i™), ) = ko(Y,i.¢) forall v e€O0,9€C .

Finally, the image of the cobordism

|l

e

allows us to use only structure in the Frobenius algebra O to get a map
m: O—=0.

If (b;) is a basis of O and (b%) the dual basis, we find
T e Y b @b = Y V@b > bbb

The fact that Y, b* @b, is a Casimir element, cf. observation [3.2.30} implies that ¢(0) C
Z(0). From the picture

we obtain the last relation, called the Cardy relation:

T=14,01" .
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e We are thus lead to the definition of a knowledgeable Frobenius algebra: A knowledgeable
Frobenius algebra in a symmetric tensor category D consists of a commutative Frobenius
algebra C' in D, a not necessarily commutative Frobenius algebra O in D, a unital mor-
phism of algebras

in: C—Z(0)

such that © = 4, o ¢* with ¢* the adjoint of 7, with respect to the Frobenius forms and 7
defined as before.

Morphisms of knowledgeable Frobenius algebras are pairs of morphisms of Frobenius
algebras, compatible with i, and i*. We thus get a category Frob® (D) of knowledgeable
Frobenius algebras and an equivalence of categories

[COb(z)O/Cla D]Symm. monodial — FTObO/d(D)
which classifies open/closed two-dimensional topological field theories.

e Given the bulk Frobenius algebra C, the boundary Frobenius algebra O is not
uniquely determined. Rather, each choice of boundary Frobenius algebra determines a
boundary condition for the two-dimensional closed topological field theory based on C.
The category of all such boundary conditions carries a natural structure of an algebroid,
i.e. of a linear category. The Frobenius structure can be encoded in terms of the additional
structure of traces on the Hom-spaces.

e As a general reference for this example, we refer to the paper [LP].

This example already illustrates the principle that topological field theories transport geo-
metric structure to algebraic structure.

4.2 Braidings and quasi-triangular bialgebras
It is an obvious question to ask what kind of structure on a Hopf algebra induces the structure

of a braiding on its representation category.

Definition 4.2.1

1. Let H be a bialgebra. The structure of a quasi-cocommutative bialgebra is the choice of
an invertible element R in the algebra H @ H such that for all x € H

A“PP(2)R = RA(z). [QT1]

R is called a universal R-matrix. A quasi-cocommutative Hopf algebra is a Hopf algebra
together with the choice of a universal R-matrix.

2. A quasi-cocommutative bialgebra H is called quasi-triangular, if its universal R-matrix
obeys the relations in H®3

(A®idg)(R) = Riz- Ry [QT2]
(idg ® A)(R) = Ri3- Rio [QT3]

with
R12 = R@l, R23 = 1®R and ng = (TH7H®ldH)(1®R) .

It is convenient to extend this notation, e.g. by Roy == Ty u(R) € H ® H, and, by some
abuse of notation Ry == tppg(R)®1 € H® H® H.
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3. A morphism f : (H,R) — (H',R') of quasi-triangular Hopf algebras is a morphism
f: H— H' of Hopf algebras such that R' = (f ® f)(R).

Remarks 4.2.2.
1. In Sweedler-like notation R = R; ® Rs, the relations read

[L'(Q)Rl X [C(URQ = Rlx(l) ® RQZB(Q) [QTl]
(R1)a) ® (R1)2) ® Ry = Ri® Ry @ RyRy [QT?2]
R ® (RQ)(l) ® (RQ)(Q) = RiRi/ ® Ry ® Ry [QT3]

2. A cocommutative bialgebra has a distinguished structure of a quasi-triangular Hopf alge-
bra with R-matrix R = 1® 1. A quasi-triangular structure on a Hopf algebra can thus be
seen as a weakening of cocommutativity. We have already seen in remark that co-
commutative Hopf algebras are not a rich enough structure - over an algebraically closed
field of characteristic 0 these are just group algebras.

3. To see a non-trivial quasi-triangular structure, consider the cocommmutative Hopf algebra
K[Zs] with K a field of characteristic different from 2. Write Z, multiplicatively as {1, g}.
Then

1
Ri=s(1@l+l@g+g0l-g®g)

is a universal R-matrix. A one-parameter family of R-matrices for the four-dimensional
Taft Hopf algebra from observation can be found in [Kassel, p. 174].

4. There is no universally accepted definition for the term quantum group. I would prefer
to use the term for quasi-triangular Hopf algebras. Some authors use it as a synonym
for Hopf algebras, some for certain subclasses of quasi-triangular Hopf algebras of Lie-
theoretic flavour.

Theorem 4.2.3.
Let A be a bialgebra over a field K. Then the tensor category A—mod is braided, if and only
if A is quasi-triangular. Both structures are in one-to-one correspondence.

Proof.
e Let A be quasi-triangular with R-matrix R. For any pair U, V of left A-modules, we define
a linear map

y: UV — VeU
u@v — Tyy(R(u®v))=Ryv® Ry.u.

This is a morphism of A-modules: we have, for all u € U,v € V and h € A:

Cg,V(h.u ® U) - RQh(Q).U ® th(l)u
= huyRyv ® higyRi.w  [equation QT1 |

= hcly(u®v).

with inverse B B
cHv@u)=Ru® Ryw.
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where R™! = R; ® R, is the multiplicative inverse of R in the algebra A ® A. This family
of morphisms of A-modules is natural for morphisms of A-modules since such morphisms
commute with the action of R € H ® H.

To check the first hexagon axiom, we compute for u € U, v € V and w € W:
(idy ® cgiy) o (ciy @ idw)(u @ v @ w)
(idy ® cffy) (Rov ® Riu @ w) [Defn. of cf

= Ryv® Ryw ® RyRiu [Defn. of cR]
= (R)ayv® (R2)yw ® Ryu [equation QT3 for R-Matrix]
= Grew(® (Ve w)) [Defn. of ]

The second hexagon follows in complete analogy from equation [QT2].

Conversely, suppose that the category A-mod is endowed with a braiding. Consider the
element
R = TA,A<CA,A(1A X 1A)) cARQA.

We have to show that R contains all information on the braiding on the category. To this
end, let V' be an A-module; for any vector v € V, consider the A-linear map v which
realizes the isomorphism V' = Hom4(A, V') of vector spaces:

7: A -V
a — av

Now consider two A-modules V, W and two vectors v € V and w € W. The naturality of
the braiding ¢ applied to the morphism v ® w implies

cvw o (TRW) = (WRT)ocan (*)
and thus

CV,V[/(U(X)UJ) = CV,W(E®@<1A®1A))
= (W®V)caa(la®1y) [naturality, see ()]
= Tvw(URW(R))
= ywR.(v®w) [definition of T, W]

This shows that all the information on a braiding on A—mod is contained in the element
Re A® A.

We have to derive the three relations on an R-matrix from the properties of a braiding.
We have for the action of any v € Aoncya(l1®1) € A® A:

a:'.cAA(l X 1) = $.TA’A(R) = A(SE‘) . TA,A(R) ,

where the last expression is a product in A ® A. On the other hand, the braiding c4 4 is
A-linear. Thus this expression equals

can(xl®@1) =144 [R-(A(z)-1® 1) =Taa[R-Ax)] .
Thus A(x) - T4.4(R) = Taa [R - A(x)]; applying 74 4 to this expression yields

R-Alr) = TaalA@) Taa(R)] =74 [v0) - B2 @ 1) - o)
= .77(2) : Rl X 33'(1) . R2 = Aopp(l.) -R.

One can finally derive the two hexagon properties [QT2] and [QT3] of an R-matrix from
the hexagon axioms for the braiding.

125



O

Let A be a quasi-triangular Hopf algebra. We conclude from proposition that for any

A-module V', the automorphism

VRV VeV

is a solution of the Yang-Baxter equation. This explains the name universal R-matrix which is
not related to a universal property. We note some properties of this R-matrix.

Proposition 4.2.4.

Let (H, R) be a quasi-triangular bialgebra.

1. Then the universal R-matrix obeys the following equation in H®3:

R12 ' R13 . R23 = R23 ' RlS : R12

(cf. proposition |4.1.3)) and we have

(e®idy)(R) = 1 = (idy ® €)(R) .

2. If, moreover, H has an invertible antipode, then

and

Proof.

(S®idg)(R) = B! = (idg ® S™H(R)

(S®S)R)=R.

1. We calculate, using the defining properties of the R-matrix:

R12 : R13 ' R23

We now calculate in H®3:

1®R

= Rip(A®id)(R) [equation QT?2]
(A°PP @ id)(R) - R12 [equation QT1]
= (tpy ®id)(A®id)(R) - R12 [Defn. of A°PP]
= (tgyg ®id)(Ri3Re3) - R12  [equation QT?2]
= Ra3- Ri3- Ria.

((le®id) o A) ®1id) (R) [(e®id) o A =1id]
(le®id ®id)(Ry3 - Res) [equation QT2

(le ®id ® id)(Ry3) - Ros
(ld X le &® 1d)<R23) R23
1® ((le®id)(R) - R)

Since R is invertible, we get (¢ ® id)(R) = 1. The other equality is derived in complete
analogy from equation [QT3].
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2. Using the definition of the antipode, we have for all x € H
po (S®id)A(z) =e(x)l.
We tensor this with the identity on H and apply it to R € H ® H: we find
(p®id)o (S®id®id)(A®id)(R) = (le®pid)R=1®1

where in the last step we used the identity just derived. Now, using equation [QT2], we
find

1 ® 1 - (M@ld)(s@ld@ld)(ngRgg) - S(Rl) . Rll ®R2 . Rgl - (S(Rl) ®R2) . (Rll ®R2/) .
We thus find
(S®id)(R) =R .

Recall the notation Re; = 7 g (R). We observe that equation [QT1] implies A(z)Ra =
Ryy - A°PP(x). Thus, there is a quasi-triangular Hopf algebra (H, u, A°PP. S™! Ry1). The
corresponding relation for this quasi-triangular Hopf algebra reads

(57! ®id)(Ra1) = Roy'

which amounts to
(idg ® SH(R)=R"'. (%)
Finally, we use the two equations just derived to find
(S®S)R) = (d®S)(S®id)(R)
(id® S)(R™)
(id® S)(idg @ STH(R) =R

—~
*
~

4.3 Interlude: Yang-Baxter equations and integrable lattice models

Consider the following model: on the lattice points of the lattice Z? C R?, we have “atoms”. We
are not interested in these atoms, but in their bonds to their nearest neighbour. We describe
the state of a bond by a variable taking its values in the finite set {1,...,n}.

Consider a vertex associated to an atom:

To such a vertex, we associate an energy eff € R which is allowed to depend on the type
of bond ¢, 7, k, [, but not on the vertex. We include the case that the energy depends on some
external parameter €/!(\) which can be thought of as values of external magnetic or electric

fields in some applications.
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A lattice state is now a map that assigns to each bond a state:
¢: bonds —{1,...n}

The energy of a state ¢ for given values of the parameters A is obtained as the sum over atoms:

(o) = D by V).
atoms
To get a finite sum and thus well-defined expressions, we replace the lattice by a finite part
with period boundary conditions, i.e. we consider vertices on Z,; x Zy. The partition function
depends on an additional variable § € R, , with the interpretation of an inverse temperature,

g =1/kT:
Z(B,A) = Z e Par(e)
states
The set of states is now the finite set of functions S := Fun(Z, x Z,,{1,...,n}) =
{1,...,n}¥"M_ We endow it with the structure of a o-algebra by the power set. We then get a
family of probability measures with value

1

Pg, A(()O) (/B ) 6—66/\(@)

on the state ¢ € S. Here, the partition function Z(3, ) normalizes the sum of the probabilities
to be one.

The random variables, also called observables in this context, are then all measurable func-
tions, i.e. all functions

QRQ: S—R.

The energy € is one example of an observable. The expectation value of a random variable () is
defined, as usual:
> Qp)e Pl

Z(B,N)

Esn@] =

For the special case of the energy, we have
S ex(p)e P

Eﬁ,)\ [6] _ states — _2

Z(B, ) op

It is an important goal to compute the partition function as a function of 5, A\. To this end, we
introduce Boltzmann weights

In Z(5,\)

Kl o BN)
Ri5(B,A) =e :

e fale) = = exp(—f3 Z )w(l) (A) = H Rfj(ﬁ A)

atoms atoms
Consider the contribution of the atoms in the first row to the partition function where we
temporarily allow different values for the leftmost and rightmost bond:

We then get

ki koo k3 kn-1 kn
| | | ,

it [l T T3 | fN-1 i
lh b 3 o In-1 v

It equals
Tillll...lN o Z R’rlll R’r‘2l2 Ri/llN (*)
i1k1...kny — i1k1” "r1ks rN_1kn
T1..TN—1
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To eliminate indices, we introduce a complex vector space V freely generated on the set
{1,...,n} with basis {vy,...v,} and a family of endomorphisms

R=R(B,N: VeV - Vv
vi®u; = Y RE(B, N @y

The endomorphism 7' € End (V @ V) with
T := Ry - Roa - Roz -+ Ron

is represented by the matrix defined in definition (x). Here we understand that the endomor-
phism R;; acts on the i-th and j-th copy of V' in the tensor product V @ V¥,
Periodic boundary conditions imply that we have to consider for the first line

Tey (T)0
This endomorphism is called the row-to-row transfer matrix. To sum over all M lines, we take

the matrix product and then the trace so that we find:

7 = Tryen (Try (T)M .

This raises the problem of understanding the eigenvalues of the endomorphism Try(7) €
End(V®N): in the thermodynamic limit, we take M — oo so that Z ~ s} with ky the
eigenvalue with the largest modulus.

As usual in eigenvalue problems, we try to find as many endomorphisms of V& as possible
commuting with Try (7') which allows us to solve the eigenproblem separately on eigenspaces
of these operators.

Definition 4.3.1
A vertex model with parameters X\ is called integrable, if for any pair u,v of values for the
parameters there is a value \ such that the equation

Rig(A) Riz(p) Raz(v) = Raz(v) Raz(p) Ri2(N) (QYBE)

holds in End (V@ V. ® V). A specific case is the quantum Yang-Baxter equation with spectral
parameters:

Rig(A — p) Ri3(A — v) Roz(pt — v) = Ras(pp — v) Riz(A — v) Ria(A — )

Finite-dimensional bialgebras are not enough to describe such a structure; Etingof and
Varchenko [EV] have instead proposed algebroids.

Lemma 4.3.2.
Consider the tensor product V@V @ V¥ and denote the index for the first copy of V by 0 and
the index for the second copy of V by 0. Then the following equation holds in End (V@ V@ V¥)

Rog(M)To(1)Ts5(v) = T5(v) To (1) R () -

Proof.
We suppress the spectral parameters and calculate:

RoTols ¥ RgRoRes...RonRa ... Rox

R06R01R61R02 R RONR62 e RﬁN

(QYBE) Ry Ro1RygRoz - .- RonRos - - - Ryn
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Here, we first used that the endomorphisms Ry; and Ry, for 7 > 2 act on different factors of
the tensor product V @V ® V¥ and thus commute. Then we applied the integrability equation
(QYBE) on the indices 0,0, 1. Repeating this N-times, we get

R61R62 . e RENROI . e RONR06

Proposition 4.3.3.
Suppose that for the integrable lattice model, the endomorphism R(A) is invertible for all values
A of the parameters. Then the endomorphism

C(\) :=TryT(N\) € End (V&)

(which is, of course, just the transfer matrix for the parameter value \) commutes with C'(u)
for all values A, p.

We thus have a set of commuting endomorphisms which make the eigenproblem for any
operator C'(\) more tractable, hence the name integrable.

Proof.
We take the trace Try,gy; over the relation in lemma and use the cyclicity of the trace to
get the following equation in End (V&V).

Clp)-Clv) = TryevTo(p)T5(v)

4.5.2

=7 Trvpen, Rog(\) ™ To(v) To (1) Rog ()
= C)C(w)

Example 4.3.4.

We consider the case of two possible states for each bond. One represents the state of a bond
by assigning to it a direction, denoted by an arrow. A famous model is then the XXX model
or six vertex model. In this case, one assigns Boltzmann weight zero to all vertices, except for
those with two ingoing and two outgoing vertices. These are the following six configurations,
hence the name of the model:

4= o

g 1

1
Y

T
be

Since now V' is two-dimensional, the R-matrix is a 4 X 4-matrix

1 0 0 0
0 A l—g\ O
0 1—¢g7'A X 0
0 0 0 1

R(g,\) =

This model is integrable, if the relation holds
A—p+v+iw = (g+q .
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4.4 The Drinfeld center and Yetter-Drinfeld modules

We now present an important class of examples of braided monoidal categories. The following
categorical construction works in a rather general situation:

Observation 4.4.1.
Let C be a strict tensor category.

e We consider a category Z(C) whose objects are pairs (V, c_ 1) consisting of an object V'
of C and a natural isomorphism c¢_y : —®V = V ® —, called a half-braiding for V, i.e.
isomorphisms for all X € C

Cx\v': XV -2VeX
natural in the sense that that for any morphism X LY in C the diagram

XoV2ivex
f®idy L Lidv QRf
commutes which obey the additional requirement that for all objects X, Y of C we have

CX®Y,V = (CX,V & ldy) (¢] (ldX (9 Cy7v) . [HGX]

e A morphism (V,c_y) — (W,c_w) in Z(C) is a morphism f : V' — W in C with the
property that for all objects X of C we have

(f®idx)ocexy =cxwo (idx ® f) . (%)

It is clear that the identity idy in C is a morphism in Z(C) and that if f, g are morphisms
in Z(C) that are composable in C, then f o g is a morphism in Z(C). Thus Z(C) is a
category with composition and identities inherited from C.

