Lectures on

QUANTUM GROUPS AND
NONCOMMUTATIVE GEOMETRY

Prof. Dr. B. Pareigis

Summer Semester 2002






Table of Contents

Chapter 1. Commutative and Noncommutative Algebraic Geometry
Introduction
1. The Principles of Commutative Algebraic Geometry
2. Quantum Spaces and Noncommutative Geometry
3. Quantum Monoids and their Actions on Quantum Spaces

Chapter 2. Hopf Algebras, Algebraic, Formal, and Quantum Groups
Introduction

Hopf Algebras

Monoids and Groups in a Category

Affine Algebraic Groups

Formal Groups

Quantum Groups

Quantum Automorphism Groups

Duality of Hopf Algebras

O G W

Chapter 3. Representation Theory, Reconstruction and Tannaka Duality
Introduction

Representations of Hopf Algebras

Monoidal Categories

Dual Objects

Finite reconstruction

The coalgebra coend

The bialgebra coend

The quantum monoid of a quantum space

Reconstruction and C-categories

NS T WD

Chapter 4. The Infinitesimal Theory
1. Integrals and Fourier Transforms
2. Derivations
3. The Lie Algebra of Primitive Elements
4. Derivations and Lie Algebras of Affine Algebraic Groups

Bibliography

12
17

31
31
32
38
42
48
50
o6
62

67
67
68
74
82
90
96
98
100
103

113
113
126
131
134

139



CHAPTER 1

Commutative and Noncommutative Algebraic Geometry

Introduction

Throughout we will fix a base field K. The reader may consider it as real numbers
or complex numbers or any other of his most favorite fields.

A fundamental and powerful tool for geometry is to associate with each space
X the algebra of functions O(X) from X to the base field (of coefficients). The
dream of geometry is that this construction is bijective, i.e. that two different spaces
are mapped to two different function algebras and that each algebra is the function
algebra of some space.

Actually the spaces and the algebras will form a category. There are admissible
maps. For algebras it is quite clear what these maps will be. For spaces this is
less obvious, partly due to the fact that we did not say clearly what spaces exactly
are. Then the dream of geometry would be that these two categories, the category of
(certain) spaces and the category of (certain) algebras, are dual to each other.

Algebraic geometry, noncommutative geometry, and theoretical physics have as a
basis this fundamental idea, the duality of two categories, the category of spaces (state
spaces in physics) and the category of function algebras (algebras of observables) in
physics. We will present this duality in the 1. chapter. Certainly the type of spaces
as well as the type of algebras will have to be specified.

Theoretical physics uses the categories of locally compact Hausdorftf spaces and
of commutative C*-algebras. A famous theorem of Gelfand-Naimark says that these
categories are duals of each other.

(Affine) algebraic geometry uses a duality between the categories of affine algebraic
schemes and of (reduced) finitely generated commutative algebras.

To get the whole framework of algebraic geometry one needs to go to more gen-
eral spaces by patching affine spaces together. On the algebra side this amounts to
considering sheaves of commutative algebras. We shall not pursue this more general
approach to algebraic geometry, since generalizations to noncommutative geometry
are still in the state of development and incomplete.

Noncommutative geometry uses either (imaginary) noncommutative spaces and
not necessarily commutative algebras or (imaginary) noncommutative spaces and not
necessarily commutative C*-algebras.

We will take an approach to the duality between geometry and algebra that heavily
uses functorial tools, especially representable functors. The affine (algebraic) spaces

1



2 1. COMMUTATIVE AND NONCOMMUTATIVE ALGEBRAIC GEOMETRY

we use will be given in the form of sets of common zeros of certain polynomials, where
the zeros can be taken in arbitrary (commutative) K-algebras B. So an affine space
will consist of many different sets of zeros, depending on the choice of the coefficient
algebra B.

We first give a short introduction to commutative algebraic geometry in this setup
and develop a duality between the category of affine (algebraic) spaces and the cate-
gory of (finitely generated) commutative algebras.

Then we will transfer it to the noncommutative situation. The functorial approach
to algebraic geometry is not too often used but it lends itself particularly well to the
study of the noncommutative situation. Even in that situation one obtains space-like
objects.

The chapter will close with a first step to construct automorphism “groups” of
noncommutative spaces. Since the construction of inverses presents special problems
we will only construct endomorphism “monoids” in this chapter and postpone the
study of invertible endomorphisms or automorphisms to the next chapter.

At the end of the chapter you should

e know how to construct an affine scheme from a commutative algebra,

e know how to construct the function algebra of an affine scheme,

e know what a noncommutative space is and know examples of such,

e understand and be able to construct endomorphism quantum monoids of
certain noncommutative spaces,

e understand, why endomorphism quantum monoids are not made out of en-
domorphisms of a noncommutative space.

1. The Principles of Commutative Algebraic Geometry

We will begin with simplest form of (commutative) geometric spaces and see a
duality between these very simple “spaces” and certain commutative algebras. This
example will show how the concept of a function algebra can be used to fulfill the
dream of geometry in this situation. It will also show the functorial methods that
will be applied throughout this text. It is a particularly simple example of a duality
as mentioned in the introduction. This example will not be used later on, so we will
only sketch the proofs for some of the statements.

Example 1.1.1. Consider a set of points without any additional geometric struc-
ture. So the geometric space is just a set. We introduce the notion of its algebra of
functions.

Let X be a set. Then K¥ := Map(X,K) is a K-algebra with componentwise
addition and multiplication: (f + g)(z) := f(x) + g(z) and (fg)(z) := f(x)g(x). We
study this fact in more detail.

The set K¥ considered as a vector space with the addition (f+¢)(z) := f(2)+g(x)
and the scalar multiplication (af)(z) := af(x) defines a representable contravariant
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functor
K : Set — Vec.

This functor is a representable functor represented by K. In fact K" : K¥ — KX is
a linear map for every map h : X — Y since K"(af + 89)(x) = (af + Bg)(h(x)) =
o f (h(x))+Bg(h(x)) = (afh+Bgh)(x) = (aK"(f)+FK"(g))(x) hence K" (af+Bg) =
oK (f) + AKA(g).

Consider the homomorphism 7 : K¥ @ K¥Y — K**Y defined by 7(f ® g)(z,y) :=
f(z)g(y). In order to obtain a unique homomorphism 7 defined on the tensor product
we have to show that 7/ : K¥ x K¥Y — KX*Y is a bilinear map : 7/(f + f', g)(z,y) =
(f+I)@)g(y) = (f @)+ (2)g(y) = f(2)g(y)+ [ (x)g(y) = (7'(f,9)+7' (", 9)) (2, y)
gives the additivity in the left hand argument. The additivity in the right hand
argument and the bilinearity is checked similarly. One can check that 7 is always
injective. If X or Y are finite then 7 is bijective.

As a special example we obtain a multiplication V : K¥ @ KX /5 KX*X K2 kX
where A : X — X x X in Set is the diagonal map A(z) := (z,z). Furthermore we

get a unit n : K& X KX wheree: X — {*} is the unique map into the one element
set. One verifies easily that (KX, 7, V) is a K-algebra. Two properties are essential
here, the associativity and the unit of K and the fact that (X, A, €) is a “comonoid”
in the category Set:

X A X x X

A 1xA
XXXW’XXXXX

X A X xX

J

X xX {x} x X=X =X x{x}.

ex1

Since K™ is a functor these two diagrams carry over to the category Vec and produce
the required diagrams for a K-algebra.

For a map f : X — Y we obtain a homomorphism of algebras K/ : K¥ — KX
because the diagrams

KY ® KY T KYXY K2 KY
Kf @K/ Kf*xf KS
KX ® KX T KX x X K2 KX
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and
K~ K
KY Lf, KX
commute.
Thus

K™ : Set — K-cAlg

is a contravariant functor.

By the definition of the set-theoretic (cartesian) product we know that KX =
[Ix K. This identity does not only hold on the set level, it holds also for the algebra
structures on K* resp. [[y K.

We now construct an inverse functor

Spec : K-cAlg — Set.

For each point z € X there is a maximal ideal m, of [[ K defined by m, := {f €
Map(X,K)|f(z) = 0}. If X is a finite set then these are exactly all maximal ideals
of [[x K. To show this we observe the following. The surjective homomorphism p, :
[Ix K — K has kernel m, hence m, is a maximal ideal. If m C [ K is a maximal
ideal and a = (ay,...,®,) € m then for any «; # 0 we get (0,...,0,1;,0,...,0) =
(0,...,0,0;1,0,...,0)(,...,a,) €m hence the i-th factor 0 x ... x K x ... x 0 of
[[x K is in m. So the elements a € m must have at least one common component
a; = 0 since m # K. But more than one such a component is impossible since we
would get zero divisors in the residue class algebra. Thus m = m, where x € X is
the j-th elements of the set.

One can easily show more namely that the ideals m, are precisely all prime ideals
of Map(X, K).

With each commutative algebra A we can associate the set Spec(A) of all prime
ideals of A. That defines a functor Spec: K-Alg — Set. Applied to algebras of the
form K¥ = [[x K with a finite set X this functor recovers X as X = Spec(K¥).
Thus the dream of geometry is satisfied in this particular example.

The above example shows that we may hope to gain some information on the
space (set) X by knowing its algebra of functions K* and applying the functor Spec
to it. For finite sets and certain algebras the functors K~ and Spec actually define a
category duality. We are going to expand this duality to larger categories.

We shall carry some geometric structure into the sets X and will study the con-
nection between these geometric spaces and their algebras of functions. For this
purpose we will describe sets of points by their coordinates. Examples are the circle
or the parabola. More generally the geometric spaces we are going to consider are
so called affine schemes described by polynomial equations. We will see that such
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geometric spaces are completely described by their algebras of functions. Here the
Yoneda Lemma will play a central role.

We will, however, take a different approach to functions algebras and geometric
spaces, than one does in algebraic geometry. We use the functorial approach, which
lends itself to an easier access to the principles of noncommutative geometry. We
will define geometric spaces as certain functors from the category of commutative
algebras to the category of sets. These sets will have a strong geometrical meaning.
The functors will associate with each algebra A the set of points of a “geometric
variety”, where the points have coordinates in the algebra A.

Definition 1.1.2. The functor A = A! : K-cAlg — Set (the underlying functor)
that associates with each commutative K-algebra A its space (set) of points (elements)
A is called the affine line.

Lemma 1.1.3. The functor “affine line” is a representable functor.

PROOF. By Lemma 2.3.5 the representing object is K[z]. Observe that it is unique
up to isomorphism. 0

Definition 1.1.4. The functor A? : K-cAlg — Set that associates with each
commutative algebra A the space (set) of points (elements) of the plane A? is called
the affine plane.

Lemma 1.1.5. The functor “affine plane” is a representable functor.

PROOF. Similar to Lemma 2.3.9 the representing object is K[z, 25]. This algebra
is unique up to isomorphism. O

Let p1(x1, ..., Z0), .-y pm(T1, ... xn) € K[y, ..., 2, be a family of polynomials.
We want to consider the (geometric) variety of zeros of these polynomials. Observe
that K may not contain sufficiently many zeros for these polynomials. Thus we are go-
ing to admit zeros in extension fields of K or more generally in arbitrary commutative
K-algebras.

In the following rather simple buildup of commutative algebraic geometry, the
reader should carefully verify in which statements and proofs the commutativity is
really needed. Most of the following will be verbally generalized to not necessarily
commutative algebras.

Definition 1.1.6. Given a set of polynomials {p1,...,pn} C K[zy,...,z,]. The
functor X that associates with each commutative algebra A the set X'(A) of zeros of
the polynomials (p;) in A" is called an affine algebraic variety or an affine scheme
(in A™) with defining polynomials pq,...,p,. The elements in X'(A) are called the
A-points of X.

Theorem 1.1.7. The affine scheme X in A™ with defining polynomials p1, ..., pm
i1s a representable functor with representing algebra

OX) =Kz, ..., 20/ (D1, -, Dm)s



6 1. COMMUTATIVE AND NONCOMMUTATIVE ALGEBRAIC GEOMETRY

called the affine algebra of the functor X.

PROOF. First we show that the affine scheme X : K-cAlg — Set with the
defining polynomials py,...,p, is a functor. Let f : A — B be a homomorphism
of commutative algebras. The induced map f" : A" — B" defined by applica-
tion of f on the components restricts to X(A) C A™ as X(f) : X(4A) — X(B).
This map is well-defined for let (as,...,a,) € X(A) be a zero for all polynomi-
als pi1,...,pm then pi(f(ar),..., f(an)) = f(pi(ai,...,a,)) = f(0) = 0 for all i
hence f"(ai,...,a,) = (f(a1),..., f(an)) € B"™ is a zero for all polynomials. Thus
X(f): X(A) — X(B) is well-defined. Functoriality of X" is clear now.

Now we show that & is representable by O(X) = Klz1,...,z,]/(p1,...,Dm). Ob-
serve that (py, ..., pm) denotes the (two-sided) ideal in K[z, ..., x,] generated by the
polynomials py, ..., pm. We know that each n-tupel (ay,...,a,) € A™ uniquely deter-

mines an algebra homomorphism f : K[z, ..., z,] — A by f(z1) = ay,..., f(z,) =
a,. (The polynomial ring K[xq,...,z,] in K-cAlg is free over the set {x1,...,z,},
or K[zy,...,x,] together with the embedding ¢ : {z1,...,2,} — Klxy,...,2,] is

a couniversal solution of the problem given by the underlying functor A : K-cAlg
— Set and the set {x1,...,2,} € Set.) This homomorphism of algebras maps poly-
nomials p(zy,...,z,) into f(p) = p(ay,...,a,). Hence (ay,...,a,) is a common zero
of the polynomials py,...,p, if and only if f(p;) = pi(as,...,a,) =0, i.e. p1,...,0m
are in the kernel of f. This happens if and only if f vanishes on the ideal (p1,...,pm)
or in other word can be factorized through the residue class map

v:Klzy, ..o 2] — Klag, oo,z /(1o D)

This induces a bijection

MOTK—cAzg(K[IL sl /(P Pm), A) D f e (f(z), - ) € X(A).
Now it is easy to see that this bijection is a natural isomorphism (in A). O

If no polynomials are given for the above construction, then the functor under this
construction is the affine space A" of dimension n. By giving polynomials the functor
X becomes a subfunctor of A", because it defines subsets X'(A) C A"(A) = A™. Both
functors are representable functors. The embedding is induced by the homomorphism
of algebras v : K[zq,...,x,] — Kz, ..., z,]/(p1, ., Dm)-

Problem 1.1.1. (1) Determine the affine algebra of the functor “unit circle”
Stin A2
(2) Determine the affine algebra of the functor “unit sphere” S"~! in A",
(3) Determine the affine algebra of the functor “torus” 7 and find an “embed-
ding” of 7 into A3.
Actually 7 can be considered as product §' x §(B) = §(B) x §!(B).
Take the first copy of §!(B) as the circle with radius 2, then we have §}(B) x
S3(B) = {(u, v, z,y)|[u? + v? = 4;2? + y* = 1}. The embedding is

(u,v,2,y) — (u,v,0) + 1/22(u,v,0) 4+ (0,0,y)
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hence the algebra map is
Klz,y, 2] — Klu,v]/(u* +v* — 4) @ K[z, y]/(2" + y* — 1)
with
r— u+1/2zu,
y— v+ 1/2zv,

(4) Let U denote the plane curve zy = 1. Then U is not isomorphic to the affine
line. (Hint: An isomorphism K[z, z~!] — K[y] sends z to a polynomial p(y)
which must be invertible. Consider the highest coefficient of p(y) and show
that p(y) € K. But that means that the map cannot be bijective.)

U is also called the unit functor. Can you explain, why?

(5) Let X denote the plane curve y = z2. Then X is isomorphic to the affine
line.

(6) Let K = C be the field of complex numbers. Show that the unit functor U :
K-cAlg — Set in Problem (3) is naturally isomorphic to the unit circle S*.
(Hint: There is an algebra isomorphism between the representing algebras
Kle,e '] and K]c, s]/(c* + s* — 1).)

(7) * Let K be an algebraically closed field. Let p be an irreducible square
polynomial in K[z, y|. Let Z be the conic section defined by p with the affine
algebra K[z, y]/(p). Show that Z is naturally isomorphic either to X or to
U from parts (4) resp. (5).

Remark 1.1.8. Affine algebras of affine schemes are finitely generated commu-
tative algebras and any such algebra is an affine algebra of some affine scheme, since
A= K[xy,...,2,)/(p1,- .-, pm) (Hilbert basis theorem).

The polynomials pq, ..., p, are not uniquely determined by the affine algebra of
an affine scheme. Not even the ideal generated by the polynomials in the polynomial
ring K[zy, ..., x,] is uniquely determined. Also the number of variables xy, ..., z, is
not uniquely determined.

The K-points (aq, ..., a,) € X(K) of an affine scheme X (with coefficients in the
base field K) are called rational points. They do not suffice to completely describe
the affine scheme.

Let for example K = R the set of rational numbers. If X and ) are affine
schemes with affine algebras O(X) := K[z, y]/(2*+y*+1) and O(Y) := K[z]/(z*+1)
then both schemes have no rational points. The scheme ), however, has exactly
two complex points (with coefficients in the field C of complex numbers) and the
scheme X has infinitely many complex points, hence X(C) 2 Y(C). This does not
result from the embeddings into different spaces A2 resp. Al. In fact we also have
O) = K[z]/(z*+1) ® K]z, y]/(z*+1,y), so Y can be considered as an affine scheme
in A?.

Since each affine scheme X’ is isomorphic to the functor Morg-.4;,(O(X),-) we will
henceforth identify these two functors, thus removing annoying isomorphisms.
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Definition 1.1.9. Let K-Aff denote the category of all commutative finitely
generated (or affine cf. 1.1.8) K-algebras. An affine algebraic variety is a representable
functor K-Aff(A,-) : K-Aff — Set. The affine algebraic varieties together with the
natural transformations form the category of affine algebraic varieties K-Var over
K. The functor that associates with each affine algebra A its affine algebraic variety
represented by A is denoted by Spec : K-Aff — K-Var, Spec(A4) = K-Aff(A,-).

By the Yoneda Lemma the functor

Spec : K-Aff — K-Var
is an antiequivalence (or duality) of categories with inverse functor
O : K-Var — K-Aff.

An affine algebraic variety is completely described by its affine algebra O(X'). Thus
the dream of geometry is realized.

Arbitrary (not necessarily finitely generated) commutative algebras also define
representable functors (defined on the category of all commutative algebras). Thus we
also have “infinite dimensional” varieties which we will call geometric spaces or affine
varieties. We denote their category by Geom (K) and get a commutative diagram

Spec

K-Aff K-Var

K-cAlg

Geom (K)

~o

We call the representable functors X : K-cAlg — Set geometric spaces or affine
varieties, and the representable functors X : K- Aff — Set affine schemes or affine
algebraic varieties. This is another realization of the dream of geometry.

The geometric spaces can be viewed as sets of zeros in arbitrary commutative
K-algebras B of arbitrarily many polynomials with arbitrarily many variables. The
function algebra of A will be called the affine algebra of X in both cases.

Example 1.1.10. A somewhat less trivial example is the state space of a circular
pendulum (of length 1). The location is in L = {(a,b) € A?|a® + b* = 1}, the
momentum is in M = {p € A} which is a straight line. So the whole geometric space
for the pendulum is (L x M)(A) = {(a,b,p)|a,b,p € A;a® + b* = 1}. This geometric
space is represented by K[z, y, z]/(2? 4+ y* — 1) since

(Lx M)(A) = {(a,b,p)la,b,p € A;a®+b* = 1} = K-cAlg (K[z,y, 2] /(2" +5* — 1), A).

The two antiequivalences of categories above give rise to the question for the func-
tion algebra. If a representable functor X = K-c.Alg(A,-) is viewed as geometric sets
of zeros of certain polynomials, i.e. as spaces with coordinates in arbitrary commuta-
tive algebras B, (plus functorial behavior), then it is not clear why the representing
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algebra A should be anything like an algebra of functions on these geometric sets. It
is not even clear where these functions should assume their values. Only if we can
show that A can be viewed as a reasonable algebra of functions, we should talk about
a realization of the dream of geometry. But this will be done in the following theo-
rem. We will consider functions as maps (coordinate functions) from the geometric
set X(B) to the set of coordinates B, maps that are natural in B. Such coordinate
functions are just natural transformations from X to the underlying functor A.

Theorem 1.1.11. Let X be a geometric space with the affine algebra A = O(X).
Then A = Nat(X, A) as K-algebras, where A : K-cAlg — Set is the underlying func-
tor or affine line. The isomorphism A = Nat(X', A) induces a natural transformation
A x X(B) — B (natural in B).

PROOF. First we define an isomorphism between the sets A and Nat(X, A).
Because of X = Morg-cay(A,-) =: K-cAlg(A,-) and A = Morg-.a,(K[z],-) =
K-cAlg (K[z],-) the Yoneda Lemma gives us

Nat(X, A) = Nat(K-cAlg (4, -), K-cAlg (K[z],-)) = K-cAlg (K[z], A) = A(A) = A

on the set level. Let ¢ : A — Nat(X,A) denote the given isomorphism. ¢ is
defined by ¢(a)(B)(p)(x) := p(a). By the Yoneda Lemma its inverse is given by
6 (o = a((A)(1)(2).

Nat(X, A) carries an algebra structure given by the algebra structure of the coef-
ficients. For a coefficient algebra B, a B-point p: A — B in X(B) = K-Alg(A, B),
and a,f € Nat(X,A) we have a(B)(p) € A(B) = B. Hence (a + 8)(B)(p) =
(a(B) + B(B))(p) = a(B)(p) + B(B)(p) and (- A)(B)(p) == (a(B) - A(B))(p) =
a(B)(p) - B(B)(p) make Nat(X,A) an algebra.

Let a be an arbitrary element in A. By the isomorphism given above this ele-
ment induces an algebra homomorphism g, : K[z] — A mapping x onto a. This
algebra homomorphism induces the natural transformation ¢(a) : X — A. On
the B-level it is just the composition with g,, i.e. ¢(a)(B)(p) = (K[z] 2 A4 25
B). Since such a homomorphism is completely described by the image of = we
get ¢(a)(B)(p)(z) = p(a). To compare the algebra structures of A and Nat(X,A)
let a,a’ € A. We have ¢(a)(B)(p)(z) = p(a) and ¢(a')(B)(p)(z) = p(a’), hence
ola+ ) (B)p)(x) = pla + ) = pla) + p(a') = 6(a)(B)(p)(x) + da’) (B)(p)(x) =
(6(a)(B)(n)+6(d)(B) (1) (z) = (6(a) (B)+0(a)(B)) (p)(z) = (d(a)+6(a")) (B)(p)(x).
Analogously we get p(aa')(B)(p)(z) = plad’) = pla)p(a’) = (#(a) - 6(a))(B)(p)(x),
and thus ¢(a + ') = ¢(a) + ¢(a’) and ¢(aa’) = ¢(a) - ¢p(a’). Hence addition and
multiplication in Nat(X, A) are defined by the addition and the multiplication of the
values p(a) + p(a’) resp. p(a)p(a’).

We describe the action ¥(B) : A x X(B) — B of Aon X(B). Let p: A — B
be a B-point in K-cAlg(A, B) = X(B). For each a € A the image ¢(a) : X — A
is a natural transformation hence we have maps ¢)(B) : A x X(B) — B such that
(B)(a,p) = p(a). Finally each homomorphism of algebras f : B — B’ induces a
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commutative diagram

uB)

A x X(B)

Ax X(f) f

Ax X(B') —T B’

Thus ¥(B) : A x X(B) — B is a natural transformation. O

Remark 1.1.12. Observe that the isomorphism A = Nat(&', A) induces a natural
transformation A x X(B) — B (natural in B). In particular the affine algebra A can
be viewed as the set of functions from the set of B-points X'(B) into the “base” ring
B (functions which are natural in B). In this sense the algebra A may be considered
as function algebra of the geometric space X'. Thus we will call A the function algebra
of X.

One can show that the algebra A is universal with respect to the property, that
for each commutative algebra D and each natural transformation p : D x X(-) — -
there is a unique homomorphism of algebras f : D — A, such that the triangle

D x X(B)
IxX1x(B) p(B)

A x X(B) el B
commutes. We will show this result later on for noncommutative algebras. The
universal property implies that the function algebra A of an geometric space X is
unique up to isomorphism.

Let X be an geometric space with function algebra A = O(X). If p: A — K
is a rational point of X, i.e. a homomorphism of algebras, then Im(p) = K hence
Ker(p) is a maximal ideal of A of codimension 1. Conversely let m be a maximal
ideal of A of codimension 1 then this defines a rational point p: A — A/m = K. If
K is algebraicly closed and m an arbitrary maximal ideal of A, then A/m is a finitely
generated K-algebra and a field extension of K, hence it coincides with K. Thus the
codimension of m is 1. The set of maximal ideals of A is called the mazimal spectrum
Spec,, (A). This is the approach of algebraic geometry to recover the geometric space
of (rational) points from the function algebra A. We will not follow this approach
since it does not easily extend to noncommutative geometry.

Problem 1.1.2. 1. Let X be an geometric space with affine algebra A. Show that
the algebra A is universal with respect to the property, that for each commutative
algebra D and each natural transformation p : D x X(-) — - there is a unique
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homomorphism of algebras f : D — A, such that the triangle
D x X(B)

Ix1x(B) p(B)
Ax X(B)—=B

W(B)
2. Let X be an affine scheme with affine algebra

A=Klzy,...,2,)/(P1, -+, Pm)-

Define “coordinate functions” ¢; : X(B) — B which describe the coordinates of
B-points and identify these coordinate functions with elements of A.

Now we will study morphisms between geometric spaces.

Theorem 1.1.13. Let X C A" and Y C A® be affine algebraic varieties and let
¢ : X — Y be a natural transformation. Then there are polynomials

P, xn), e ps(x, . xy) € Ko, .o 2y,
such that
o(A)(ar, ... a;) = (pr(ay,...,ap),...,ps(as, ..., a.)),
for all A € K-Aff and all (ai,...,a,) € X(A), i.e. the morphisms between affine
algebraic varieties are of polynomial type.