We now have examples of braided tensor categories:

Theorem 4.4.2.
Let C be a tensor category which we assume for simplicity to be strict. Then the category Z(C)
has a natural structure of a strict braided tensor category with

1. Monoidal unit (I, idy).
2. The tensor product of two objects (V,c_ ) and (W, c_ ) in Z(C) is given by
(‘/, C—,V) & (VV, C—,W) = (V & W, C—,V(X)W) .

Here, given two objects (V,c_ ) and (W, c_w) in Z(C), we define for any object X € C
the morphism
CX.VeW : XRQVeW 2 VWeX

by
CX, VW ‘= (idv & CX,W) e} (ny X ldw) . (*)

3. The braiding on Z(C) is given by

cvw: (Vieev)® (Weew) = (Woeew) @ (Vieoy) .
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This braided monoidal category is called the Drinfeld center of the monoidal category C.

Proof.

1. We have to show that morphism (%) is a half-braiding which implies that the tensor
product is indeed an object in Z(C). It follows immediately that cx ygw is an isomorphism
and natural in X. Hence, we have to check the hexagon [Hex] for any pair X,Y € C:

idy ® cxgyw) © (cxgy,y ® idw)

idv X CX,W X ldy) O (idV®X [ Cij) o (CX,V X idY®W) O (ldX [ Cy7V X ldw)
idy ® exw ®idy) o (ex,v ® idwey) © (idxev ® cyvw) o (idx ® cyy ® idw)

CXRYy,Vew =

o~ o~~~

cxvew ®idy) o (idx ® cyyew)

2. Next, we have to show that the tensor product f ® f’ of morphisms f : (V,c_y) —
(Wye—w) and @ (V'e_v) = (W' c_w) in Z(C) is again a morphism in Z(C), i.e.
obeys the naturality condition (k)

(f@ f®idx)ocxyver = (f@idp ®@idx)o (idy @ f' ®idx) o (idv ® cx ) o (ex,y @ idyr)
(2) (f ® ldW/ ® ldX O (ldv ® CX,W’) (o] (ldV ® ldX ® f/> @) (CX,V ® idvl)
= (ldW ® CX,W’) o (f ® ldX ® ldW/) (@] (CX,V ® ldW/) (@] (ldX ® ldV ® f/)
()
(

ldW ® CX,W’) (@) (CX,W ® ldW/) o (ldX ® f ® ldW/) @) <1dX ® ldV ® f/)
cxwew © (idx ® f @ f)

—
*
~

We have now defined a tensor product on objects and morphisms of Z(C). It is a functor,
since it is obtained from a tensor product of C. All other axioms are inherited as well. (If
C is not strict, one can show that the associators in C provide associators for Z(C).) Thus
Z(C) is a tensor category.

3. We next show that this tensor category is braided. We first show that the component
cyw of the haltbraiding c_ w, cyw : VO W — W ® V is a morphism in Z(C). We have
to show (s):

(cyvw ®idx) o exvew = cxwev © (Idx ® cyw)

for all X € C. We compute

(cvw ®idx) o exvew . (cyw ®@idx) o (idy ® exw) o (ex,v ® idw)
Hex .
e cvexw © (cx,v ®idw)

= (dw ®cxv) o cxevw [naturality of braiding]
Hex . . .
[:] (ldW X CX,‘/) ¢) (CX,W X ldv) e} (ldX X Cuw)

= cxwev o (dx ® cyw)

—
=

4. Note that cyy is invertible by definition and natural for all morphisms in C, thus in
particular for those in Z(C). To show that it defines a braiding, we have to show the two
hexagon axioms from definition . One hexagon axiom has been imposed in [Hex| in
the definition of a half-braiding. The second is part (x) of the definition of the tensor
product in Z(C).

132



Remarks 4.4.3.
1. The forgetful functor
Uu: Z2(C) — C
(Vieey) =V

is strict monoidal and exact. It is, in general, neither essentially surjective nor full, but
faithful by the definition of morphisms of Z(C).

2. If C is a finite tensor category, U as an exact functor has both a left adjoint L : C — Z(C)
and a right adjoint R : C — Z(C). The left adjoint functor is opmonoidal, i.e. comes with
morphisms

LIX®Y)—=>LX)®L(Y) and L(I)—1I

which are in general not isomorphisms. Similarly, the right adjoint is (weakly) monoidal,
i.e. comes with morphisms

R(X)®R(Y)—> RX®Y) and T— R(I)

which are in general not isomorphisms. In particular, L(I) is naturally a coalgebra in Z(C)
and R(I) a (commutative) algebra in Z(C).

3. One can show [Sh, Lemma 4.7] that
LD®-)~R=L(-®D) and R(D'®-)=L=R-®D)

where D is the distinguished invertible element, cf. observation|3.1.164. In particular, if C
is unimodular, left and right adjoint of U coincide. Then L(1) is a commutative Frobenius
algebra in Z(C) [Sh, Theorem 6.1].

4. The pair of adjoint functors L 4 U defines a monad U o L on C, the central monad.
The adjunction is monadic. The central monad U o L on C can be used to show that the
Drinfeld center Z(C) of a finite tensor category is again a finite tensor category. Similarly,
U = R defines a comonad on C, the central comonad to which analogous statements apply.

Suppose that the monoidal category C is given as the category of modules over a Hopf
algebra H over a field K. We ask whether the braided monoidal category Z(C) can be directly
realized in terms of the Hopf algebra H.

For the following construction, we do not need to assume that the Hopf algebra H is a Hopf
algebra in the braided monoidal category vectk, and we directly consider a Hopf algebra H in
a (strict) braided monoidal category .A. A bialgebra R in the braided category A is called a
braided Hopf algebra, if there is a morphism S : R — R in A such that

SrWyr® = rO 53y = pe(r)

where Ag(r) = rW@7r® for r € R in slightly modified Sweedler notation — a change of notation
is performed in order to avoid confusion in Radford’s biproduct below. We will assume that the
antipode S is invertible (or that a skew antipode exists).

Definition 4.4.4

1. Let H be a bialgebra in a braided monoidal category A. A Yetter-Drinfeld module is a
triple (V, py, Ay) such that
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e (V,py) is a unital left H-module in A.
e (V,Ay) is a counital left H-comodule in A:

Ay: V. — H®V
v V1) @)

e The Yetter-Drinfeld condition
hay - v(—1) @ h2)v0) = (ha1)-v)(-1) - hiz) ® (ha)-v)(0)
holds for all h € H. Graphically, it reads

4
These pictures are drawn in the strict braided monoidal category A.

2. Morphisms of Yetter-Drinfeld modules are morphisms of left modules and left comodules.
We write BYD for the category of Yetter-Drinfeld modules over the bialgebra H.

Example 4.4.5.
Let us consider explicitly Yetter Drinfeld modules over the group algebra K|[G] of a finite group
G.

Since Yetter-Drinfeld have the structure of a K[G]-comodule, any Yetter-Drinfeld module
has by example [2.2.8| a natural structure of a GG-graded vector space,

V= GBQEG‘/Q s

which is moreover endowed with a G-action. We evaluate the Yetter-Drinfeld condition for the
action of ¢ € G on a homogeneous element v, € Vj,. We find for the left hand side using
A(g) = g® g and Ay (v) = h ® vy, that gh ® g.v,. For the right hand side, we find the sum

ng ® (g.vn)s -

zeG

The equality gh®g.v, = ), . 9@ (g.vn), implies that only the term with x such that zg = gh
contributes to the sum over x. Thus the Yetter-Drinfeld condition amounts to the condition
g.vp, € Vgpg—1. Thus the G-action has to cover for the G-grading the action of G on itself by
conjugation.
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We know that modules over a bialgebra form a tensor category, and so do comodules over a
bialgebra. We can thus define as in proposition and remark on the tensor product
of the objects in A underlying two Yetter-Drinfeld modules V, W the structure of a module and
of a comodule. We also note that the monoidal unit of A with trivial action

HRIES 1011
and coaction

11l el
is trivially a Yetter-Drinfeld module and is a tensor unit for the tensor product.
Proposition 4.4.6.

Let H be a bialgebra. Then the category of Yetter-Drinfeld modules has a natural structure of
a tensor category.

Proof.
Let V, W be Yetter-Drinfeld modules. We only have to show that the vector space V @ W with
action and coaction defined by the coproduct and product respectively obeys the Yetter-Drinfeld

condition.
u W

S |

AN
AN
—<
\
—<

H VARV VARV | H
H

Here, we first used associativity and coassociativity, then the Yetter-Drinfeld condition on
W and then on V. O

Proposition 4.4.7.
Let H be a Hopf algebra. Then the category of Yetter-Drinfeld modules has a natural structure
of a braided tensor category with the braiding of two Yetter-Drinfeld modules V,W € #yD

W

given by cyw : VW — WV
VRwWw = v1).w & v }
Vv W

Remark 4.4.8.

We have seen that the category of comodules over a group algebra H = K[G] is the category of
G-graded vector spaces. If GG is not abelian, it cannot admit a braiding, since for homogeneous
elements v, € V, and wy, € W), the tensor product v, ® wy, is homogeneous of degree gh and
wy, ® v, of degree hg. It is instructive to see how the combination of action and coaction for
Yetter-Drinfeld modules allows for a braiding

Vg @ Wp — g.wWp D Vg
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the left hand side is again homogeneous of degree gh, and the right hand side is now homoge-
neous of degree ghg—'g = gh.

Proof.

The following statements have to be shown:

e The linear map cy, is a morphism of modules and comodules and thus a morphism of
Yetter-Drinfeld modules:

T

Here, we first use that we have an H action on W, then the Yetter-Drinfeld condition on
V', and finally the action on W.

e The braiding is natural:

Here, we use that f is a morphism of comodules and that g is a morphism of modules.

e The morphisms ¢y, obey the hexagon axioms, e.g. follows from the fact that we have an

H-action:
uvow U v w

e Based on lemma [2.5.8] we show that the morphism cy - has the inverse

[

where the inverse S~! of the antipode enters. We show one relation that is needed to show
that this is indeed an inverse
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Here, we used the action on W and the coaction on V.

O

To simplify the exposition, let us assume that A = vectgx. We define as in proposition
the right dual action of H on V* = Homg(V,K) as the pullback along S of the trans-
pose of the action on V and the left dual action as the pullback of the transpose along S—!.
The right dual coaction maps 5 € V* to the linear map A} (5) € H @ V* = Homg(V, H)

K :
AYB): Vo= H SR
v S_l(v(_n)ﬁ(U(O))

while the left dual coaction maps to

VAV(B): V = H
v

H
= S(ve-n)B(vo))

Proposition 4.4.9.

Let H be a Hopf algebra. Then the category of finite-dimensional Yetter-Drinfeld modules 2y D
is rigid.

Proof.
The following statements are easily shown, e.g. by graphical calculations:
e The above definition indeed defines H-coactions on V*.

e The coaction defined with S™! has the property that the right evaluation and right co-
evaluation are morphisms of H-comodules. The statement that the coaction defined with
S on the left dual is compatible with left evaluation and coevaluation follows in complete
analogy.

e The left and right dual actions and coactions obey the Yetter-Drinfeld axiom.

Remark 4.4.10.

1. Let H be a Hopf algebra over a field K with bijective antipode. A bialgebra R in the
braided category #)D is called a braided Hopf algebra.
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2. Any K-Hopf algebra is also a braided Hopf algebra over H = K. A super Hopf algebra is
nothing but a braided Hopf algebra over the group algebra H = K[Z,].

The tensor algebra TV of any Yetter-Drinfeld module V' € HYD is a braided Hopf
algebra, where the coproduct A is defined in such a way that the elements of V are
primitive, i.e. A(v) =1®v+v® 1 for all v € V, compare example [2.3.2]

3. Consider the largest quotient of TV that is still a braided Hopf algebra and for which
the elements of V' are the only primitive elements. This is called the Nichols algebra
of V. Nichols algebras take the role of quantum Borel algebras in the classification of
pointed Hopf algebras, analogously to the classical Lie algebra case. Nichols algebras can
be finite-dimensional and infinite-dimensional. Important classification results exist.

More precisely let V := 2;C @ 2,C & - - - & 2,C be the diagonal Yetter-Drinfel’d module
over an abelian group A = Z" = (K, ..., K,,) with braiding

T @ X5 > il QT Gij = gl

where (a;, o) is the Killing form of a semisimple (finite-dimensional) Lie algebra g, then
the Nichols algebra is the positive part of Lusztig’s small quantum group

B(V) = uy(g)"

4. Let H be a Hopf algebra over a field K. For any braided Hopf algebra R in #Y D, there
exists a natural Hopf algebra R# H over K containing R as a subalgebra and H as a Hopf
subalgebra. It is called Radford’s biproduct or bosonization.

As a K-vector space, R#H is just R ® H. The algebra structure of R#H is given by

(r##h) (r'#h') = r(hayr') b I,

where r, 7' € R, h,h' € H and .: H® R — R is the left action of H on R. Further, the
coproduct of R#H is determined by the formula

A(r#th) = (rD#r® Cyhay) @ (r® o #he), € Rhe H.

Here Ag(r) = r¥ @ r® denotes the coproduct of r in R, and 6(r®) = r®_;y @73 g is
the left coaction of H on r® € R.

5. The small quantum group u,(g) is now obtained by a double bosonization u,(g) =
H#B(V)#B(V*); its modules are closely related to Yetter-Drinfeld modules of the
braided Hopf algebra B(V') in H-mod.

In the remainder of this section, we want to work with a Hopf algebra H over a field K. We
now turn to the the question whether for any given Hopf algebra H over K the category 2y D
can be seen as the category of left modules over a quasi-triangular Hopf algebra D(H).

Observation 4.4.11.

1. To investigate this in more detail, assume that the Hopf algebra H is finite-dimensional
and recall from example [2.2.8/1 that a coaction of H then amounts to an action of H*.
Thus the quasi-triangular Hopf algebra D(H) should account for an action of H and H*.
If the two actions would commute, H* ® H with the product structure for algebra and
coalgebra would be an obvious candidate. This is not the case, and we have to encode the
Yetter-Drinfeld condition in the product on D(H).
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2. To match the conventions in [Kassel], it will be convenient to consider a slightly different
category gD of Yetter-Drinfeld modules: these are triples (V, py, Ay) such that

e (V,py) is a unital left A-module.

e (V,Ay) is a counital right A-comodule:

AV: V — V@H
v ) @ Un)

e The Yetter-Drinfeld condition holds in the form
hay-vw) @ hgy - vy = (hz)v) ) ® (he)-v)a - hay -

Morphisms of Yetter-Drinfeld modules in YD are morphisms of left modules and right
comodules.

This observation leads to the following definition:

Definition 4.4.12
Let H be a finite-dimensional Hopf algebra. Endow the vector space D(H) := H* @ H

e with the structure of a counital coalgebra using the tensor product structure, i.e. for
f € H" and a € H, we have

(foa) = i)
A(f®@a) = (foy®am) @ (fio ®awe) € D(H)® D(H) .

This encodes the fact that the tensor product of Yetter-Drinfeld modules is the ordinary
tensor product of modules and comodules.

e Define an associative multiplication for a,b € H and f,g € H* by

(f@a) - (geb):=f- (905 (ag)?aw)) @ agb .

The unit for this multiplication ise ® 1 € H* ® H.

A tedious, but direct calculation (see [Kassel, Chapter IX]) shows:

Proposition 4.4.13.
This defines a finite-dimensional Hopf algebra with antipode given in [Kassel, Theorem IX.2.3].
Moreover, if (e;) is any basis of H with dual basis (¢’) of H*, then the element

R:=> (lg:®e) @ (¢ ®1y) € D(H)® D(H) ,

which, by a standard argument, is independent of the choice of basis, is a universal R-matrix
for D(H).

Definition 4.4.14
We call the quasi-triangular Hopf algebra (D(H), R) the Drinfeld double of the Hopf algebra
H.

Remarks 4.4.15.
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1. The Drinfeld double D(H) contains H and H* as Hopf subalgebras with embeddings

ig: H — D(H)
a — 1®a
and
ig-: H* — D(H)
f = fol.

2. One checks for the product in D(H) that

() - tna) = (f© 1) - (1®a) = fe(S 19 ?11) @ 1y -a = [ D a

and therefore writes f - a instead of f® a. The multiplication on D(H) is then determined
by the straightening formula

a-f=f(S @ aq) - ap) -

3. The Hopf algebra D(H) is quasi-triangular, even if the Hopf algebra H does not admit
an R-matrix. If (H, R) is already quasi-triangular, then one can show that the linear map

mr: D(H) — H
fa = f(Ri)R2-a

is a morphism of Hopf algebras. The multiplicative inverse R of R gives a second projection
g D(H) — H. For more details, we refer to the article [J].

We will see that the three braided monoidal categories
T(H-mod), #YD and D(H)-mod

are equivalent.

The next theorem provides the relation to the Drinfeld center. We can treat a left action
py of H* on V for a right coaction Ay of H by

Av: VY o o g VS o v e Y v el
and conversely,
oy H @V gy e IV o g e v Oy
Put differently, we have

fv={(f,vum)yvyy forall feH" . (%)

Theorem 4.4.16.
Let H be a finite-dimensional Hopf algebra.

1. By replacing the left H*-action by a right H-coaction as above, any left D(H )-module
becomes a Yetter-Drinfeld module in g Y D.

2. Conversely, any Yetter-Drinfeld module in 5D has a natural structure of a left module
over the Drinfeld double D(H).
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This leads to a braided monoidal equivalence 5y D 22 D(H)-mod.

Proof.

We note that the structure of a left D(H)-module on a vector space V' consists of the structure
of an H-module and of an H*-module such that for all f € H*, h € H and v € V the following
consequence of the straightening formula holds:

a.(fv) = f(S(a@)?aw))- (a@)v) .
To show the second claim, we have to derive this relation from the Yetter-Drinfeld condition:
f(S_l(a(3)?a(1)))- (a(2)‘v) = (f, 5_1(a(3))(a(2) v)myaay) (a@)v) )  |equation (x)]
= (f,S Ha@))axvun)amyvwy [YD condition]
= e(a){f;van)amyvw) [lemma
= (f,vm)avwy = a.(fv) [equation ()]

We leave the proof of the converse to the reader and refer for a more detailed account to [Kassel,
Theorem IX.5.2], where Yetter-Drinfeld modules in YD are called “crossed H-bimodules”. O

Theorem 4.4.17.
For any finite-dimensional Hopf algebra H, the braided tensor categories Z(H—mod) and
D(H)—mod are equivalent as braided monoidal categories.

Proof.
e We construct a functor
Z(H—-mod) — zYD

To this end, we define on any object (V,c_y) of the Drinfeld center Z(H—mod) a right

H-coaction. Consider
AV 'V =V (024 H

(O d CHy(lH ®’U) .
One checks that this defines a coassociative right coaction.
As in the proof of theorem [4.2.3] the naturality of the braiding allows us to express the
braiding in terms of the coaction Ay: consider for z € X the morphism 7 : H — X with
Z(1) = z, i.e. T(h) = h.x. Then

CX’V(.T ® U) = CX,V o (f@ ldv)(lH ® U) = (ldv ® f) O CH,V(lH ® U)
= ) @umy -z =Av(v) - (1g ® x) (%)
which is exactly the braiding on the category g YDX.
e Next, we use the fact that the braiding is H-linear:

a.cxy(r®@v) =cxy(a.(r®@v))

for all a € H and v € V,2 € X. Replacing the braiding cx - by the expression (x) yields
the equation

A(a)Ay(v)(1g @ z) = Av(a@v)(ly ® aq))(lg @) .
Setting X = H and x = 1y yields
(1)) @ a@) - vy = (av)v @ (a@v)m) - aq)
which is just the Yetter-Drinfeld condition in z YD
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e For the the proof that this functor is essentially surjective and fully faithful, we refer to
[Kassel].

O

We conclude the section with an application of the Drinfeld center to representation theory:

Proposition 4.4.18.

Let H be a finite-dimensional Hopf algebra. Let ¢ € H be a non-zero right integral and T" € H*
a non-zero left integral. Then 7' ® ¢ is a left and right integral for D(H). In particular, the
Drinfeld double of any finite-dimensional Hopf algebra is unimodular.

Proof.
We use the following identity for the right integral t € H
S_l(t(g))a_lt(l) X t(g) =1®t

where a € H is the distinguished group-like element. For the proof, we refer to [Montgomery],
p. 192].
We then calculate for f € H* and h € H:
(T®t)-(f@h) = Ttfh

= Tf(S 1t )7t(1)) @ t(2) - b [straightening formulal
= Tf(S M@atta)) @te -h [since Tf = (f,a )T
= T(f,1) ®th [preceding identity]
— (f DT &t

Thus T'®t is a right integral for D(H). The proof that it is a left integral for D(H) is similar. O

Corollary 4.4.19.
Let H be a finite-dimensional Hopf algebra. Then the following assertions are equivalent:

1. D(H) is semisimple.
2. H is semisimple. and H* is semisimple.
We have already used in the proof of theorem |3.3.20|that H is semisimple, if and only if H*

is semisimple.

Proof.

If both H and H* are semisimple, then, by Maschke’s theorem 2/ €(t) # 0 and ¢*(T") # 0.
By proposition [£.4.18] this implies for D(H ) that (T ®t) # 0 and thus by Maschke’s theorem
that D(H) is semisimple. The converse follows by the same type of reasoning. O

4.5 Factorizable Hopf algebras

We now turn to a subclass of quasi-triangular Hopf algebras for which the braiding obeys
additional constraints.

Definition 4.5.1
Let (H, R) be a quasi-triangular Hopf algebra.
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1. The invertible element

Q =Ry -RpoeH®H
is called the monodromy element. We write () = Q1 ® (2 and note that

A(h)-Q =@ -A(n)

for allh € H.
2. The linear map

Fr: H* — H
¢ = (idg ® ¢)(Ra1 - Riz) = (idy @ ¢)Q

is called the Drinfeld map.

3. A quasi-triangular Hopf algebra is called factorizable, if the Drinfeld map is an isomor-
phism of vector spaces.

Remark 4.5.2.

The word factorizable is justified as follows: let (b;);cr be a basis of H and (b%);c; the dual basis
of H*. If H is factorizable, then the vectors ¢; := Fr(b') form another basis of H. We write the
monodromy element as a linear combination

Q= Z AijCi & bj
1,J
with A; ; € K. We then have

o = Fr(b") =D Ay @ b () =Y Mo
i,J

jeI

and thus for the monodromy matrix

Q=Y a®b;

iel
which explains the word factorizable.

Proposition 4.5.3.
The Drinfeld double D(H) of a finite-dimensional Hopf algebra H is factorizable.

Proof.
Recalling the R-matrix of the Drinfeld double from proposition

R=> (1®e)® (e ®1)
we find for the monodromy matrix of D(H)

Q = Ro1 - Rip = Z(eiej) ® (e€?) .

7:7j
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The family (e‘e; = €' ® ¢;);; is a basis of D(H) = H* ® H. Moreover,

S(eie?) = S(e?) - S(e;) = S(e) ® S(e;)

and since S is invertible, the families (S(e;)) and (S(e%)) are bases of H* and H and hence the
family S(e;e?) is a basis of D(H). Again by the invertibility of S, the family (e;e?); ; is a basis
of D(H) as well. Thus by remark D(H) is factorizable. O

Remark 4.5.4.
We sketch the categorical meaning of factorizibility:

1.

Suppose that A and B are two algebras over the same field K. Then A® B is a K-algebra
as well. The Deligne product of two finite abelian categories is defined such that

A ® B-mod = A-mod X B-mod .

It can be characterized by a universal property for right exact functors A-mod x B-mod —
X where X is any finite category. For details, we refer to [D] section 5.

. Let C be a braided tensor category. Using the braiding on C as a half-braiding gives a
functor
cC —- Z(C)
V = (‘/, Cfv)

which is obviously a braided monoidal functor.

. Taking the inverse braiding

revd . —1
CU,V = CV,U

on the same monoidal category, gives another structure of braided tensor category C*V4.

We get another functor
cevd — Z(0)
Vo (Vi)

which is again a braided monoidal functor.

. Altogether, we obtain a braided monoidal functor

CvIXC — Z(C) .

Suppose that C is the category of representations of a quasi-triangular Hopf algebra
(H,R). Then (H,R) is factorizable, if and only if the functor C** X C — Z(C) is an
equivalence of braided monoidal categories.

. It can be shown that for any tensor category C the Drinfeld center Z(C) is factorizable

[EGNO!, Proposition 8.6.3].

We consider the following subspace of H*:

C(H):={f € H*| f(xy) = f(yS*(x)) forallz,yc H}

We call this subspace the space of central forms or the space of class functions or the
character algebra. We relate it to the center Z(H) of H.
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Lemma 4.5.5.
Let H be a finite-dimensional unimodular Hopf algebra with non-zero left cointegral A € H*.

Then by theorem [3.1.14] the map
H — H*
a — Ma-—)=(\+a)

is a bijection. It restricts to a bijection Z(H) = C(H). In particular dimg Z(H) = dimg C(H).

Proof.
If H is unimodular, we have a = ¢ for the distinguished group-like element «. Then the
Nakayama involution for the Frobenius structure given by the right cointegral reads by lemma
3.3.9
p(h) = {a, b)) S~ (hez) = (€, h))S*(he) = S (h) .
For the Frobenius structure given by the left integral, one finds p(h) = S%(h) and thus
Ma-b) = A(b- S*(a)) (%) .
Thus for any a € H
(A = a)(yS*z) = AayS>z) © Azay) .

Thus (A < a) € C(H), if and only if for all z € H, we have A(za) = A(ax). But this amounts
toa e Z(H). O

Theorem 4.5.6 (Drinfeld).
Let (H, R) be a quasi-triangular Hopf algebra with Drinfeld map Fg: H* — H. Then

1. For all g € C(H), we have Fg(p) € Z(H).
2. For all p € C(H) and a € H*, we have
Fr(a- B) = Fr() - Fr(B) -

Proof.
e We calculate for § € C'(h) and h € H:
h-Fr(B) = h-Qi(Q2)
= hay@18(S Hh@a)hi2)Q2) [S~! is a skew antipode]
= th(l)ﬁ(Q2h(2)S(h(3))) [QA =AQ and § € C(H)]
Q18(Q2) - h
= Fgr(B)-h
e For the second statement, consider « € H* and § € C'(H) and calculate
Fr(a-p) = ReRi(a-p)(R1R,) [Defn. Drinfeld map]
= RyR|(a® B)A(R1R,) [Defn. product]
= RoRj(a® B)A(R;) - A(R)) [coproduct is a morphism of algebras]
Roresitia(Rity)B(r1se)  [[QT2,QT3] with R =1 = s =]
Rores1B(r1s2)tic( Rata)
= RyFr(P)tia(Ritz) [Defn. Drinfeld map]
= Frla)- Fr(B) [Fr(B) € Z(H)]
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O

We will see below that any factorizable Hopf algebra is unimodular. From this fact we
conclude

Corollary 4.5.7.
Let (H, R) be a factorizable Hopf algebra. Then the restriction of the Drinfeld map gives an
algebra isomorphism

Proof.

By theorem .2, the restriction of the Drinfeld map F to C'(H) is a morphism of algebras.
It is injective, since the Drinfeld map is injective, due to the assumption that H is factorizable.
Using the fact that H is unimodular, lemma implies equality of dimensions. Hence, the
map is surjective also and thus an isomorphism of algebras. O

We finally want to show that factorizable Hopf algebras are unimodular. To this end, we
need an alternative point of view on the Drinfeld double of a quasi-triangular Hopf algebra.
Let H be a Hopf algebra with invertible antipode. For an invertible element F' € H ® H

consider the linear map
Ap(a) = FA(a)F™!

This is obviously a morphism of algebras.

Lemma 4.5.8.

1. A sufficient condition for A to be coassociative is the identity
Fio(A®idy)(F) = Fas(idy @ A)(F)
in H®3,
2. A sufficient condition for € to be a counit for Ag is the identity

(id®@e)(F) =(e®id)(F) =1.

3. Define
V= Fl : S(Fg) and Uil = S(Gl)GQ

with G = F~! the multiplicative inverse in the algebra H ® H. Then Sp with Sg(h) :=
v-S(h)-v~!is an antipode for the coproduct Ap.

Proof.

1. To show coassociativity
(AF & ld) o) AF(G) = (ld X AF) ®) AF((I) y
we compute the two sides of this equation separately:

(Ar ®id)Ar(a) = (Ar®id)(FA(a)F™)
= (Ap®id)(F)- Fip- (A®id)A(a) - F' - (Ap ®id)(F1)
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where for the second equality we used that Ap is a morphism of algebras. For the right
hand side, we find by an analogous computation

(id® Ap)Ap(a) = (d® Ap)(FA(a)F~)
= ({d®AR)(F)- Fyz- (id® A)A(a) - Fyy' - (id @ Ap)(F1)

A sufficient condition for coassociativity to hold is the identity
(Ap ®id)(F) - Fl2 = (id @ Ap)(F) - Fbs
which, by taking inverses in the algebra H®?, implies
Frp'(Ap @id)(F71) = Fog' (id @ Ap)(F7)
and which is equivalent to

Fio(A ®idy)(F) = Fas(idy @ A)(F) .

2. We leave the rest of the proofs to the reader.

Definition 4.5.9
Let H be a Hopf algebra with invertible antipode. An invertible element F' € H ® H satisfying

Fio(A®id)(F) = Fy(id® A)(F)
([d@e)(F) = (e®id)(F)=1

is called a 2-cocycle for H or a gauge transformation. We denote the twisted Hopf algebra with
coproduct A, counit € and antipode Sy by HY.

Examples 4.5.10.
1. Let H be a finite-dimensional Hopf algebra with basis {¢;} and dual basis {e’}. Consider

H = H* @ H°PP

and in H ® H the basis-independent element

dim H

i=1
A direct calculation shows that this element is a 2-cocycle for H.
2. Let (H, R) be a finite-dimensional quasi-triangular Hopf algebra. Then
FR :1®R2®R1®1

is a 2-cocycle for H ® H with the tensor product Hopf algebra structure. For a proof, we
refer to [S, Theorem 4.3].

The proof of the following theorem can be found in [S| Theorem 4.3]:
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Theorem 4.5.11.
Let (H, R) be a finite-dimensional quasi-triangular Hopf algebra. The map

Sp:D(H) — (H® H)Fr

r = Tp(za)) ® mR(Tw)

with 7 and 75 as in remark [£.4.15]3 is a Hopf algebra morphism. It is bijective, if and only
if the quasi-triangular Hopf algebra (H, R) is factorizable. Thus factorizable Hopf algebras are
related by a gauge transformation to tensor products.

Corollary 4.5.12.
Let (H, R) be a factorizable Hopf algebra. Then H is unimodular.

Proof.

Let A be a left integral in H. Then A ® A is a left integral in (H ® H)™®, since the algebra
structure and the counit € are not changed by the twist. Since H is factorizable, the Hopf
algebra (H @ H)'® is by theorem isomorphic to D(H). We have seen in proposition
that the Drinfeld double of any Hopf algebra is unimodular. Thus A ® A is also a right
integral of (H ® H)'®. Hence A is also a right integral of H. 0

One can show the corresponding statement for categories [EGNO, Proposition 8.10.10]:
if C is a factorizable finite tensor category, then C is unimodular. Since Drinfeld centers of
finite tensor categories are factorizable by remark [£.5.4]5, they are in particular unimodular,
cf. proposition for the corresponding statement for Hopf algebras.
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5]

5.1

Topological field theories and quantum codes

Pivotal categories and pivotal Hopf algebras

We need two last subsections with algebraic preparation. In the rigid monoidal category of finite-
dimensional vector spaces, the bidual is canonically isomorphic to the original vector space. For
a general monoidal category, this is not necessarily the case, but such an identification is needed
for TFT constructions on oriented manifolds. All algebras over fields and their modules in this
section will be finite-dimensional; all categories will be finite categories.

Definition 5.1.1

1.

Let C be a right rigid monoidal category. A pivotal structure is a monoidal natural iso-
morphism

w: ide =72V

A right rigid monoidal category together with a choice of pivotal structure is called a
pivotal category.

2. A pivotal Hopf algebra is a pair (H,w), where H is a Hopf algebra and w € G(H) is a

group-like element, called the pivot such that

S*(x) = wrw™t .

Remarks 5.1.2.

1.

Note that we do not require that C is braided or that H has the structure of a quasi-
triangular Hopf algebra.

. For a given Hopf algebra, the pivot is not necessarily unique. It is determined up to

multiplication by an element in the group G(H) N Z(H). The choice of a pivot is thus an
additional structure on the Hopf algebra H.

Because of the theorem [3.3.20] of Larson-Radford, any finite-dimensional semisimple Hopf
algebra H over a field of chacteristic zero admits the unit element 15 as a pivot. The
question whether any fusion category admits a pivot is open.

. If the category C is rigid, a pivotal structure implies an identification

\/X (Y] (\/X)\/\/ (Y] X\/

of left and right duals which respects the opposite monoidal structure of the functors of
taking duals. Here we first used the isomorphism wvyx and then the canonical identification

("X)".

. A pivotal category is called strict, if the unitality and associativity isomorphisms, the

pivotal structure w, and the canonical isomorphism (V @ W)Y = WY ® V'V are identities.
It has been shown in |[NgS| Theorem 2.2] that every pivotal category C is equivalent to
a strict pivotal category C*!" ; equivalence as pivotal categories means that the monoidal
equivalence C — C*'" preserves pivotal structures in a suitable sense. In a strict pivotal
category, we will denote the dual of V' also by V*.
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6. If C is only right rigid, but pivotal, a left evaluation and a left coevaluation can be defined

by
\V/
-1
v v
by 125 yVeyy T pvey v
4,
and
d,
\’\l\l
dy . VeV EY ywepy W "““
N, vY

It is straightforward to show that these morphisms obey the axioms of a left duality. Since
w is natural, one has on morphisms ¥ f = f¥. One obtains a strict pivotal category.

Proposition 5.1.3.
Let H be a finite-dimensional Hopf algebra.

1. If w e G(H) is a pivot for H, then the action with w endows the category H—mody, of
finite-dimensional H-modules with a pivotal structure.

2. Conversely, if w is a pivotal structure on the category H—mody,4, then wy(ly) € H is a
pivot for the Hopf algebra H.

Proof.