PrOOF. Let O(X) = Klzy,...,z,]/] and O(Y) = Klys,...,ys]/J. For A €
K-Alg and (ay,...,a,) € X(A) let f : Klzy,...,2,]/] — A with f(x;) = a; be
the homomorphism obtained from X(A) = K-Alg (K[x1,...,z,.]/I, A). The natural
transformation ¢ is given by composition with a homomorphism g : K[y, ..., ys|/J
— Kz, ..., z,]/I hence we get

o(A) : K-cAlg(Klzy, ...,z ]/1,A) > f— fg € K-cAlg(K[y1,...,ys]/J, A).
Since g is described by ¢(y;) = pi(z1,...,x.) € Klxq, ..., z,] we get

o(A)(ar, ..., as) = (fg(n), ..., f9(ys))
= (f(pl(xla - 7x7“))7 S f(pS(xlv - 7IT)))
= (p1(ay,...,a.),...,ps(a,...,a.)).

An analogous statement holds for geometric spaces.

Example 1.1.14. The isomorphism between the affine line (1.1.2) and the para-
bola is given by the isomorphism f : K[z, y]/(y — 2?) — K[z], f(x) = z, f(y) = 2*
that has the inverse function f~!(z) = z. On the affine schemes A, the affine line,
and P, the parabola, the induced map is f : A(A) 2 a — (a,a®) € P(A) resp.
[ P(A) 3 (a,b) — a € A(A).
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2. Quantum Spaces and Noncommutative Geometry

Now we come to noncommutative geometric spaces and their function algebras.
Many of the basic principles of commutative algebraic geometry as introduced in 1.1
carry over to noncommutative geometry. Our main aim, however, is to study the
symmetries (automorphisms) of noncommutative spaces which lead to the notion of
a quantum group.

Since the construction of noncommutative geometric spaces has deep applications
in theoretical physics we will also call these spaces quantum spaces.

Definition 1.2.1. Let A be a (not necessarily commutative) K-algebra. Then
the functor X = K-Alg(A,-) : K-Alg — Set represented by A is called (affine)
noncommutative (geometric) space or quantum space. The elements of K-Alg (A, B)
are called B-points of X. A morphism of noncommutative spaces f : X — Y is a
natural transformation.

This definition implies immediately

Corollary 1.2.2. The noncommutative spaces form a category QS that is dual
to the category of K-algebras.

Remark 1.2.3. Thus one often calls the dual category K-Alg“’ category of non-
commutative spaces.

If A is a finitely generated algebra then it may be considered as a residue class
algebra A = K(z1,...,z,)/I of a polynomial algebra in noncommuting variables (cf.
[Advanced Algebra] 2.2). If I = (p1(z1,.-.,%n), -, Pm(T1,...,2,)) is the two-sided
ideal generated by the polynomials p1, ..., p,, then the sets K-Alg(A, B) can be con-

I

sidered as sets of zeros of these polynomials in B". In fact, we have K-Alg (K(z1, ..., x,), B)

Map({z1,...,2,}, B) = B". Thus K-Alg(A, B) can be considered as the set of those
homomorphisms of algebras from K(xy,...,z,) to B that vanish on the ideal I or as
the set of zeros of these polynomials in B".

Similar to Theorem 1.1.13 one shows also in the noncommutative case that mor-
phisms between noncommutative spaces are described by polynomials.

The Theorem 1.1.11 on the operation of the affine algebra A = O(X) on X as
function algebra can be carried over to the noncommutative case as well: the natural
transformation ¢ (B) : A x X(B) — B (natural in B) is given by ¥(B)(a,p) := p(a)
and comes from the isomorphism A = Nat(X, A).

Now we come to a claim on the function algebra A that we did not prove in the
commutative case, but that holds in the commutative as well as in the noncommuta-
tive situation.
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Lemma 1.2.4. Let D be a set and ¢ : D x X(-) — A(-) be a natural transfor-
mation. Then there exists a unique map f : D — A such that the diagram

D x X(B)
1| (B)
A x X(B)

commutes.

PROOF. Let ¢ : D x X — A be given. We first define a map f': D — Nat(X, A)

by f'(d)(B)(p) := ¢(B)(d,p).
We claim that f'(d) : X — A is a natural transformation. Observe that the

diagram
D x x(B) 2B,

D x X(g)

D x X(B) Pzl A(B) =B

commutes for any g : B — B’, since ¢ is a natural transformation. Thus the diagram

f'(d)(B)

X(B)
X(g)

X(B) o A

— < ~
K

commutes since

Hence f'(d) € Nat(X,A) and f': D — Nat(X,A).

Now we define f : D — A as D R Nat(X,A) = A. By using the isomorphism
from 1.1.11 we get f(d) = f'(d)(A)(1). (Actually we get f(d) = f'(d)(A)(1)(z) but
we identify A(B) and B by A(B) > p+— p(z) € B.)
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Then we get
SB)(f x V(dp) = (B)(f(d),p)
— S(B)(F(d)(A)(1)(x), p) (by definition of /)
=po f'(d)(A)(1) (since we may omit x)
=po¢(A)(d,1) (by definition of f’)
= ¢(B)(D x X(p))(d,1) (since ¢ is a natural transformation)

= ¢(B)(d, p).
Hence the diagram in the Lemma commutes.
To show the uniqueness of f let ¢ : D — A be a homomorphism such that
¥(B)(g x 1) = ¢(B). Then we have

fld) = f(d)(A)1) = p(A)(d, 1) = P(A)(gx1)(d, 1) = (A)(f(d), 1) = log(d) = g(d)
hence f =g. 0

Problem 1.2.3. Definition: Let X’ be an geometric space with affine algebra A.
Let D be an algebra. A natural transformation p: D x X — A is called an algebra
action if p(B)(-,p) : D — A(B) = B is an algebra homomorphism for all B and all
p € X(B).

Give proofs for:

Lemma: The natural transformation ¢ : A x X — A is an algebra action.

Theorem: Let D be an algebra and p: D x X'(-) — A(-) be an algebra action.
Then there exists a unique algebra homomorphism f : D — A such that the diagram

D x X(B)

w)

AxX(B) ;5 B

fx1

commutes.

Definition 1.2.5. The noncommutative space A§'° with the function algebra

O(AY°) := K(z,y)/(xy — ¢~ 'yx)
with ¢ € K\ {0} is called the (deformed) quantum plane. The noncommutative space
A(qm with the function algebra

O(AY?) = K(&m) /(€% n*, €+ ané)
is called the dual (deformed) quantum plane. We have

X _
A2°(A) = {<y) |2,y € Ay =g 1ya¢}

AP(A) = {(& n)

and

EneAE=0,n"=0,&n=—qné}.
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Definition 1.2.6. Let X be a noncommutative space with function algebra A
and let X, be the restriction of the functor X : K-Alg — Set to the category of
commutative algebras: X, : K-cAlg — Set. Then we call X, the commutative part
of the noncommutative space X.

Lemma 1.2.7. The commutative part X, of a noncommutative space X is an
affine variety.

PRrROOF. The underlying functor A : K-cAlg — K-Alg has a left adjoint functor
K-Alg 5 A — AJ[A A] € K-cAlg where [A, A] denotes the two-sided ideal of A
generated by the elements ab — ba. In fact for each homomorphism of algebras f : A
— B with a commutative algebra B there is a factorization through A/[A, A] since
f vanishes on the elements ab — ba.

Hence if A = O(X) is the function algebra of X' then A/[A, A] is the representing
algebra for X.. O

Remark 1.2.8. For any commutative algebra (of coefficients) B the spaces X
and X, have the same B-points: X (B) = X.(B). The two spaces differ only for
noncommutative algebras of coefficients. In particular for commutative fields B as
algebras of coefficients the quantum plane A§'0 has only B-points on the two axes
since the function algebra K{x,y)/(zy — ¢ 'yz, 2y — yz) = K|x,y]/(xy) defines only
B-points (b1, ba) where at least one of the coefficients is zero.

Problem 1.2.4. Let S3 be the symmetric group and A := K[S;] be the group
algebra on S3. Describe the points of X(B) = K-Alg (A, B) as a subspace of A%(B).
What is the commutative part X.(B) of X and what is the affine algebra of X7

To understand how Hopf algebras fit into the context of noncommutative spaces
we have to better understand the tensor product in K-Alg.

Definition 1.2.9. Let A = O(X) and A’ = O(Y) be the function algebras of the
noncommutative spaces X resp. ). Two B-points p: A — B in X(B) and p’ : A’
— B in Y(B) are called commuting points if we have for all a € A and all o’ € A’

p(a)p'(a’) = p'(d')p(a),
i.e. if the images of the two homomorphisms p and p’ commute.

Remark 1.2.10. To show that the points p and p’ commute, it is sufficient to
check that the images of the algebra generators p(xi),...,p(x,,) commute with the
images of the algebra generators p'(yi),...,p (y,) under the multiplication. This
means that we have
for the B-points (by,...,b,) € X(B) and (V},...,b),) € Y(B).

Definition 1.2.11. The functor

(X LY)(B) :={(p,p) € X(B) x Y(B)|p,p commute}
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is called the orthogonal product of the noncommutative spaces X and ).

Remark 1.2.12. Together with X and Y the orthogonal product X L ) is again
a functor, since homomorphisms f : B — B’ are compatible with the multiplication
and thus preserve commuting points. Hence X L Y is a subfunctor of X x ).

Lemma 1.2.13. If X and Y are noncommutative spaces, then X 1Y is a non-
commutative space with function algebra O(X L Y) = O(X) @ O()).

If X and Y have finitely generated function algebras then the function algebra of
X L Y is also finitely generated.

PROOF. Let A := O(X) and A" := O()). Let (p,p') € (X L Y)(B) be a pair
of commuting points. Then there is a unique homomorphism of algebras h : A @ A’
— B such that the following diagram commutes

A—b s A A —L— 4
D h 4

B.
Define h(a ® a’) := p(a)p/(a’) and check the necessary properties. Observe that for

an arbitrary homomorphism of algebras h : A ® A’ — B the images of elements of
the form ¢ ® 1 and 1 ® @’ commute since these elements already commute in A ® A’.
Thus we have
(X LY)(B)=K-Alg(A® A, B).
If the algebra A is generated by the elements a,...,a,, and the algebra A’ is
generated by the elements a),...,a!, then the algebra A ® A’ is generated by the
elements a; ® 1 and 1 ® a’. O

Proposition 1.2.14. The orthogonal product of noncommutative spaces is asso-
ciative, i.e. for noncommutative spaces X, Y, and Z we have

(XLY)LZ2x 1 (Y12,

PROOF. Let B be a coefficient algebra and let p, € X(B), p, € Y(B), and
p. € Z(B) be points such that ((p,,p,),p.) is a pair of commuting points in ((X L
Y) L Z)(B). In particular (p,,p,) is also a pair of commuting points. Thus we have
foralla € A:=0(X),d € A :=0()), and " € A" := O(2)

"

pa(a)py(@)p:(a”) = (ps, py)(a ® a)p.(a”) = p.(a”)(ps, py)(a ® ) = p.(a”)pz(a)py(a’)
and

pa(a)py(a’) = py(a’)p.(a).
If we choose a = 1 then we get p,(a')p.(a”) = p.(a”)p,(a’). For arbitrary a,d’,a” we
then get

i I

pz(a)py(a)p.(a”) = p.(a”)p.(a)p,(a’) = p.(a”")p,(a)p.(a) = py(a’)p.(a")p.(a)
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hence (py,p.) and (py, (py, p.)) are also pairs of commuting points. O

Problem 1.2.5. Show that the orthogonal product of quantum spaces X 1L ) is
a tensor product for the category QS (in the sense of monoidal categories — if you
know already what that is).

3. Quantum Monoids and their Actions on Quantum Spaces

We use the orthogonal product introduced in the previous section as “product”
to define the notion of a monoid (some may call it an algebra w.r.t. the orthogonal
product). Observe that on the geometric level the orthogonal product consists only
of commuting points. So whenever we define a morphism on the geometric side with
domain an orthogonal product of quantum spaces f : X L Y — Z then we only have
to define what happens to commuting pairs of points. That makes it much easier to
define such morphisms for noncommutative coordinate algebras.

We are going to define monoids in this sense and study their actions on quantum
spaces.

Let E be the functor represented by K. It maps each algebra H to the one-element
set {t: K — H}.

Definition 1.3.1. Let M be a noncommutative space and let
m:-MIM-—Mande: E — M

be morphisms in QS such that the diagrams

MAIMIM2EI N M

11Llm m

ML M—— M

and
idln

ElM=2=M=ZMLE—M1ILM

nlid 1 v

ML M M

commute. Then (M, m,e) is called a quantum monoid.

Proposition 1.3.2. Let M be a noncommutative space with function algebra H.
Then H is a bialgebra if and only if M is a quantum monoid.

PRrROOF. Since the functors M L M, M L E and F 1 M are represented by
H® H resp. H®RK = H resp. K® H = H the Yoneda Lemma defines a bijection
between the morphisms m : M L M — M and the algebra homomorphisms A : H
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— H ® H and similarly a bijection between the morphisms e : £ — M and the
algebra homomorphisms ¢ : H — K. Again by the Yoneda Lemma the bialgebra
diagrams in K-Alg commute if and only if the corresponding diagrams for a quantum
monoid commute. 0

Observe that a similar result cannot be formulated for Hopf algebras H since
neither the antipode S nor the multiplication V : H® H — H are algebra homomor-
phisms. In contrast to affine algebraic groups (2.3.2) Hopf algebras in the category
K-Alg°? = QR are not groups. Nevertheless, one defines

Definition 1.3.3. A functor defined on the category of K-algebras and repre-
sented by a Hopf algebra H is called a quantum group.

Definition 1.3.4. Let X’ be a noncommutative space and let M be a quantum
monoid. A morphism (a natural transformation) of quantum spacesp: M L X — X
is called an operation of M on X if the diagrams

MIMLix™EL ) v

LLlp p
MLX 5 X
and ‘
X~FElx—"9 . Mmix
idy p
X

commute. We call X a noncommutative M-space.

Proposition 1.3.5. Let X be a noncommutative space with function algebra A =
O(X). Let M be a quantum monoid with function algebra B = O(M). Let p :
M L X — X be a morphism in QS and let f : A — B ® A be the associated
homomorphism of algebras. Then the following are equivalent

1. (X, M, p) is an operation of the quantum monoid M on the noncommutative
space X ;

2. (A, H, f) define an H-comodule algebra.

PrROOF. The homomorphisms of algebras A ® 14, 15 ® f, € ® 14 etc. represent
the morphisms of quantum spaces m L id, id L p, n L id etc. Hence the required
diagrams are transferred by the Yoneda Lemma. 0

Example 1.3.6. 1. The quantum monoid of “quantum matrices”:
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We consider the algebra

c

M,(2) :=Kla,b,c,d)/] =K <“ Z> /1
where the two-sided ideal I is generated by the elements
ab — g 'ba,ac — q 'ca,bd — ¢ 'db, cd — ¢ 'de,ad — da — (g7 — q)be, be — cb.
The quantum space M, (2) associated with the algebra M, (2) is given by
My (2)(A)= K-Alg (M,(2), A)
= { (CCL,/ Z;) la', 0, c,d € A;d'V =qtd,... . 0d = c’b’}

where each homomorphism of algebras f : M,(2) — A is described by the quadruple
(', 0, ,d") of images of the algebra generators a, b, ¢, d. The images must satisfy the
same relations that generate the two-sided ideal I hence

CL/b/ — q_lb’a’, a’c’ — q—lc/a/, b/d/ — q_ld’b’, Cldl — q_ldlcl,
b/cl — C/b/7 a’d’ _ qflb/cl — d/a/ _ qc’b’.

We write these quadruples as 2 x 2-matrices and call them quantum matrices. The
unusual commutation relations are chosen so that the following examples work.

The quantum space of quantum matrices turns out to be a quantum monoid. We
give both the algebraic (with function algebras) and the geometric (with quantum
spaces) approach to define the multiplication.

a) The algebraic approach:

The algebra M,(2) is a bialgebra with the diagonal

NI ]

ie. by Ala) =a®a+b®c, A(b) =a®b+b®d, Alc) =c®a+d® c and
A(d) =c®b+d®d, and with the counit

(ea) =60

ie. g(a) =1, e(b) =0, e(c) =0, and e(d) = 1. We have to prove that A and ¢ are
homomorphisms of algebras and that the coalgebra laws are satisfied. To obtain a
homomorphism of algebras A : M,(2) — M,(2) ® M,(2) we define A : K{a,b, ¢, d)
— M,(2)®@M,(2) on the free algebra (the polynomial ring in noncommuting variables)
K(a, b, c,d) generated by the set {a,b,c,d} and show that it vanishes on the ideal I
or more simply on the generators of the ideal. Then it factors through a unique
homomorphism of algebras A : M,(2) — M,(2) ® M,(2). We check this only for one
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generator of the ideal I:

A(ab — ¢ 'ba) = A(a)A(D) — ¢ *AB)A(a) =
=(@®a+bRc)(a®@b+b®d) — ¢ (a®@b+b®d)(a®a+bRc)

=aa® ab+ ab® ad +ba ® cb+ bb ® cd — ¢~ (aa ® ba + ab ® be + ba @ da + bb @ dc)
=aa ® (ab — q 'ba) + ab® (ad — ¢ 'bc) + ba @ (cb — ¢ 'da) + bb ® (cd — ¢~ 'dc)
=ba® (g rad — ¢ %bc+ cb — ¢ 'da) =0 mod (I).

The reader should check the other identities.
The coassociativity follows from

sons(t ) =a(t Doz 90 Yot o
(2o o (= Yoslr rnems

The reader should check the properties of the counit.

b) The geometric approach:

M,(2) has a rather remarkable (and actually well known) comultiplication that is
better understood by using the induced multiplication of commuting points. Given

two commuting quantum matrices | ! b and | b2 in M,(2)(A). Then their
C1 d1 Co d2

aq b1 a9 b2 . a1a2+b102 (llb2+b1d2
¢ dy ca do)  \cras+dicy c1be + dids

is again a quantum matrix. To prove this we only check one of the relations

(a1ag + bica)(ar1by + bide) = arazarby + arasbidy + bicaarby + bicabidsy
= aja1a2by + arbiasds + braicaby + bibicads
= ¢ lararbaas + ¢ brar(daas + (71 — q)baca) + brarbacs + ¢ bibidacy
= q_l(alalbzag + CleleCQ + b1a1d2a2 + blbldQCQ)
= q_l(a1b2a1a2 + G1b25102 + b1d2a1a2 + b1d25102)
= q_l(albg -+ b1d2)(a1a2 + bng)

matrix product

We have used that the two points are commuting points. This multiplication obviously
is a natural transformation M,(2) L M (2)(A) — M,(2)(A) (natural in A). It is

associative and has unit ((1) (1)> For the associativity observe that by 1.2.14

o) (e (e )

is a pair of commuting points if and only if

(o ) (e B
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is a pair of commuting points.

Since ((1) [1)) (CCL Z) = (Z Z) = (Z Z) ((1) (1)) for all quantum matrices

“ Z) € M,(2)(B) we see that M,(2) is a quantum monoid.

It remains to show that the multiplication of M,(2) and the comultiplication of
M,(2) correspond to each other by the Yoneda Lemma. The identity morphism of
M,(2) ® M,(2) is given by the pair of commuting points

(L1> lg) € Mq(2> 1 Mq(2)<Mq(2) ® Mq(z)) = K-Alg (Mq(Q) ® Mq(2)a Mq(2) ® Mq(Q))-

. a b a®l b1 a b 1®a 1®5b

Since 11 = (c d>®1: <C®1 d®1) andL2:1®(c d) = <1®c 1®d)
a b a b

Moo (")
diagonal as the image of the identity under K-Alg(M,(2) @ M,(2), M,(2) @ M,(2))

— K-Alg(M,(2), M,(2) ® M,(2)) by the multiplication. So A((a ")) = A =

¢ d)
wea=((4 Deveas (2 = (4 e (4 h)

Thus M,(2) defines a quantum monoid M,(2) with

we have id = (11, 12) = ( . The Yoneda Lemma defines the

/ /
M, (2)(B) = {(Z Z) a0, ¢ d € B;a't = ¢ Wd,... b = c’b’} .

This is the deformed version of MJ the multiplicative monoid of the 2 x 2-matrices
of commutative algebras.

2. Let A§‘° = K(z,y)/(xy — ¢ 'yz) be the function algebra of the quantum plane
Aﬁ‘o. By the definition 1.2.5 we have

x _
Ag'O(A’) = {(y) ‘x,y cA:xy=gq 1yx} )
The set

u

My ={ (!
operates on this quantum plane by matrix multiplication

) ez s () (D) (10)- () ez,

Again one should check that the required equations are preserved. Since we have
a matrix multiplication we get an operation as in the preceding proposition. In

j>|u,x,y,zEA’;ux:q_lxu,...,xy:yx}

particular 42" is a M,(2)-comodule algebra.
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As in example 1. we get the comultiplication as 5((5)) =0 = ((a b) ®1) =

c d
x a b x
o ()= (: 1)2 ()
3. Let AS‘Q = K{(&,n) /(€2 72, En+qné) be the function algebra of the dual quantum
plane AS‘Q. By the definition 1.2.5 we have

a2y ={(@ v)

The quantum monoid M, (2) also operates on the dual quantum plane by matrix
multiplication

A L@ 3 (€ ) (8 0D (€ n)- (4 ) € av),

a b e Ad®=0V"=0,db = —qb’a'} .

This gives another example of a M,(2)-comodule algebra AP AP M,(2) with
b b
(€ M=s=((€ mov<ae(t D= el 1)

What is now the reason for the remarkable relations on M,(2)? It is based on
a fact that we will show later namely that M,(2) is the universal quantum monoid

acting on the quantum plane Aﬁlo from the left and on the dual quantum plane A(qm
from the right. This however happens in the category of quantum planes represented
by quadratic algebras. Here we will show a simpler theorem for finite dimensional
algebras.

Problem 1.3.6. (1) Consider the following subset H of the set of complex
2 X 2-matrices:

H:{(g_g)eﬁhﬁx%myGC}

We call H the set of Hamiltonian quaternions. For
h:<$_w)
y T

Show:

(a) hh = (|z|*> + |y|*)E (E the unit matrix),

(b) H is a real subalgebra of the complex algebra of 2 x 2-matrices.

(c) 'H is a division algebra, i. e. each element different from zero has an
inverse under the multiplication.

we define:
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(d) Let

e (00) = (0 ) w0 )

Then F, I, J, K is an R-basis of H an we have the following multiplica-
tion table:

P2P=J2=K?=—1

Il J=—-JI=K JK=-KJ=1 KI=-IK=J
(2) Compute the H-points A%°(H) of the quantum plane.

Definition 1.3.7. (1) Let X be a quantum space. A quantum space M (X))
together with a morphism of quantum spaces pu : M(X) L X — X is called
a quantum space acting universally on X (or simply a wuniversal quantum
space for X') if for every quantum space )} and every morphism of quantum
spaces f: ) 1L X — X there is a unique morphism of quantum spaces g : Y
— M(X) such that the following diagram commutes

y1Xx
gllx !

M(X) L X > X.

(2) Let A be a K-algebra. A K-algebra M(A) together with a homomorphism
of algebras 6 : A — M(A) ® A is called an algebra coacting universally
on A (or simply a universal algebra for A) if for every K-algebra B and
every homomorphism of K-algebras f : A — B ® A there exists a unique
homomorphism of algebras g : M(A) — B such that the following diagram
commutes

A MA@ A
f 9®14

B® A

By the universal properties the universal algebra M (A) for A and the universal
quantum space M(X') for X are unique up to isomorphism.

Proposition 1.3.8. (1) Let A be a K-algebra with universal algebra M(A)
and 6 : A — M(A) ® A. Then M(A) is a bialgebra and A is an M(A)-
comodule algebra by 9.
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(2) If B is a bialgebra and if f : A — B ® A defines the structure of a B-
comodule algebra on A then there is a unique homomorphism g : M(A) — B
of bialgebras such that the following diagram commutes

A0 M(A)® A
f g®1a

B® A

The corresponding statement for quantum spaces and quantum monoids is the
following.

Proposition 1.3.9. (1) Let X be a quantum space with universal quantum
space M(X) and pp : M(X) L A — A. Then M(X) is a quantum monoid
and X is an M(X)-space by .
(2) If Y is another quantum monoid and if f : Y L X — X defines the structure
of a Y-space on X then there is a unique morphism of quantum monoids g : Y
— M(X) such that the following diagram commutes

y1Xx
gllx f

MX) LX X,

PrRoOOF. We give the proof for the algebra version of the proposition. Consider
the following commutative diagram

A 0 ~-M(A)® A
) A®14
M(A)® A M(A)® M(A)® A

1M(A)®5

where the morphism of algebras A is defined by the universal property of M (A)
with respect to the algebra morphism (1x7¢4) ® 6)d. Furthermore there is a unique
morphism of algebras € : M(A) — K such that

AL MA)® A
1a e®1 4

A=K® A

commutes.
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The coalgebra axioms arise from the following commutative diagrams

A 0 - M(A)® A
Jd AR 4
M(A)® A T 80 M(A) @ M(A) @ A

A®1 4 H 1ar(a)®d A®1pr(a)®14a H Lar(a)®AR1 4

M(A) @ M(A) @ A —MOFMOE oy o M(A) @ M(A) @ A

and
A 0 - M(A)® A
{ ; sot
M(A)® A —2D9% _Ar4)y @ M(A)® A | tuola
1MWA>®E®1A
MA) @ A~ MA) 2K A
and
A d - M(A)® A
0 ARl
14| M(A) @ A2 9% ArA) @ M(A) @ A

e®1 4 €®1M(A)®1A

Y Y Y

A 0 MA@ A2K® M(A)® A.

In fact these diagrams imply by the uniqueness of the induced homomorphisms of
algebras (A ® 1M(A))A = (1M(A) (%9 A)A, (1M(A) & E)A = 1M(A) and e ® (1M(A))A =
Ly(ay. Finally A is an M(A)-comodule algebra by the definition of A and e.

Now assume that a structure of a B-comodule algebra on A is given by a bialgebra
Band f: A— B® A. Then there is a unique homomorphism of algebras g : M(A)
— B such that the diagram

AL MA)® A
f g®14

B® A
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commutes. Then the following diagram

A®1A

A— s MA) QA M(A) @ M(A)® A

1ar(a)®d
\ { g®1a gRgR1 4
Ap®ly

B® A rBRB®A
1p®f

PDA®14)0 = (9@ 9g@14)(A®14)0 = (9 Q9@ 1a)(Las(a) ® 0)0 =
0)0 = (1p ® (g ®@14)0)(g ©14)0 = (15 @ [)f = (Ap @ 1a)f = (Ap ®
= (Apg ® 14)d hence (g ® g)A = Apg. Furthermore the diagram

implies (( ®
(9®(9©14)
La)(g ® 14)0

A d - M(A)® A
\\7\\\\i?u
1a BR A |14
ep®1 4
AZK® A
implies egg = €. Thus ¢ is a homomorphism of bialgebras. ([l

Since universal algebras for algebras A tend to become very big they do not exist
in general. But a theorem of Tambara’s says that they exist for finite dimensional
algebras (over a field K).

Definition 1.3.10. If X is a quantum space with finite dimensional function
algebra then we call X' a finite quantum space.

The following theorem is the quantum space version and equivalent to a theorem
of Tambara.

Theorem 1.3.11. Let X be a finite quantum space. Then there exists a (uni-
versal) quantum space M(X) with morphism of quantum spaces p : M(X) L X
— X.

The algebra version of this theorem is

Theorem 1.3.12. (Tambara) Let A be a finite dimensional K-algebra. Then
there exists a (universal) K-algebra M(A) with homomorphism of algebras 6 : A
— M(A) ® A.

PROOF. We are going to construct the K-algebra M (A) quite explicitly. First we
observe that A* = Homg (A, K) is a coalgebra (cf. [Advanced Algebra] Problem 2.25)
with the structural morphism A : A* — (A® A)* & A* @ A*. Denote the dual basis
by Y a; ®a" € A® A*. Now let T(A ® A*) be the tensor algebra of the vector
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space A ® A*. Consider elements of the tensor algebra

ry®(e AR A*,
TRQYRA() EARARA QA X AR A* @ AR A%,

I1®(e A A*,
¢(1) e K.
The following elements
(1) YR (-2 @Y A(Q)
and
(2) 1®¢—¢(1)

generate a two-sided ideal I C T'(A ® A*). Now we define
M(A):=T(A® A"/I

and the cooperation 6 : A>a — > (a®ad")®a; € T(A® A*)/I ® A. This is a
well-defined linear map.

To show that this map is a homomorphism of algebras we first describe the mul-
tiplication of A by aa; =y, afjak. Then the comultiplication of A* is given by

Aak) = > ofa ® @ since (A(a¥),aq ® am) = (@ wan) = 3, o, (@, a,) =
af = > i ozfj(a )@, am) = (3, ofd ® a4 ® a,). Now write 1 = Y 5¥ay.
Then we get e(a’) = ' since e(a') = (a',1) = Y, #(a’,a;) = B". So we have
0(a)o(b) = L (a®a’) @a;) - (] (0@ &) ®a;) =3 ;(a@b@a’ ®a’) ® aa; =
Y lila®bed @) @ ap = Zk(a@)b@A( ) ®ar =3, (ab® a*) ® ap = d(ab).
Furthermore we have 6(1) = Y, (1®a")®a; =Y, a'(1)®a; = 1>, a'(1)a; = 1® 1.
Hence ¢ is a homomorphism of algebras.

Now we have to show that there is a unique g for each f. Firstofall f: A — BRA
induces uniquely determined linear maps f; : A — B with f(a) =Y, fi(a) ® a; since
the a; form a basis. Since f is a homomorphism of algebras we get from ), fi(a) ®
ap = flab) = fla)f(b) = >_;;(fila) ® ai)(f;(b) @ a;) = >_;; fi(a) f5(b) ©® aia; =
D ik of fi(a) f;(b) ® ai, by comparison of coefficients

frlab) = Za,]f@ a) f;(b)

Furthermore we define g(a®a) := (1® a)f(a) € B. Then we get in particular g(a ®
a') = (1®a") (3, fila) ®a;) = fi(a). We can extend the map g to a homomorphism
of algebras g: T(A® A*) — B. Applied to the generators of the ideal we get
glab® a* —a®b® Ala") = 1 ®ad") 3, filab) ® a — 32,5 ai5(1 @ @) (fr(a) ®
ar) - (1@ a@)(fu(b) @ as) = fulab) =37, of fi(a) f;(b) = 0. We have furthermore
gl@¢—=¢1) = 12f1)-¢1) = 120e1)=((1) = 1¢(1) - (1) = 0.
Thus the homomorphism of algebras g vanishes on the ideal I so it may be factored
through M(A) = T(A)/I. Denote this factorization also by ¢g. Then the diagram
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commutes since (¢ ® 14)d(a) = (¢ ® 14)> (e ® @) @ a;) =Y ,(1®a")f(a) ® a; =
>3 fila)(a', ;) @ a; =37, fi(a) ® a; = f(a).

We still have to show that ¢ is uniquely determined. Assume that we also have
(h®14)0 = f then Y . hla®a') ® a; = (h® 14)d(a) = f(a) = >, fi(a) ® a; hence
h(a®a') = fi(a) = gla®a'), i.e. g=h. O

Definition 1.3.13. Let A be a K-algebra. The universal algebra M (A) for A
that is a bialgebra is also called the coendomorphism bialgebra of A.

Problem 1.3.7. (1) Determine explicitly the dual coalgebra A* of the alge-
bra A := K(x)/(x?). (Hint: Find a basis for A.)

(2) Determine and describe the coendomorphism bialgebra of A from problem
1.1. (Hint: Determine first a set of algebra generators of M(A). Then
describe the relations.)

(3) Determine explicitly the dual coalgebra A* of A := K(z)/(z?).

(4) Determine and describe the coendomorphism bialgebra of A from problem
1.3.

(5) (*) Determine explicitly the dual coalgebra A* of A := K(z,y)/I where the
ideal I is generated as a two-sided ideal by the polynomials

Ty — q_lyx, x2, y2.

(6) (*) Determine the coendomorphism bialgebra of A from problem 1.5.

(7) Let A be a finite dimensional K-algebra with universal bialgebra A — B® A.
Show

i) that A®? — B ® A% is universal (where A% has the multiplication
VIi:A®A— AR A— A);
ii) that A = A% implies B = B (as bialgebras);
iii) that for commutative algebras A the algebra B satisfies B = B but
that B need not be commutative.
iv) Find an isomorphism B = B for the bialgebra B = K(a,b)/(a?, ab +
ba). (compare Problem 1.7 2).

(8) Consider the algebra K[e]/(¢?) the so called algebra of dual numbers over a
field K. Consider the algebra B with (noncommuting) generators a, b, ¢, d
and relations:

ac = acac ad = acad + adac be = acbe = beac
bd = acbd + adbc = bead + bdac  bebe = bebd + bdbe = 0
ac=1 ad=0

Show that B together with the cooperation
0:A—BRA
with §(e) = be ® 1 4+ bd ® € is the coendomorphism bialgebra of A.
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Sketch of solution:

1/2. The bialgebra has the form B = K(a, b)/(a?, ab+ba) with A(a) = a®1+b®a,
A(b) =b®b and g(a) =0, e(b) = 1. The coaction is 6(z) =a®@ 1 + bR x.

3/4. A has the basis 1,2, 2% The dual coalgebra has the dual basis e, (, ¢, with
Ale)=e®e, A(()=(®e+e®Cand A((s) =L Re+(®(+e® (o

The universal bialgebra B = T(A ® A*)/I satisfies §(z) =rR@e® 1+ (R x+
1R6GR1?P=a®1+b®@x+c®z? Thus it is generated by the elements a = x ® e,
b=1x® ( and ¢ = x ® (3. The multiplication table and the relations arise from

1®e=1,

1®(=1® (=0,
?Re=(r®ec)(r®e),
Pel=(re)E®e)+ (o),

PRE=@00)(r®e)+ (@ )(r0)+ (zRe)(r® (),

0=2*®ece=(2?® )(x@e)
0=2’®¢=("®@¢)(z®e)+ (2> ®@e)(r ® (),
0=RG=(2"R@)(r0e)+ (2°R)(zR() + (22 ®e)(z® ()

We use the abbreviation {u,v} := u?v + uvu + vu? and have

a® =0,
{a,b} =0,
{a,c} +{b,a} =0.

The condition (1 ® §)d = (A ® 1)J implies

Ala)=a®1+b®a+c® ad?
Ab)=b®@b+ c® (ba + ab),
Ale) =bR@c+c®@b* + ¢ ® (ca+ ac),

5/6. A has the basis 1, x,y, xy. The dual basis of A* is denoted by e,&,n,60. The
diagonal is

Ale)

A@)=5®e+e®&

A =n®e+e®mn,
Al)=0Re+e®@0+ERn+qn R E.

Thus the coendomorphism bialgebra has the algebra generators a ® ( with a €
{1,z,y,zy} and ¢ € {e,&,n,0}. The generators of the relations (of I) are given
by the equations 1.1 and 1.2. They imply that 1 ® e is the unit element, that
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1®E=1®n7=1®6 =0 and that

abRe=(a®e)(b®e),

ab@Eé=(a®é)bee)+ (a®1)(b®E),
ab@n=(a@n)(b®e)+(a®1)(b®n),
ab®0=(a®0)(bxe)+(@21)(b0)+ (@@ ben) +qa@n)(b@E).

Furthermore for ab we have to take into account the relations in A.
We define

a=r®e, b=rx®R c=xRn d=rR40,

e=y®e, f=yRE g=yRn, h:=r40,

and get 6(z) =a®@14+bR@r+cRy+dRryand é(y) =e@ 1+ fRr+gRy+hQxy.
Hence B is generated by a,...,h as an algebra. The relations are

a?=e?=0,

ab+ba =ac+ca=ef + fe=eg+ ge =0,

ad + da + bc + qcb = eh + he + fg+ qqf =0,

ae = qea,

af +be = q(fa+ eb).

ag + ce = q(ga + ec),

ah — gha + de — ged + bg — ¢*gb + qcf — qfc = 0.
The diagonal is

aR1+bRa+c®R®e+dR ae,
b@b+c® f+d® (af + be),
=bRc+c®g+dR (ag+ ce),
b

A(
A(
A(
A( Rd+c@h+d® (ah+de+bg+qtcf) ete.



CHAPTER 2

Hopf Algebras, Algebraic, Formal, and Quantum Groups

Introduction

In the first chapter we have encountered quantum monoids and studied their
role as monoids operating on quantum spaces. The “elements” of quantum monoids
operating on quantum spaces should be understood as endomorphisms of the quantum
spaces. In the construction of the multiplication for universal quantum monoids of
quantum spaces we have seen that this multiplication is essentially the “composition”
of endomorphisms.

We are, however, primarily interested in automorphisms and we know that auto-
morphisms should form a group under composition. This chapter is devoted to finding
group structures on quantum monoids, i.e. to define and study quantum groups.

This is easy in the commutative situation, i.e. if the representing algebra of
a quantum monoid is commutative. Then we can define a morphism that sends
elements of the quantum group to their inverses. This will lead us to the notion of
affine algebraic groups.

In the noncommutative situation, however, it will turn out that such an inversion
morphism (of quantum spaces) does not exist. It will have to be replaced by a more
complicated construction. Thus quantum groups will not be groups in the sense of
category theory. Still we will be able to perform one of the most important and most
basic constructions in group theory, the formation of the group of invertible elements
of a monoid. In the case of a quantum monoid acting universally on a quantum
space this will lead to the good definition of a quantum automorphism group of the
quantum space.

In order to have the appropriate tools for introducing quantum groups we first
introduce Hopf algebras which will be the representing algebras of quantum groups.
Furthermore we need the notion of a monoid and of a group in a category. We will see,
however, that quantum groups are in general not groups in the category of quantum
spaces.

We first study the simple cases of affine algebraic groups and of formal groups.
They will have Hopf algebras as representing objects and will indeed be groups in
reasonable categories. Then we come to quantum groups, and construct quantum
automorphism groups of quantum spaces.

At the end of the chapter you should

e know what a Hopf algebra is,

31
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e know what a group in a category is,

e know the definition and examples of affine algebraic groups and formal groups,

e know the definition and examples of quantum groups and be able to construct
quantum automorphism groups for small quantum spaces,

e understand why a Hopf algebra is a reasonable representing algebra for a
quantum group.

1. Hopf Algebras

The difference between a monoid and a group lies in the existence of an additional
map S : G > g+ g € G for a group G that allows forming inverses. This map
satisfies the equation S(g)g = 1 or in a diagrammatic form

G——~{1} L —~¢@

A mult

GxG id L ax @

We want to carry this property over to bialgebras B instead of monoids. An “inverse
map” shall be a morphism S : B — B with a similar property. This will be called a
Hopf algebra.

Definition 2.1.1. A left Hopf algebra H is a bialgebra H together with a left
antipode S : H — H, i.e. a K-module homomorphism S such that the following
diagram commutes:

H——kK——H
A v
HeH S®id CH®H
Symmetrically we define a right Hopf algebra H. A Hopf algebra is a left and right
Hopf algebra. The map S is called a (left, right, two-sided) antipode.

Using the Sweedler notation (2.20) the commutative diagram above can also be

expressed by the equation
> S(aw))ae) = nela)

for all @ € H. Observe that we do not require that S : H — H is an algebra
homomorphism.

Problem 2.1.8. (1) Let H be a bialgebra and S € Hom(H, H). Then S is
an antipode for H (and H is a Hopf algebra) iff S is a two sided inverse for
id in the algebra (Hom(H, H), *,ne) (see 2.21). In particular S is uniquely
determined.
(2) Let H be a Hopf algebra. Then S is an antihomomorphism of algebras and
coalgebras i.e. S “inverts the order of the multiplication and the comultipli-
cation”.
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(3) Let H and K be Hopf algebras and let f : H — K be a homomorphism of
bialgebras. Then fSy = Sk f, i.e. f is compatible with the antipode.

Definition 2.1.2. Because of Problem (22) every homomorphism of bialgebras
between Hopf algebras is compatible with the antipodes. So we define a homomor-
phism of Hopf algebras to be a homomorphism of bialgebras. The category of Hopf
algebras will be denoted by K-Hopf.

Proposition 2.1.3. Let H be a bialgebra with an algebra generating set X. Let
S+ H — H be an algebra homomorphism such that ) S(xq))z@e) = ne(x) for all
x € X. Then S s a left antipode of H.

PROOF. Assume a,b € H such that ) S(ap))ap = ne(a) and Y S(ba))be) =
ne(b). Then

Y- S((ab)wy)(ab) @) = > Slawybay)a@be = > S(ba))S(an))a@be)
= > S(bay)ne(a)be) = ne(a)ne(b) = ne(ab).

Since every element of H is a finite sum of finite products of elements in X, for which
the equality holds, this equality extends to all of H by induction. ([l

Example 2.1.4. (1) Let V be a vector space and T'(V') the tensor algebra over
V. We have seen in Problem 2.2 that T'(V) is a bialgebra and that V' generates T'(V)
as an algebra. Define S : V — T(V) by S(v) := —v for all v € V. By the universal
property of the tensor algebra this map extends to an algebra homomorphism S :
T(V)— T (V). Since A(v) =v®1+1®v we have ) S(va))ve) = V(S®@1)A(v) =
—v+4+v =0 =ne(v) for all v € V, hence T(V) is a Hopf algebra by the preceding
proposition.

(2) Let V be a vector space and S(V') the symmetric algebra over V (that is
commutative). We have seen in Problem 2.3 that S(V') is a bialgebra and that V'
generates S(V') as an algebra. Define S: V — S(V) by S(v) := —v forallv e V. S
extends to an algebra homomorphism S : S(V) — S(V). Since A(v) =v®@1+1®wv
we have ) S(va))ve) = V(S ® 1)A(v) = —v+v = 0 = ne(v) for all v € V, hence
S(V') is a Hopf algebra by the preceding proposition.

Example 2.1.5. (Group Algebras) For each algebra A we can form the group
of units U(A) := {a € A|Fa~! € A} with the multiplication of A as composition of
the group. Then U is a covariant functor U : K-Alg — Gr. This functor leads to the
following universal problem.

Let G be a group. An algebra KG together with a group homomorphism ¢ : G
— U(KG) is called a (the) group algebra of G, if for every algebra A and for every
group homomorphism f : G — U(A) there exists a unique homomorphism of algebras
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g : KG — A such that the following diagram commutes

G —~ U(KG)
f g
U(A).

The group algebra KG is (if it exists) unique up to isomorphism. It is generated
as an algebra by the image of G. The map ¢ : G — U(KG) C KG is injective and
the image of G in KG is a basis.

The group algebra can be constructed as the free vector space KG with basis G
and the algebra structure of KG is given by KG ® KG 3 g ® h — gh € KG and the
unit n : K3 a+— ae € KG.

The group algebra KG is a Hopf algebra. The comultiplication is given by the
diagram

G ——KG
f A

KG ® KG
with f(g) := g ® g which defines a group homomorphism f : G — U(KG ® KG).
The counit is given by

G ——KG

K
where f(g) = 1 for all ¢ € G. One shows easily by using the universal property,
that A is coassociative and has counit €. Define an algebra homomorphism S : KG
— (KG)™ by
G ——KG

(KG)

with f(g) := ¢~ which is a group homomorphism f : G — U((KG)°). Then one
shows with Proposition 1.3 that KG is a Hopf algebra.

The example KG of a Hopf algebra gives rise to the definition of particular el-
ements in arbitrary Hopf algebras, that share certain properties with elements of a
group. We will use and study these elements later on in in chapter 4.
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Definition 2.1.6. Let H be a Hopf algebra. An element g € H, g # 0 is called a
grouplike element if

Alg) =g®yg.

Observe that e(g) = 1 for each grouplike element g in a Hopf algebra H. In fact
we have g = V(e ® 1)A(g) = (g)g # 0 hence £(g) = 1. If the base ring is not a field
then one adds this property to the definition of a grouplike element.

Problem 2.1.9. (1) Let K be a field. Show that an element « € KG satisfies
A(x) =z ®z and () =1 if and only if z = g € G.
(2) Show that the grouplike elements of a Hopf algebra form a group under
multiplication of the Hopf algebra.

Example 2.1.7. (Universal Enveloping Algebras) A Lie algebra consists of
a vector space g together with a (linear) multiplication g g3z ®y — [z,y] € ¢
such that the following laws hold:

[ZL’, I] =0,
[z, [y, z]] + [y, [z, z]] + [z, [x,y]] =0  (Jacobi identity).

A homomorphism of Lie algebras f : g — b is a linear map f such that f([z,y]) =
[f(z), f(y)]. Thus Lie algebras form a category K-Lie.

An important example is the Lie algebra associated with an associative algebra
(with unit). If A is an algebra then the vector space A with the Lie multiplication

[z,y] == 2y —yx

is a Lie algebra denoted by A*. This construction of a Lie algebra defines a covariant
functor -I : K- Alg — K-Lie. This functor leads to the following universal problem.

Let g be a Lie algebra. An algebra U(g) together with a Lie algebra homomor-
phism ¢ : g — U(g)" is called a (the) universal enveloping algebra of g, if for every
algebra A and for every Lie algebra homomorphism f : g — A” there exists a unique
homomorphism of algebras g : U(g) — A such that the following diagram commutes

g——U(g)*
f g

AL
The universal enveloping algebra U(g) is (if it exists) unique up to isomorphism.
It is generated as an algebra by the image of g.
The universal enveloping algebra can be constructed as U(g) = T(g)/(z @ y —
y®x — [x,y]) where T(g) = K P gdg®g... is the tensor algebra. The map ¢ : g
— U(g)* is injective.
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The universal enveloping algebra U(g) is a Hopf algebra. The comultiplication is
given by the diagram
g——Ulg)

f A

Ulg) @ U(g)
with f(x) := 2 ® 1 + 1 ® = which defines a Lie algebra homomorphism f : g —

(U(g) @ U(g))". The counit is given by
g——Ulg)

K
with f(z) = 0 for all z € g. One shows easily by using the universal property, that
A is coassociative and has counit €. Define an algebra homomorphism S : U(g)

— (U(g))™ by

g—U(g)

(U(g))”
with f(z) := —z which is a Lie algebra homomorphism f : g — (U(g)??)~. Then one
shows with Proposition 1.3 that U(g) is a Hopf algebra.

(Observe, that the meaning of U in this example and the previous example (group
of units, universal enveloping algebra) is totally different, in the first case U can be
applied to an algebra and gives a group, in the second case U can be applied to a Lie
algebra and gives an algebra.)

The preceding example of a Hopf algebra gives rise to the definition of particular
elements in arbitrary Hopf algebras, that share certain properties with elements of a
Lie algebra. We will use and study these elements later on in chapter 4.

Definition 2.1.8. Let H be a Hopf algebra. An element x € H is called a
primitive element if
Alz) =z 1+1®=x.
Let g € H be a grouplike element. An element x € H is called a skew primitive or

g-primitive element if
Alr)=r2®1+g® .

Problem 2.1.10. Show that the set of primitive elements P(H) = {x € H|A(z) =
r®1+1® x} of a Hopf algebra H is a Lie subalgebra of HL.
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Proposition 2.1.9. Let H be a Hopf algebra with antipode S. The following are
equivalent:

(1) S? =id.

(2) > S(aw)apy =ne(a) for alla € H.

(3) > a@S(aqy) =ne(a) for alla € H.

PROOF. Let S? =id. Then
22 Slag)aq) = S*(3 Slap)aw) = S(32 S(aw)S*(aw))
= 52 Saw)aw) = S(ne(a) = ne(a)
by using Problem (21).
Conversely assume that (2) holds. Then

S x Sz(a) =5 S(a(l)SQ(a(g)) =50 S(G(Q))a(l)
= S(ne(a)) = ne(a).

Thus S? and id are inverses of S in the convolution algebra Hom(H, H), hence S* = id.
Analogously one shows that (1) and (3) are equivalent. O

Corollary 2.1.10. If H is a commutative Hopf algebra or a cocommutative Hopf
algebra with antipode S, then S? =id.

Remark 2.1.11. Kaplansky: Ten conjectures on Hopf algebras

In a set of lecture notes on bialgebras based on a course given at Chicago university
in 1973, made public in 1975, Kaplansky formulated a set of conjectures on Hopf
algebras that have been the aim of intensive research.

(1) If C'is a Hopf subalgebra of the Hopf algebra B then B is a free left C-module.

(Yes, if H is finite dimensional [Nichols-Zoeller]; No for infinite dimen-

sional Hopf algebras [Oberst-Schneider|; B : C' is not necessarily faithfully
flat [Schauenburg])

(2) Call a coalgebra C' admissible if it admits an algebra structure making it a
Hopf algebra. The conjecture states that C' is admissible if and only if every
finite subset of C' lies in a finite-dimensional admissible subcoalgebra.

(Remarks.
(a) Both implications seem hard.
(b) There is a corresponding conjecture where “Hopf algebra” is replaced
by “bialgebra”.
(c) There is a dual conjecture for locally finite algebras.)
(No results known.)
(3) A Hopf algebra of characteristic 0 has no non-zero central nilpotent elements.
(First counter example given by [Schmidt-Samoa|. If H is unimodular and
not semisimple, e.g. a Drinfel’d double of a not semisimple finite dimensional
Hopf algebra, then the integral A satisfies A # 0, A2 = e(A)A = 0 since D(H)
is not semisimple, and aA = £(a)A = Ae(a) = Aa since D(H) is unimodular
[Sommerhé&user].)
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(4) (Nichols). Let = be an element in a Hopf algebra H with antipode S. Assume
that for any a in H we have

Z bixS(c;) =¢e(a)x

where Aa = )" b; ® ¢;. Conjecture: z is in the center of H.
(ax = amywe(ap) = Y amaS(ag))as)) = > laq))vap) = ra.)
In the remaining six conjectures H is a finite-dimensional Hopf algebra
over an algebraically closed field.
(5) If H is semisimple on either side (i.e. either H or the dual H* is semisimple
as an algebra) the square of the antipode is the identity.
(Yes if char(K) = 0 [Larson-Radford], yes if char(K) is large [Sommer-
héuser])
(6) The size of the matrices occurring in any full matrix constituent of H divides
the dimension of H.
(Yes is Hopf algebra is defined over Z [Larson|; in general not known;
work by [Montgomery-Witherspoon], [Zhu], [Gelaki])
(7) If H is semisimple on both sides the characteristic does not divide the di-
mension.
(Larson-Radford)
(8) If the dimension of H is prime then H is commutative and cocommutative.
(Yes in characteristic 0 [Zhu: 1994])
Remark. Kac, Larson, and Sweedler have partial results on 5 — 8.
(Was also proved by [Kac])
In the two final conjectures assume that the characteristic does not divide
the dimension of H.
(9) The dimension of the radical is the same on both sides.
(Counterexample by [Nichols|; counterexample in Frobenius-Lusztig ker-
nel of U,(sl(2)) [Schneider])
(10) There are only a finite number (up to isomorphism) of Hopf algebras of a
given dimension.
(Yes for semisimple, cosemisimple Hopf algebras: Stefan 1997)
(Counterexamples: [Andruskiewitsch, Schneider], [Beattie, others| 1997)

2. Monoids and Groups in a Category

Before we use Hopf algebras to describe quantum groups and some of the better
known groups, such as affine algebraic groups and formal groups, we introduce the
concept of a general group (and of a monoid) in an arbitrary category. Usually this
concept is defined with respect to a categorical product in the given category. But
in some categories there are in general no products. Still, one can define the concept
of a group in a very simple fashion. We will start with that definition and then show
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that it coincides with the usual notion of a group in a category in case that category
has finite products.

Definition 2.2.1. Let C be an arbitrary category. Let G € C be an object. We
use the notation G(X) := More(X,G) for all X € C, G(f) := More(f,G) for all
morphisms f: X — Y in C, and f(X) := More(X, f) for all morphisms f: G — G.

G together with a natural transformation m : G(-) x G(-) — G(-) is called a
group (monoid) in the category C, if the sets G(X) together with the multiplication
m(X): G(X) x G(X) — G(X) are groups (monoids) for all X € C.

Let (G,m) and (G’,m') be groups in C. A morphism f: G — G’ in C is called a
homomorphism of groups in C, if the diagrams
m(X)

G(X) x G(X) G(X)
FX)x f(X) F(X)
G'(X) x G'(X) X gr(x)

commute for all X € C.
Let (G,m) and (G’,m') be monoids in C. A morphism f : G — G’ in C is called
a homomorphism of monoids in C, if the diagrams

G(X) x G(X) Y G(x)
FX)XJ(X) £(X)
G'(X) x G'(X) X gr(x)

and

{*}

G(x) I o (x)
commute for all X € C.

Problem 2.2.11. (1) Let the set Z together with the multiplication m :
Z X Z — Z be a monoid. Show that the unit element e € Z is uniquely
determined.