1. Assume that w is a pivot for the Hopf algebra H. We know from proposition that
the category H—mod g is rigid. Let (V, py) be a finite-dimensional H-module. Identifying
canonically the bidual V** of the underlying fiite-dimensional vector space V' with V', the
right bidual of the H-module (V, py) is the H-module (V, py o S?). Use the pivot w to
define the linear isomorphism

This is actually a morphism V' — VYV of H-modules:
awy(v) =5%0a) wr=w-a-wlwy=w-av=wy(av) .

Implicitly assuming that the category of vector spaces has been replaced by an equivalent
strict monoidal category, the natural transformation is monoidal by definition [2.4.8]3, if
wy @ww = wygw. This holds, since w.v@w.w = w.(v@w) for allv € V and w € W, since
w is a grouplike element. For this reason, the natural transformation (wy ) is invertible as
well.
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2. Conversely, suppose that H—mody, is a pivotal category. We canonically identify H as
a vector space with its bidual H** as a finite-dimensional K-vector space. The action on
HYY then translates to an H-action on H where h € H acts by S?(h). We consider the
linear endomorphism

wg: H—-HY"=H.

All right translations by a € A
R,: H — H
h — h-a
are H-linear. The naturality of the pivotal structure w thus implies
wg(h-a) =wg(h)-a forall ha€H . (%)
Since wy is a morphism of H-modules, we have

wr(a-b) = S*(a)wy(b) forall a,bc H . (xx)

Altogether, we find

(%) *)

S?(a)wr(1) = wy(a-1) =wy(l-a) = wy(l)-a.

To show that w := wy(1) is a pivot for the Hopf algebra H, it remains to show that
w is grouplike. As in the proof of theorem , one shows that for v € V, wy(v) =
wy(1).v = w.v. Monoidality of the natural transformation now implies that w is grouplike
by reversing the arguments in the first part of the proof.

For pivotal categories, the graphical calculus can be cast into a different geometric form.

Lemma 5.1.4.
Let C be a pivotal category and X;,...X,, € C. Then there are ismorphisms

Hom(1,X; @ Xo® - ® X,,) > Hom(1, Xo @ X3 ® --- ® X,, ® X7)

of spaces of invariant tensors. For n = 3, we have
hfy fon 9 h f

—

Applying the corresponding isomorphisms n times yields the identity on Hom(1, X; ® X; ®
-+ ® X,,). Thus, up to a canonical isomorphism, the space Home (I, V; ® - - - ® V},) only depends
on the cyclic order of the objects Vi,..., V..

Proof.
We arrive at
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h f3g h fg

i
where we used that in a strict pivotal category left and right dual morphisms coincide and
then applied the zigzag identity for a left duality. O

Remarks 5.1.5.

1. For a pivotal tensor category, it is therefore possible to represent morphisms by round
coupons,

f

The orientation induces a cyclic ordering of the edges ending at a round coupon. We also
include the convention that an oriented edge labellex by X € C can be replace by an edge
with opposite orientation labelled by X*.

2. On can then develop a graphical calculus which gives evaluations on discs, rather than
(2-framed) squares:

To this end, one makes choices to rewrite a disc diagram on a 2-square where ingoing
and outgoing edges only end on the upper and lower boundary of the square. One then
evaluates it as usual. For example, the right diagram can be evaluated as

h

(idpepn ® bf3)0<51 ® Jf3>052 N e A AT DI ET

The axioms of a pivotal tensor category ensure that this evaluation does not depend on
the choices.

We need to single out a specific class of pivotal structures. To this end, we introduce the
notion of a trace:
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Lemma 5.1.6.
In any monoidal category, the associative monoid End (I) is commutative.

Proof.
Identifying T2 T® 1, and ¢ with ¢ ® idy and ¢’ with id; ® ¢, we see

poy =(pRidp) o (idI®¢) =p®¢

and
Pop=(idi®¢)o(p®@id)) =y .

Definition 5.1.7
Let C be a strict pivotal category.

1. Let X be an object of C and f € End¢(X). We define left and right pivotal traces:

d’ v
X ﬂ
End¢(I) Trf = @ ey %
3 g U

Trl : Endc (X)
f

% ~
— dXo(ldx* ®f) ObX

Note that dx : XY ® X = Tand by : I — VX ® X, so that we need the pivotal structure
to identify the objects X" and VX.

{ Y
Tr, :  Ende(X) — Ende(I) T f = ) {7 S w]!
f|—>dXO<f®idX*)ObX XV
4

2. One also defines left and right dimensions:
dim; X :=Trjidy and dim, X := Tr,idy .

Note that dim; X € End¢(I) and dim, X € End¢(I).

Some authors call this trace the quantum trace or the categorical trace.

Lemma 5.1.8.
The two traces have the following properties:

1. The traces are cyclic: for any pair of morphisms g : X — Y and f: Y — X in C, we have
Tri(go f) =Tn(fog) and Tr(gof)="Tr(fog).

2. We have
T (f) = Tr,.(f7) = T (f)

for any endomorphism f, and similar relations with left and right trace interchanged.
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3. Suppose that
a®idxy =idy ® a for all « € Ende(I) and all objects X € C . (%)
Then the traces are multiplicative for the tensor product:

Tu(f©g) =Tu(f) - Tr(g)  and  Tr(f ®g) = Tr(f) - Tr,(9)

for all endomorphisms f, g.

Remark 5.1.9.
The condition (x) always holds for K-linear categories for which End¢(I) = Kidy and thus in

particular for categories of modules over Hopf algebras. It also holds for all braided pivotal
categories, since cx 1 = ¢ x = idy, cf. remark |4.1.2/2.

Proof.
We only show the assertions for the left trace. We first show that the left trace is cyclic:

y q\( - & )
O
xg = v 9 ) - ‘
) &

Here, the empty circle stands for the components wv x of the pivotal structure and the full
circle for its inverse.
For the second assertion, we note that

o\\/u
u
M
%rg - VY (Ej M )

ao

Using that the pivotal structure w is monoidal, one shows that the expression in the green
box equals w™! so that we obtain Tr;(f).
Finally, the third assertion follows from

Tr(f®g) = ‘ﬂ = @£ @“« =Tr, f - Tryg

Corollary 5.1.10.
From the properties of the traces, we immediately deduce the following properties of the left
and right dimensions:

1. Isomorphic objects have the same left and right dimension.
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2. dim; X = dim, X* = dim; X**, and similarly with left and right dimension interchanged.
3. diny I = dim,. I = idj.
4. Suppose, condition (*) holds. Then the dimensions are multiplicative:
dim(X ®Y) =dim; X -diny Y  and dim. (X ®Y) = dim, X - dim, Y
for all objects X, Y of C.
5. The dimension is additive for exact sequences: from

0=V -V -sV">0

we conclude dimV = dim V' 4+ dim V".

Proof.

1. Choose f: X — Y and g : Y — X such that idy = go f and idy = f o g. Then by the
symmetry of the trace

dlle = TrlidX = Trlg e} f = Trlf o0g = Trlidy == dlml Y .
2. The axioms of a duality imply that idy = idy+. Now the claim follows from the second
identity of lemma [5.1.8|
3. Follows from the canonical identification I = I & I*.

4. Follows from the identity idxgy = idx ® idy which is part of the definition of a tensor
product.

5. We refer to [AAITC] 2.3.1].

Definition 5.1.11

1. A (trace)spherical category is a pivotal category whose left and right traces are equal,

Tr(f) = Tee(f)

for all endomorphisms f.

2. A pivotal Hopf algebra (H,w) is called spherical, if for all finite-dimensional representa-
tions V of H and all f € Endg(V'), we have

Try fopy(w) =Tryfo pv(w_l) ,

where w stands for the endomorphism of V' given by the left action of the pivot w. In this
case, the pivot w is called a spherical element.

Remarks 5.1.12.
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1. For an example of a pivotal Hopf algebra that is not spherical, we refer to [AATTC]
Example 2.2].

[\)

. In a spherical category, we write Tr(f) and call it the trace of the endomorphism f. In
particular, left and right dimensions of all objects are equal, dim; X = dim, X. We call
this element of End¢(I) the dimension dim X of X.

3. The strictification of a spherical category is again spherical [NgS|.

4. An example of a spherical tensor category is the category of super vector spaces which
we have seen in remark .5 as a braided category with underyling category vect(Zs).
Morphisms are thus grade-preserving linear maps. An endomorphis f: Vo ®V; — VoW
thus as two components fy: Vo — Vi and f; : V3 — Vi. The supertrace is then given by
Trfo — Trfi. Writing this category as modules over the commutative Hopf algebra K(Z,)
of functions on Zs with basis (g, d1), V; is the image of ¢;. Hence the pivot is the grouplike
elements &g — 9.

ot

. Suppose that C = H—mod. Then the traces are given by

Try(f) = Trv (fov(w™)), T (f) = Trv(fpv(w)) for  f € Endu(V).

Thus, H—mod is a spherical category, whenever H is a spherical Hopf algebra. One can
show [AAITC] Proposition 2.1] that it is sufficient to verify the trace condition on simple
H-modules to show that a pivotal Hopf algebra is spherical.

D

. For spherical categories, the graphical calculus has the following additional property:
Consider an oriented graph I' embedded in the sphere S? with standard orientation,
where each edge e is colored by an object V(e) € C, and each vertex v is colored by a
morphism ¢, € Home (I, V(e))* @ - - @ V(e,)*), where ey, ..., e, are the edges adjacent
to vertex v, taken in clockwise order, and V (e;)* = V (e;) if e; is outgoing edge, and V*(e;)
if e; is the incoming edge.

By removing a point pt from S? and identifying S? \ pt ~ R? we can consider I' as a
planar graph

to which our rules assign an element Z(I") € End¢(I).
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One shows that this number is an invariant of the coloured graph on the sphere: morphisms
represented by diagrams are invariant under isotopies of the diagrams in the two-sphere
S? = R? U {co}. They are thus preserved under pushing arcs through the point oo. Left
and right traces are related by such an isotopy. This explains the name “spherical”.

7. Note that up to this point, only graphs on S? without crossings were allowed. We general-
ize this setup by allowing finitely many non-intersecting edges of a different type, labelled
by objects of the Drinfeld double Z(C). These edges are supposed to start and end at the
vertices as well. We colour edges of such a graph I’ with ob jects in C and Z(C) respectively
and morphisms as before. We get an invariant Z(I") € K for this type of graph as well:

Vol b s F
{Cb;:aﬁm\

5.2 Ribbon categories

We also consider analogous additional structure on braided tensor categories. Recall from remark
5.1.9[ that for a braided category, the trace is always multiplicative.

Definition 5.2.1
Let C be a braided (strict) pivotal category.

1. For any object X of C, define the endomorphism

¥

{ d
HX = (idx®Jx)O(CX’X ®1dx*)0(1dx®bx) . &

< ¢

This endomorphism is called the twist on the object X.

2. A ribbon category is a braided pivotal category where all twists are selfdual, i.e.

(Ox)"=0x- forall X eC.

Lemma 5.2.2.
Let C be a braided pivotal category.

1. The twist is invertible with inverse
9;(1 = (dX &® ldx) ¢] (idX* (24 C;(’IX) o (EX &® ldx) .

2. We have 6; = idy and
Ovew = cw,y o cyw © (By @ Ow).
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3. The twist is natural: for all morphisms f : X — Y, we have fofx = 0y o f.

4. A braided pivotal category is a ribbon category, if and only if the identity

9X = (dX X 1dX) o) (ldX* (029 CX,X) o (BX X 1d_)()

holds.
Proof.
1. In a pivotal braided category, we have for the twist
A X
2y,
Xr ; the inverse of the twist is &
4 X 7

We compute

@
X
0
sl
i

where we use naturality of the braiding and the zig-zag relations for the duality.

2. We compute graphically

| (

3. Using properties of the duality, one shows for f : U — V that

CZU o (ldU & f*) = JV o (f (29 ldv*)

LIRRTORNTS

and similar relations for the other duality morphisms. The naturality of the twist now
follows from these relations and the naturality of the braiding and its inverse.

4. Follows from a graphical calculation that is left to the reader.
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Proposition 5.2.3.
A ribbon category C is spherical

Proof.

To this end, one notes that
C_ZV = dV O CMV* o (6‘;1 ® ldV*) = dV O OCV,V* (@] <ldV ® 0‘;1)
by = (Opr®@idy)ocyy-oby = (idy- ®0,") ocyy-oby

form another left duality. Graphically, one has

& L‘/} » L
% v \2
The proof of this assertion can be found in [Kassel, p. 351-353], with left and right dual-

ity interchanged as compared to our statement of the assertion. Since all (left) dualities are
equivalent by lemma [2.5.15] the sphericality can be seen as follows:

(e (e el

Here we first insert the definition, then use the naturality of the twist and then of the
braiding. O

v* v

We finally express these structures on the level of Hopf algebras.

Definition 5.2.4
A ribbon Hopf algebra is a quasi-triangular Hopf algebra (H, R) together with an invertible
central element v € H such that

A(w)=(Ry R (vav), e(v)=1 and S(v)=

The element v is called a ribbon element.

A ribbon element is not unique, but only determined up to multiplication by an element in
{9 e G(H)NZ(H)| g* = 1}, see [AAITC,, Definition 2.13|. This reflects the fact that the pivot
is structure.

Proposition 5.2.5.
1. Let (H, R,v) be a ribbon Hopf algebra. For V' € H—mody,, consider the endomorphism

GV:V - V

v = vly

This defines a twist that is compatible with the dualities.
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2. Conversely, suppose that (H, R) is a quasi-triangular Hopf algebra and that there is an
element v € H such that for any V € H—mody,; the endomorphism 6y (v) := v~ ' is a
twist on the braided category H—mod,. Then v is a ribbon element.

Proof.

e If v is central and invertible, then all 8y, are H-linear isomorphisms. Conversely, for any
algebra A any natural transformation 0 : ids_0q4 — id4_mod 18 given by the action of an
element of the center, since Z(A) of A, End(ida_moqa) = Z(A).

e We compute for z € V@ W:
cwvevw (By @ Ow)(z) = R21R<l/_11‘(1) ® V_lx(z)) =A™z =0vew(z).

The compatibility of twist and braiding is thus equivalent to the property (R R)™ (v ®
v) =A(v).

e [t remains to show that
(QV* X ldv)bv(l) = (idv* & ev)bv(l) .
With {e;} a basis of V, this amounts to
Zuef@)ei = Zef ® ve;
Evaluating this identity on any v € V yields

22-: vef(v)@e; = Y ef(v) ®@ve;

= S(v) v = 2%}

This shows that S(v) = v is a sufficient condition. Applying this to V= H and v =1
shows that S(v) = v is necessary as well.

Definition 5.2.6

1. A link in R3 is a finite set of disjoint smoothly embedded circles (without parametrization
and orientation). A link with a single component, i.e. a smoothly embedded circle, is called
a knot.

2. An isotopy of a link is a smooth deformation of R® which does not induce intersections
and self intersections of the link.

3. A framed link is a link with a non-zero normal vector field.

4. A (k,l)-tangle is a finite set of disjoint circles and intervals that are smoothly embedded
in R? x [0, 1] such that

e The end points of the intervals are precisely the points (1,0,0),...(k,0,0) and
(1,0,1),...,(1,0,1).

e The circles are contained in the open subset (R? x (0,1)).
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5. Isotopies of tangles and framed tangles are defined in complete analogy to 2.

Links in the topological field theories of our interest are framed oriented links.

Examples 5.2.7.

1. A special example is the so-called unknot which is given by the unit circle in the z-y-plane
of R3.

2. Other important examples of well-known knots and links:

trefoil knot Hopf link Borromean link
Remark 5.2.8.

1. If one projects a link L C R? to the plane R?, we can represent the link by a link diagram.
This is a set of circles in R? with information about intersections which are, for a generic
projection, only double transversal intersections.

2. By taking the direction orthogonal to the plane containing the link diagram, we obtain a
framing for the link represented by a link diagram. Thus any framed link can be repre-
sented by a link diagram.

3. Warning: if three knots differ locally by the following configurations,

P

then they are isotopic as knots, but not as framed knots.

4. Two link diagrams in R? represent isotopic framed links in R3, if they are related by an
isotopy of R? or one of the Reidemeister moves Qgﬂ, Q;tl, Qgﬂ

- =f

QO QQ

These moves are local, i.e. only affect a part of a link contained in a small disc.
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5. We define the linking number 1k(K, K') of two knots K, K’ in a link as the sum of the
signs £1 for each over and undercrossing. The matrix of linking numbers is a symmetric
link invariant.

For framed knots, one can define the self linking number: one deforms the knot along
its normal vector field and defined the self linking number as the linking number of the
original knot with its deformation.

Remarks 5.2.9.

1. Since any link in R? can be smoothly deformed to a link in R? x (0, 1), we identify links
and (0,0) tangles.

2. Tangle diagrams are projections of tangles to R x [0,1] with only double transversal
intersections. We only consider oriented tangle diagrams.

3. Tangle diagrams represent isotopic tangles, if they are related by an isotopy of R x [0, 1]
or the Reidemeister moves Q3 05, Q5! from remark [5.2.8/4.

Definition 5.2.10
1. We define a category T of framed tangles:

e [ts objects are the non-negative integers.
e A morphism k — [ is an isotopy class of framed (k,[)-tangles.

The composition is concatenation of tangles, followed by a rescaling to the interval [0, 1].
The identity tangles are given by parallel lines.

2. We endow T with a monoidal structure. On objects, we define k®I := k+I[; on morphisms,
we take juxtaposition of tangles. The tensor unit is 0 € Zx.