Let (Z,m) be a group. Show that also the inverse i : Z — Z is uniquely
determined.
Show that unit element and inverses of groups are preserved by maps
that are compatible with the multiplication.
(2) Find an example of monoids Y and Z and a map f : Y — Z with f(y142) =

J) [ (y2) for all y1, 52 € Y, but fley) # ez.
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(3) Let (G,m) be a group in C and ix : G(X) — G(X) be the inverse for all
X € C. Show that ¢ is a natural transformation.
Show that the Yoneda Lemma provides a morphism S : G — G such
that ix = More(X, ) = S(X) for all X € C.
Formulate and prove properties of S of the type S xid = . ...

Proposition 2.2.2. Let C be a category with finite (categorical) products. An
object G in C carries the structure m : G(-) X G(-) — G(-) of a group in C if and
only if there are morphisms m : G x G — G, u: E — G, and S : G — G such that
the diagrams

GxGxG™2 G x @ ExG2G2GxEXGxG

Ixm m ux1 1 m
GxG—"—@G G x G o G
G -F ——(

A m
1xS

GxG — ox1 G x G
commute where A is the morphism defined in [Advanced Algebral] 4.2. The multipli-
cations are related by myx = More(X, m) = m(X).
An analogous statement holds for monoids.

PRrROOF. The Yoneda Lemma defines a bijection between the set of morphisms
f X — Y and the set of natural transformations f(-) : X(-) — Y(-) by f(Z) =
More(Z, f). In particular we have mx = More(X, m) = m(X). The diagram
G() x G(-) x G(-) "5 G() x G(-)

IxXme._ m—

m-—

G() xG() G(-)
commutes if and only if More(-, m(m x 1)) = More(-, m)(More(-,m) x 1) = m-(m- x
1) = m-(1 x m-) = Mor¢(-,m)(1 x More(-,m)) = More(-,m(1 x m)) if and only if
m(m x 1) = m(1 x m) if and only if the diagram

GxGxG™axa

1xm m

GxG———G
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commutes. In a similar way one shows the equivalence of the other diagram(s). O

Problem 2.2.12. Let C be a category with finite products. Show that a morphism
f: G — G in C is a homomorphism of groups if and only if

GxG—"@
fxf f
G x G

commutes.

Definition 2.2.3. A cogroup (comonoid) G in C is a group (monoid) in C,
i.e. an object G € ObC = ObC(C? together with a natural transformation m(X) :
G(X) x G(X) — G(X) where G(X) = Morcer(X,G) = More(G, X), such that
(G(X),m(X)) is a group (monoid) for each X € C.

Remark 2.2.4. Let C be a category with finite (categorical) coproducts. An
object G in C carries the structure m : G(-) x G(-) — G(-) of a cogroup in C if and
only if there are morphisms A : G — GIUG,e: G — I, and S : G — G such that
the diagrams
A

G—2—~Gua G -GG
A 1IIA A 1 11le
cuctoucuac GUGE TIG2G=GIIT
G [ —f @
A v

GUG—go— GG
commute where V is dual to the morphism A defined in [Advanced Algebra] 4.2. The
multiplications are related by Ax = More(A, X) = A(X).

Let C be a category with finite coproducts and let G and G’ be cogroups in C.
Then a homomorphism of groups f : G’ — G is a morphism f : G — G’ in C such
that the diagram

G—2+GxG

f I=xf

GG x @
commutes. An analogous result holds for comonoids.
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Remark 2.2.5. Obviously similar observations and statements can be made for
other algebraic structures in a category C. So one can introduce vector spaces and
covector spaces, monoids and comonoids, rings and corings in a category C. The
structures can be described by morphisms in C if C is a category with finite (co-)
products.

Problem 2.2.13. Determine the structure of a covector space on a vector space
V from the fact that Hom(V, W) is a vector space for all vector spaces W.

Proposition 2.2.6. Let G € C be a group with multiplication a % b, unit e, and
inverse a! in G(X). Then the morphisms m : GXx G — G, u: E — G, and S : G
— G are given by

m = py * pa, u=eg, S =idg'.

PROOF. By the Yoneda Lemma [Advanced Algebra] 5.7 these morphisms can be
constructed from the natural transformation as follows. Under Mor¢(G x G, G xG) =
GxGGExG) 2 GExG)x GG xG) = GG x G) = More(G x G,G) the
identity idgxg = (p1,p2) is mapped to m = p; * po. Under Morc(E, E) = E(E)
— G(E) = Morc(F, G) the identity of F is mapped to the neutral element u = ep.
Under Mor¢(G,G) = G(G) — G(G) = More(G, G) the identity is mapped to its
s-inverse S = idg'. O

Corollary 2.2.7. Let G € C be a cogroup with multiplication a * b, unit e, and
inverse a~' in G(X). Then the morphisms A : G — GG, e: G — I, and S : G
— G are given by

A =11 % Lo, €=eyp, S:idgl.

3. Affine Algebraic Groups

We apply the preceding considerations to the categories K-cAlg and K-cCoalg.

Consider K-cAlg, the category of commutative K-algebras. Let A, B € K-cAlg.
Then A ® B is again a commutative K-algebra with componentwise multiplication.
In fact this holds also for non-commutative K-algebras ([Advanced Algebral 2.3), but
in K-cAlg we have

Proposition 2.3.1. The tensor product in K-cAlg is the (categorical) coproduct.

PROOF. Let f € K-cAlg(A,Z),g € K-cAlg(B,Z). The map [f,g9] : AQ B — Z
defined by [f, g](a ® b) := f(a)g(b) is the unique algebra homomorphism such that
[f,9l(a®1) = f(a) and [f,¢](1 ® b) = g(b) or such that the diagram

A Ao B2 B
NPZ
f g

VA

commutes, where t4(a) = a® 1 and t5(b) = 1 ® b are algebra homomorphisms. [
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So the category K-cAlg has finite coproducts and also an initial object K.

A more general property of the tensor product of arbitrary algebras was already
considered in 1.2.13.

Observe that the following diagram commutes

A A A=A
N
1a 1a

A

where V is the multiplication of the algebra and by the diagram the codiagonal of
the coproduct.

Definition 2.3.2. An affine algebraic group is a group in the category of com-
mutative geometric spaces.

By the duality between the categories of commutative geometric spaces and com-
mutative algebras, an affine algebraic group is represented by a cogroup in the cate-
gory of K-cAlg of commutative algebras.

For an arbitrary affine algebraic group H we get by Corollary 2.2.7

A=u1xweK-cAlg(H,H® H),
e=ecK-cAlg(H,K), and S = (id)"' € K-cAlg(H, H).
These maps and Corollary 2.2.7 lead to

Proposition 2.3.3. Let H € K-cAlg. H is a representing object for a functor
K-cAlg — Gr if and only if H is a Hopf algebra.

PROOF. Both statements are equivalent to the existence of morphisms in K-c.4lg
A-H—-HH ¢:H—-K S:H—H
such that the following diagrams commute

H A HoH

(coassociativity) A { { A®1
HoH—"*~HoHoH
H £ ~-H@H

(counit) A { \ { 1®e

HoH— KoH~H~HQK
H——K———H

K

~-H®H

(coinverse) A

S®id
id®S

H®H



44 2. HOPF ALGEBRAS, ALGEBRAIC, FORMAL, AND QUANTUM GROUPS

O

This Proposition says two things. First of all each commutative Hopf algebra H
defines a functor K-cAlg(H,-) : K-cAlg — Set that factors through the category
of groups or simply a functor K-cAlg(H,-) : K-cAlg — Gr. Secondly each repre-
sentable functor K-cAlg(H,-) : K-cAlg — Set that factors through the category of
groups is represented by a commutative Hopf algebra.

Corollary 2.3.4. An algebra H € K-cAlg represents an affine algebraic group if
and only if H is a commutative Hopf algebra.

The category of commutative Hopf algebras is dual to the category of affine alge-
braic groups.

In the following lemmas we consider functors represented by commutative alge-
bras. They define functors on the category K-cAlg as well as more generally on
K-Alg. We first study the functors and the representing algebras. Then we use them
to construct commutative Hopf algebras.

Lemma 2.3.5. The functor G, : K-Alg — Ab defined by G,(A) := A", the
underlying additive group of the algebra A, is a representable functor represented by
the algebra K|x] the polynomial ring in one variable x.

PROOF. G, is an underlying functor that forgets the multiplicative structure of
the algebra and only preserves the additive group of the algebra. We have to determine
natural isomorphisms (natural in A) G,(A) = K-Alg (K|[z], A). Each element a € A"
is mapped to the homomorphism of algebras a, : K[z| 3 p(x) — p(a) € A. This is a
homomorphism of algebras since a.(p(z) + q(z)) = p(a) + q(a) = a.(p(x)) + a.(q(x))
and a.(p(x)q(z)) = p(a)g(a) = a.(p(x))a.(q(x)). Another reason to see this is that
K[z] is the free (commutative) K-algebra over {z} i.e. since each map {z} — A
can be uniquely extended to a homomorphism of algebras K[z] — A. The map
A3 awr a, € KAlg(K[z], A) is bijective with the inverse map K-Alg (K[z], A) >
f+— f(z) € A. Finally this map is natural in A since

A—" L K-Alg(K[z], A)

g K-Alg(K|[z],g)

B - K-Alg (K[z], B)
commutes for all g € K-Alg(A, B). O

Remark 2.3.6. Since AT has the structure of an additive group the sets of ho-
momorphisms of algebras K-Alg (K[z], A) are also additive groups.

Lemma 2.3.7. The functor G,, = U : K-Alg — Gr defined by G,,(A) := U(A),

the underlying multiplicative group of units of the algebra A, is a representable functor
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represented by the algebra K[z, x| = K|z, y]/(xy—1) the ring of Laurent polynomials
in one variable x.

~

PrOOF. We have to determine natural isomorphisms (natural in A) G,,(A)
K-Alg (K[x, 2], A). Each element a € G,,(A) is mapped to the homomorphism of
algebras a, := (K[z,z7!] 2 x — a € A). This defines a unique homomorphism of
algebras since each homomorphism of algebras f from K[z, z™!'| = Kz, y|/(zy — 1)
to A is completely determined by the images of x and of y but in addition the images
have to satisfy f(z)f(y) = 1,1i.e. f(z) must be invertible and f(y) must be the inverse
to f(x). This mapping is bijective. Furthermore it is natural in A since

A——— K-Alg (K[z,z7], A)

g K-Alg(K[z,z™1],9)

B ————K-Alg(K[z,z7'], B)
for all g € K-Alg(A, B) commute. O

Remark 2.3.8. Since U(A) has the structure of a (multiplicative) group the sets
K-Alg (K[x,z'], A) are also groups.
Lemma 2.3.9. The functor M, : K-Alg — K-Alg with M,,(A) the algebra of

n X n-matrices with entries in A is representable by the algebra K(xi1,Z19,. .., Tnn),
the non commutative polynomialring in the variables x;;.

PrOOF. The polynomial ring K(xz;;) is free over the set {z;;} in the category of
(non commutative) algebras, i.e. for each algebra and for each map f : {z;;} — A
there exists a unique homomorphism of algebras g : K(z11, 212, ..., Zp,) — A such

that the diagram
{zi} —— K(zy)

f g

A
commutes. So each matrix in M, (A) defines a unique a homomorphism of algebras
K(x11, 212, ..., Tnn) — A and conversely. O

Example 2.3.10. 1. The affine algebraic group called additive group
G : K-cAlg — Ab

with G,(A) := AT from Lemma 2.3.5 is represented by the Hopf algebra K[x]. We
determine comultiplication, counit, and antipode.

By Corollary 2.2.7 the comultiplication is A = 1 * 15 € K-cAlg(Kz],K[z] ®
K[z]) 2 G, (K|[z] ® K|[z]). Hence

Alx)=u(x)+ @) =r1+1Q .
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The counit is € = ex = 0 € K-cAlg (K[z],K) = G,(K) hence

e(z) =0.
The antipode is S = idy;., € K-cAlg(K[z], K[z]) 2 G,(K[z]) hence
K(z]
S(x) = —uz.

2. The affine algebraic group called multiplicative group
Gy i K-cAlg — Ab

with G,,(A) := A* = U(A) from Lemma 2.3.7 is represented by the Hopf algebra
K[z, 27 = K[z, y]/(xy — 1). We determine comultiplication, counit, and antipode.
By Corollary 2.2.7 the comultiplication is

A =11 %15 € K-cAlg(Kz, 27, K[z, 2| @ K[z, 27']) 2 G,,,(K[z, 27| @ K[z, z7']).
Hence

Ar) = n(z) w(r) =r® 2.
The counit is € = eg = 1 € K-cAlg (K[z, 27|, K) = G,,(K) hence
1.

e(z) =
The antipode is S = idﬂg[lgw,l] € K-cAlg(K[z,z7], K[z, z7Y]) & G.(K[x,z7'])
hence
S(z) =271
3. The affine algebraic group called additive matriz group
M K-cAlg — Ab,

with Mt (A) the additive group of n x n-matrices with coefficients in A is represented
by the commutative algebra M = K[z;;|1 < 4,j < n] (Lemma 2.3.9). This algebra
must be a Hopf algebra.
The comultiplication is A = 1y % 15 € K-cAlg (M, M;F @ M) = M (M, ® M}).
Hence
A(xw) = Ll(.’BZ‘j) + 02($ij) =2 Q1+ 1 xy.
The counit is € = ex = (0) € K-cAlg (M,[,K) = M} (K) hence

5(]31']') =0.
The antipode is S = id;j+ € K-cAlg(M;, M) = M} (M) hence
S(wij) = —wij.

4. The matrix algebra M,,(A) also has a noncommutative multiplication, the ma-
trix multiplication, defining a monoid structure M (A). Thus K[z;;] carries another
coalgebra structure which defines a bialgebra M = K[z;;]. Obviously there is no
antipode.
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The comultiplication is A = 1y % 15 € K-c. Alg (M, M @ M) = M (M,* ® M,).
Hence A((wi5)) = t1((2ij)) - t2((235)) = (w35) ® (45) or

A(l’zk) = inj ® ZEjk.
J

The counit is € = ex = E € K-cAlg(M,*,K) = M*(K) hence

e(xij) = dij.

5. Let K be a field of characteristic p. The algebra H = K[z]/(aP) carries the
structure of a Hopf algebra with A(z) =2 ®1+1® z, e(z) = 0, and S(z) = —=z.
To show that A is well defined we have to show A(x)? = 0. But this is obvious by
the rules for computing p-th powers in characteristic p. We have (r ® 1 +1® z)P =

PR1I+1®2P=0.
Thus the algebra H represents an affine algebraic group:

a,(A) :=K-cAlg(H, A) = {a € Ala” = 0}.

The group multiplication is the addition of p-nilpotent elements. So we have the
group of p-nilpotent elements.

6. The algebra H = K[z]/(z" — 1) is a Hopf algebra with the comultiplication
A(z) = z ® x, the counit e(z) = 1, and the antipode S(x) = x"~!. These maps are
well defined since we have for example A(z)" = (z®@ z)" = 2" ® 2" = 1 ® 1. Observe
that this Hopf algebra is isomorphic to the group algebra KC, of the cyclic group C,,
of order n.

Thus the algebra H represents an affine algebraic group:

pn(A) :=K-cAlg(H,A) = {a € Ala" = 1},

that is the group of n-th roots of unity. The group multiplication is the ordinary
multiplication of roots of unity.

7. The linear groups or matrix groups GL(n)(A), SL(n)(A) and other such groups
are further examples of affine algebraic groups. We will discuss them in the section
on quantum groups.

Problem 2.3.14. (1) The construction of the general linear group
GL(n)(A) = {(aij) € M, (A)|(a;;) invertible}

defines an affine algebraic group. Describe the representing Hopf algebra.

(2) The special linear group SL(n)(A) is an affine algebraic group. What is the
representing Hopf algebra?

(3) The real unit circle S'(R) carry the structure of a group by the addition of
angles. Is it possible to make S' with the affine algebra K|c, s]/(s* + ¢* — 1)
into an affine algebraic group? (Hint: How can you add two points (z1,y1)
and (22, y2) on the unit circle, such that you get the addition of the associated
angles?)
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(4) Find a group structure on the torus 7.

4. Formal Groups

Consider now K-cCoalg the category of cocommutative K-coalgebras. Let C', D €
K-cCoalg. Then C'® D is again a cocommutative K-coalgebra by [Advanced Algebral
Problem 2.7.4. In fact this holds also for non-commutative K-algebras, but in K-cCoalg
we have

Proposition 2.4.1. The tensor product in K-cCoalg is the (categorical) product.

ProOOF. Let f € K-cCoalg(Z,C),g € K-cCoalg(Z,D). The map (f,g9) : Z —
C ® D defined by (f,g9)(2) == > f(2q)) ® g(2@)) is the unique homomorphism of
coalgebras such that (1 ® ep)(f,9)(z) = f(2) and (ec ® 1)(f,9)(2) = g(2) or such
that the diagram

Z
f g
/J(ﬂg)
c+-CceD™D

commutes, where po(c®d) = (1®¢)(c®d) = ce(d) and pp(c®@d) = (e ®1)(c®@d) =
¢(c)d are homomorphisms of coalgebras. O

So the category K-cCoalg has finite products and also a final object K.

Definition 2.4.2. A formal group is a group in the category of K-cCoalg of
cocommutative coalgebras.

A formal group G defines a contravariant representable functor from K-cCoalg to
gr, the category of groups.

Proposition 2.4.3. Let H € K-cCoalg. H a represents a formal group if and
only if there are given morphisms in K-cCoalg

V:H®H —H, w:K—H S:H—H
such that the following diagrams commute
HoHoH—"~HoH
(associativity) Vol J J v
H®H ¥ H
KeH2H2HoK ——~HoH

(lmit) 10u J \

H®H Vv H

\Y
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n
H K - H

(inverse) A v

S®id
id®Ss

H®H ~H®H

PROOF. For an arbitrary formal group H we get V = p; * py € K-cCoalg(H ®
H H), u = ¢ € K-cCoalg(K, H), and S = (id)™! € K-cCoalg(H, H). These maps,
the Yoneda Lemma and Remark 2.2.6 lead to the proof of the proposition. U

Remark 2.4.4. In particular the representing object (H, V,u, A, ¢, S) of a formal
group G is a cocommutative Hopf algebra and every such Hopf algebra represents a
formal group. Hence the category of formal groups is equivalent to the category of
cocommutative Hopf algebras.

Corollary 2.4.5. A coalgebra H € K-cCoalg represents a formal group if and
only if H is a cocommutative Hopf algebra.

The category of cocommutative Hopf algebras is equivalent to the category of formal
groups.

Corollary 2.4.6. The following categories are equivalent:

(1) The category of commutative, cocommutative Hopf algebras.
(2) The category of commutative formal groups.
(3) The dual of the category of commutative affine algebraic groups.

Example 2.4.7. (1) Group algebras KG are formal groups.
(2) Universal enveloping algebras U(g) of Lie algebras g are formal groups.
(3) The tensor algebra T'(V') and the symmetric algebra S(V') are formal groups.
(4) Let C be a cocommutative coalgebra and G be a group. Then the group
KG(C) = K-cCoalg (C,KG) is isomorphic to the set of families (h}|g € G)
of decompositions of the unit of C* into a sum of orthogonal idempotents
h, € C* that are locally finite.

To see this embed K-cCoalg (C,KG) C Hom(C,KG) and embedthe set
Hom(C, KG) into the set (C*)% of G-families of elements in the algebra C* by
h— (hy) with h(c) = 3_ .5 hy(c)g. The linear map h is a homomorphism of
coalgebras iff (h®@h)A = Ah and eh = ¢ iff ) h(cpy) ®@ h(cw)) = > h(c)q) ®
h(c)) and e(h(c)) = e(c) for all c € C'iff Y~ hi(cqy)g@h; (c@))l = > hy(c)g®
g and ) hi(c) = e(c) iff Y hi(cy)hi(ce) = dahi(c) and Y h; = e iff
hy * hi = 0gh} and ) hy = lc-. Furthermore the families must be locally
finite, i.e. for each ¢ € C' only finitely many of them give non-zero values.

(5) Let C' be a cocommutative coalgebra and K[z] be the Hopf algebra with
A(x) = 2® 1+ 1® x (the symmetric algebra of the one dimensional vec-
tor space Kz). We embed as before K-cCoalg (C,K[z]) € Hom(C,K[z]) =
(C*)(No} the set of locally finite No-families in C* by h(c) = > 50 hi(c)a’.

The map h is a homomorphism of coalgebras iff A(h(c)) = > hi(c)(z® 1+
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l@z) =Y hi(c)()r @z = (h@h)Alc) =Y B (cy)hi(c)er' @ 7 and
e(3 hi(c)a') = e(c) iff by « by = ("F)hy,; and b =& = 1c-.

Now let K be a field of characteristic zero. Let p; := h}/i!. Then the
conditions simplify to p;p; = piy; and py = 1. Hence the series for h is
completely determined by the term p := p; since p, = p}. Since the series
must be locally finite we get that for each ¢ € C there must be an n € Ny
such that p™(c) = 0 for all m > n. Hence the element p is topologically
nilpotent and

K-cCoalg (C,K|x]) = rad,(C™)
the radial of topologically nilpotent elements of C*.

It is easy to see that rad;(C™*) is a group under addition and that this

group structure coincides with the one on K-cCoalg (C, K[z]).

Remark 2.4.8. Let H be a finite dimensional Hopf algebra. Then by [Advanced Algebral
2.23 and 2.25 we get that H* is an algebra and a coalgebra. The commutative dia-
grams defining the bialgebra property and the antipode can be transferred easily, so
H* is again a Hopf algebra. Hence the functor -* : vec — wvec from finite dimensional
vector spaces to itself induces a duality -* : K-hopf — K-hopf from the category of
finite dimensional Hopf algebras to itself.

An affine algebraic group is called finite if the representing Hopf algebra is finite
dimensional. A formal group is called finite if the representing Hopf algebra is finite
dimensional.

Thus the category of finite affine algebraic groups is equivalent to the category of
finite formal groups.

The category of finite commutative affine algebraic groups is self dual. The cat-
egory of finite commutative affine algebraic groups is equivalent (and dual) to the
category of finite commutative formal groups.

5. Quantum Groups

Definition 2.5.1. (Drinfel’d) A quantum group is a noncommutative noncocom-
mutative Hopf algebra.

Remark 2.5.2. We shall consider all Hopf algebras as quantum groups. Ob-
serve, however, that the commutative Hopf algebras may be considered as affine
algebraic groups and that the cocommutative Hopf algebras may be considered as
formal groups. Their property as a quantum space or as a quantum monoid will play
some role. But often the (possibly nonexisting) dual Hopf algebra will have the geo-
metrical meaning. The following examples SL,(2) and GL,(2) will have a geometrical
meaning.

Example 2.5.3. The smallest proper quantum group, i.e. the smallest noncom-
mutative noncocommutative Hopf algebra, is the 4-dimensional algebra

H4 = K<g7$>/(g2 - 171'27‘739 + gZE)
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which was first described by M. Sweedler. The coalgebra structure is given by

Alg) =g®yg, Alx)=z®1+g®uz,
e(g) =1, e(z) =0,
S(g)=9"(=9), S(zx) = —gx.

Since it is finite dimensional its linear dual H} is also a noncommutative noncocom-
mutative Hopf algebra. It is isomorphic as a Hopf algebra to Hs. In fact Hy is up to
isomorphism the only noncommutative noncocommutative Hopf algebra of dimension

4.

Example 2.5.4. The affine algebraic group SL(n) : K-cAlg — Gr defined by
SLL(n)(A), the group of n X n-matrices with coefficients in the commutative algebra
A and with determinant 1, is represented by the algebra O(SL(n)) = SL(n) =

SL(n)(A) = K-cAlg (K[z;;]/(det(z;;) — 1), A).
Since SL(n)(A) has a group structure by the multiplication of matrices, the represent-

ing commutative algebra has a Hopf algebra structure with the diagonal A = 17 * 1o
hence

A(.’L’Zk) = Zl'ij X mjk;
the counit e(x;;) = d;; and the antipode S(x;;) = adj(X);; where adj(X) is the adjoint
matrix of X = (z;;). We leave the verification of these facts to the reader.
We consider SL(n) C M,, = A" as a subspace of the n?-dimensional affine space.

a b

Example 2.5.5. Let M,(2) = K < (c d) > /I as in 1.3.6 with [ the ideal gen-

erated by
ab — q 'ba,ac — g 'ca,bd — ¢ 'db, cd — ¢ de, (ad — g~ 'bc) — (da — qcb), be — cb.

We first define the quantum determinant det, = ad — ¢~ 'bc = da — qcb in M, (2).
It is a central element. To show this, it suffices to show that det, commutes with the
generators a, b, ¢, d:
(ad — q7'be)a = a(da — gbc), (ad — q~'bc)b = b(ad — q~'be),
(ad — q7'be)e = c(ad — g~ tbe),  (da — qbc)d = d(ad — q~*be).

We can form the quantum determinant of an arbitrary quantum matrix in A by

/ /
det, (Z/ Z,) =add —q 'V =dd — qdt = p(det,)

o
AU _s

: M,(2) — A is the algebra homomorphism associated with the quantum matrix

b’)

QL
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a/ bl al/ b//
Given two commuting quantum 2 x 2-matrices (c’ d’) , (c” d”) . The quantum

determinant preserves the product, since
a/ b/ a// b// CL/CL// _l_ b/C// a/bl/ + bldl/
detq( (C’ d A d )= det, da’ +dd Y+ dd"
— (alall + b/cll)(c/bll —I— d/d//) _ qfl(a/b// + b/d//) (Cla” + d/C”>
— CL/C/CL//b// + b/clc/lb// + a/d/a//d// + b/d/clld//
_q—l (a/clb//a// _|_ b/C/d//a// _|_ a/dlb//cll + b/d/d//c//)
(3) — VN +dda"d — q—lblcldua// _ q—la/d/bucu
=V +dda"d — q—lblcld//a// _ q—la/d/bucu
_q—lblcl<a//d// —d"q" — q—lb//C// + qcub//)
—ddd'd — q—la/d/b//cu _ q—lblcl(a//d// _ q—lb//C//)
_ (a’d’ _ q—lb/C/) (a”d” _ q—lb//C//)

a/ b/ a// b//
= det, (c’ d’) det, (C,, d”> .

In particular we have A(det,) = det, ® det, and ¢(det,) = 1. The quantum determi-
nant is a grouplike element (see 2.1.6).
Now we define an algebra

SLy(2) := M,(2)/(det, — 1).
The algebra SL,(2) represents the functor

/!

sLy@() = (5 ) e M@iaen (3 5) =1

There is a surjective homomorphism of algebras M,(2) — SL,(2) and SL,(2) is a
subfunctor of M,(2).