3. The category T is endowed with the structure of a braided monoidal category by the
following isomorphisms:
Ck7lik®l—>l®k3

The axioms of a braiding follow from obvious isotopies.

4. The braided category T has the dualities
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and the twist 0, : k — k

f@

which turn it into a ribbon category.
Let now C be a ribbon category. We describe the category 7¢ of C-coloured framed oriented

tangles.

Observation 5.2.11.

1. Tangles are now assumed to be framed and oriented. Each component of a tangle is
labelled with an object of C. Isotopies preserve the orientation, framing and C-coloring.

2. The objects of T are finite sequences of pairs
(Vi,e1) ... Vi, €n) Vie C ¢ € {£1},
including the empty sequence.

3. Morphisms are isotopy classes of framed oriented tangles. If the source object has label
€ = +1, the tangle is upward directed and labelled with V. It has to end on either an
object (V,+1) at t =1 or at (V,—1) at t = 0, where ¢ € [0, 1] parametrizes the tangle.

4. The category T¢ is endowed with a ribbon structure in complete analogy to the ribbon
structure on the category 7T of framed oriented tangles.

The following theorem describes the graphical calculus for ribbon categories:

Proposition 5.2.12.
Let C be a ribbon category. Then there is a unique braided tensor functor

F=F,: To—C,
such that
1. F acts on objects as F(V,+) =V and F(V,—) = V*.
2. For all objects V. W of C, we have

K cv,w
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Vv

UI—» bV
N —

Proof.

One can show that any tangle can be decomposed into the building blocks listed above. One
then has to show the compatibility of F' with the Reidemeister moves. This follows from the
axioms of a ribbon category. O

Definition 5.2.13
A modular tensor category is a finite ribbon category in which the braiding is non-degenerate
in the sense that the braided monoidal functor

C*IXC — Z(C)
from remark [4.5.44 is an equivalence.

Remarks 5.2.14.

1. For a modular fusion category, we choose representatives (V;);c; for the isomorphism
classes of simple objects, assuming without loss of generality that V5 = 1. The non-
degeneracy condition is then equivalent to the statement that the |I| x |I|-matrix with
entries

Sij =Tr Cv,,v; O Cy,y; € End (H) =2 K
is invertible over K. The symmetry of the trace implies that the matrix S is symmetric,
Sij — Sﬂ
2. The matrix element S;; of a modular fusion category equals the invariant of the Hopf link

with the two components coloured by the objects V; and Vj.

3. Let H be a complex semi-simple ribbon factorizable Hopf algebra. Then the category
H—modgq is a modular tensor category.

4. Let H be a semi-simple complex Hopf algebra. Then the category of finite-dimensional
modules over its Drinfeld double D(H)-mod 4 is modular.

One can show that the Drinfeld center of any spherical finite tensor category is a ribbon
category [Shl Theorem 5.11]. Here, if C is not semisimple, spherical is not trace-spherical
in the sense of definition [5.1.11] but is defined as in [DSPSI], Definition 4.5.2] (the pivotal
structure squares to the Radford isomorphism).
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5.3 Stringnets and extended TFT's

We now work towards the construction of a three-dimensional topological field theory. Our
input datum is a (strictly) spherical tensor category C, and our first goal is to construct a
vector space for a compact oriented surface X, possibly with boundaries.

The idea is to globalize the graphical calculus on discs for pivotal tensor categories that we

developped in remark [5.1.5]

Definition 5.3.1

1. A boundary datum b consists of finitely many points on the boundary 0%, where we
require that each boundary component contains at least one point. For every point, an
object of C is chosen as a label.

2. Denote by G(X,b) the set of all finite C-colored graphs on ¥ with prescribed boundary
datum b, and by KG(X,b) the K-vector space freely generated by it.

3. A null graph on ¥ is an element ) . \;I'; of KG(X, b) such that there exists an embedding
¢: D—int(X) of the standard disk D to the interior of ¥. that satisfies the following
requirements:

e the circle ¢(OD) does not contain any vertex of any of the graphs I';;

e any intersection of (0D) and an edge of any of the graphs I'; is transversal;

e on the complement ¥\ ¢(D) all graphs I'; coincide;

e and the values of the graphs pulled back by ¢ sum up to zero, Y . \; (I'iNe(D))p = 0.
Here, we use the evaluation explained in remark[5.1.5 on the disc D.

4. The (bare) string-net space SN(X,b) is the quotient
SN(E,b) := KG(Z, b)/N(Z,b) |

where N(3,b) is the subspace of KG(X,b) spanned by all null graphs on ¥. We call
elements of SN(3, b) string-nets.

Examples 5.3.2.

1. For any spherical category, the string-net space associated to the sphere S? is one-
dimensional and spanned by the empty graph.

2. Assume for simplicity that C is a spherical fusion category. For the torus 72, we find
SN(T?) = @xyHom(X,Y @ X ® YY) ,

where the sum is over isomorphism classes of simple objects of C.

Taking C = vectcZsy, we obtain a four-dimensional vector space. This shows that the
dimension of the string-net space is sensitive to the topology of 3.

Remark 5.3.3.
For a three-dimensional topological field theory, we indeed need to associate vector spaces to
surfaces. We do not discuss arbitrary three-manifolds with boundary, representing a general
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cobordism. We rather observe that any diffeomorphism ¢ of X gives a cobordism ¥ — X,
namely the cylinder ¥ x [0, 1] with identification

UL Yy x0,1].

We call this a p-twisted cylinder. Mapping class group elements are isotopy classes of diffeo-
morphisms. Diffeomorphisms act on string-nets, isotopic diffeomorphisms map a string-net to
two string-nets that differ by a null graph. Hence, the mapping class group acts geometrically
on string-nets.

We therefore introduce a symmetric monoidal subcategory Coba,. o of Cobs s that contains
as morphisms only (classes of ) twisted cylinders. The string-net construction then provides for
any pivotal finite tensor category C a symmetric monoidal functor

Cobgye o — vect .

It can be shown [B22] that if C is C-linear and semisimple, i.e. a pivotal complex fusion category,
this functor extends to a three-dimensional topological field theory

tfte : Cobgz o — vect

(The construction uses ideas from Morse theory to build a a three-manifold.)
Here, we extend the construction to one-dimensional manifolds.

Definition 5.3.4
Let C be a strictly pivotal category and ¢ a closed oriented 1-manifold. If ¢ is non-empty, the
cylinder category Cyl(C, ¢) for C over ¢ is the following category:

e An object of Cyl(C,¢) is a C-boundary datum on .

e A morphism of Cyl(C,¥¢) between two boundary data is given by a string-net on the
cylinder ¢ x I that matches the boundary data at { x {0} and ¢ x {1}.

e The composition of morphisms is given by the concatenation of string-nets.

For the empty 1-manifold (), we set Cyl(C,0) := vect.

Example 5.3.5.
For instance, for any choice of o and £,

f/\/ g\/
(_ o
O .
g/\/ h

is a morphism in Cyl(C, S!).

Remarks 5.3.6.

166



1. For the circle ¢ = S, we describe the category more explicity. Using the equivalence
relation in the definition of string-nets, any object is isomorphic to an object given by a
boundary datum with one point. Moreover, any morphism can be brought to the following
standard form:

Seeing X,Y € C as elements in the cylinder category, we find, if C is a spherical fusion
category

Homcyl(cﬂl)(X, Y) = @ZHomC(X, Z ® Y ® \/Z) = HOIIlc(X, @ZZ ® Y ® \/Z)
where the sum is over isomorphism classes of simple objects of C.

2. Now recall the forgetful functor U : Z(C) — C. It has a left adjoint I 4 U which for the
case when C is a fusion category gives the object

®zZ®@c® Z
of C with a certain half-braiding. Thus
Ullc)=®zZ®c® VZ .
We thus find for the cylinder category

Homcyie,51)(X,Y) = Home (X, UI(Y)) = Homz)(/X, 1Y) .

We have thus recovered (part of the) Drinfeld center from the string-net construction; for
more information, we refer to [Killl Section 6.

Example 5.3.7.

Let C be a monoidal category. We then obtain a bicategory BC with a single object and
endomorphism category C. This is a higher-categorical generalization of the construction that
obtains from an associative monoid M a category with a single object * and Hom(x, ) = M.

These results suggest to extend the idea of topological field theories and to consider (at
least) three-layered structures. For a three-dimensional extended topological field theory, we
want to associate categories to one-manifolds. To this end, we have to go beyond categories,
and our topological field theory should take values in Cat, consisting of (Categories, functors,
natural transformations). This is a bicategory:

Definition 5.3.8
A bicategory B consists of the following data subject to the following axioms. The data are

e A class ob B with elements A, B, ... which we depict as 0-cells.

e Categories Hom(A, B) for each pair A, B € ob B, whose objects f,g we call a 1-cells or
I-morphisms and whose arrows «, 3, ... we call 2-cells or 2-morphisms.
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e Composition functors for any triple A, B,C € ob B

capc : Hom(B,C) x Hom(A,B) — Hom(A,C)
(9, ) = gof
(8,0) = Boa

and an identity functor Id4 : 1 := x//id, — Hom(A, A) for any object A € ob B. Note
that this gives for each object A of a bicategory an identity I-morphism Ids and an
identity 2-morphism Id, — Id 4.

e Natural isomorphisms a,r,l of functors expressing associativity:

Hom(C, D) x Hom(B, C') x Hom(A, B) M>H0m(C, D) x Hom(A, C)

c Xid CACD
BCD l ABCD L

Hom(B, D) x Hom(A, B); Hom(A, D)

CABD

and unitality
Hom(A, B) x 1

/

Hom(A, B) x Hom(A, A); ———Hom(4, B)

A

and
1 x Hom(A, B)

laB

Idp x1
j /
Hom(B, B) x Hom(A, B); ————— Hom(4, B)

thus 2-cells
angs + (hg)f
Ty f o IA
lf . IB ©) f

I RIN

Axioms: the following diagrams commute:

e Pentagon diagrams

e Triangle diagrams
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We should now proceed and introduce the notion of a (symmetric) monoidal bicategory.
These notions encode a huge amount of structure. The following examples are relevant for us:

Definition 5.3.9
Cobs o1 and Cobg, o1 are the following two symmetric monoidal bicategories:

e Objects are compact, closed, oriented 1-manifolds S.

e [-Morphisms are 2-dimensional, compact, oriented collared cobordisms S x [ — ¥ <
S'x 1.

e 2-Morphisms

— of Cobsy; are generated by diffeomorphisms of cobordisms fixing the collar and 3-
dimensional collared, oriented cobordisms with corners M, up to diffeomorphisms
preserving the orientation and boundary.

— of Cobayco1 are twisted cylinders over surfaces.

e Composition of 1-morphisms is by gluing along collars.

e The monoidal structure is given by disjoint union with the empty set () as the monoidal
unit.

We are now ready to present the definition of an (once) extended topological field theory
and of a modular functor:

Definition 5.3.10
Let § be any symmetric monoidal bicategory.

1. A once extended topological field theory with values in the target category S is a sym-
metric monoidal 2-functor

tft : COb3,271 — S .

2. A modular functor with values in S is a symmetric monoidal 2-functor

MEF : C0b2+6’2’1 — S .

An important target category § is the following symmetric monoidal bicategory:

Definition 5.3.11
Let K be a field. The bicategory Lex is defined as follows:

1. Objects are K-linear finite tensor categories.
1-morphisms are left exact K-linear functors.

2-morphisms are K-linear transformations.

B~ W N

The Deligne tensor product X endows this bicategory with the structure of a symmetric
monoidal bicategory. The category of finite-dimensional KK-vector spaces is the monoidal
unit.

Remarks 5.3.12.
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1. The full subbicategory whose objects are semisimple finite categories is called the bicat-
egory 2vect(K) of 2-vector spaces.

2. One can also consider right exact functors as 1-morphisms and obtains another symmetric
monoidal bicategory.

For an account of extended topological field theories, see [Ll Section 1.2] and for an informal
account see [NS]|. We justify the terminology extended topological field theory.

Remark 5.3.13.

1. Consider an extended topological field theory with values in the bicategory of 2-vector
space. Thus we have as a zeroth layer finitely semisimple categories associated to closed
oriented 1-manifolds. At the first layer, we will have not only closed surfaces, but also 2-
manifolds with boundary. After having chosen an object for each boundary circle, we get
a vector space which depends functorially on the choice of objects. On the third level, we
have three-manifolds with corners relating the 2-manifolds with boundaries. In particular,
we obtain invariants of knots and links in three-manifolds generalizing the constructions
of the previous subsection and thus to representations of braid groups.

2. We note that the monoidal 2-functor tft has to send the monoidal unit ) in Cobss; to
the monoidal unit which is the category vect(K). The 2-functor tft restricts to a monoidal
functor tft|y from the endomorphisms of () in Cob; 23 to the endomorphisms of vect(K).

3. It follows directly from the definition that
Endcobl&3 (@) = C0b372 .

Using the fact that the morphisms are additive (which follows from K-linearity of
functors in the definition), it is also easy to see that the equivalence of categories
Endayect () (Vect(K)) = vect(K) holds. This equivalence maps a K-linear functor ¢ €
Endayect(x) (vectk) to ¢(K) € vect(K).

4. We have seen that for the spherical fusion category C := vectc(Zs), the string-net space is
four-dimensional. The Drinfeld center Z(C) has four simple objects. Indeed, SN(7?) has
a basis labelled by simple objects of Z(C).

We add some comments which relate a famous link invariant to four-dimensional topological
field theories:

Definition 5.3.14
Fix a € C*. Let E(a) be the complex vector space, freely generated by all link diagrams up to
isotopy of R? modulo the two Kauffman relations:

link @ =—(a®>+a? link

X _ et
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The vector space E(a) is called the skein module. The class of a link diagram D determines
a vector (D)(a) € E(a).

Theorem 5.3.15.

1. The skein module is one-dimensional, dim¢ E(a) = 1. A generator is given by the skein
class () of the empty knot which we use to identify it with C.

2. The skein class of a link is invariant under the Reidemeister moves QF!' Q3 Q3! and
thus an isotopy invariant of links, cf. remark 4.

Proof.

1. The Kauffman relations are sufficient to unknot any knot. The unknot is the identified

with the complex number —a? — a=2.

2. To show invariance under the Reidemeister move €y from remark [5.2.8/4, we compute:

‘f) =a O +at =(a(—a®—a?)+a ) =—a?

In a similar way, we show for the opposite curl:

We conclude invariance under the Reidemeister move (5.

3. Invariance under the Reidemeister move Q5" is shown by a similar computation:

U U

In the third identity, we used the result of 2. for the positive curl. We leave it to the
reader to show invariance under the Reidemeister move Qgﬂ.
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Remark 5.3.16.

The string-net construction can be generalized to higher dimensions. In particular, given a
ribbon fusion category, one can develop a graphical calculus on full three-balls. One uses pro-
jections to the plane which yields link diagrams which can be evaluated by proposition [5.2.12]
For suitable values of the parameter a, the skein module is then the vector space associated to
S3 for a ribbon fusion category associated to sl(2). (For this category, labels can be eliminated
since the decomposition of tensor products the defining two-dimensional representation contain
all simple objects.)

Definition 5.3.17
Let a € C* be such that a* + a2 # 0. Let L be a framed link. Choose any link diagram D
representing L. Then the bracket polynomial of L is defined by

This is a Laurent polynomial in a. This function of a is an isotopy invariant of the link L.

Examples 5.3.18.
1. It is obvious that the unknot with trivial framing has bracket polynomial (L)(a) = 1.

2. We obtain for the Hopf link by applying the Kauffman relation at the upper braiding the
following element of E(a):

@ OO =&

=a(-a™)+a(-a3) = —a*—a?

Here we used the results for the positive and negative curl obtained in the proof of theorem
0.0, 10l

3. We obtain for the trefoil knot by applying the Kauffman relation to the upper right
braiding the following element of E(a

A= &N w55

— a(_a+4 _ a74) + a—l(a—3)2
= —a>—a3+a’"

One should check that this Laurent polynomial is again divisible by —a? — a=2. Here we
used in the second equality the results for the Hopf link and the curls. We remark that
the invariant of the trefoil knot and the unknot are different. Hence the trefoil knot is
not isotopic to the trivial knot. One can show that for the mirror image L of a link L, we
have (L)(a) = (L)(a™'). We conclude that the trefoil knot is not isotopic to its mirror.
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In passing, we mention:

Definition 5.3.19
Let L be an oriented link in R® without framing. Choose a framing for each component L; such
that the self-linking number of L; is

—> k(L. Ly)

J#i

to obtain a framed link L/. The Jones polynomial f’| for L is the Laurent polynomial

Vi(a) = (L) (q7?).

5.4 State sum TFT

We now discuss the construction of an extended three-dimensional topological field theory in
the sense of definition |5.3.10L Our input is a spherical fusion category over the field C of complex
numbers. Our exposition closely follows [BKI]. In particular, we have to achieve the following
goals:

e To a closed oriented three-manifolds we want to assign an invariant with values in End¢ ().
This invariant should be a topological invariant.

e To closed oriented two-manifolds, we want to assign a finite-dimensional complex vector

space. To a three-manifold M with boundary representing a cobordism 0_ M M, 0y M,
we want to assign a linear map. This expresses a locality property of our invariants.

e We want to obtain an extended topological field theory and thus assign categories to
closed oriented 1-manifolds.

The following proposition will be used:

Proposition 5.4.1. [ENO, Theorem 2.3]
If C is a spherical fusion category over the field C, then the so-called global dimension of C is
NON-ZEro:

D?:=) (dimV;)> #0.
iel
(We do not suppose that a square root D of the right hand side has been chosen; the notation
will just be convenient later.)