Let X,Y be commuting quantum matrices satisfying det,(X) = 1 = det,(Y).
Since det,(X)det,(Y) = det,(XY) for commuting quantum matrices we get
det,(XY) = 1, hence SL,(2) is a quantum submonoid of M,(2) and SL,(2) is a

bialgebra with diagonal
a b a b a b
A(c d)z(c d)®<c d)’

(e0) =60

To show that SL,(2) has an antipode we first define a homomorphism of algebras
T:M,(2) — M,(2)® by

a b\ d —qb
P(ea)= (e )

and
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a b

We check that 7" : K < (c d)> — M, (2)° vanishes on the ideal 1.

T(ab—q *ba) = T(b)T(a) — ¢ *T(a)T(b) = —gbd + ¢ qdb = 0.

We leave the check of the other defining relations to the reader. Furthermore T
restricts to a homomorphism of algebras S : SL,(2) — SLy(2)% since T'(det,) =
T(ad — ¢ toc) = T(d)T(a) — ¢ 'T(c)T(b) = ad — ¢ '(—q 'c)(—qb) = det, hence
T'(det, —1) = det, —1 = 0 in SL,(2).

One verifies easily that S satisfies D S(x(1))x(2) = e(x) for all given generators
of SL,(2), hence S is a left antipode by 2.1.3. Symmetrically S is a right antipode.
Thus the bialgebra SL,(2) is a Hopf algebra or a quantum group.

Example 2.5.6. The affine algebraic group GL(n) : K-cAlg — Gr defined by
GL(n)(A), the group of invertible n x n-matrices with coeflicients in the commutative
algebra A, is represented by the algebra O(GL(n)) = GL(n) = K[z;;, t]/(det(z;;)t—1)
ie.

GL(n)(A) = K-cAlg (K[z;;, t]/(det(x;;)t — 1), A)).
Since GIL(n)(A) has a group structure by the multiplication of matrices, the represent-

ing commutative algebra has a Hopf algebra structure with the diagonal A = ¢ * 15
hence

A(ry,) = inj @ Tk,

the counit (x;;) = J;; and the antipode S(z;;) = ¢ - adj(X);; where adj(X) is the
adjoint matrix of X = (z;;). We leave the verification of these facts from linear
algebra to the reader. The diagonal applied to ¢ gives

Alt) =t @t

Hence t(= det(X) ') is a grouplike element in GL(n). This reflects the rule det(AB) =
det(A) det(B) hence det(AB)™! = det(A)~ ! det(B)~1.

Example 2.5.7. Let M,(2) be as in the example 2.5.5. We define
GLy(2) = M,(2)[1]/J

with J generated by the elements ¢ - (ad — g *bc) — 1. The algebra GL,(2) represents
the functor

!/

GL,(2)(A) = {(“,’ Zﬁ) € M, (2)(A)|det, (Z Z’,) invertible in A}.

C

In fact there is a canonical homomorphism of algebras M,(2) — GL4(2). A ho-
momorphism of algebras ¢ : M,(2) — A has a unique continuation to GL,(2) iff
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det, (¢ (CCL Z)) is invertible:

N

/ / -1
with t — det, CCL, Z, . Thus GL,(2)(A) is a subset of M,(2)(A). Observe that
M,(2) — GL,(2) is not surjective.
Since the quantum determinant preserves products and the product of invertible
elements is again invertible we get GL,(2) is a quantum submonoid of M(2), hence

A:GLy(2) — GL,(2)®GL,(2) with A (a AT ® (a b) and A(t) = t®t.
We construct the antipode for GL,(2). We define T": M, (2)[t] — M,(2)[t]" by

c d)  \c d c d
a b\ d —qb o a b\ 1

T (c d) =1 (—q_lc a ) and T(t) := det, <C d) =ad—q “be.
As in 2.5.5 T defines a homomorphism of algebras. We obtain an induced homo-
morphism of algebras S : GL,(2) — GL,(2)® or a GL,(2)°’-point in G'L,(2) since
S(t(ad — g 'bc) — 1) = (S(d)S(a) — ¢ 1 S(c)S(b))S(t) — S(1) = (t*ad — g~ 't%cb)(ad —
g 'bc) — 1 =1t*(ad — g 'bc)* — 1 = 0.

Since S satisfies ) S(xq))x(2) = €(z) for all given generators, S is a left antipode
by 2.1.3. Symmetrically S is a right antipode. Thus the bialgebra GL,(2) is a Hopf
algebra or a quantum group.

Example 2.5.8. Let sl(2) be the 3-dimensional vector space generated by the

matrices
0 1 0 0 1 0
(o) (o) 100

Then sl(2) is a subspace of the algebra M (2) of 2 x 2-matrices over K. We easily verify
X,Y] = XY-YX =H,[HX] = HX-XH =2X,and [H,Y] = HY ~YH = —2Y,
so that sl(2) becomes a Lie subalgebra of M (2)¥, which is the Lie algebra of matrices
of trace zero. The universal enveloping algebra U(sl(2)) is a Hopf algebra generated
as an algebra by the elements X, Y, H with the relations

[X,Y]=H, [H X]=2X, [HY]=-2Y.

As a consequence of the Poincaré-Birkhoff-Witt Theorem (that we don’t prove)
the Hopf algebra U(sl(2)) has the basis {X'Y/H*|i, j, k € N}. Furthermore one can
prove that all finite dimensional U(sl(2))-modules are semisimple.
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Example 2.5.9. We define the so-called g-deformed version U,(sl(2)) of U(sl(2))
for any ¢ € K, ¢ # 1,—1 and ¢ invertible. Let U,(sl(2)) be the algebra generated by
the elements F, F, K, K' with the relations

KK'=K'K =1,
KEK' = ¢*F, KFK' = ¢ ?F,
K- K’
EF - FFE = -
qa—q
Since K’ is the inverse of K in U,(sl(2)) we write K~! = K’. The representation
theory of this algebra is fundamentally different depending on whether ¢ is a root of

unity or not.
We show that U,(sl(2)) is a Hopf algebra or quantum group. We define

AE)=19E+E®K, AF)=K'®@F+F@l,
AK) =K ® K,
e(B)=c(F)=0, e(K)=1,
S(E)=—EK-', S(F)=-KF, S(K)=K"

First we show that A can be expanded in a unique way to an algebra homomor-
phism A : U,(sl(2)) — U,(sl(2)) @ U,(sl(2)). Write U,(sl(2)) as the residue class
algebra K(F, F, K, K~1)/I where [ is generated by

KK'—1,  K'K-1,
KEK™'— @B,  KFK™'—q?F,

-1
EF — FFE — %
q4—9q
Since K~! must be mapped to the inverse of A(K) we must have A(K™!) = K~!' ®
K. Now A can be expanded in a unique way to the free algebra A : K(E, F, K, K1)
— U, (sl(2)) ® Uy(sl(2)). We have A(KK™') = A(K)A(K™!) = 1 and similarly
A(K™'K) = 1. Furthermore we have A(KEK ') = A(K)A(E)A(K™) = (K ® K)
1I®FE+EQK) K 'K ')=KK'9 KEK '+ KEK '@ K’K'=¢F(1®FE+
E® K) = ¢*A(F) = A(¢°F) and similarly A(KFK ') = A(¢~%F). Finally we have

A(EF-FE)=(19QE+EQK)K @ F+F®1)
(K'®F+F®1) (18 E+E® K)
—K'QEF+FQE+EK' @KF+EF®K
_K'® FE-KE®FK-F®FE—-FE®K
— K'®(EF —FE)+ (EF —FE)® K
K®K-K)+(K-K)®K

q—qt

-2 (=)
q4—4q
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hence A vanishes on I and can be factorized through a unique algebra homomorphism
AUy (sl(2) — Uy(sl(2)) @ Uy(sl(2)).
In a similar way, actually much simpler, one gets an algebra homomorphism
e: Uy(sl(2)) — K.

To check that A is coassociative it suffices to check this for the generators of the
algebra. We have (A@ NA(E) = (A®1)(I1RF+EQK)=1019FE+1FE®
K+EOK®K=(19A)(1®EF+FE®K) = (1®A)A(E). Similarly we get
(A®1)A(F) = (1®A)A(F). For K the claim is obvious. The counit axiom is easily
checked on the generators.

Now we show that S is an antipode for U,(sl(2)). First define S : K(E, F, K, K~')
— U,(sl(2))° by the definition of S on the generators. We have

S(KK™')=1=S(K'K),
S(KEK™) = ~KEK 'K~ = —>EK ' = S(2E),
S(KFK~') = ~-KKFK~' = —¢ 2K F = S(q*F),
S(EF — FE)=KFEK' -~ EK'KF=KFK'KEK — EF
K'-K S<K—K_1)
q—q! q—q!
So S defines a homomorphism of algebras S : U,(sl(2)) — U,(sl(2)). Since S satisfies
> S(xzay)z@) = () for all given generators, S is a left antipode by 2.1.3. Symmet-
rically S is a right antipode. Thus the bialgebra U,(sl(2)) is a Hopf algebra or a
quantum group.

This quantum group is of central interest in theoretical physics. Its representation
theory is well understood. If ¢ is not a root of unity then the finite dimensional
U,(sl(2))-modules are semisimple. Many more properties can be found in [Kassel:
Quantum Groups].

6. Quantum Automorphism Groups

Lemma 2.6.1. The category K-Alg of K-algebras has arbitrary coproducts.

PrOOF. This is a well known fact from universal algebra. In fact all equationally
defined algebraic categories are complete and cocomplete. We indicate the construc-
tion of the coproduct of a family (A;|i € I) of K-algebras.

Define [],.; Ai := T'(®ic1Ai)/L where T' denotes the tensor algebra and where L
is the two sided ideal in T'(®;c;A;) generated by the set

J = {vjr(zryr) — c(Te(@e))e(Gr(ye)) n@ 4 — tik(Lay)|Tr, Y € Ar, k € 1}
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Then one checks easily for a family of algebra homomorphisms (f; : Ay — Blk € I)
that the following diagram gives the required universal property

- T(®A;) =T (DA;)/

\

Corollary 2.6.2. The category of bialgebras has finite coproducts.

PROOF. The coproduct [[ B; of bialgebras (B;|i € I) in K-Alg is an algebra. For
the diagonal and the counit we obtain the following commutative diagrams

[1 B

Ap EIWN

By,

Bk®BkWHBi®HBz’
BkLHBi
€k Jie

K

since in both cases [[ B; is a coproduct in K-Alg. Then it is easy to show that
these homomorphisms define a bialgebra structure on [[ B; and that [] B; satisfies
the universal property for bialgebras. 0

Theorem 2.6.3. Let B be a bialgebra. Then there exists a Hopf algebra H(B) and
a homomorphism of bialgebras v : B — H(B) such that for every Hopf algebra H and
for every homomorphism of bialgebras f : B — H there is a unique homomorphism
of Hopf algebras g : H(B) — H such that the diagram

B—Y+~ H(B)
f g

H

commutes.
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PROOF. Define a sequence of bialgebras (B;|i € N) by

BO = B,
Bi+1 = prmp,i e N.

Let B’ be the coproduct of the family (B;|i € N) with injections ¢; : B; — B’. Because
B’ is a coproduct of bialgebras there is a unique homomorphism of bialgebras S’ : B’

— B’P“P? such that the diagrams
L /
B; B
id s/
opcop 10pcop
BZ+1 Lit1 B
commute.

Now let I be the two sided ideal in B’ generated by
{(8" %1 —we)(x;), (1% 8" —wue)(x;)|x; € 1;(B;),i € N}.

I'is a coideal, i.e. eg(f) =0and Ap([) CI® B +B ® 1.

Since e and Ap are homomorphisms of algebras it suffices to check this for
the generating elements of I. Let z € B; be given. Then we have e((1 % S");(z)) =
e(VA®S)AL(x)) = Vk(e®eS") (1:@1:) Ai(x) = (e1; @) Ai(x) = g;(x) = e(uet;(x)).
Symmetrically we have ((S” * 1);(z)) = e(uet;(x)). Furthermore we have

A((1* 8)e())

=AV(1l ® S")Av(x)
=(VaV)(111)(A®A)(1®S)(t @ t)A(x)
=(VeV) (171 1)(A®7(S"® S)A)(1; @ 1;)A(z)

=2 (Vo V)17 1)(t(rw) @ ti(ze) ® S t(zm) @ S(2@m))
:ZL,( 1))SL1( )®Lz( )S LZ("E3)

=§:h(1Q5%( 3) ® (1*5ﬁ4(2)

Hence we have

(1% .S")1(x(2)) — Auer;(x)
((1%5") —ue)ii(z )
(23)) @ ueti(v(2)) — Auet;(x)
® (1% S —ue)ui(x2))

@) ® lp —uey(z) @ 1p
® (1% 8" —ue)ui(x2))

eBI+I1I®B.
Thus [ is a coideal and a biideal of B’.
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Now let H(B) := B'/I and let v : B" — H(B) be the residue class homomor-
phism. We show that H(B) is a bialgebra and v is a homomorphism of bialgebras.
H(B) is an algebra and v is a homomorphism of algebras since [ is a two sided ideal.
Since I C Ker(g) there is a unique factorization

B —Y B/l

g €

K

where € : B’'/I — K is a homomorphism of algebras. Since A(I) C B'®@I+1® B’ C
Ker(v@v: B ® B'— B'/I ® B'/I) and thus I C Ker(A(v ® v)) we have a unique
factorization

B v B//I
Ap A
B ®B —_—~B/l®B/I

by an algebra homomorphism A : B'/I — B'/I ® B'/I. Now it is easy to verify that
B'/I becomes a bialgebra and v a bialgebra homomorphism.

We show that the map vS’ : B’ — B’/I can be factorized through B’/I in the
commutative diagram

B —Y ~ B'/I
vS' S

B'/I

This holds if I C Ker(vS"). Since Ker(v) = I it suffices to show S’(I) C I. We have

S'((S"x 1)ei(x)) =

= V(8% @ S'1;) Ai(x)

= V(8" @ 1)(tis1 @ tir1)Ai(x)

= V(1 ® 5)(tis1 ® ti1)7Ai(2)

= V(1 ® 5)(ti41 ® tiv1)Aipa(2)

= (1 %511 (2)
and

S'(uet;(x)) = 8" (Ve (x) = S'(Deig1(x) = S (uetiyr(x))

hence we get

S'((S" %1 —ue)u(z)) = (1% —ue)yq1(x) € 1.
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This shows S’(I) C I. So there is a unique homomorphism of bialgebras S : H(B)
— H(B)°? such that the diagram

B'—Y + H(B)

s’ S

Brepeop — H<B)opcop
commutes.
Now we show that H(B) is a Hopf algebra with antipode S. By Proposition 2.1.3
it suffices to test on generators of H(B) hence on images vi;(x) of elements = € B;.
We have
(15 S)is() = V(v @ Sv)Au(z) = V(v @ v)(1© §)Au(r) =
= v(1 % 5" (x) = vuer(x) = uevy;(x).

By Proposition 2.1.3 S is an antipode for H(B).

We prove now that H(B) together with ¢ := vy : B — H(B) is a free Hopf
algebra over B. Let H be a Hopf algebra and let f : B — H be a homomorphism of
bialgebras. We will show that there is a unique homomorphism f : H(B) — H such
that

B —— H(B)
f f
H
commutes.
We define a family of homomorphisms of bialgebras f; : B; — H by
fO = f7

fit1 = Sufi;i € N.

We have in particular f; = S% f for all i € N. Thus there is a unique homomorphism
of bialgebras f': B’ =[] B; — H such that f't; = f; for all i € N.
We show that f'(I) = 0. Let # € B;. Then

(xS u(x))= f(V @5 (1 @ ) Ai(x))

(
=2 fuza) f'S"u(z )
= Zf%( I )f l’l+1<x(2)
=>_ filzw) fir1(z2))
= filz@)Sfi(ze)
= (1x ) filz) = uefi(x) = ue;(z)
= ['(uewi(z)).

This together with the symmetric statement gives f'(/) = 0. Hence there is a unique
factorization through a homomorphism of algebras f : H(B) — H such that f' = fv.
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The homomorphism f : H(B) — H is a homomorphism of bialgebras since the

diagram
5
B’ B — H
A J A o { Apg
Y BT @ B /11
Fef )

commutes with the possible exception of the right hand square A f and ( fof)A. But
v is surjective so also the last square commutes. Similarly we get ey f = ep(p). Thus

f is a homomorphism of bialgebras and hence a homomorphism of Hopf algebras. [

B ®B HoH

Remark 2.6.4. In chapter 1 we have constructed universal bialgebras M (A)
with coaction § : A — M(A) ® A for certain algebras A (see 1.3.12). This induces a
homomorphism of algebras

& A— H(M(A)® A

such that A is a comodule-algebra over the Hopf algebra H(M(A)). If H is a Hopf
algebra and A is an H-comodule algebra by 0 : A — H ® A then there is a unique
homomorphism of bialgebras f : M(A) — H such that

AL MA)® A
3] f®l

H®A

commutes. Since the f : M(A) — H factorizes uniquely through f : H(M(A)) — H
we get a commutative diagram

A H(MA)® A
) fol

H®A

with a unique homomorphism of Hopf algebras f : H(M(A)) — H.
This proof depends only on the existence of a universal algebra M(A) for the
algebra A. Hence we have

Corollary 2.6.5. Let X be a quantum space with universal quantum space (and
quantum monoid) M(X). Then there is a unique (up to isomorphism) quantum group
H(M(X)) acting universally on X.
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This quantum group H(M(X)) can be considered as the “quantum subgroup of
invertible elements” of M(X) or the quantum group of “quantum automorphisms”
of X.

7. Duality of Hopf Algebras

In 2.4.8 we have seen that the dual Hopf algebra H* of a finite dimensional Hopf
algebra H satisfies certain relations w.r.t. the evaluation map. The multiplication
of H* is derived from the comultiplication of H and the comultiplication of H* is
derived from the multiplication of H.

This kind of duality is restricted to the finite-dimensional situation. Nevertheless
one wants to have a process that is close to the finite-dimensional situation. This
short section is devoted to several approaches of duality for Hopf algebras.

First we use the relations of the finite-dimensional situation to give a general
definition.

Definition 2.7.1. Let H and L be Hopf algebras. Let
ev:L®H>a®hw (a,h) €K

be a bilinear form satisfying

(4) (@® b3 hay ® hy) = (ab.h), (1, h) = <(h)

(5) (Z a) ® a@), h® j) = (a, hj), (a,1) =¢e(a)

(6) (a,S(h)) = (S(a), h)

Such a map is called a weak duality of Hopf algebras. The bilinear form is called left
(right) nondegenerate if (a, H) = 0 implies a = 0 ((L,h) = 0 implies h = 0). A
duality of Hopf algebras is a weak duality that is left and right nondegenerate.

Remark 2.7.2. If H is a finite dimensional Hopf algebra then the usual evaluation
ev: H*® H — K defines a duality of Hopf algebras.

Remark 2.7.3. Assume that ev : L ® H — K defines a weak duality. By
[Advanced Algebra] 1.22 we have isomorphisms Hom(L®H, K) = Hom(L, Hom(H, K))
and Hom(L ® H,K) = Hom(H, Hom(L,K)). Denote the homomorphisms associated
with ev: L® K — Kby ¢ : L — Hom(H,K) resp. ¢ : H — Hom(L,K). They
satisfy p(a)(h) =ev(a® h) = ¥(h)(a).

ev : L ® K — K is left nondegenerate iff ¢ : L — Hom(H,K) is injective.
ev: L ® K — K is right nondegenerate iff v : H — Hom(L, K) is injective.

Lemma 2.7.4. 1. The bilinear form ev: L ® H — K satisfies (2.4) if and only
if o+ L — Hom(H,K) is a homomorphism of algebras.

2. The bilinear form ev : L ® H — K satisfies (2.5) if and only if ¢ : H
— Hom(L,K) is a homomorphism of algebras.
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by the definition of the algebra structure on Hom(H, K).
ev: L ® H — K satisfies the left equation of (4) iff ¢(1)(h) = (1, h) = (h).
The second part of the Lemma follows by symmetry. O

Example 2.7.5. There is a weak duality between the quantum groups SL,(2)
and U,(sl(2)). (Kassel: Chapter VIL.4).

Proposition 2.7.6. Letev: L ® H — K be a weak duality of Hopf algebras. Let
I :=Ker(¢ : L — Hom(H,K)) and J := Ker(¢) : H — Hom(L,K)). Let L := L/I
and H := H/J. Then L and H are Hopf algebras and the induced bilinear form
&v: L® H — K is a duality.

PROOF. First observe that I and J are two sided ideals hence L and H are
algebras. Then ev : L ® H — K can be factored through &v : L ® H — K and the
equations (4) and (5) are still satisfied for the residue classes.

The ideals I and J are biideals. In fact, let z € I then (A(x),a®b) = (x,ab) =0
hence A(x) € Ker(p ®@ ¢ : L® L — Hom(H ® H/K) = I ® L+ L ® I (the last
equality is an easy exercise in linear algebra) and e(z) = (x,1) = 0. Hence as in the
proof of Theorem 2.6.3 we get that L = L/I and H = H/J are bialgebras. Since
(S(z),a) = (x,5(a)) = 0 we have an induced homomorphism S : L — L. The
identities satisfied in L hold also for the residue classes in L so that L and similarly
H become Hopf algebras. Finally we have by definition of I that (Z,a) = (z,a) = 0
for all a € H iff a € I or @ = 0. Thus the bilinear form &v : L ® H — K defines a
duality. 0

Problem 2.7.15. (in Linear Algebra)
(1) For U C V define U+ := {f € V*|f(U) = 0}. For Z C V* define Z+ := {v €
V|Z(v) = 0}. Show that the following hold:
(a) UCV = U =Ut
(b) ZCV*and dim Z < oo = Z = Z*4;
(c) {U C V|[dimV/U < o} 2 {Z C V*|dimZ < oo} under the maps
U Ut and Z — Z+.
(2) Let V = @&7°,Kz; be an infinite-dimensional vector space. Find an element
g€ (VeV) thatisnot in V@ V* (C (Ve V)*).

Definition 2.7.7. Let A be an algebra. We define A° := {f € A*|F ideal 414 C
A:dim(A/I) < oo and f(I)=0}.

Lemma 2.7.8. Let A be an algebra and f € A*. The following are equivalent:
(1) feA;
(2) there exists 4 C A such that dim A/I < oo and f(I) =0;
(3) A- f C aHomg(. Ay, K) is finite dimensional;
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(4) A- f- A is finite dimensional;
(5) V*(f) e A" ® A*.

PrOOF. 1. = 2. and 4. = 3. are trivial.

2. = 3. Let I, C A with f(I) =0 and dim A/I < co. Write A*® A — K as
(g,a). Then (af,i) = (f,ia) = 0 hence Af C I+ and dim Af < cc.

3. = 2. Let dim Af < co. Then I4 := (Af)* is an ideal of finite codimension
in A and f(I) = 0 holds.

2. = 1. Let Iy C A with dimA/I4 < oo and f(I) = 0 be given. Then
right multiplication induces ¢ : A — Homg(A/I.,A/I.) and dim Endg(A/I) < oo.
Thus J = Ker(p) C A is a two sided ideal of finite codimension and J C I (since
©0(7)(1) =0=1-7j = j implies j € I). Furthermore we have f(J) C f(I) = 0.

1. = 4. {afb,i) = (f,bia) = 0 implies A- f- A C , I3 hence dim AfA < oco.

3. = 5. We observe that V*(f) = fV € (A® A)*. We want to show that
V*(f) € A*® A*. Let g1,...,g, be a basis of Af. Then there exist hy,...,h, € A*
such that bf = > h;(b)g;. Let a,b € A. Then (V*(f),a ®b) = (f,ab) = (bf,a) =
> hi(b)gi(a) = O gi ® hiya ®b) so that V*(f) = > ¢; @ h; € A* ® A*.

5. = 3. Let V*(f)=> 9 ®h; € A*®@ A*. Then bf = > h;(b)g; for all b € A
as before. Thus Af is generated by the g1, ..., g,. 0J

Proposition 2.7.9. Let (A, m,u) be an algebra. Then we have m*(A°) C A°® A°.
Furthermore (A°, A, €) is a coalgebra with A = m* and € = u*.

PROOF. Let f € A% and let g1, ..., ¢, be a basis for Af. Then we have m*(f) =
>~ g;®h; for suitable h; € A* as in the proof of the previous proposition. Since g; € Af
we get Ag; € Af and dim(Ag;) < oo and hence g; € A°. Choose ay,...,a, € A such
that gi(a;) — 8. Then (fa;)(@) = f(aza) = (m*(f), a; & a) = 3" gi{a;)hu(a) = hy(a)
implies fa; = h; € fA. Observe that dim(fA) < oo hence dim(h;A) < oo, so that
h; € A°. This proves m*(f) € A°® A°.

One checks easily that counit law and coassociativity hold. 0

Theorem 2.7.10. (The Sweedler dual:) Let (B,m,u,A,e) be a bialgebra.
Then (B°, A* &*,m*, u*) again is a bialgebra. If B = H is a Hopf algebra with
antipode S, then S* is an antipode for B® = H°.

PrROOF. We know that (B*, A*, £*) is an algebra and that (B°, m*,u*) is a coal-
gebra. We show now that B® C B* is a subalgebra. Let f,¢g € B° with dim(Bf) <
oo and dim(Bg) < oo. Let a € B. Then we have (a(fg))(b) = (fg)(ba) =
2 fbmam)g(beae) = >(an)f)(bn)(a@g)(be) = >.((awf)azg))(b) hence
a(fg) = Y (aqyf)awyg) € (Bf)(Bg). Since dim(Bf)(Bg) < oo we have
dim(B(fg)) < oo so that fg € B°. Furthermore we have ¢ € B°, since Ker(e)
has codimension 1. Thus B° C B* is a subalgebra. It is now easy to see that B¢ is a
bialgebra.

Now let S be the antipode of H. We show S*(H?) C H°. Leta € H, f € H°.