Observation 5.4.2.

1. All manifolds are compact, oriented and piecewise linear. We fix as a combinatorial datum
a polytope decomposition A, in which we allow individual cells to be arbitrary polytopes
(rather than just simplices). Moreover, we allow the attaching maps to identify some of
the boundary points, for example gluing polytopes so that some of the vertices coincide.
On the other hand, we do not want to consider arbitrary polytope decompositions, since
it would make describing the elementary moves between two such decompositions more
complicated. We call a piecewise linear manifold M with a polytope decomposition A a
combinatorial manifold.

3Vaughan F. R. Jones, 1952-2020, Field medal 1990 with Drinfeld, Mori and Witten.
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2. The moves are then:

-
c L (O
(M1): Removing a (regular) vertex (M2) Removing a (regular) edge

(M3) Removing a (regular) 2-cell

Observation 5.4.3.
Let C be a spherical fusion category over the field of complex numbers.

1. A (simple) labeling [ of a combinatorial manifold (M, A) is a map that assigns to each
edge e of A a (simple) object of C such that [(€) = I(e)* for the edge € with opposite
orientation.

2. We assign to any 2-cell C' with labeling [
L(EL) €[es7

{(e%)
{(le))

tles)
the vector space of invariant tensors
H(C,l) :== Hom¢(Ll(e1) @ ... ®@1(e,)) ,

cf. lemma [5.1.4] Here the edges ey, ..., e, of the 2-cell C' are taken counterclockwise with
respect to the orientation of C'. We have shown that the properties of a spherical category

imply:
e Up to canonical isomorphism, the vector space H(C,l) does not depend on the
choice of starting point in the counterclockwise enumeration of the edges ey, ..., e,,
cf. lemma [5.1.4!

e To the 2-cell with the reversed orientation, we assign the vector space
H(C,1) := Home (I, l(e,)* @ ...1(e1)")
which is canonically in duality with H(C,1).

3. Let now (X, A) be a combinatorial 2-manifold with labelling [. We assign to a labelled
combinatorial surface (X, A, ) the vector space

H(S, A ®H(Jz

CeA

i.e. the tensor product over the vector spaces of invariant tensors assigned to all faces C'
of the polytope decomposition A of ¥, and then sum over all labelings by simple objects,

=P HE A
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e This vector space depends on the choice of polytope decomposition A and is there-
fore not the vector space assigned to ¥ by the topological field theory we want to
construct.

e The assignment is tensorial: for a disjoint union ¥; LI1¥5 of 2-manifolds with polytope
decomposition A; LI Ay, we obtain the vector space

H(E,UX0, A UAy) = H(E, A1) @ H(Xg,Ag) .
e Upon change of orientation, we obtain the dual vector space
H(Z,A) = H(S, A .
4. Our next goal is to assign to a 3-cell F' with labeling [ a vector
H(F,l) e H(OF,l)

in the vector space associated to the boundary OF with the induced labelling 0l and
induced polytope decomposition 0A.

The boundary OF has the form of a sphere with an embedded graph whose surfaces are
faces and thus carry vector spaces H(C,1). Take the dual graph T' on S?

The vertices of the dual graph are the faces of the original graph and thus labelled by
vector spaces H(C, ) which are Hom-spaces of C. Its edges are labeled by (simple) objects,

¢o € H(O,1)" = (X3,X],...,X3)

Choose for every face C' € OF an element in the dual vector space
we € H(C,1)" 2 Home (L l(e,)" ® ... ®(e1)")

It defines a valid labelling of a graph I' on the sphere S? so that remark [5.1.12/6 gives a
number Z(I'). We define the vector H(F,l) € H(OF,l) by its values on the vectors in the
dual vector space:

<H<F7 l)a ®C’€8FSOC> = Z(F) .
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5. We now assign to a combinatorial labeled 3-manifold (M, A,[l) with boundary the com-
binatorial surface (OF, JA) a vector

H(M,A,l) € HOM,0A,dl) .
We note that

®reaH(F,1) € @pH(OF, 00, 0l) = H(0M,0l) @ Q) H(c',0l) @ H(c", 0l)

where F' runs over all 3-cells of M and ¢ runs over all 2-cells in the interior of M, which
appear for two faces, with opposite orientation. The associated vector spaces are thus in
duality and we can contract the corresponding components in ®pep H(F, 1) by applying
the evaluation to them. We thus define

H(M,A,l) = ev(® H(F, 1)) € H(OM, A, 1)

6. We have finally to get rid of the labelling. This is done by a summation with weighting
factors which involve dimensions, hence depend on the pivotal structure:

Zry(M,A) =D 0D} " (H(M, ADT] dz”(’;))

l e

where

the sum is taken over all equivalence classes of simple labelings [ of A,

the product over e runs over the set of all (unoriented) edges of A

D is the dimension of the category C from proposition [5.4.1] and

1
v(M) := number of internal vertices of M + §(number of vertices on OM)

die) is the categorical dimension of [(e) and n. = 1 for an internal edge, and 1/2
for an edge in the boundary M. Here, we assume that some square root has been
chosen for each dimension of a simple object.

7. Consider a combinatorial 3-cobordism (M, A) between two combinatorial surfaces
(N1, A1) and (N2, Aq), ie. a combinatorial 3-manifold (M, A) with boundary oM =
N7 LI Ny and the induced combinatorial structure 0A = A; LI Ay on the boundary. Then

H(@M, 8A) = H(Nl, Al)* & H(NQ, Ag) = HOHIK<H(N1, Al), H(Ng, AQ))
so that we have a linear map

H(M,A) H(Nl,Al) — H(NQ,AQ) .

One now proves, using the moves in obervation

Theorem 5.4.4.

1. For a closed PL manifold M, the scalar Zp (M, A) € K does not depend on the choice
of polytope decomposition A. We write Zpy (M).
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2. More generally, if M is a 3-manifold with boundary and A, A" are two polytope decom-
positions of M that agree on the boundary, 0A = 0A’, then we have the equality of
vectors

H(M,A) = H(M,A') € HOM,A) = H(OM,dA") .

3. For a combinatorial 2-manifold (N, A), consider the linear maps associated to the cylin-
ders
Ana:=H(N x[0,1]): H(N,A) — H(N,A) .

The composition of two cylinders is again a cylinder. Thus, as a consequence of 2, the
maps are idempotents: A?V, A = Ana. If we already had a topological field theory, this
should be the identity, though.

4. To a combinatorial 2-manifold (N, A), we therefore assign the vector space
ZTv(N, A) = Im (A]\QA) C H(N, A) .

It is an invariant of PL manifolds: for different polytope decompositions, one has canonical
isomorphisms Zpy (N, A) = Zry (N, A"). We write Zry (N).

5. We denote this vector space by Zry(N). For a cobordism Ny M, Ny, we denote by
Zrv(M) the restriction of the linear map H(M,A) to Zry(N). This defines a three-
dimensional topological field theory Zry : Cob(3,2) — vect(K).

For the proof of all these statements, we refer to [BK1]; an excellent introduction that uses a
Poincaré dual picture (and a different combinatorial description of manifolds) is the book [T'V].
The essential step is to show that the properties of a finitely semisimple spherical category
imply the independence under the three moves changing the polytope decomposition.

In our construction, we have assigned objects of a spherical fusion category to edges; no
braiding on this category is required.

Observation 5.4.5.

1. We now allow surfaces with boundaries. To reduce them to closed surfaces, we glue a disc
to the boundary circle and work with surfaces with marked discs instead. These discs are
supposed to be faces of the triangulation and actually are faces of a new type. For later
use, we mark a vertex on the boundary of the disc. We assign to a marked disc an object
in the Drinfeld double Z(C).

2. The three-manifolds are now manifolds with corners. Three-manifolds with corners and
surfaces with marked discs form an extended cobordism bicategory, cf. definition [5.3.9
They contain two types of tubes: open tubes, ending at the boundaries or closed tubes.
They will lead to 3-cells of a new type. We suppose that all components of tubes are
labelled with objects in Z(C).
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3. We extend the TV invariants to such extended surfaces and cobordisms:

(a) Define, for every labelled extended surface N, a vector space Zry (N, {Y,}) which

e functorially depends on the colors Y, € Z(C),
e is functorial under homeomorphisms of extended surfaces,
e has natural isomorphisms Zry (N, {Y*}) = Zrv (N, {Y.})*,
e satisfies the gluing axiom for surfaces.
(b) Define, for any colored extended 3-cobordism M between colored extended surfaces

N1, Ny, alinear map Zgy (M) : Zry(N1) — Z7y(N3) so that this satisfies the gluing
axiom for extended 3-manifolds.

4. We repeat the steps in the previous construction, with the following modifications:

(a) There is now an additional type of 2-cell corresponding to an embedded disc with
label Y € Z(C). To such a 2-cell, we assign the vector space

Home(LU(Y) ®l(e1) ® ... ®1(ey,)) -

Here we applied the forgetful functor U : Z(C) — C from proposition . We
needed to specify a point to get a linear order on the objects, because now the position
of U(Y) € C matters. We then continue to define vector spaces H(N,A,{Y,}) as
above by summing over labellings of inner edges.

(b) There are now two different types of 3-cells: tube cells and usual cells. To assign
vectors to tube cells, we use observation [5.1.12/7. Then the construction continues
as above.

5. A new feature is now the fact that we have a gluing axiom for extended surfaces. We refer
to [BK1, Theorem 8.5].

One can now show [Killl Theorem 5.1]:

Theorem 5.4.6.
Let C a spherical fusion category. The vector spaces assigned to a closed oriented surface X by
the string-net construction and the Turaev-Viro construction are canonically isomorphic.
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5.5 Quantum codes and pivotal tensor categories

There are two basic tasks in computing, both for classical and quantum computing:
e Storing information in a medium and transmitting information.
e Doing computations by processing information.

The first question leads to the mathematical notion of codes, the second to the notion of gates.
We start our discussion with classical computing.

5.5.1 Classical codes

Implicitly, assumptions made on storage devices and manipulation of information in classical
information theory is based on classical physics, as opposed to quantum mechanics.

Information is stored in the form of binary numbers, hence in terms of elements of the
standard vector space F% over the field Fo = {0, 1} of two elements. (Note that the standard
basis of F4 plays a distinguished role.) We identify the elements of Fy = {0,1} with either
on/off or with the truth values 0 = false and 1 = true. If we are dealing with an element of F%,
we say that we have n bits of information.

For storing and transmitting information, it is important that errors occurring in the trans-
mission or by the dynamics of the storage device can be corrected. For this reason, only a subset
C' C F3 should correspond to valid information.

Definition 5.5.1

1. A subset C C (Fq)™ is called a code. The natural number n is called the length of the
code. One says that a code word ¢ € C' is composed of n bits.

2. A code C C (IFy)" is called linear, if C' is a vector subspace. Then dimg, C' =: k is called
the dimension of the code.

One can also allow instead of the field 5 an arbitrary finite field. We will not discuss this
in more detail.
To deal with error correction, one defines:

Definition 5.5.2
Let K =Fy and V = K". The map

dg 'V xV =N
du(v,w) ={j € {1,...,n}| v; # w;}|

is called Hemming distance. It equals the number of components (bits) in which the two code
words v and w differ.

Lemma 5.5.3.
The Hemming distance has the following properties:

1. dy(v,w) >0 for all v,w € V and dy(v,w) = 0, if and only v = w
2. dy(v,w) = dg(w,v) for all v,w € V (symmetry)

3. dy(u,w) < dg(u,v) + dg(v,w) for all u,v,w € V (triangle inequality)
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4. dy(v,w) = dy(v+u,w+ u) for all u,v,w € V (translation invariance)

Definition 5.5.4
For A € N, a subset C' C (F3)™ is called a A—error correcting code, if

dy(u,v) > 2 +1  forallu,v € C withu #v .

The reason for this name is the following

Lemma 5.5.5.
Let C' C V be a A-error correcting code. Then for any v € V| there is at most one w € C' with
dy(v,w) < A\

Proof.
Suppose we have wy, wy € C with dy(v,w;) < A for i = 1,2. Then the triangle inequality yields

dp(wy,we) < dg(wy,v) +dg(v,wy) < 2\

Since the code C' is supposed to be A-error correcting, we have w; = ws. O

Remarks 5.5.6.

1. It is important to keep in mind the relative situation: a code C'is a subspace of F3. The
Hemming distance gives an indication to what extent the subspace C' of code words is
spread out in V.

2. We say that information is stored in the code, if an element ¢ € C' is selected.

3. If €' C F3, we say that a codeword of C' is composed of n bits. If C' is a linear code with
dimp, C' = k, we refer to a [n, k] code. Denote by

d = in d 0
ain du(c,0)

the minimal distance of a code. We refer to an [n, k,d] code. In practice, the length n
of the code has to be kept small, because this causes costs for storing and transmitting.
The minimal distance d has to be big, since by lemma this allows to many correct
errors. The dimension k of the code has to be big enough to allow enough code words.
From elementary linear algebra, one derives the singleton bound

k+d<n+1

which shows that these goals are in competition.

Lemma 5.5.7.
Let ¢ be the size of the alphabet of a code C', e.g. ¢ = 2 for a code over Fy. Let n be the length
of the code and d the minimum distance. Then we have

|C| S qn—d—H )

In particular, for a linear code over the field F, of dimension k, we have |C| = ¢* so that we
obtain from |C] = ¢* < ¢"~4*! the singleton bound above.
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Proof.

Suppose that we have |C| > ¢"~¢. Consider the first n — d + 1 letters of the code words. The
offer ¢"~4*1 possibilities for the entries. Since we have more code words in C, by the pigeon
hole principle, there are two different code words ¢y, co € C, ¢1 # ¢o whose first n —d 4+ 1 letters
coincide. Hence, they can differ in at most n — (n —d + 1) = d — 1 letters, which contradicts
the assumption that the distance is d. O

Remarks 5.5.8.
1. Classical storage devices are typically localized, either in space (e.g. an electron or a
nuclear spin) or in momentum space (e.g. a photon polarization).

2. Many storage devices are magnetic, i.e. a collection of coupled spins. The Hamiltonian
is such that it favours the alignment of spins. So if one spin is kicked out by thermal
fluctuation, the Hamiltonian tends to push it back in the right position. Thus errors in
the storage device are corrected by the dynamics of the system. This idea will also enter
in the construction of quantum codes.

5.5.2 Classical gates

To process information, we need logical gates: A logical gate takes as an input n bits of infor-
mation an yields m bits as an output.

Definition 5.5.9
Let K = TF,.

1. A gate is map f : K" — K™. Typically, one requires a gate to act non-trivially only on
few, two or three) bits, i.e. to act as the identity on all except for a few summands of K".

2. A gate is called linear, if the map f is K-linear.
3. If the map f is invertible, the gate is called reversible.

4. A finite set of gates is called a library of gates. One then applies to I} a sequence of gates
in the library acting on any subset of summands in F" and as the identity elsewhere. The
composition of such maps is called a circuit.

5. A library of gates is called universal, for any Boolean function f(x1,zs,...,%,,), there
is a circuit consisting of gates in the library which takes x1,x»,...,x,, and some extra
bits set to 0 or 1 and outputs 1, xa, . .., Ty, f(T1,Ta,...,Zy), and some extra bits (called
garbage). Essentially, this means that one can use the gates in the library to build systems
that perform any desired Boolean function computation.

We wish to use gates to implement the basic Boolean operations:

Examples 5.5.10.
1. Basic gates include negation NOT, AND and OR:

Al -A A B|ANAB A B|AVBEB
t f t ot t t t t
f 1t t f f t f t

f ot t t ¢t t

f f f f f f
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These are gates acting on one bit resp. mapping two bits to one bit.

. Also in use are the following gates acting on two bits:

A B | NAND A B | NOR A B | XOR
t ot f t ot f t t f
t f t t f f t f t
f t t f t f f ot t
f f t f f t f f f

. It is an important theoretical question whether a library of gates is universal. For example,
the NAND gate is universal:

e To get the NOT gate, double the input and feed it into a NAND gate.

e To get the AND gate, take a NAND gate, followed by a NOT gate, which can be
constructed from a NAND gate.

e To get an OR gate, use de Morgan’s law: apply NOT gates to both inputs and feed
it into a NAND gate.

. The Toffoli gate is the linear map
T: F—F

given by the truth table
INPUT OUTPUT

000 O0O00©O0
001001
01 0010
0110171
100100
101 101
110111
111110

It is the identity on the first two bits. If the first two bits are both one, then the last bit
is flipped. It thus acts
F —F
(a,b,¢) > (a,b,c+ ab)
It is not linear, but universal: one can use Toffoli gates to build systems that will perform
any desired boolean function computation in a reversible manner.

. To add two bits A and B, double the bits and feed them into a XOR gate to get the last
digit S of the sum and into an AND gate to get a carry-on bit C":

A B | S=XOR | C=AND
t=1 t=1| f=0 t=1
t=1 f=0| t=1 f=0
(=0 t=1] t=1 f=0
(=0 f=0| f=0 f=0

In such a way, one realizes the arithmetic operations on natural numbers.

182



5.5.3 Codes and quantum computing

Quantum computation is based on quantum mechanical systems. Now states can be superposed,
which leads to a richer structure. On the other hand, the uncertainty principle introduces new
limitations, e.g. quantum information cannot be copied: there is no complete set of observables
characterizing a state completely that can be measured simultaneously. Moreover, there is no
canonical linear map V' — V ® V that can be defined without choosing a basis first.

We use the simplest possible quantum mechanical system: The state of the system is now not
a vector in IF% | but rather a vector in the following space: denote by H = C[Zs] the complex group
algebra of the cyclic group Z,. It will be essential that this is a finite-dimensional semisimple
Hopf algebra H with a two-sided integral. As a vector space, H = C2, with a selected basis.
We can interpret this system as a non-interacting spin 1/2-particle with basis vectors | 1) and
1),

The analogue of the ambient vector space FY is the tensor power V := H®" which we can
think of as n coupled spins. A quantum code is a linear subspace C C H®" on which the
dynamics should afford an error correction. We will say that a code vector v € C' is composed
of n qubits. We should mention that H has a natural unitary scalar product by declaring the
vectors of the canonical basis to be orthonormal.

To get a framework for quantum computing, we need to set up:

e Codes, i.e. interesting subspaces of H®". To make quantum computing fault tolerant,
these subspaces should have special properties. In particular, in a physical realization,
the dynamics of the system should suppress errors.

e Gates, i.e. unitary operators acting on H®" that preserve these subspaces.

5.5.4 Quantum gates

First let us discuss quantum gates: for quantum computation, we need unitary operators H®" —
H®™ to be realized by some time evolution. Unitarity implies reversibility.

Definition 5.5.11

1. A quantum gate on H®" is a unitary map H®" — H®" that acts as the identity on at
least n — 2 tensorands.

2. Consider a fixed finite set {U;};e; of quantum gates, i.e. U; € U(H) or U; € U(H ® H),
called a library of quantum gates. Denote by U;" 5 the gate U; acting on the o and f3
tensorand resp. U{* acting on the o tensorand of H". A quantum circuit based on this

library is a finite product of U and U;"B . It is a unitary endomorphism of H®™,

3. A library of quantum gates is called universal, if for any n, the subgroup of U(H®")
generated by all circuits is dense.

Examples 5.5.12.

1. An important example of a gate is the CNOT gate (controlled not gate) which acts on
two qubits: H®? — H®2. The CNOT gate flips the second qubit (called the target qubit),
if and only if the first qubit (the control qubit) is 1. Here we write 1 = | 1) and 0 = | {).
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Before After
Control Target | Control Target

0 0 0 0
0 1 0 1
1 0 1 1
1 1 1 0

The resulting value of the second qubit corresponds to the result of a classical XOR gate
while the control qubit is unchanged.

An experimental realization of the CNOT gate was afforded by a single Beryllium ion in
a trap already in 1995 with a reliability of 90%. The two qubits were encoded into an
optical state and into the vibrational state of the ion.

. The relative phase gate H — H acting on one qubit, a popular choice of which is in the

selected basis | 1), |):
1 0
0 exp(27i/b)

Similarly, the three Pauli matrices give rise to so-called Pauli gates acting on a single
qubit.

. The library consisting of the CNOT gate and the relative phase gate can be shown to be
universal.

. A universal gate is the Deutsch gate which depends on an angular parameter 6

H? — H?
i i 1— if a=b=1
(a,, ) icosf(a,b,c) +sinf(a,b,1 —c) if a=5b
(a,b,c) else
For 6 = 7, we recover the classical Toffoli gate. This is taken as an argument that all
operations possible in classical computing are possible in quantum computing.

Quantum codes

We can now define quantum codes. For a general reference, see [FKLW].

Definition 5.5.13

Denote by H again the complex group algebra of Z, which is a Hopf algebra. We call a tensor
product V := H®" a discrete quantum medium. (Think of a system composed of n spin 1/2
particles.)

1. A quantum code is a linear subspace W C V of a quantum medium V. Sometimes, a

quantum code is also called a protected space.

2. Let 0 < k < n. A k-local operator is a linear map O : V — V which is the identity on

n — k tensorands of V. (By definition |5.5.11, quantum gates are thus at least 2-local.)

3. Denote by my : V. — W the orthogonal projection. A quantum code W C V is called a

k-code, if the linear operator
mwoO W =W

is multiplication by a scalar for any k-local operator O.
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One can show the following analogue of a lemma [5.5.5¢

Lemma 5.5.14.
If W is a k-code, then information cannot be degraded from errors operating on less than % of
the n particles.

Remarks 5.5.15.

1. A first attempt to realize qubits might be to take isolated trapped particles, individual
atoms, trapped ions or quantum dots. Such a configuration is fragile and one has to
minimize any external interaction. On the other hand, external interaction is need to
write and read off information.

The idea of topological quantum computing is to use non-local degrees of freedom to
produce fault tolerant subspaces. Concretely, one needs non-abelian anyons in quasi two-
dimensional systems.

2. Storage devices are typically effectively two-dimensional. Thus the protected subspace
should be the space of states of a three-dimensional topological field theory. Maps de-
scribing gates and circuits are obtained from colored cobordisms, i.e. three-manifolds
containing links. For example, the quantum analogue of the XOR gate, the CNOT gate
can be realized to arbitrary precision by braids.

3. A theorem of Freedman, Kitaev and Wang asserts that quantum computers and classical
computers can perform exactly the same computations. But their efficiency is different,
e.g. for problems like factoring integers into primes.

5.5.6 Topological quantum computing and Turaev-Viro models

We now present a toy model for a system providing a quantum code where the Hamiltonian
describes a dynamics which tends to correct errors. It generalizes Kitaev’s toric code (which
is literally not suitable for quantum computing since it does not allow for universal gates for
which one needs more complicated, nonabelian representations of the braid group).

Since storage devices are (quasi)two-dimensional, we take a compact oriented surface ¥ on
which the physical degrees of freedom are located. To get a discrete structure, take a polytope
decomposition A of X.

Our input is a complex semisimple finite-dimensional x-Hopf algebra H. We give the defi-
nition and refer for more information to [KS97, Section 1.2.7].

Definition 5.5.16
1. Let H be a complex algebra. A conjugate-linear map * : H — H which satisfies

() =z and (xy)* =y*x* forall z,y € H

is called an involution; an algebra with an involution is called a x-algebra. For a x-algebra,
we have 1}, = 1g.

2. Let H be a coalgebra. A conjugate-linear map * : H — H which satisfies
(") =ux and A(z") = A(z)"  forall x € H

is called a x-coalgebra. Here the involution of H ® H is defined by (z @ y)* = z* @ y*. In
a x-coalgebra one always has e(x*) = €(z), where the bar denotes complex conjugation.
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3. A bialgebra H with an involution for which it is both a x-algebra and a x-coalgebra is
called a *-bialgebra.

If a Hopf algebra H also has the structure of a x-bialgebra then the interplay between
antipode and involution is already determined:

S(S(z*)) == forall ze H

Consequently, a Hopf algebra with the structure of a x-bialgebra is called a Hopf x-algebra. Its
antipode is always invertible, even if H is not finite-dimensional.

Finally, one can show that the dual of a Hopf x-algebra H is again a Hopf *-algebra with
the involution given by

f(x) = f(S(z)*) forall fe H* .

A finite-dimensional Hopf x-algebra H has a normalized two-sided integral, e(A) = 1, called
the defindHaar integral. The Haar-integral A € H* allows to endow H with the structure of a
finite-dimensional Hilbert space by

<h1,h2> = )\(hl . h;) .

We allocate degrees of freedom to edges e of A and consider as the discrete quantum medium
the K-vector space

V(S,A) = @eeaH .

Here we should first choose an orientation of the edges, and identify x — S(z) if the orientation
is reversed. Since S? = id, this isomorphism is well defined. It is clear that the discrete quantum
medium depends on the choice of a polytope decomposition.

To construct subspaces for quantum codes W C V', we need linear endomorphisms on V.

Definition 5.5.17

1. Let ¥ be a two-dimensional manifold with a polytope decomposition A. A site of A is a
pair (v,p), consisting of a face p and a vertex v adjacent to p.

2. For every site (v,p) of (3, A) and every element a € H, we define an endomorphism
Awpla): V(E,A) = V(X A)
by a multiple coproduct and the left action of H on itself:

p

T a1)T1
v Tn A(n)Tn
Awp(a): =

z2 a(2)%2

where the edges incident to the vertex v are indexed counterclockwise starting from p.
Here all edges incident to the vertex v are assumed to point away from v. Using the
antipode to change orientation, we see that for edges oriented towards the vertex v, the
left regular action has to be replaced by the following left action: instead of a;x;, we
have S (a)S(z;)) = :5(ag)).
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3. Given a site s = (v, p) of the polytope decomposition A and every element o € H*, the

plaquette operator
Bup (o) : V(E,A) = V(E,A)

is defined by a multiple coproduct in H* and a left action where a.x = o — h of H* on

1 &(1)-L1
Tn X(n)-Tn

B(’U,p) (Oé) . T9 p — Q(2)-T2 p

(z1)(2)

(Tn)(2)
=(a,S(xn)1) - (1)) @)e| P

We need the following

Lemma 5.5.18.
Let X be a representation of H, and Y a representation of H*. For h € H, a« € H*, define the
endomorphisms pp, ¢, € End(H @ X ® Y ® H) by

ph(u RrRXQYR U) = h(l)u & h(z)x XY US(h(g))
WLURrTRYRV) =03 = URT® qg.Y S aq) — v

Then these endomorphisms satisfy the straightening formula of D(H). Then the map

D(H) > End(H® X ®Y  H)
h®o“_>thCu

is a morphism of algebras.

Proof.

It is obvious that we have actions a — p, and o — p, of H and H*. It remains to show that
these endomorphisms satisfy the straightening formula of D(H), cf. remark [4.4.15{2. This is
done in a direct, but tedious calculation in [BMCA| Lemma 1, Theorem 1]. O

This allows us to show:

Theorem 5.5.19.

1. If v,w are distinct vertices of A, then the operators A, ,)(a), Aw,)(b) commute for any
pair a,b € H.

2. Similarly, if p, ¢ are distinct plaquettes, then the operators By, (), By ¢)(8) commute
for any pair o, § € H*.

3. If the sites are different, then the operators A, ,)(h) and By ) (a) commute.
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4. For a given site s = (v,p), the operators A,y (h) and and By, ;) () satisfy the commu-
tation relations of the Drinfeld double Z(H): the map

pet D(H) = End(V(3, A)) (4)
a® a v Awp)(a) By (a) (5)
is an algebra morphism.
Proof.
1. The operators A _y A(_w 0 obviously commute if the edges incident to the vertex v and

those incident to the vertex w are disjoint. We therefore assume that the vertices v and w
are adjacent, i.e. at least one edge connects them. Clearly, we need only to check that the
actions of A@ 0 and A(’w _y commute on their common support. Suppose such an edge e

is oriented so that it points from the vertex v to the vertex w. Then A(_v _y acts on the

corresponding copy of H via the left regular representation, and A( ) acts on the copy
of H associated the edge e via the right regular representation. These are commuting
actions by associativity.

2. This statement is dual to 1, using coassociativity.
3. Follows by the same type of argument.
4. Follows from lemma [5.5.18

Observation 5.5.20.

1. Let h € H be a cocommutative element, i.e. A(h) = A°P(h). Then the multiple coproduct
AM(h) € H®" is cyclically invariant. As a consequence, the endomorphism A, (k) is
independent of the plaquette p which was previously used to construct a linear order on
the edges incident to the vertex v. We denote the endomorphism by Ag(h). Similarly,
B,(f) for a cocommutative element f € H* is independent on the vertex.

2. Recall that both H and H* have, as *-Hopf algebras, Haar integrals, i.e. normalized two-
sided integrals A € H and A\ € H*. Two-sided integrals are cocommutative. We thus get
an endomorphism A, := A,(A) for each vertex and B, := B,(\) for each plaquette.

Lemma 5.5.21.
All endomorphisms A, and B, commute with each other and are idempotents,

A=A, and B?’=1RB

v P p -

Proof.

For a normalized integral, we have A - A = €¢(A)A = A. Theorem [5.5.19| now implies that the
endomorphisms are idempotents. A two-sided integral is central, A - h = e(h)A = h - A for all
h € H, which implies again with theorem 5.5.16 that the endomorphisms commute. O
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One shows that with respect to the scalar product on the quantum medium H®", these
endomorphisms are hermitian. We now define as a Hamiltonian the sum of these commuting

endomorphisms:
H:=Y (id-A,)+) (id-B,) .
v p
As a sum over commuting hermitian endomorphisms, the Hamiltonian is Hermitian and
diagonalizable. Note that this Hamiltonian has to property to favour allignment of spins.

Definition 5.5.22
The ground state or protected subspace is the zero eigenspace of H:

K(3,A):={ve H*" : Hv =0}

It is a quantum code.

Note that the information is not stored here in a localized way, which gives hope that the
code will be fault tolerant.

Remarks 5.5.23.

1. One shows that z € K(X,A), if and only if A,z = z and B,z = x for all vertices v and
all plaquettes p.

2. Up to canonical isomorphism, the ground space does not depend on the choice of polytope
decomposition A of X.

3. In the case of a group algebra of a finite group, H = C[G], we use the distinguished basis
of H consisting of group elements of G. (Kitaev’s toric code uses the cyclic group Z,.) A
basis of V(X, A) is given by assigning to any edge of A a group element g. We interpret
the group elements g as the holonomy of a connection along the edge.

e The projection by the operator A, implements gauge invariance at the vertex v by
averaging with respect to the Haar measure.

e The projection by the operator B, implements that locally on the face p the field
strength vanishes, i.e. that the connection is locally flat. Indeed, integrals project to
invariants and thus for the holonomy around a plaquette, we have €(g1-g2-...-g,) = 1
which amounts to the flatness condition g1 - g2 - ... g, = €.

4. One can then easily modify at single sites the projection condition: instead of requiring
invariance under the action of the double associated to the site, one only keeps states
transforming in a specific representation of the double. In this way, again the category of
D(H—mod) appears in the description of degrees of freedoms at insertions.

One can now show [BK2J:

Theorem 5.5.24.

Let H be a finite-dimensional semisimple Hopf algebra. The vector spaces of ground states
constructed from the Hopf algebra H are canonically isomorphic to the vector spaces of the
Turaev-Viro topological field theory based on H and thus, by theorem [5.4.6| also to the vector
spaces appearing in the string-net construction.

189



A Facts from linear algebra

A.1 Free vector spaces

Let K be a fixed field. To any K-vector space, we can associate the underlying set. Any K-linear
map is in particular a map of sets. We thus have a so-called forgetful functor U : vect(K) — Set.
The functor U is faithful, but neither full nor essentially surjective. We also need a functor from
sets to K-vector spaces.

Definition A.1.1

Let S be a set and K be a field. A K-vector space V' (S), together with a map of sets g : S —
V(S), is called the free vector space on the set S, if for any K-vector space W and any map
f S — W of sets, there is a unique K-linear map f : V(S) — W such that fo s = f. As a
commuting diagram:

S—2V(9)

|
EllG
N

Remarks A.1.2.

1. A free vector space, if it exists, is unique up to unique isomorphism. Suppose that (V’, /)
is another free vector space on the same set S. Consider the commutative diagram

By the defining property of V(S), applied to the map ¢’ of sets, we find a (unique) K-linear
map ¢ : V(S) — V' such that the upper triangle commutes. By the defining property of
V', applied to the map tg of sets, we find a (unique) K-linear map ¢’ : V' — V(S) such
that the lower triangle commutes. Thus the outer triangle commutes, 15 = ¢’ o po1g. On
the other hand, v = idy(s) o tg, and by the defining property of V(S), such a map is
unique. Thus ¢’ o ¢ = idy(g). Exchanging the roles of V(S) and V', we find ¢ o ¢/ = idy.
Thus V(S) and V' are isomorphic with distinguished isomorphisms.

2. The free vector space exists: take V(S) the set of maps S — K which take value zero
0 € K almost everywhere. Adding the values of two maps (f + g)(s) := f(s) + g(s)
and taking scalar multiplication on the values (Af)(s) := A - f(s) endows V(S) with the
structure of a K-vector space. To define the map g, let tg(s) for s € S be the map which
takes value 1 on the element s and zero on all other elements,

ts(s)(s) =1 ts(s)(t) =0 fort+#s.

Then the set tg(S) C V(S) is a K-basis. The condition f o tg(s) = f(s) then fixes f
uniquely by its values on a basis. This shows that we have constructed the free vector
space on the set S.
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3. Let f: 5 — S be any map of sets. Applying in the diagram
S —=-V(S)
|
fl 1V ()
v
S’ — V(S

the defining property of the free vector space V(.S) to the map tgs o f of sets, we find a
unique K-linear map V(f) : V(S) — V(5).

One checks that this defines a functor V' : Set — vect(K). For any K-vector space W and
any set S, we have a bijection of morphism spaces:

Homy (V' (S), W) = Homge (S, U(W))

that is compatible with morphism of sets and K-linear maps. The functor V' assigning to
a set the vector space generated by the set is thus a left adjoint to the forgetful functor

U, cf. definition [2.5.22]

A.2 Tensor products of vector spaces

We summarize some facts about tensor products of vector spaces over a field K.

Definition A.2.1
Let K be a field and let V,W and X be K-vector spaces. A K-bilinear map is a map

a: VxW—=X

that is K-linear in both arguments, i.e. a(Av + Nv',w) = Aa(v, w) + Na(v',w) and a(v, \w +
Nw') = (v, w) + Na(v,w') for all \, N € K and v,v' € V, w,w'" € W.