Then (aS™(f),b) = (5*(f),ba) = (f,S5(ba)) = (f,5(a)S(b)) = (fS(a),S(b)) =



7. DUALITY OF HOPF ALGEBRAS 65

(S*(fS(a)),b). This implies aS*(f) = S*(fS(a)) and HS*(f) = S*(fS(H)) C
S*(fH). Since f € H° we get dim(fH) < oo so that dim(S*(fH)) < oo and
dim(HS*(f)) < oco. This shows S*(f) € H°. The rest of the proof is now trivial. [

Definition 2.7.11. Let G = K-cAlg(H,-) be an affine group and R € K-cAlg.
We define G @k R := G_,. alg to be the restriction to commutative R-algebras. The

functor G ®k R is represented by H ® R € R-cAlg:

Glp-calg (A) = K-cAlg(H,A) = R-cAlg(H @ R, A).

Theorem 2.7.12. (The Cartier dual:) Let H be a finite dimensional commu-
tative cocommutative Hopf algebra. Let G = K-cAlg(H,-) be the associated affine
group and let D(G) = K-cAlg(H*,-) be the dual group. Then we have

D(G) = Gr(G, Gn)
where Gr(G,G,,)(R) = Gr(G ®k R, G, ®x R) is the set of group (-functor) homo-

morphisms and G, is the multiplicative group.

PROOF. We have Gr(G, G,,)(R) = Gr(GegR, G@xR) = R-Hopf-Alg(K[t, t']®
R, H® R) = R-Hopf-Alg(R[t,t '], H®R) 2 {z € U(H®R)|A(z) = z®@uz,e(x) = 1},
since A(z) =2 ®  and e(z) = 1 imply 2S(x) = e(x) = 1.

Consider z € Homg((H ® R)*, R) = Homg(H* ® R, R). Then A(x) = z ® z iff
z(v*w*) = (z,v*w*) = (A(z),v* ® w*) = z(v*)z(w*) and e(z) = 1 iff (x,¢e) = 1.
Hence z € R-cAlg((H ® R)*, R) 2 K-cAlg(H*, R) = D(G)(R). O






CHAPTER 3

Representation Theory, Reconstruction and Tannaka Duality

Introduction

One of the most interesting properties of quantum groups is their representation
theory. It has deep applications in theoretical physics. The mathematical side has to
distinguish between the representation theory of quantum groups and the represen-
tation theory of Hopf algebras. In both cases the particular structure allows to form
tensor products of representations such that the category of representations becomes
a monoidal (or tensor) category.

The problem we want to study in this chapter is, how much structure of the
quantum group or Hopf algebra can be found in the category of representations. We
will show that a quantum monoid can be uniquely reconstructed (up to isomorphism)
from its representations. The additional structure given by the antipode is itimitely
connected with a certain duality of representations. We will also generalize this
process of reconstruction.

On the other hand we will show that the process of reconstruction can also be used
to obtain the Tambara construction of the universal quantum monoid of a noncom-
mutative geometrical space (from chapter 1.). Thus we will get another perspective
for this theorem.

At the end of the chapter you should

e understand representations of Hopf algebras and of quantum groups,

e know the definition and first fundamental properties of monoidal or tensor
categories,

e be familiar with the monoidal structure on the category of representations
of Hopf algebras and of quantum groups,

e understand why the category of representations contains the full information
about the quantum group resp. the Hopf algebra (Theorem of Tannaka-
Krein),

e know the process of reconstruction and examples of bialgebras reconstructed
from certain diagrams of finite dimensional vector spaces,

e understand better the Tambara construction of a universal algebra for a finite
dimensional algebra.

67
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1. Representations of Hopf Algebras

Let A be an algebra over a commutative ring K. Let A-Mod be the category of
A-modules. An A-module is also called a representation of A.

Observe that the action A® M — M satisfying the module axioms and an algebra
homomorphism A — End(M) are equivalent descriptions of an A-module structure
on the K-module M.

The functor U : A-Mod — K-Mod withU(4M) = M and U(f) = f is called the
forgetful functor or the underlying functor.

If B is a bialgebra then a representation of B is also defined to be a B-module. It
will turn out that the property of being a bialgebra leads to the possibility of building
tensor products of representations in a canonical way.

Let C be a coalgebra over a commutative ring K. Let C-Comod be the category
of C-comodules. A C-comodule is also called a corepresentation of C.

The functor U : C-Comod — K-Mod with U(CM) = M and U(f) = f is called
the forgetful functor or the underlying functor.

If B is a bialgebra then a corepresentation of B is also defined to be a B-comodule.
It will turn out that the property of being a bialgebra leads to the possibility of
building tensor products of corepresentations in a canonical way.

Usually representations of a ring are considered to be modules over the given
ring. The role of comodules certainly arises in the context of coalgebras. But it is
not quite clear what the good definition of a representation of a quantum group or
its representing Hopf algebra is.

For this purpose consider representations M of an ordinary group G. Assume
for the simplicity of the argument that G is finite. Representations of G are vector
spaces together with a group action G x M — M. Equivalently they are vector
spaces together with a group homomorphism G — Aut(M) or modules over the
group algebra: K[G] ® M — M. In the situation of quantum groups we consider the
representing Hopf algebra H as algebra of functions on the quantum group G.

Then the algebra of functions on G is the Hopf algebra K¢, the dual of the group
algebra K[G]. An easy exercise shows that the module structure K[G] ® M — M
translates to the structure of a comodule M — K®® M and conversely. (Observe that
G is finite.) So we should define representations of a quantum group as comodules
over the representing Hopf algebra.

Problem 3.1.16. Let G be a finite group and K¢ := K[G]* the dual of the group
algebra. Show that K¢ is a Hopf algebra and that each module structure K[G] ® M
— M translates to the structure of a comodule M — K% ® M and conversely. Show
that this defines a monoidal equivalence of categories.

Describe the group valued functor K-cAlg (K¢, —) in terms of sets and their group
structure.
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Definition 3.1.1. Let G be a quantum group with representing Hopf algebra H.
A representation of G is a comodule over the representing Hopf algebra H.

From this definition we obtain immediately that we may form tensor products of
representations of quantum groups since the representing algebra is a bialgebra.

We come now to the canonical construction of tensor products of (co-)represen-
tations.

Lemma 3.1.2. Let B be a bialgebra. Let M, N € B-Mod be two B-modules.
Then M ® N is a B-module by the action b(m®n) =Y baym®boyn. If f+ M — M’
and g : N — N’ are homomorphisms of B-modules in B-Mod then f® g : M & N
— M’ ® N’ is a homomorphism of B-modules.

PrROOF. We have homomorphisms of K-algebras a: B — End(M) and f: B —
End(N) defining the B-module structure on M and N. Thus we get a homomorphism
of algebras can(a® f)A: B — B® B — End(M) ®@ End(N) — End(M ® N). Thus
M ®N is a B-module. The structure is b(m®n) = can(a®B)(>_ b)) @b))(m®n) =
can(3_ a(ba)) ® (b)) (m @ n) =32 albay)(m) @ B(be)(n) = 32 baym @ beyn.

Furthermore we have 1(m ®n) = 1lm ® 1lm = m Q n.

If f,g are homomorphisms of B-modules, then we have (f ® ¢)(b(m ® n))
(f@g) X baym@beyn) = > f(baym) @ g(bzyn) = >_ba)f(m) @be)g(n) = b(f(m)
g(n)) =b(f ® g)(m®mn). Thus f ® g is a homomorphism of B-modules.

Corollary 3.1.3. Let B be a bialgebra. Then ® : B-Mod x B-Mod — B-Mod
with @(M,N) =M @ N and Q(f,g9) = f ® g is a functor.

PRrROOF. The following are obvious from the ordinary properties of the tensor
product over K. 1y,®1y = lyen and (fR9)(f'®@9) = ff'®gg for M, N, f, ' 9,4 €
B-Mod. O

Lemma 3.1.4. Let B be a bialgebra. Let M, N € B-Comod be two B-comodules.
Then M®N is a B-comodule by the coaction Syren(m®n) = Y- mayna)@man@n Ny

If f: M — M and g : N — N’ are homomorphisms of B-comodules in B-Comod
then f®qg: M @ N — M' ® N' is a homomorphism of B-comodules.

PROOF. The coaction on M ® N may also be described by (Vp® 1y @ 15)(1p®
TRIN) 0y ®@O0ny)  MON - BOIM®BRN - BIBIM®N — BM®N.
Although a diagrammatic proof of the coassociativity of the coaction and the law of
the counit is quite involved it allows generalization so we give it here.

Consider the next diagram.

Square (1) commutes since M and N are comodules.

Squares (2) and (3) commute since 7: M ® N — N ® M for K-modules M and
N is a natural transformation.

Square (4) represents an interesting property of 7 namely

1107)(TBeme®1) =(1R17)(T®1IX1)(1IRT®1) =
(Telel)(lelen)(lewrel)=(1T1®1)(1® TvmpBsB)

U
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that uses the fact that (1 ® ¢)(f ® 1) = (f ® 1)(1 ® g) holds and that Tpgmp =
(7' X 1)(1 X 7') and TM,B®B = (1 X 7')(’7' X 1)

Square (5) and (6) commute by the properties of the tensor product.

Square (7) commutes since B is a bialgebra.

5®6 B® M® 197®1 B®R B velsl

) (1) ARIRAR1 (2) ARARI®1

BM® 1015 B® B® M®1*¢™mee0l B® B® BR
B® N B B® N B M@N

1®T®1 (3) 1®TB®M,B®1®1(4) 1971011 A®1®1

(7)

Y Y Y
BRB® 18525 B® B® BR 1welerel BRB® B
M® N MB®N B MeN

V11 (5) VRlelelel (6) VR1le1le1el

Y

105®6 B ® B® R1erel B ® BR 19Velel
B®M®N4>M®B®N4>B®M®N4>B®B®M®N

The law of the counit is

5®6 B® M® 1®9T®1 B® B velsl

\

e®1®e®1 cRe@1®1 e®1®1

M®N ! ~-M®N ! ~-M@N
where the last square commutes since € is a homomorphism of algebras.
Now let f and g be homomorphisms of B-comodules. Then the diagram

5®0 B® M® 197®1 B® Br  velwl
M&®N———— BoN —>M®N4>B®M®N
f®g J l®feleg { 1®18f®g 1®f®g
/
Mg N — . DS S el ﬁ,@g’@B]{% VOOl B M ® N
commutes. Thus f ® g is a homomorphism of B-comodules. O

Corollary 3.1.5. Let B be a bialgebra. Then ® : B-Comod x B-Comod —
B-Comod with @( M, N)=M @ N and ®(f,9) = f ® g is a functor.

Proposition 3.1.6. Let B be a bialgebra. Then the tensor product ® : B-Mod X
B-Mod — B-Mod satisfies the following properties:



1. REPRESENTATIONS OF HOPF ALGEBRAS 71

(1) The associativity isomorphism o : (M; ® My) ® M3 — My ® (My ® Ms) with
a((m®n)®@p) =m® (n®p) is a natural transformation from the functor
® o (® x Id) to the functor @ o (Id x®) in the variables My, M, and Ms in
B-Mod.

(2) The counit isomorphisms X\ : KM — M with A(k®@m) = km and p : MK
— M with p(m ® k) = km are natural transformations in the variable M in
B-Mod from the functor K® - resp. - ® K to the identity functor 1d.

(3) The following diagrams of natural transformations are commutative

a(My,Ma,M3)®1 o(My,Ma®Ms,My)
(M ® My) @ Mz) @ My — (My @ (My ® M3)) @ My — My @ (M2 ® M3) ® M,)

a(M1®Ma,M3,My) 1®a(Ms2,M3,My)

a(M1,Ma2,M3®My)

(M, ® M) @ (M3 @ My) - My @ (My ® (M3 ® M,))

(M, @ K) @ My 285 vr @ (K @ M)

p(”ﬁN ’A(Mz)

M, @ My

PrRoOOF. The homomorphisms «, A, and p are already defined in the category
K-Mod and satisfy the claimed properties. So we have to show, that these are
homomorphisms in B-Mod and that K is a B-module. K is a B-module by ¢ ® 1k :
B®K — K. The easy verification uses the coassociativity and the counital property
of B. O

Similarly we get
Proposition 3.1.7. Let B be a bialgebra. Then the tensor product

® : B-Comod x B-Comod — B-Comod

satisfies the following properties:

(1) The associativity isomorphism o : (M ® My) ® M3 — My ® (My ® Ms) with
a((m®n)®@p) =m® (n®p) is a natural transformation from the functor
® o (® x 1Id) to the functor @ o (Id x®) in the variables My, M, and M in
B-Comod.

(2) The counit isomorphisms X\ : KM — M with A(k@m) = km and p : MK
— M with p(m ® k) = km are natural transformations in the variable M in
B-Comod from the functor K® - resp. - @ K to the identity functor 1d.



72 3. REPRESENTATION THEORY, RECONSTRUCTION AND TANNAKA DUALITY

(3) The following diagrams of natural transformations are commutative
a(M1,M2,M3)®1 a(Ml,M2®M3,M4)

((Ml ® M2> ® M3) ® M4 e (Ml ® (M2 ® M3)) ® M4 -_— M1 ® ((MQ ® M3) ® M4>
a(M1®M2,M3,My) 1®a(Ma,Ms3,M4)

(M; @ Ms) ® (M3 @ My) (M, Mz, M3@Ma)

> M1 ® (M2 ® (Mg ® M4>>

(M, @ K) @ My 2805 vr @ (K @ M)

P(M1N ’A(Mﬂ

My @ Mo

Remark 3.1.8. We now get some simple properties of the underlying functors
U : B-Mod — K-Mod resp. U : B-Comod — K-Mod that are easily verified.

UM @ N) =UM) QU(N),
§f®g) f®y,

K)
Ue) = o, UA) = A, U(p) =

Problem 3.1.17. We have seen that in representation theory and in corepresen-
tation theory of quantum groups such as KG, U(g), SL,(2), U,(sl(2)) the ordinary
tensor product (in K-Mod) of two (co-)reprensentations is in a canonical way again
a (co-)reprensentation. For two H-modules M and N describe the module structure
on M ® N if

(1) H=KG: g(m®n) = forgGG
(2) H=U(g): gm@n)=...for g €g:
2

for the elements E F K € Uy(sl(2)).

For two KG-modules M and N the structure is g(m ® n) = gm ® gn for g € G.
For U(g)-modules it is g(m ® n) = gm @ n + m ® gn for g € g. For U,(sl(2))-
modules it is E(m®n) =m®@ En+ Em® Kn, F(m®n) = K 'm® Fn+ Fm®n,
Km®n)=Km® Kn.

Remark 3.1.9. Let A and B be algebras over a commutative ring K. Let f: A
— B be a homomorphism of algebras. Then we have a functor Uy : B-Mod —
A-Mod with U;(pM) = aM and Us(g) = g where am = f(a)m for a € A and
m € M. The functor Uy is also called forgetful or underlying functor.

The action of A on a B-module M can also be seen as the homomorphism A — B
— End(M).
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We denote the underlying functors previously discussed by
Uy : A-Mod — K-Mod resp. Up : B-Mod — K-Mod.

Proposition 3.1.10. Let f : B — C' be a homomorphism of bialgebras. Then
Uy satisfies the following properties:

Ur(M & N) =Us(M) @Ur(N),
Ui(g h) =g @ h,

Ur(K) = K,

uf(O‘) = Q, uf</\) =\, uf(ﬂ) =P,
UpUy (M) = Uc(M),

UpUs(g) = Uc(g)-

ProOOF. This is clear since the underlying K-modules and the K-linear maps stay
unchanged. The only thing to check is that U; generates the correct B-module
structure on the tensor product. For U;(M ® N) = M ® N we have b(m ® n) =

fO)m@n) =3 f()aym® f(b)on = f(ba)m® f(be)n = > baym @ bgyn. O

Remark 3.1.11. Let C' and D be coalgebras over a commutative ring K. Let
f: C — D be a homomorphism of coalgebras. Then we have a functor U : C-Comod
— D-Comod withUs(°M) =P M anduf( ) = g where op = (f®1)dc: M — CROM
— D ® M. Again the functor Uy is called forgetful or underlying functor.

We denote the underlying functors previously discussed by

Ue - C-Comod — K-Mod resp. Up : D-Comod — K-Mod.

Proposition 3.1.12. Let f : B — C' be a homomorphism of bialgebras. Then
Uy : C-Comod — D-Comod satisfies the following properties:

Uf(M ® N) =Uy(M) @ Us(N),
Ur(g ® h) =gQh,
Us(K) =
Uf( ) =a, Uf()\) =X, Up(p) =
UcUs (M) = Up(M),
Ucls(g) = Up(g)-
PROOF. We leave the proof to the reader. 0

Proposition 3.1.13. Let H be a Hopf algebra. Let M and N be be H-modules.
Then Hom(M, N), the set K-linear maps from M to N, becomes an H-module by
(hf)(m) = > hayf(S(h@ym). This structure makes

Hom : H-Mod x H-Mod — H-Maod
a functor contravariant in the first variable and covariant in the second variable.

PROOF. The main part to be proved is that the action H ® Hom(M,N) —
Hom(M, N) satisfies the associativity law. Let f € Hom(M,N), h,k € H, and
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m € M. Then ((hk)f)(m) =3 (hk)q) f(S((hk) @) = > hayka) f(S(k@)S(he)m) =
> hay(kf)(S(h@)m) = (h(kf))(m).

We leave the proof of the other properties, in particular the functorial properties,
to the reader. O

Corollary 3.1.14. Let M be an H-module. Then the dual K-module M* =
Hom(M, K) becomes an H-module by (hf)(m) = f(S(h)m).

ProOF. The space K is an H-module via € : H — K. Hence we have (hf)(m) =
2 hay f(S(heym) = 32 e(ha) f(S(heym) = f(S(h)m). O

2. Monoidal Categories

For our further investigations we need a generalized version of the tensor product
that we are going to introduce in this section. This will give us the possibility to
study more general versions of the notion of algebras and representations.

Definition 3.2.1. A monoidal category (or tensor category) consists of
a category C,

a covariant functor ® : C x C — C, called the tensor product,

an object I € C, called the unit,

natural isomorphisms

a(A,B,C): (A®B)®(C — A® (B (),

AMA):T® A — A,

p(A): A1 — A,
called associativity, left unit and right unit, such that the following diagrams commute:
(A®B)® C)® D AP (4 (Be )@ D 20 4 g (Be C)® D)

a(A®B,C,D) 1®a(B,C,D)

(A® B)® (C ® D) ol 4,5,08D) - A® (B® (C® D))

(Ao eB—"UP | A4 (1w B)

p(AN M(B)

A®B
These diagrams are called coherence diagrams or constraints.
A monoidal category is called a strict monoidal category, if the morphisms a, A, p
are the identity morphisms.

Remark 3.2.2. We define 4, ® ... 0 A, = (... (410 4)®...)Q A,.

There is an important theorem of S. MacLane that says that all diagrams whose
morphisms are constructed by using copies of «a, A, p, identities, inverses, tensor
products and compositions of such commute. We will only prove this theorem for
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some very special cases (3.2.4). It implies that each monoidal category can be replaced
by (is monoidally equivalent to) a strict monoidal category. That means that we may
omit in diagrams the morphisms «, A, p or replace them by identities. In particular
there is only one automorphism of A; ® ... ® A, formed by coherence morphisms
namely the identity.

Remark 3.2.3. For each monoidal category C we can construct the monoidal
category C*¥™" symmetric to C that coincides with C as a category and has tensor
product AX B := B ® A and the coherence morphisms

a(C,B,A)': (AKNB)X(C — AX (BX (),

p(A): TR A — A,

AMA): ART — A.
Then the coherence diagrams are commutative again, so that C*¥™" is a monoidal
category.

Lemma 3.2.4. Let C be a monoidal category. Then the following diagrams com-

mute
I®A)®@B—+1®(A® B) (ARB)®I —+A® (B®I)
®1N /A®B A®B\\ /1A®p
A®B A® B

and we have A\(I) = p(I).

PROOF. First we observe that the identity functor Ide and the functor I ® - are
isomorphic by the natural isomorphism A. Thus we have I ® f =1 ® g = f = g.
In the following diagram

(I®l)®A)®B

I@(I®A))®B—2—+12(I®A) ®B)

WI)@J %A)@l 1®(/\V
(I®A)® B a I®(A® B)
I® (A® B) ! I® (A® B)
M@l) 1®A
IoD)®(A® B) o S Te(l®(A®B)

all subdiagrams commute except for the right hand trapezoid. Since all morphisms are
isomorphisms the right hand trapezoid must commute also. Hence the first diagram
of the Lemma commutes.
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In a similar way one shows the commutativity of the second diagram.
Furthermore the following diagram commutes

IURN~——(IRR]—~>T®(II)
I®I I®I

\/

Here the left hand triangle commutes by the previous property. The commuta-
tivity of the right hand diagram is given by the axiom. The lower square commutes
since p is a natural transformation. In particular p(1 ® p) = p(1 ® A). Since p is an
isomorphism and I ® - = Id¢ we get p = A. 0

Problem 3.2.18. For morphisms f : I — M and g : I — N in a monoidal
category we define (f®1: N — M®N) == (f@1)p(I)™ and (1®@¢g : M
— M ® N):=(1®g)\(I)"!. Show that the diagram

— M
g 1®g

commutes.
We continue with a series of examples of monoidal categories.

Example 3.2.5. (1) Let R be an arbitrary ring. The category R-Mod-R of R-
R-bimodules with the tensor product M ®g N is a monoidal category. In particular
the K-modules form a monoidal category. This is our most important example of a
monoidal category.

(2) Let B be a bialgebra and B-Mod be the category of left B-modules. We
define the structure of a B-module on the tensor product M @ N = M ®xg N by

A®1M®1N 1B®T®1N

B®M®N BRBM®N BoM@B®N ™Y Mo N

as in the previous section. So B-Mod is a monoidal category by 3.1.6
(3) Let B be a bialgebra and B-Comod be the category of B-comodules. The
tensor product M ® N = M ®k N carries the structure of a B-comodule by

5M®5N

M®N BoMe@BoN P28 BB Mo N VMO o M@ N.

as in the previous section. So B-Comod is a monoidal category by 3.1.7
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Definition 3.2.6. Let G be a set. The category of G-families of vector spaces
ME = [I,cc Vec has families of vector spaces (Vylg € () as objects and families
of linear maps (f, : V;, — W,|lg € G) as morphisms. The composition is (f,|g €
G)o(hylg € G) = (fyohylg € G).

Lemma 3.2.7. Let G be a monoid. Then MY is a monoidal category with the
tensor product

(Vilge @)@ (WylgeG)=( P WVaWilgeq).
h,kEG, hk=g

Proor. This is an easy exercise. 0

Problem 3.2.19. Let G be a monoid. Show that M% is a monoidal category.
Where do unit and associativity laws of G enter the proof?

Definition 3.2.8. Let G be a set. A vector space V' together with a family of
subspaces (V, C V|g € G) is called G-graded, if V = @4V, holds.

Let (V, (Vy4lg € G)) and (W, (W,|g € G)) be G-graded vector spaces. A linear map
f:V — W is called G-graded, it f(V,) C W, for all g € G.

The G-graded vector spaces and G-graded linear maps form the category MC! of
G-graded vector spaces.

Lemma 3.2.9. Let G be a monoid. Then M!S is a monoidal category with the
tensor product V@ W, where the subspaces (V @ W), are defined by

VoW = > VieW.
h,k€G hk=g

ProoF. This is an easy exercise. U
Problem 3.2.20. Let G be a monoid. Show that Ml is a monoidal category.
Definition 3.2.10. (1) A chain complezx of K-modules

consists of a family of K-modules M; and a family of homomorphisms 0, : M, —
M,,_1 with 0,10, = 0. This chain complex is indexed by the monoid Ny. One may
also consider more general chain complexes indexed by an arbitrary cyclic monoid.
Chain complexes indexed by Ny x Ny are called double complexes. So much more
general chain complexes may be considered. We restrict ourselves to chain complexes
over Nj.

Let M and N be chain complexes. A homomorphism of chain complexes f : M
— N consists of a family of homomorphisms of K-modules f, : M,, — N,, such that
fnan—O—l - an—O—lfn—i—l for all n € I\IO'

The chain complexes with these homomorphisms form the category of chain com-
plexes K-Comp .



78 3. REPRESENTATION THEORY, RECONSTRUCTION AND TANNAKA DUALITY

If M and N are chain complexes then we form a new chain complex M ® N
with (M ® N),, == & M; ® N,_; and 0 : (M ® N),, — (M ® N),,_, given by
A(m; @ np_;) = (—=1)"0n(m;) @ ny_y + m; @ d(n,,_;). This is often called the total
complex associated with the double complex of the tensor product of M and N. Then
it is easily checked that K-Comp is a monoidal category with this tensor product.

(2) A cochain complex has the form

with 9;110; = 0. The cochain complexes form a monoidal category of cochain com-
plexes K-Cocomp .

Problem 3.2.21. Show that the cochain complexes form a monoidal category
K-Cocomp .

Definition 3.2.11. Let (C,®) and (D, ®) be monoidal categories. A functor
F:C—D
together with a natural transformation
EM,N): FIM)®@ F(N) — F(M ®N)

and a morphism
50 . ['D — f([c)

is called weakly monoidal if the following diagrams commute

(F(M)® F(N)) ® F(P) 22 F(M ® N) @ F(P) —— F((M ® N) ® P)

aw -
F(M)® (FIN)® F(P)) 25 F(M) @ F(N® P) ——~ F(M ® (N ® P))

1@ F(M) 22 M) —~F(I® M)
F(M) eI 225 -+~ FM&I)

\/

If, in addition, the morphisms £ and fo are 1som0rphlsms then the functor is called
a monoidal functor. The functor is called a strict monoidal functor if & and &, are the
identity morphisms.
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A natural transformation ¢ : F — F’ between weakly monoidal functors is called
a monoidal natural transformation if the diagrams

F(I)
F(M) ® F(N) -+ F(M ® N)

o

o
¢®(¢ ¢ I ¢
N

F'(M)® F(N) ?».7:’(]\/[®N)
F(I)
commute.
Let C and D be monoidal categories. A monoidal functor F : C — D is called

a monoidal equivalence if there exists a monoidal functor G : D — C and monoidal
natural isomorphisms ¢ : GF = Id¢ and ¢ : FG = Idp.

Proposition 3.2.12. Let G be a monoid.

(1) The monoidal category MY of G-families of vector spaces is monoidally
equivalent to the monoidal category MIC! of G-graded vector spaces.

(2) The monoidal category MG of G-graded vector spaces is monoidally equiv-
alent to the monoidal category of KG-comodules Comod -KG.

Proor. We use the following constructions.

(1) For a G-family (V,|g € G) we construct a G-graded vector space V 1= ®geaV,
(exterior direct sum) with the subspaces V, := Im(V,) in the direct sum. Conversely
if (V. (V,lg € G)) is a G-graded vector space then (V,|g € G) is a G-family of vector
spaces. Similar constructions are used for morphisms. It is easy to see that the
categories M and M!C! are equivalent monoidal categories.

(2) For a G-graded vector space (V, (V,|g € G)) we construct the KG-comodule V'
with the structure map 0 : V- — V®KG, 6(v) := v®g for all (homogeneous elements)
v € V, and for all g € G. Conversely let (V.6 : V — V ® KG) be a KG-comodule.
Then one constructs the vector space V' with den graded (homogenous) components
V, == {v € V]|é(v) = v® g}. It is easy to verify, that this is an equivalence of
categories.

Since KG is a bialgebra, the category of KG-comodules is a monoidal category
by Proposition 3.1.7. One then checks that under the equivalence between M) and
Comod-KG tensor products are mapped into corresponding tensor products so that
we have a monoidal equivalence. 0]

Problem 3.2.22. Give a detailed proof of Proposition 3.2.12.

Example 3.2.13. The following is a bialgebra B = K(z,y)/I, where I is gener-
ated by z%, ry + yr. The diagonal is A(y) =y @y, A(r) =z @y + 1 ® x and the
counit is €(y) = 1, ¢(z) = 0.
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Proposition 3.2.14. The monoidal category Comp -K of chain complexes over K
1s monoidally equivalent to the category of B-comodules Comod-B with B as in the
preceding example.

PROOF. We use the following construction. A chain complex M is mapped to
the B-comodule M = @;enM; with the structure map § : M — M ® B, d(m) =
S"m @y’ + 0;(m) ® xy'~! for all m € M; and for all i € N resp. §(m) :=m ® 1 for
m € M,. Conversely if M,6 : M — M ® B is a B-comodule, then one associates
with it the vector spaces M; := {m € M|3Im’ € M[6(m) =m @y’ +m' @ zy" "'} and
the linear maps 9; : M; — M,_; with 9;(m) := m’ for 6(m) = m @y + m’ @ xy' L.
It is checked easily that this is an equivalence of categories. By Problem (41) this is
a monoidal equivalence. 0]

Problem 3.2.23. (1) Give a detailed proof that Comp-K and Comod-B with
B as in the preceding Proposition 3.2.14 are monoidally equivalent categories.
(You may use the following arguments:
Let M € Comod-B. Define

M;:={meM3m eM:5(m)=mey" +m @y '}

Let m € M. Since y*,zy’ form a basis of B we have §(m) =Y, m; ® y* +
So.mi @ xy'. Apply (0 ® 1)0 = (1 ® A)d to this equation and compare
coefficients to get

S(m)) =m; @y +mi_ @zy"", 6(m)) =m;Qy’

for all i € Ny (with m’”; = 0). Consequently for each m; € M, there is
exactly one d(m;) = m!_, € M such that

5(ms) =m; @y +0(m;) @ xy' .

Since §(m)_;) = m}_; @ y"~! for all i € N we see that d(m;) € M,;_;. So we
have defined 0 : M; — M;_,. Furthermore we see from this equation that
9*(m;) = 0 for all i € N. Hence we have obtained a chain complex from
(M, 6).

If we apply (1 ® €)6(m) = m then we get m = > m,; with m; € M,
hence M = @®;enM;. This together with the inverse construction leads to the
required equivalence.)

(2) Show that the category K-Cocomp of cochain complexes is monoidally equiv-
alent to B-Comod, where B is chosen as in Example 3.2.13.
(3) Show that the bialgebra B from Example 3.2.13 is a Hopf algebra.

We can generalize the notions of an algebra or of a coalgebra in the context of a
monoidal category. We define

Definition 3.2.15. Let C be a monoidal category. An algebra or a monoid in
C consists of an object A together with a multiplication V : A ® A — A that is



2. MONOIDAL CATEGORIES 81

associative .
AQARA—UY A A
vl v
AR A S - A

or more precisely

(ARA) QA +Ax (A A) 12, A A

vV®id \Y%
A® A N - A
and has a unit 1 : I — A such that the following diagram commutes
@A~ A2 AT —"+ A A
n®id id \Y%
A®A - A.

v

Let A and B be algebras in C. A morphism of algebras f : A — B is a morphism
in C such that

Ao ALY . o B I
Va VB and m/ \73
f
A 7 B A B

commute.

Remark 3.2.16. It is obvious that the composition of two morphisms of algebras
is again a morphism of algebras. The identity also is a morphism of algebras. Thus
we obtain the category Alg(C) of algebras in C.

Definition 3.2.17. Let C be a monoidal category. A coalgebra or a comonoid in
C consists of an object C' together with a comultiplication A : A — A ® A that is
coassociative

C A ~-C®C
A A®id
CeC CoC®C

id®A
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or more precisely

C A - C®C

A id @A

CoC—2%, (CC)oC—2+Co(C®C0)

and has a counit € : C' — [ such that the following diagram commutes

C A -C®C

A id id ®e

Let C and D be coalgebras in C. A morphism of coalgebras f : C — D is a
morphism in C such that

C ! D C ! D
Ac Ap and EC\ /;‘D

commute.

Remark 3.2.18. It is obvious that the composition of two morphisms of coalge-
bras is again a morphism of coalgebras. The identity also is a morphism of coalgebras.
Thus we obtain the category Coalg (C) of coalgebras in C.

Remark 3.2.19. Observe that the notions of bialgebra, Hopf algebra, and co-
module algebra cannot be generalized to an arbitrary monoidal category since we
need to have an algebra structure on the tensor product of two algebras and this
requires us to interchange the middle tensor factors. These interchanges or flips are
known under the name symmetry, quasisymmetry or braiding and will be discussed
later on.

3. Dual Objects

At the end of the first section in Corollary 3.1.14 we saw that the dual of an H-
module can be constructed. We did not show the corresponding result for comodules.
In fact such a construction for comodules needs some finiteness conditions. With this
restriction the notion of a dual object can be introduced in an arbitrary monoidal
category.
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Definition 3.3.1. Let (C,®) be a monoidal category M € C be an object. An
object M* € C together with a morphism ev : M* ® M — I is called a left dual for
M if there exists a morphism db: I — M ® M* in C such that

(M 22 Mo M @M SES M) =1y

(M* 8 M* @ M @ M* ™% M*) = 1.
A monoidal category is called left rigid if each object M € C has a left dual.
Symmetrically we define: an object *M € C together with a morphism ev : M &®*M
— [ is called a right dual for M if there exists a morphism db: I — *M ® M in C
such that
(ME2 Mo MeoMEZ M) =1y
(M EE M@ M@ M ES M) = 1.y
A monoidal category is called right rigid if each object M € C has a left dual.
The morphisms ev and db are called the evaluation respectively the dual basis.

Remark 3.3.2. If (M*,ev) is a left dual for M then obviously (M, ev) is a right
dual for M* and conversely. One uses the same morphism db: I — M ® M*.

Lemma 3.3.3. Let (M*,ev) be a left dual for M. Then there is a natural iso-
morphism
Morc(— & M, -) = 1\/[01‘@(-7 - M*),
i. e. the functor -®@ M : C — C 1is left adjoint to the functor - @ M* :C — C.
PRrROOF. We give the unit and the counit of the pair of adjoint functors. We define
P(A) =1,®db: A — ARM®@ M* and V(B) :=1p®ev: B M*® M — B.
These are obviously natural transformations. We have commutative diagrams

FO(A)= ¥ VF(A)=
AeM— e AeMe M @M oigeer ~ A®M) = lagy
and
# @G (B)= # * G¥(B)= #
(B M ol e ~BOM* @ M@ M oo ol - B® M*) = g+
thus the Lemma has been proved by [Advanced Algebra] Corollary 5.17. O

The converse holds as well. If - ® M is left adjoint to - ® M* then the unit ®
gives a morphism db := ®(/) : I — M ® M* and the counit ¥ gives a morphism
ev:=W(I): M*® M — I satisfying the required properties. Thus we have

Corollary 3.3.4. If -® M : C — C 1s left adjoint to -@ M* : C — C then M* is
a left dual for M.

Corollary 3.3.5. (M*,ev) is a left dual for M if and only if there is a natural
1somorphism
More(M* ® -, -) = More(-, M ® -),
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1. e. the functor M* ® - : C — C is left adjoint to the functor M ® - : C — C. The
natural isomorphism if given by

(f M"N —P)— (Iy® f)(db®1y): N > MM @ N — M®® P)
and
(g:N—>MeP)— (evalp)(lpp®g): M@ N — M*®@ M ® P — P).
ProoOF. We have a natural isomorphism
More(M* ® -,-) = More(-, M ® -),

iff (M,ev) is a right dual for M* (as a symmetric statement to Lemma 3.3.3) iff
(M*,ev) is a left dual for M. O

Corollary 3.3.6. If M has a left dual then this is unique up to isomorphism.

PROOF. Let (M* ev) and (M' ev') be left duals for M. Then the functors - ® M*
and -® M" are isomorphic by [Advanced Algebra] Lemma 5.13. In particular we have
M =2 M =1® M = M. If we consider the construction of the isomorphism
then we get in particular that (ev'®1)(1® db) : M' — M'® M ® M* — M* is the
given isomorphism. 0

Problem 3.3.24. Let (M*,ev) be a left dual for M. Then there is a unique
morphism db : I — M ® M* satisfying the conditions of Definition 3.3.1. db’ =
(1 @ 1pp)db = (1 @ev@1p+) (1 @ 1p- @db) db’ = (1 @ ev @1 4+)(db’ @ db) =
(1y @ ev @1 ) (db’ @15 @ 1) db = (17 ® 1p4-)db = db

Definition 3.3.7. Let (M* evy,) and (N*,evy) be left duals for M resp. N. For
each morphism f : M — N we define the transposed morphism

(f*: N* — M*) = (N* "2 N o Mo M* 28" N g N @ M 28" u).

With this definition we get that the left dual is a contravariant functor, since we
have

Lemma 3.3.8. Let (M*,evy), (N*,evy), and (P*,evp) be left duals for M, N
and P respectively.

1. We have (1p7)* = 1ps+.

2. If f: M — N and g : N — P are given then (gf)* = f*g* holds.

PROOF. 1. (1p)*=(ev®1)(1®1® 1)(1 @ db) = 1.
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2. The following diagram commutes

dby ®1
- >

M NN @M
f 11 f
NMNQ@N*@NﬂN

gR1R®1 g

PN QN 2% . p

Hence we have gf = (1 ®evy)(g ® 1 ® f)(dby ®1). Thus the following diagram

commutes
1®db 1®g®1
P* »PPQNQQIN — P*Q PR N*
1®db 1®db
1®db ev®1

wg@ 1 A

1®gf®1 10gR1QfR1 PPQPRIN" QM M* N*

, 4/‘®/f®1

ProPo M 22 proPoN*QN@M

ev el 1®db
evel evel
M [Gev N* @ N @ M- <22 N o M @ M
OJ
Problem 3.3.25. (1) In the category of N-graded vector spaces determine

all objects M that have a left dual.

(2) In the category of chain complexes K-Comp determine all objects M that
have a left dual.

(3) In the category of cochain complexes K-Cocomp determine all objects M that
have a left dual.

(4) Let (M*,ev) be a left dual for M. Show that db: I — M ® M* is uniquely
determined by M, M*, and ev. (Uniqueness of the dual basis.)

(5) Let (M*,ev) be a left dual for M. Show that ev : M* ® M — [ is uniquely
determined by M, M*, and db.
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Corollary 3.3.9. Let M, N have the left duals (M*,evy) and (N*,evy) and let
f: M — N be a morphism in C. Then the following diagram commutes

7Y Ar e M
dby f®l
N®N*—» N @ M*.

1®f*

ProOF. The following diagram commutes

ME2ELN o N @ M

fl i1®1®f
db®1 NQN*®N
\ ll@)EV

N
This implies (f & lM*) dbM = ((1]\[ &® eVN)(lN &® 1N* X f)(de ®1M) (029 1M*) dbM =
(Iy@evy @1y ) (In Q1IN+ @ f @ 1pp ) (dby @1y @ 1pp+) dbpyr = (Iy®@evy @1+ ) (In ®
dby))dby = (1y ® f*) dby. O

Corollary 3.3.10. Let M, N have the left duals (M*,evy) and (N*,evy) and let
f:M — N be a morphism in C. Then the following diagram commutes

N o MI% o M

1R f evar

N*®N —g 1.

PRrROOF. This statement follows immediately from the symmetry of the definition
of a left dual. O

Example 3.3.11. Let M € R-Mod-R be an R-R-bimodule. Then Hompg(M., R.)
is an R-R-bimodule by (rfs)(x) = rf(sx). Furthermore we have the morphism
ev: Homg(M., R.) ®g M — R defined by ev(f ®g m) = f(m).

(Dual Basis Lemma:) A module M € Mod-R is called finitely generated and
projective if there are elements my,...,m, € M und m',..., m" € Homgr(M., R.)
such that

n
Vm e M : Zmimi(m) =m.
i=1
Actually this is a consequence of the dual basis lemma. But this definition is
equivalent to the usual definition.
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Let M € R-Mod-R. M as a right R-module is finitely generated and projective
iff M has a left dual. The left dual is isomorphic to Hompg(M., R.).

If Mg is finitely generated projective then we use db : R — M ®g Hompg (M., R.)
with db(1) = Y7, m; ®g m’. In fact we have (1 ®g ev)(db®gl)(m) = (1 Qg
ev)(Oom; @g m' @g m) = >_m;m’(m) = m. We have furthermore (ev®gr1)(1 @
db)(f)(m) = (ev®@rl) (3oL, f ®rm; @pm')(m) = 37 f(mi)m!(m) = f(32 mm'(m))
= f(m) for all m € M hence (ev®grl)(1 ®r db)(f) = f.

Conversely if M has a left dual M* then ev : M* g M — R defines a ho-
momorphism ¢ : M* — Hompg(M., R.) in R-Mod-R by ¢«(m*)(m) = ev(m* @ m).
We define >, m; @ m* := db(1) € M ® M*, then m = (1 ® ev)(db ®1)( ) =(1®
ev)(>-m;@mi@m) = > mi(m?)(m) so that my, ..., m, € M and t(m?), ..., t(m") €
Hompg (M., R.) form a dual basis for M, i. e. M is finitely generated and projective
as an R-module. Thus M* and Hompg(M., R.) are isomorphic by the map .

Analogously Hompg(.M, .R) is a right dual for M iff M is finitely generated and
projective as a left R-module.

Problem 3.3.26. Find an example of an object M in a monoidal category C that
has a left dual but no right dual.

Definition 3.3.12. Given objects M, N in C. An object [M, N] is called a
left inner Hom of M and N if there is a natural isomorphism More(- ® M, N) =
More(-, [M, NJ), i. e. if it represents the functor More(- ® M, N).

If there is an isomorphism More(P ® M, N) = Morc(P, [M, N]) natural in the
three variable M, N, P then the category C is called monoidal and left closed.

If there is an isomorphism More(M ® P, N) = Morc(P, [M, N]) natural in the
three variable M, N, P then the category C is called monoidal and right closed.

If M has a left dual M* in C then there are inner Homs [M, -] defined by
[M, N]:= N ® M*. In particular left rigid monoidal categories are left closed.

Example 3.3.13. (1) The category of finite dimensional vector spaces is a
monoidal category where each object has a (left and right) dual. Hence it is
(left and right) closed and rigid.

(2) Let Ban be the category of (complex) Banach spaces where the morphisms
satisfy || f(m) ||<|| m || i. e. the maps are bounded by 1 or contracting.
Ban is a monoidal category by the complete tensor product M&N. In Ban
exists an inner Hom functor [, N] that consists of the set of bounded linear
maps from M to N made into a Banach space by an appropriate topology.
Thus Ban is a monoidal closed category.

(3) Let H be a Hopf algebra. The category H-Mod of left H-modules is a
monoidal category (see Example 3.2.5 2.). Then Homg (M, N) is an object
in H-Mod by the multiplication

= hayf(mS(he)
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as in Proposition 3.1.13.

Homg (M, N) is an inner Hom functor in the monoidal category H-Mod.
The isomorphism ¢ : Homg (P, Homg (M, N)) = Homg(P ® M,N) can be
restricted to an isomorphism

because ¢(f)(h(p @ m)) ( )3 hayp ® Dy ) Zf(hu)p)
>_(hy(f ) (hym) = 32 ha)(f(p)(S(he ))h(3>m)) = h(f(p)(m)) = h(é(
(p®m)) and conversely (A(f(p)))(m) = 3= ha)(f(p)(S(he))m) (
(p@5S(he)m)) =22 o(f)(hayp@h@S(hs)m) = o(f)(hp&m) = f(hp)(m).
Thus H- ./\/lod is left closed.

If M € H-Mod is a finite dimensional vector space then the dual vector
space M* := Homg (M, K) again is an H-module by (hf)(m) := f(S(h)m).
Furthermore M* is a left dual for M with the morphisms

db:KalHZmiéi)miGM@M*

and

ev: M"@M> fem— f(m)eK
where m; and m® are a dual basis of the vector space M. Clearly we have
(1®ev)(db®l) = 1y and (ev®1)(1 ® db) = 1y« since M is a finite di-
mensional vector space. We have to show that db and ev are H-module
homomorphisms. We have

(hdb(1))(m) = (h(32m; @ m")(m) = (30 haym; @ hgym')(m) =

2 (hayma)((heym®)(m)) =3 (hq m)( (S (hy )m))=
Zh(ns(h(z) =€() (h)(Z )(m) e(h) db(1)(m) =
db(e(h)1)(m) = db(h1)(m),

hence hdb(1) = db(hl). Furthermore we have

hev(f @m) = hf(m) =3 ha)f(S(he)hzm)= > (ha)f)(hem) =
Y_ev(hayf @ hgym) = ev(h(f @ m)).

(4) Let H be a Hopf algebra. Then the category of left H-comodules (see Exam-

ple 3.2.5 3.) is a monoidal category. Let M € H-Comod be a finite dimen-
sional vector space. Let m; be a basis for M and let the comultiplication of
the comodule be 6(m;) = ) h;j ® m;. Then we have A(h;y,) =D hijj ® hjk
M* := Homg(M,K) becomes a left H-comodule §(m’) := 3 S(h;;) ® m'.
One verifies that M* is a left dual for M.

Lemma 3.3.14. Let M € C be an object with left dual (M*,ev). Then

1. M ® M* is an algebra with multiplication

Vi=1yQevQlys MM QMM — MQM*
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and unit
u:=db: I — M@ M";
2. M*® M 1s a coalgebra with comultiplication
A=1yyRdbR1y - MM — M*" QMR M*® M

and counit
c=ev: M*"QM — I.

PROOF. 1. The associativity is given by (V® 1)V = (1) @ ev®ly @ 1y ®
Iy )(ly @ evlys) = 1y @ev@ev@ly = (1y @ 1y @ 1y @ ev@ly)(1y ®
ev®ly+) = (1®V)V. The axiom for the left unit is V(u®1) = (1 ®ev @1+ )(db®
1ar ® Lage) = Las @ Lage.

2. is dual to the statement for algebras. 0

Lemma 3.3.15. 1. Let A be an algebra in C and left M € C be a left rigid object
with left dual (M*,ev). There is a bijection between the set of morphisms f: A®@ M
— M making M a left A-module and the set of algebra morphisms f : A — M & M*.

2. Let C be a coalgebra in C and left M € C be a left rigid object with left dual (M*,ev).
There is a bijection between the set of morphisms f: M — M & C making M a right
C-comodule and the set of coalgebra morphisms f: M* @ M — C.

Proor. 1. By Lemma 3.3.14 the object M ® M* is an algebra. Given f: AQ M
— M such that M becomes an A-module. By Lemma 3.3.3 we associate ]? =
(f®1)(1®db): A — A® M ® M* — M ® M*. The compatibility of f with the
multiplication is given by the commutative diagram

A® A v - A
1®1®db 1®db
\ i} volsl A*/
QAR M® M A®M®M
1ef l 1®f@1 f®1
fof A®Me M* 1% - M & M* 7

®M®M*®M®M*4A®M®M 1

Ml@l 1®1Rev ®1

fol®l

M M@ Me M* TRev el M®M*
The unit axiom is given by
I M@ M~
ul u®l 1®1
A 1®db 1®db A®M®M*f®1M®M*
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Conversely let g : A — M ® M* be an algebra homomorphism and consider g :=
IRev)(g®1): AOM — M @ M*® M — M. Then M becomes a left A-module
since

A@A@M Vel A M

1®g®1 Bg®1 g@%
1®ev ®1R1
A®M®M*®MHM®M*®M®M*®M—>M®M*®M
gR1R11
109 J 191®1Qev il
1®1®ev M (29 M* (29 M 1®ev
A M M
and
M
v M
AQM —— MOIM* QM oo M
commute.

2. (M*,ev) is a left dual for M in the category C if and only if (M*,db) is the
right dual for M in the dual category C?. So if we dualize the result of part 1. we
have to change sides, hence 2. O

4. Finite reconstruction

The endomorphism ring of a vector space enjoys the following universal property.
It is a vector space itself and allows a homomorphism p : End(V) @ V. — V. It is
universal with respect to this property, i. e. if Z is a vector space and f: ZQV — V
is a homomorphism, then there is a unique homomorphism ¢ : Z — End(V') such

that
ZQV

g®1 f

End(V)®V —V

commutes.

The algebra structure of End(V') comes for free from this universal property.

If we replace the vector space V by a diagram of vector spaces w : D — Vec we
get a similar universal object End(w). Again the universal property induces a unique
algebra structure on End(w).
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Problem 3.4.27. (1) Let V be a vector space. Show that there is a universal
vector space E and homomorphism p : F ® V' — V (such that for each
vector space Z and each homomorphism f : Z ® V — V there is a unique
homomorphism ¢g : Z — E such that

ZV
g®1 f

commutes). We call E and p: E®V — V a vector space acting universally
onV.

(2) Let F and p: E®V — V be a vector space acting universally on V. Show
that E uniquely has the structure of an algebra such that V' becomes a left
FE-module.

(3) Let w : D — Vec be a diagram of vector spaces. Show that there is a
universal vector space £ and natural transformation p : £ ® w — w (such
that for each vector space Z and each natural transformation f : ZQw — w
there is a unique homomorphism ¢ : Z — FE such that

ZQ@w
g®1 f
EQw T w
commutes). We call E and p: F ® w — w a vector space acting universally
on w.

(4) Let F and p : E®w — w be a vector space acting universally on w. Show that
E uniquely has the structure of an algebra such that w becomes a diagram
of left E-modules.

Similar considerations can be carried out for coactions V — V& C or w — w®C
and a coalgebra structure on C. There is one restriction, however. We can only use
finite dimensional vector spaces V' or diagrams of finite dimensional vector spaces.
This will be done further down.

We want to find a universal natural transformation 0 : w — w ® coend(w). For
this purpose we consider the isomorphisms

More(w(X),w(X) @ M) = More(w(X)* @ w(X), M)

that are given by f — (ev®1)(1 ® f) and as inverse g — (1 ® ¢)(db®1). We
first develop techniques to describe the properties of a natural transformation ¢ : w
— w ® M as properties of the associated family ¢g(X) : w(X)* ® w(X) — M. We
will see that g : w* ® w — M will be a cone. Then we will show that ¢ is a universal
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natural transformation if and only if its associated cone is universal. In the literature
this is called a coend.

Throughout this section assume the following. Let D be an arbitrary diagram
scheme. Let C be a cocomplete monoidal category such that the tensor product
preserves colimits in both arguments. Let Cy be the full subcategory of those objects
in C that have a left dual. Let w: D — C be a diagram in C such that w(X) € Cy for
all X € D, i. e. wis given by a functor wy : D — Cy. We call such a diagram a finite
diagram in C. Finally for an object M € C let w ® M : D — C be the functor with
(weM)(X)=wlX)® M.

Remark 3.4.1. Consider the following category D. For each morphism f : X
— Y there is an object f € D. The object corresponding to the identity 1y : X
— X is denoted by X € D. For each morphism f : X — Y in D there are two
morphisms f; : f — X and fo: J7 — Y in D. Furthermore there are the identities
L f— D

Since there are no morphisms with X as domain other than (Ix);: X — X and
1f: ]7—> fvwe only have to define the following compositions (1x); o f; := f;. Then
D becomes a category and we have 1 = (Ix)1 = (1x)a.

We define a diagram w* @ w : D — C as follows. If f: X — Y is given then

(W@ w)(f) = w(Y) ©w(X)

and

w(f1) = w(f)" ®w(1x),
w(f2) = w(ly)* @ w(f).
(

The colimit of w* ® w consists of an object coend(w) € C together with a family of
morphisms (X, X) : w(X)* ® w(X) — coend(w) such that the diagrams

w(X)r @ w(X)

w(f)* M \i(X)
(W* @w)(f) = w(Y)* @ w(X) coend(w)

1@@>\\ ey

wV) @w(Y)

commute for all f : X — Y in D. Indeed, such a family ¢(X) := (X, X) can be
uniquely extended to a natural transformation by defining ¢(f) := «(X, X)(w(f)* ®
w(X)) =Y, Y)(w(Y)* @w(f)). In addition the pair (coend(w),¢) is universal with
respect to this property.

In the literature such a universal object is called a coend of the bifunctor w* ® w :
D? x D — C.



4. FINITE RECONSTRUCTION 93

Corollary 3.4.2. The following is a coequalizer
H w(Dom(f))* ® w(Codom(f)) % H w(X)" ®@w(X)—— coend(w)

fEMorD ¢ xeovbp

PROOF. This is just a reformulation of [Advanced Algebra] Remark 6.11, since
the colimit may also be built from the commutative squares given above.

Observe that for the construction of the colimit not all objects of the diagram
have to be used but only those of the form w(X)* ® w(X). O

Theorem 3.4.3. (Tannaka-Krein)

Let w : D — Cy C C be a finite diagram. Then there exists an object coend(w) € C
and a natural transformation 0 : w — w ® coend(w) such that for each object M € C
and each natural transformation ¢ : w — w ® M there exists a unique morphism
¢ : coend(w) — M such that the dmgmm

ww® coend (w

\ 1®¢

w®M
commautes.
PROOF. Let coend(w) € C together with morphisms «(f) : w(Y)* ® w(X) —

coend(w) be the colimit of the diagram w* @ w : D — C. So we get commutative
diagrams

w(Y) / “P ~ coend(w)

w(Y)
foreach f: X — Y in C.