Given any K-linear map ¢ : X — X', the map poa : V x W — X’ is K-bilinear as well.
This raises the question of whether for two given K-vector spaces V, W there is a “universal”
K-vector space with a universal bilinear map such that all bilinear maps out of V' x W can be
described in terms of linear maps out of this vector space.

Definition A.2.2
The tensor product of two K-vector spaces V, W is a pair, consisting of a K-vector space V& W
and a bilinear map

k: VW — VoW
(v,w) = VW

with the following universal property: for any K-bilinear map
a: VxW—=U

there exists a unique linear map & : V @ W — U such that

a=QaokK
As a diagram:
VxW B U
7
VoW
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Remarks A.2.3.

1.

This reduces bilinear maps to linear maps.

2. We first show that the tensor product, if it exists, is unique up to unique isomorphism.

Obse

Suppose we have two bilinear maps
K: VXW-=>VeW E: VW —=VeW .

having each the universal property.

Using the universal property of s for the specific bilinear map , we find a unique linear
map @z : VW — VW with & ok = &.

Exchanging the roles of x and &, we obtain a linear map ®, : VW — V @ W with
®, 0k = k. The maps kK = idygw o Kk and P, o Pz o k describe the same bilinear map
VxW — V&®IW. The uniqueness statement in the universal property implies &, o ®; =
idygw . Similarly, we conclude ®; o ®,, = idy gy, Note that this is the same argument as

in remark [A.1.2]

. To show the existence of the tensor product, chose a basis B := (b;);er of V and B’ :=

(0,)icr of W. Since a bilinear map is uniquely determined by its values on all pairs
(bi, b;)l-e 1jer, we need a vector space with a basis indexed by these pairs. Thus define
V @ W as the vector space freely generated by the set of these pairs. We denote by b; @V

the corresponding element of the basis of V @ W.

The bilinear map & is then defined by r(b;, ;) := b; @ 0. It has the universal property:
to any bilinear map o : V x W — X we associate the linear map a : V@ W — X with
a(b; ® b;) = a(b;, b}). By the uniqueness argument in 1. any two realizations, e.g. based
on different bases, are isomorphic up to unique isomorphism.

As a corollary, we conclude that for finite-dimensional vector spaces V, W, the dimension
of the tensor product is dmV @ W = dimV - dim W.

The elements of V @ W are called tensors; elements of the form v ® w with v € V' and
w € W are called simple tensors. The simple tensors span V @ W, but there are elements
of V® W that are not tensor products of a vector v € V and w € W.

rvation A.2.4.

Given K-linear maps

we ob

o: V=V W — W

tain a K-linear map
oY : VW =V oW

on the tensor products. To this end, consider the commuting diagram:

Since
existe

holds.

|

¥
V’XW’?V’Q@W'

the map ® o (¢ X 9) is bilinear, the universal property of the tensor product implies the
nce of a map ¢ ® v for which the identity

(P @Y)(v@w) = p(v) @ P(w)
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Remarks A.2.5.

1. The bilinearity of x implies that the tensor product of linear maps is bilinear:

M1+ Ap2) @Y = A1 Q@Y+ Aaps @Y
P @ (M1 + Aata) = @@ M1 + @ @ Aathy

2. Similarly, one deduces the following compatibility with direct sums:
VieW)eoW=2(VioW)e (VheW),
and analogously in the second argument.

3. There are canonical isomorphisms

apyw @ (UV)eW — U (VeW)
uR@Rw) = (LRV)w

which allow to identify the K-vector spaces U @ (V @ W) and (U ® V) ® W. With this
identification, the tensor product is strictly associative.

One verifies that the following diagram commutes:

(U®V)®(W®X)=(U®V)®(W®X)
aU®V,W,X] laU,V,W@)X
((U®V)®W)®X U®(V®(W®X})
C“U,V,W®iXm TidU®aV,W,X

U (VeW)eX U (VeW)eX)

Ay, vew,X

One can show that, as a consequence, any bracketing of multiple tensor products gives
canonically isomorphic vector spaces.

4. There are canonical isomorphisms

KoV = V
AQU = A-v

with inverse map v +— 1 ® v which allow to consider the ground field K as a unit for the
tensor product. There is also a similar canonical isomorphism V @ K = V. We will tacitly
apply the identifications described in 3. and 4. This shows that vect(K) is a monoidal
category.

5. For any pair U,V of K-vector spaces, there are canonical isomorphisms

Cyy UV — VU
UV —= vRu ,

which allow to permute the factors. One has cyy o cyy = idygy as well as the identity
(CV,W ® ldU) (@) (ldv ® CU,W) o (CU,V ® ldw) = <1dW ® CU,V) O (CU,W ® ldv) o <1dU ® CV,W)

Note that in this identify, we have tacitly used the identification (U@ V)W 2 U® (V®
W) from 3. This shows that vect(KK) is a braided (even symmetric) monoidal category.
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6. For any pair of K-vector spaces vector spaces V, W, the canonical map

VEeW* — (VeoW)*
0®f o (Wewsa)fw)
is an injection. If both V' and W are finite-dimensional, this is an isomorphism. (Give an

example of a pair of infinite-dimensional vector spaces and an element that is not in the
image!)

7. For any pair of K-vector spaces V, W, the canonical map

V*@W — Homg(V,W)
aw = (v a(v)w)
is an injection. If both V' and W are finite-dimensional, this is an isomorphism. (Give

again an example of a pair of infinite-dimensional vector spaces and an element that is
not in the image!)

B Abelian categories

We start by requiring additional algebraic structure on the morphisms sets of categories. For
example, in the category R—Mod the morphisms sets were abelian groups. It is then natural
to study the class of functors that respect these structures.

Definition B.0.1
1. A category C is called additive, if

(a) All Hom-sets are abelian groups and the composition o is bilinear.

(b) All finite products and coproducts exist in C.

2. Let C and D be additive categories. A functor F': C — D is called additive, if for every
pair X,Y of objects of C the map F: Hom¢(X,Y) — Homp(F(X),F(Y)) is a group
homomorphism.

Remark B.0.2.
1. These axioms have many implications. In particular, additive categories have an initial
object, i.e. an object 0 € C, from which there exists a unique morphism to every object
of C, and a terminal object. Initial and terminal object coincide.

2. For a given category it is thus a property to be an additive category, and this does not
require choosing any additional structure.

Definition B.0.3
1. Let f: a — b be a morphism in an additive category C. A morphism v: k — a is called

kernel of f, and we write « = ker(f), if f or = 0 and for every morphism d 4 a with
f og =0 there exists a unique morphism d — k, such that the diagram

commutes.
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2. Dually, a morphism p: b — c is called cokernel of f, and we write p = coker(f), if for
every morphism g : b — d with go f there exists a unique morphism ¢ — d such that the
following diagram commutes.

In a general category, not every morphism has to have a kernel resp. cokernel. As usual for
object defined via universal properties, one can show that kernels, cokernels and images are
unique up to unique isomorphism, if they exist.

Definition B.0.4 Let C be a category.

1. A morphism v: a — b is called a monomorphism, if to f = v o f" implies f = f’ for all
morphism f and f" with source b and equal target. (In an additive category it is sufficient
to require this for f' =0.)

2. A morphism p: a — b is called an epimorphism, if fop = f' op implies f = f' for all
morphisms f, f' with target a and equal source.

Lemma B.0.5.

Let C be an additive category. Let f € Home(A, B) be a morphism that has a kernel K - A.
Then the kernel ¢ is a monomorphism. Dually, if f has a cokernel, then the cokernel is an
epimorphism.

Proof.
For an arbitrary object X we consider the zero morphism X 5% A By the universal property
of the kernel there exists a unique morphism ¢, such that the diagram

kerf—>A—f>B
AS

AN
o A

X

commutes. For the choice 0 for ¢ the diagram commutes as well, so we must have ¢ = 0. Given
X & ker f with ker f o g = 0, then we must have ¢ = 0, so ker f is a monomorphism. O

Definition B.0.6
Let C be a category. An additive category is called an abelian category, if every morphism has
a kernel and a cokernel, and the following compatibility condition holds:

— For every monomorphism t: a — b one has « = ker(coker(:)). In the diagram for the
monomorphism

L b cokert

ker ]

ker cokert

cokert

the left horizontal arrow and the vertical arrow have the same universal property.
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— For every epimorphism p: a — b one has p = coker(ker(p)).

Remarks B.0.7.

1. For a given category it is again a property to be an abelian category, without choice of
an additional structure.

2. If a morphism in an arbitrary category f: a — b can be decomposed as f = ¢ o p, where
p: a — x is an epimorphism and ¢: x — b a monomorphism, then the object z is called
an image of f and we write x = Im (f).

3. In abelian categories every morphism f can be written as f = top with ¢ a monomorphism
and p an epimorphism, and so all images exist.

Examples B.0.8.

1. For every ring R the category of R-modules is abelian, because kernels and cokernels are
defined on the level of the underlying abelian groups.

The converse also holds and is known as the full embedding theorem: every small abelian
category can be fully faithfully embedded in the category of modules over a suitable ring,
such that exactness properties are preserved, See e.g. B. Mitchell, Theory of categories,
Academic Press 1965, London-New York, p. 151.

2. If C is an abelian category, then so is the opposite category CPP. The kernels in CPP
are the cokernels in C and vice versa. Categorical language generally follows the design
principle that an X in C corresponds to a co-X in CP.

We now have all required notions to make sense of exact sequences in abelian categories.
Abelian categories are thus a natural framework for homological algebra.

Definition B.0.9
Let F': C — D be an additive functor between abelian categories. We consider all short exact
sequences 0 — a’ — a — a” — 0 in C. Now F is called
left exact, if0=F(0) — F(ad') = F(a) — F(a") is exact for all short exact sequences in C;
right exact, if F(a') — F(a) — F(a") — 0 is exact for all short exact sequences in C;
exact, if0 — F(d') — F(a) — F(a") — 0 is exact for all short exact sequences in C.

Examples B.0.10.
1. Let M be an R-right module. The functor M ®r —: R—Mod — Ab is right exact. It is
exact if and only if the module M is flat.

2. Let M be an R-module. The functor Homg(M, —): R—Mod — Ab is left exact. It is
exact if and only if the module M is projective.

3. Let M be an R-module. The functor Homg(—, M): (R—Mod)?? — Ab is left exact.
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C Tanaka-Krein reconstruction

Let K be a field. In this subsection, we explain under what conditions a finite tensor category
over a field K can be described as the category of modules or comodules over a Hopf algebra.
We assume that the field K is algebraically closed of characteristic zero and that all categories
are essentially small, i.e. equivalent to a small category, a category in which the class of objects
is a set.

Definition C.0.1
Let C,D be abelian tensor categories. A fibre functor is an exact faithful tensor functor ® :
C —D.

Examples C.0.2.
1. Let H be a bialgebra over a field K. The forgetful functor

F:H—mod — vect(K),

is a strict tensor functor. It is faithful, since by definition Hompg_ 0q(V, W) C
Homvect(K)(V, W). It is exact, since the kernels and images in the categories H—mod
and vect(K) are the same. Thus the forgetful functor F is a fibre functor.

2. There are tensor categories that do not admit a fibre functor to vector spaces. Deligne has
characterized [D, Theorem 7.1] those K-linear semisimple ribbon categories over a field
K of characteristic zero that admit a fibre functor: these are those categories for which
all objects have categorical dimensions that are non-negative integers.

We only sketch the proof of the following result:

Theorem C.0.3.
Let K be a field and C a K-linear abelian tensor category and

d:C— Vethd(K)

a fibre functor in the category of finite-dimensional K-vector spaces. Then there is a K-Hopf
algebra H and an equivalence of tensor categories

w:C — comod- H ,

such that the following diagram of monoidal functors commutes:

comod—H

where F is the forgetful functor.

Proof.
We only sketch the idea and refer for details to the book by Chari and Pressley.
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e For any K-vector space M, consider the functor

dRM: C — vect(K)
U — U)ok M |

which is not monoidal, in general. We use these functors to construct a functor

Nat(®, & ® —) :  vectrq(K) — vectsq(K)
M s Nat (,®® M)

which is representable: there is a vector space H € vect;q(K) and a natural isomorphism
of functors 7 : vect 14(K) — vect r4(K)

Hom(H,—) — Nat (®,® ® —)
i.e. natural isomorphisms of vector spaces for any M € vect r4(K)

7o - Homg (H, M) — Nat (®,® @ M).

e The natural identification
e:®— &K e Nat(P, P ® K)
gives a linear form € := 7' (¢) € Hom (H,K).

e Consider
0= TH(ldH) € Nat(<I>, d® H)

which gives for any object U of C a natural K-linear map
oy : ®(U) = d(U) ®k H .
Consider the natural transformation
(®idg)od: ¢ —-PRH - (PH)H=ZdR (H®H) .

Then define
A=ril, ((5 ® idy) o 5) e Hom(H,H ® H).

One can show that ¢ and A endow the vector space H with the structure of a counital
coassociative coalgebra over the field K.

e For the algebra structure on H, we use the monoidal structure on the functor ®: consider

moy : OU)2O(V)=eUe V) X U V)e H
~ §(U) @ &(V) @ H

which is an element in
Nat (®* ®* ® H) =~ Hom(H ® H,H) .
This gives an associative product with unit element
Kol 2L o) o H~H.
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e In a similar way, one uses the duality on C to obtain an antipode on H and shows that
H becomes a Hopf algebra.

e One finally shows that H—mod = C as monoidal categories.

Remark C.0.4.

There exist generalizations: by [BLV], Theorem 7.6], any finite tensor category C over a field
K is equivalent, as a tensor category, to the category of modules over a finite-dimensional left
Hopf algebroid over K.
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D Glossary German-English

For the benefit of German speaking students, we include a table with German versions of
important notions.

English

German

abelian Lie algebra
absolutely simple object
additive tensor category
adjoint functor
alternating algebra
antipode

associator
augmentation ideal
autonomous category

Boltzmann weights
braid

braid group

braided tensor category
braided tensor functor
braided vector space
braiding

character

class function

coaction

code

coevaluation

coinvariant
commutativity constraint
convolution product
coopposed coalgebra
counitality

derivation

distinguished group-like element
dominating family

Drinfeld center

Drinfeld double

enriched category
enveloping algebra

error correcting code
essentially small category
evaluation

exterior algebra

abelsche Lie-Algebra
absolut einfaches Objekt
additive Tensorkategorie
adjungierter Funktor
alternierende Algebra
Antipode

Assoziator
Augmentationsideal
autonome Kategorie

Boltzmann-Gewichte
Zopf

Zopfgruppe

verzopfte Tensorkategorie
verzopfter Tensorfunktor
verzopfter Vektorraum
Verzopfung

Charakter

Klassenfunktion

Kowirkung

Code

Koevaluation

Koinvariante
Kommutatitivitatsisomorphismus
Konvolutionsprodukt, Faltungsprodukt
koopponierte Algebra

Kounitaritat

Derivation

ausgezeichnetes gruppenartiges Element
dominierende Familie

Drinfeld Zentrum

Drinfeld-Doppel

angereicherte Kategorie
einhiillende Algebra
fehlerkorrigierender Code
wesentlich kleine Kategorie
Evaluation

auBere Algebra
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English

German

factorizable Hopf algebra
fibre functor

forgetful functor

free vector space
fundamental groupoid
fusion category

gate

gauge transformation
group-like element
groupoid

Hamming distance
Haar integral
hexagon axioms
Hopf algebra

isotopy
knot

left adjoint functor
left integral

left module

link

linking number
modular category
modular element
monodromy element

opposite algebra

pentagon axiom

pivotal category

primitive element
projective module

pullback of a representation

quantum circuit

quantum code

quantum gate

quantum group
quasi-triangular bialgebra
Reidemeister move
representation

right adjoint functor
right integral

faktorisierbare Hopf-Algebra
Faserfunktor

Vergissfunktor

freier Vektorraum
Fundamentalgruppoid
Fusionskategorie

Gatter
Eichtransformation
gruppenartiges Element
Gruppoid

Hamming-Abstand
Haarsches Maf}
Hexagon-Axiome
Hopf-Algebra

Isotopie
Knoten

linksadjungierter Funktor
Linksintegral
Linksmodul
Verschlingung
Verschlingungszahl
modulare Kategorie
modulares Element
Monodromie-Element

opponierte Algebra

Pentagon-Axiom

pivotale Kategorie
primitives Element
projektiver Modul
Pullback einer Darstellung

Quantenschaltkreis
Quantenkode
Quantengatter
Quantengruppe
quasitriangulare Bialgebra
Reidemeister-Bewegung
Darstellung
rechtsadjungierter Funktor
Rechtsintegral
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English

German

semisimple algebra
semisimple module
separable algebra
simple module
skein

skew antipode
spherical category
surgery

tensor unit
trace

trefoil knot
triangle axiom
trivial module

unimodular Hopf algebra
universal R-matrix
universal enveloping algebra
universal quantum gate
unknot

Yang-Baxter equation
Yetter-Drinfeld module

halbeinfache Algebra
halbeinfacher Modul (der)
separable Algebra
einfacher Modul (der)
Gebinde

Schiefantipode

spharische Kategorie
Chirurgie

Tensoreins

Spur
Kleeblattknoten
Dreiecksaxiom
trivialer Modul (der)

unimodulare Hopf-Algebra
universelle R-Matrix
universelle einhiillende Algebra
universelles Quantengatter
trivialer Knoten, Unknoten

Yang-Baxter-Gleichung
Yetter-Drinfeld-Modul (der)
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