For X € C we define a morphism §(X) : w(X) (X) ® coend(w) by (1 ®
L(X,X))(db®1) : w(X) — w(X)@wX)* ®w(X) — w(X)®coend(w). Then we get
as in Corollary 3.3.5 (X, X) = (1 ®ev)(1 ®§(X)).

We show that 0 is a natural transformation. For each f: X — Y the square

I dbx - w(X) @ w(X)*

l
£

dby w(fI®l

wY)owly)* w(Y) ®@w(X)*.

1ew(f)*
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commutes by Corollary 3.3.9. Thus the following diagram commutes

w(X) —PEL L (X)) @ w(X)* @ w(X) D (X) ® coend(w)

Na \(f)@l@l
1@w(f)*®1

wif) | W)WY ) QwX) —wV)QwX)*@w(X) |w«nHet

1®1®M 1®L(XN
Y Y

w(V) — 28 oY@ wY) @w) 2N (V) ® coend(w).

Now let M € C be an object and ¢ : w — w ® M a natural transformation.
Observe that

(V) @w(X) B LX) @ w(X)

1®w(f) ev

wY) @wY) -1

ev

commutes by Corollary 3.3.10. Thus also the diagram

w(X)* ® w(X) 18el) w(X) @w(X)® M
| w(f) 1 w(f)*®1®1 ev®1

W) @w(X) —20 LYy ewX)e M M
10w(f) 1®w(f)<ﬁ& ev®1

WY @ w(Y) 189(Y) WYY @) e M

commutes. We define ¢ : coend(w) — M from the colimit property as universal
factorization

wX)* ®@w(X)

w(V L(X,)N ov 1) (10p(X))

wY) @ w(X) coend(w) Ld M

1% L<Y,Y)/( v 1) (19p(Y))

wY)* @w(Y)
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Hence the diagram

w(X) X) ® coend(w)
dm MX X))
(X) 1®1®¢(X) { 1®p
wX)@wX)" @w(X)® M
db@Vv Nﬁ\v@l

w(X)® M ~w(X)o M

o1
commutes. The exterior portion of this diagram yields

w(X) 20, w(X) ® coend(w)

(X) J1®e5
w(X) ® M.

It remains to show that ¢ : coend(w) — M is uniquely determined. Let @y :
coend(w) — M be another morphism with ¢(X) = (1 ® ©)d(X) for all X € D.
Then the following diagram commutes

(X, X)

w(X)* @ w(X) ~ coend(w)

wx) M

(X)* @ w(X) ® coend(w)

1op(X) %o

1®1®¢o

Y

wX)@w(X) o M-, ),
hence we have ¢y = @. OJ

Corollary 3.4.4. The functor Nat(w,w ® M) is a representable functor in M
represented by coend(w).

PROOF. The universal problem implies the isomorphism
Nat(w,w ® M) = Mor¢(coend(w), M)

and the universal natural transformation ¢ : w — w ® coend(w) is mapped to the
identity under this isomorphism. 0
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It is also possible to construct an isomorphism
Nat(w,w ® M) = More(cohom(w', w), M)

for different functors w,w’ : D — C and thus define cohomomorphism objects. Observe
that only w’ has to take values in Cy since then we can build objects w'(X)* ® w(X).

5. The coalgebra coend

Proposition 3.5.1. Let C be a monoidal category and w : D — C be a diagram
in C. Assume that there is a universal object coend(w) and natural transformation
d:w — w® coend(w).

Then there is exactly one coalgebra structure on coend(w) such that the diagrams

w d - w @ coend(w)

1) 1A

w ® coend(w) — w ® coend(w) ® coend(w)

s®1
and
w - w® coend(w)
ide 1®e
w®I
commute.

PROOF. Because of the universal property of coend(w) there are structure mor-
phisms A : coend(w) — coend(w) ® coend(w) and € : coend(w) — I. This implies
the coalgebra property similar to the proof of Corollary 3.3.8. O

Observe that by this construction all objects and all morphisms of the diagram
w: D — Cy C C are comodules or morphisms of comodules over the coalgebra
coend(w). In fact C' := coend(w) is the universal coalgebra over which the given
diagram becomes a diagram of comodules.

Corollary 3.5.2. Let (D,w) be a diagram C with objects in Co. Then all objects
of the diagram are comodules over the coalgebra C := coend(w) and all morphisms
are morphisms of comodules. If D is another coalgebra and all objects of the diagram
are D-comodules by p(X) : w(X) — w(X) ® D and all morphisms of the diagram
are morphisms of D-comodules then there exists a unique morphism of coalgebras
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¢ : coend(w) — D such that the diagram

w - w ® coend(w)

@ 1®¢

w®D

commutes.

ProoF. The morphisms ¢(X) : w(X) — w(X) ® D define a natural transforma-
tion since all morphisms of the diagram are morphisms of comodules. So the existence
and the uniqueness of a morphism ¢ : coend(w) — D is clear. The only thing to show
is that this is a morphism of coalgebras. This follows from the universal property of
C' = coend(w) and the diagram

w wC
\X N@A
w2 .00 C
1
183
109
Y Y 1Re®e
w 5 —w®D
N\ 1®\
Y Y
w®D wR DD

where the right side of the cube commutes by the universal property. Similarly we
get that ¢ preserves the counit since the following diagram commutes

w4>w®C’

©

w—w®D w®K
\\\\}\\\\\\i%s 1
w®K
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6. The bialgebra coend

Let w: D — C and ' : D' — C be diagrams in C. We call the diagram
(D,w) ® (D',u') := (D x D ,w®w) with (w® )(X,Y) = w(X) ® (YY) the
tensor product of these two diagrams. The new diagram consists of all possible tensor
products of all objects and all morphisms of the original diagrams.

From now on we assume that the category C is the category of vector spaces and
we use the symmetry 7: V@ W — W ® V in Vec.

Proposition 3.6.1. Let (D,w) and (D',w') be finite diagrams in Vec. Then
coend(w ® w') = coend(w) ® coend(w").

PROOF. First observe the following. If two diagrams w : D — Vec and W' : D’

. . . N ~1: N ~ 1: : /

— Vec are given then lim lim  (w ® w.) = h_n;DX.D,('w ®w') = h_r>np(w) ® ll@D,(w )
since the tensor product preserves colimits and colimits commute with colimits. For

this consider the diagram

w(X) @ W'(Y)

w(X) @i, (o)

h_I)nD(CU) ® w/(Y) DxD! ((.U ® (.U,).

lim (w) @ lim_ (o) = lim

The maps in the diagram are the injections for the corresponding colimits. In particu-

lar we have coend(w@w’) = lim_ _ (w@w')* ®@(wew')) = lim | (W' @wew @w') =
lim_(w* ®w) ®lim_ (0" ®w') = coend(w) @ coend(w').

The (universal) morphism
((X)e/(Y)(1erel) : w(X) 0w (V) @w(X)2w' (V) — lin(v @w)@lin(w” @w')
can be identified with the universal morphism

(XY w(X) @w (V) ©w(X)®w/(Y) — m((w 8 W) @ (e ).

Hence the induced morphisms

171)0®0):wX)d(Y) — wX)®uw(Y)® coend(w) ® coend(w')
and

§:w(X)@uW'(Y) = wX)®d(Y)® coend(w @ w')

can be identified. 0

Corollary 3.6.2. For all finite diagrams (D,w) and (D’',w') in D there is a uni-
versal natural transformation 6 : w @ W' — w R W' & coend(w) ® coend(w’) so that for
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each object M and each natural transformation ¢ : w W — W W' @ M there exists
a unique morphism ¢ : coend(w) @ coend(w’) — M such that

Ww®W 2 w®w ® coend(w) ® coend(w')
® 101Q¢

wRw M
commautes.

Definition 3.6.3. Let (D,w) be a diagram in C = Vec. Then w is called recon-
structive

e if there is an object coend(w) in C and a universal natural transformation
d:w — w® coend(w)

e andif (1®7®1)(0RJ) : wR®w — wRwRcoend(w) ® coend(w) is a univesarl
natural transformation of bifunctors.

Definition 3.6.4. Let (D, w) be a diagram in Vec. Let D be a monoidal category
and w be a monoidal functor. Then (D,w) is called a monoidal diagram.

Let (D,w) be a monoidal diagram Vec. Let A € Vec be an algebra. A natural
transformation ¢ : w — w ® B is called monoidal monoidal if the diagrams

w(X) @ w(Y) A0 L (X)) @w(Y)®B® B
P pemM
WX ®Y) AXEY) - w(X®Y)® B
and N
K = KoK
w(I) AD L u)®B
commute.

We denote the set of monoidal natural transformations by Nat®(w,w ® B).
Problem 3.6.28. Show that Nat®(w,w ® B) is a functor in B.

Theorem 3.6.5. Let (D,w) be a reconstructive, monoidal diagram in Vec. Then
coend(w) is a bialgebra and ¢ : w — w ® coend(w) is a monoidal natural transforma-
tion.

If B is a bialgebra and 0 : w — w ® B is a monoidal natural transformation,
then there is a unique homomorphism of bialgebras f : coend(w) — B such that the
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diagram
w - w® coend(w)
S} 10f
w® B
commutes.

ProOOF. The multiplication of coend(w) arises from the following diagram

w(X) @w(Y) 224 u(X) ® w(Y) ® coend(w) ® coend(w)

wX®Y) i »w(X ®Y)®coend(w) = w(X) @w(Y) ® coend(w)

For the construction of the unit we consider the diagram Dy = ({I}, {id}) together
with wy : Dy — Vec, wy(l) = K, the monoidal unit object in the monoidal category
of diagrams in Vec. Then (K — K ® K) = (wg — wy ® coend(wy)) is the universal
map. The following diagram then induced the unit for coend(w)

K = K®K

w(l) —— w(I) ® coend(w) = K ® coend(w)

By using the universal property one checks the laws for bialgebras.
The above diagrams show in particular that the natural transformation § : w
— w ® coend(w) is monoidal. O

7. The quantum monoid of a quantum space

Problem 3.7.29. If A is a finite dimensional algebra and 0 : A — M(A) ® A
the universal cooperation of the Tambara bialgebra on A from the left then 76 : A
— A ® M(A) (with the same multiplication on M(A)) is a universal cooperation
of M(A) on A from the right. The comultiplication defined by this cooperation is
TA : M(A) — M(A)® M(A). Thus we have to distinguish between the left and the
right Tambara bialgebra on A and we have M, (A) = M;(A)“P.

Now consider the special monoidal diagram scheme D := D[X;m,u]. To make
things simpler we assume that Vec is strict monoidal. The category D[X;m, u| has
the objects X ® ... ® X = X®" for all n € N (and I := X®°) and the morphisms
m: X®X — X, u:I — X and all morphisms formally constructed from m,u,id
by taking tensor products and composition of morphisms.
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Let A be an algebra with multiplication my : A® A — A and unit uy : K — A.
Then wy : D — C defined by w(X) = A, w(X®") = A®" w(m) = ma and w(u) = uy
is a strict monoidal functor. If A is finite dimensional then the diagram is finite. We
get

Theorem 3.7.1. Let A be a finite dimensional algebra. Then the algebra M(A)
coacting universally from the right on A (the right Tambara bialgebra) M(A) and
coend(wy) are isomorphic as bialgebras.

PROOF. We have studied the Tambara bialgebra for left coaction f : A — M(A)®
A but here we need the analogue for universal right coaction f: A — A® M(A) (see
Problem (44).

Let B be an algebra and f : A — A ® B be a homomorphism of algebras. For
w = w4 we define

S0(){@71) :w(X(Xm) — A@n Lm) A®n ® B®n 1®_m;}§ A®n ® B = w<X®n) ® B7

where m', : B®" — B is the n-fold multiplication on B. The map ¢ is a natural
transformation since the diagrams

K (1) Ko B
U 1®u
and vax
A® A AXEX) AR A®B
ARARB® B
m mem m®1
A® B
4 £ —ix1 v
A ~-A® B
0(X)

commute. Furthermore the following commute

por g 4E5  PXEEXE)

- A" @ A @ B® B
\ /
A% @ A% @ BT @ B®s

AB+s) @ BRr+s)
v / \ v
A®(+s) - A20+) @ B

P(XE0H))
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so that ¢ : wq4 — wy ® B is a monoidal natural transformation.
Conversely let ¢ : wqg — wa ® B be a natural transformation. Let f := ¢(X) : A
— A ® B. Then the following commute

Ao A—1% A9 A9 B®B

= Jl@m
A A—22Y A9 AwB
m Jm@l
! f
A ~A® B
and N
K = KK
K K® B
u u®1
Y f Y
A AR® B.

Hence f: A — A® B is a homomorphism of algebras.
Thus we have defined an isomorphism

KAlg(A, A® B) = Nat®(wa,wa ® B)

that is natural in B. If A is finite dimensional then the left hand side is represented
by the Tambara bialgebra M, (A) and the right hand side by the bialgebra coend(w,).
Thus both bialgebras must be isomorphic. 0

>~

Corollary 3.7.2. There is a unique isomorphism of bialgebras M,.(A)
coend(wya) such that the diagram

A ® coend(wa)
commutes
ProoOF. This is a direct consequence of the universal property. 0

Thus the Tambara bialgebra that represents the universal quantum monoid acting
on a finite quantum space may be reconstructed by the Tannaka-Krein reconstruction
from representation theory. Similar reconstructions can be given for more complicated
quantum spaces such as so called quadratic quantum spaces.
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8. Reconstruction and C-categories

Now we show that an arbitrary coalgebra C' can be reconstructed by the methods
introduced above from its (co-)representations or more precisely from the underlying
functor w : Comod-C' — Vec. In this case one can not use the usual construction of
coend(w) that is restricted to finite dimensional comodules.

The following Theorem is an example that shows that the restriction to finite
dimensional comodules in general is too strong for Tannaka reconstruction. There
may be universal coendomorphism bialgebras for more general diagrams. On the
other hand the following Theorem also holds if one only considers finite dimensional
corepresentations of C'. However the proof then becomes somewhat more complicated.

Definition 3.8.1. Let C be a monoidal category. A category D together with a
bifunctor ® : C x D — D and natural isomorphisms 5 : (AQB)QM — A® (B M),
n:1® M — M is called a C-category if the following diagrams commute

o(A,B,C)®1 B(A,B&C,M
—_—

(A (BRC) @M

(A9 B)@C)e M 'A® (B®C)® M)

B(A®B,C,M) 1®6(B,C,M)

(A® B)® (C ® M) HABCEM) ~A®(B®(C®M))

(AI)@ M HALM) A® (I ® M)

N A

A M
A C-category is called strict if the morphisms 3,7 are the identities.
Let (D,®) and (D',®) be C-categories. A functor F : D — D’ together with a
natural transformation ((A, M) : A®Q F(M) — F(A® M) is called a weak C-functor
if the following diagrams commute

(A® B) ® F(M) ¢ - F((A® B) ® M)

B F(B)

A® (BRF(M))—2 v A F(Bo M) ———~ F(A® (B® M))

[@F(M)——~FI® M)
\\ /(77)
F(M)

If, in addition, ¢ is an isomorphism then we call F a C-functor. The functor is
called a strict C-functor if ¢ is the identity morphism.
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A natural transformation ¢ : F — F’ between (weak) C-functors is called a
C-transformation if

A® F(M) ——~ F(A® M)
1a®p(M) o(ARM)

A®F(M)——~F(A® M)
commutes.

Example 3.8.2. Let C' be a coalgebra and C := Vec. Then the category Comod-C'
of right C'-comodules is a C-category since N € Comod-C' and V € C = Vec implies
that V ® N is a comodules with the comodule structure of N.

The underlying functor w : Comod-C — Vec is a strict C-functor since we have
V@w(N) =wlV&®N). Similarly w ® M : Comod-C — Vec is a C-functor since
VR(WN M 2wlVeN) M.

Lemma 3.8.3. Let C be a coalgebra. Let w : Comod-C' — Vec be the under-
lying functor. Let ¢ : w — w ® M be a natural transformation. Then ¢ is a
C-transformation with C = Vec.

PRrROOF. It suffices to show 1y ® p(N) = ¢(V ® N) for an arbitrary comodule N.
We show that the diagram

VeoN p(VeN)

VOANQM

commutes. Let (v;) be a basis of V. For an arbitrary vector space W let p; : V@ W
— W be the projections defined by p;(t) = pi(3_; v; ® w;) = w; where ), v; ® w; is
the unique representation of an arbitrary tensor in V' ® W. So we get

= sz‘ ® pi(t)

(2

forallt € V®W. Now we consider V® N as a comodule by the comodule structure of
N. Then the p; : V® N — N are homomorphisms of comodules. Hence all diagrams

of the form
p(VQN)

VN VONQM
pi PiQM
N N ® M.
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commute. Expressed in formulas this means ¢(N)p;(t) = pip(V @ N)(t) for all
t €V ® N. Hence we have
(Iv @ (N))(t) = (ly © e(N) (X vi @ pi(t)) = > vi @ p(N)pi(t)
=2t @pip(V @ N)(t) = o(V © N)(t)
So we have 1y @ ¢(N) = o(V ® N) as claimed. O

We prove the following Theorem only for the category C = Vec of vector spaces.
The Theorem holds in general and says that in an arbitrary symmetric monoidal
category C the coalgebra C' represents the functor C- Nat(w,w ® M) = More(C, M)
of natural C-transformations.

Theorem 3.8.4. (Reconstruction of coalgebras) Let C' be a coalgebra. Let w :
Comod-C — Vec be the underlying functor. Then C' = coend(w).

PROOF. Let M in Vec and let ¢ : w — w ® M be a natural transformation. We
define the homomorphism ¢ : C — M by ¢ = (e ® 1)p(C') using the fact that C' is a
comodule.

Let N be a C-comodule. Then N is a subcomodule of N®C by d: N — N®C
since the diagram

N - N®C
5 1®A
NRC—37"NC®C
commutes. Thus the following diagram commutes
N i ~-N®C
@(N) P(N®C)=1N®¢(C)
NoM—"2 ~NoCeoM

1®e®1

N&M
In particular we have shown that the diagram

5
w—w®C
@ 109

w M
commutes.
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To show the uniqueness of ¢ let g : C' — M be another homomorphism with
(1® g)0 = p. For ¢ € C we have g(c) = g(e ® 1)A(c) = (e ® 1)(1 ® g)A(c) =
(e® )e(C)(c) = ¢(c).

The coalgebra structure from Corollary 3.5.1 is the original coalgebra structure
of C. This can be seen as follows. The comultiplication ¢ : w — w ® C' is a natural
transformation hence (§ ® 1¢)d : w — w ® C' ® C' is also a natural transformation.
As in Corollary 3.5.1 this induced a unique homomorphism A : C — C' ® C' so that
the diagram

w » w ® coend(w)
5 19A

w ® coend(w) -~ w ® coend(w) ® coend(w)
commutes. In a similar way the natural isomorphism w = w ® K induces a unique
homomorphism € : C' — K so that the diagram

w - w ® coend(w)

idy, 1®e

w I

commutes. Because of the uniqueness these must be the structure homomorphisms

We need a more general version of this Theorem in the next chapter. So let C' be
a coalgebra. Let w : Comod-C — Vec be the underlying functor and ¢ : w — w ® C
the universal natural transformation for C' = coend(w).

We use the permutation map 7 on the tensor product that gives the natural
isomorphism

T NTTON, QT ®@.. N, T, EN QN ®... N, T1 ®@T5... 0 RT,

which is uniquely determined by the coherence theorems and is constructed by suitable
applications of the flip 7 : N®T =T ® N.

Let w™ : Comod-C' xComod-Cx. ..xComod-C — Vec be the functor w™(Ny, No, . ..
w(N1) @ Ww(Ny) ® ... ® w(N,). For notational convenience we abbreviate {N}" :=
NiR@Ny®...®N,, similarly {C}"=C®C®...Cand {f}" = iR [r®...® [y
Sowe get T {NQT}"={N}"®{T}".

, Vo)
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Lemma 3.8.5. Let ¢ : w" — w" @ M be a natural transformation. Then ¢ is a
C-transformation in the sense that the diagrams

P(V1®N1,...,Va®Np)

{Ve N} ~{VN}"oM
{Vire{N}" {(VI"@ {N}"@ M

{V}"®p(N1,...,Nn)
commute for all vector spaces V; and C-comodules N;.

PRrROOF. Choose bases {v;;} of the vector spaces V; with corresponding projections
Dij - ‘/z X Nz — Nz Then we have T(tl X ... ®tn) = zylil X ... ®Umn ®p1i1(t1) (24

@ Ppi, (L) SO T =D 015, @ ... R Uy, @ {p}".
The p;j, : Vi ® N; — N; are homomorphisms of C-comodules. Hence the diagrams

V1®N1 7777 VTL®Nn)

{V®N}” {VN}"®@ M
{p}" {p}"oM
{N} (N1, Ny) -{N}"eoM

commute for all choices of {p}" = p1;, @ ... & ppi, .
So we get for all t; € V; ® N;

{VI"®e(Ny,..., N1t ®@ ... t,) =

= {V}"® (N1, ..., Np) (O v1i, @ ... ® Vi, @ priy (1) © - .. @ Dy, (80))
:Zvlil ®---®vnzn®90(N17--- n){p} (tl ®tn)

=> 1 Q... QUpi, ® ({p}”@M)gO(Vl®N1,...,Vn®Nn)(t1®...®tn)
=(T@M)p(Vi @ Np,... .V, QN,)(t1 ® ... t,).

Theorem 3.8.6. With the notation given above we have
coend(w") =2CRC®...®C
with the universal natural transformation

6(n)(N1,N2, - ,Nn) = T(é(Nl) ®5(N2) X ... ®(5(Nn)) .
WN) QwW(N2) ®...Q0w(N,) = w(N)RCRAW(N)RC®...0w(N,) C
2wN)@wN) ®...0w(N,)®(CRC®...®C.

PROOF. We proceed as in the proof of the previous Theorem.

Let M in Vec and let ¢ : w" — w" ® M be a natural transformation. We define
the homomorphism ¢ : C" = w(C)@w(C)® ... Qw(C)=CR(C®...9C — M by
0=("®1y)p(C,...,C) using the fact that C' is a comodule.
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As in the preceding proof we get that 6 : N; — N; ® C' are homomorphisms of
C-comodules. Thus the following diagram commutes

5®...06 s N®...0 N,®
Ni®...9 N, -NMiR(C®..9N,®C Co. . 20
P(N1®...9Ny,) P(N1®C,...,Npy&C) N1®... Na®¢(C,...,0) J

@N1®...®Nn®

0R..Q0QM
N®...9N,®M MRC®...0N,@COM C®..CM

{lee} el 1o {e}r el

N®...QN,®M

Hence we get the commutative diagram

wn &)’ wn ® {C}n
® 10%

whr @ M
To show the uniqueness of ¢ let g : C" — M be another homomorphism with
(1on ® g)d™ = . We have g = g(e" ® 1cn)TA" = g(e" @ 1¢2)6M(C,...,C) =
(" @ 1ar)(len @ 9)0™(C,...,O) = (" @ Lu)p(C, ..., C) = . O

Now we prove the finite dimensional case of reconstruction of coalgebras.

Proposition 3.8.7. (Reconstruction) Let C' be a coalgebra. Let Comody-C be
the category of finite dimensional C-comodules and w : Comody-C' — Vec be the
underlying functor. Then we have C' = coend(w).

PROOF. Let M be in Vec and let ¢ : w — w ® M be a natural transformation.
We define the homomorphism ¢ : ¢ — M as follows. Let ¢ € C. Let N be a
finite dimensional C-subcomodule of C' containing c¢. Then we define g(c) := (¢|y ®
1)e(N)(c). If N’ is another finite dimensional subcomodule of C' with ¢ € N’ and
with V. C N’ then the following commutes

N2 N e M
~ o
{ J CRM-—+M
P(N') 7

N —— N &® M
Thus the definition of ¢(c) is independent of the choice of N. Furthermore ¢ : N
— M is obviously a linear map. For any two elements ¢, € C there is a finite
dimensional subcomodule N C C' with ¢, ¢ € N e. g. the sum of the finite dimensional
subcomodules containing ¢ and ¢’ separately. Thus ¢ can be extended to all of C'.
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The rest of the proof is essentially the same as the proof of the first reconstruction
theorem. 0

The representations allow to reconstruct further structure of the coalgebra. We
prove a reconstruction theorem about bialgebras. Recall that the category of B-
comodules over a bialgebra B is a monoidal category, furthermore that the underlying
functor w : Comod-B — Vec is a monoidal functor. From this information we can
reconstruct the full bialgebra structure of B. We have

Theorem 3.8.8. Let B be a coalgebra. Let Comod-B be a monoidal category such
that the underlying functor w : Comod-B — Vec is a monoidal functor. Then there
1 a unique bialgebra structure on B that induces the given monoidal structure on the
corepresentations.

PROOF. First we prove the uniqueness of the multiplication V : B® B — B
and of the unit n : K — B. The natural transformation 0 : w — w ® B becomes a
monoidal natural transformation with V: B® B — B and n : K — B We show that
V and n are uniquely determined by w and 4.

Let V': B® B — B and ' : B — K be morphisms that make § a monoidal
natural transformation. The diagrams

w(X) @ w(Y) M) L (X)) @w(Y)® B® B
P eV’
WX ®Y) oxey) - w(X®Y)® B
and
K = KoK
1oy
w(K) W L uK)e B

commute. In particular the following diagrams commute

w(B) ® w(B) AB)@IB) -w(B)®w(B)® B® B
P PV’
w(B ® B) ABDD) w(B® B)® B
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and
K = »K®K
1®n
wK)—2 L K)eB

Hence we get ) b1y ®@c1y@byca) = Y bay@cay@ V' (b @cpy) and 1®1 = 1@n'(1).
This implies bc = Ze(b(l))E(C(l))b(g)C(g) = Ze(b(l))G(C(l))V,(b(g) & 6(2)) = V'(b & C)
and 1 =7/(1).

Now we show the existence of a bialgebra structure. Let B be a coalgebra only and
let w : Comod-B — Vec be a monoidal functor with £ : w(M) @ w(N) — w(M ® N)
and & : K — w(K). First we observe that the new tensor product between the
comodules M and N coincides with the tensor product of the underlying vector
spaces (up to an isomorphism &). Because of the coherence theorems for monoidal

categories (that also hold in our situation) we may identify along the maps & and &.

We define n := (K@K@BQB) and V := (B@B(S(B;@B)B@B@Beg’ﬁlﬁ

Ko K® B = B).

Since the structural morphism for the comodule 6 : M — M ® B is a homomor-
phism of of B comodules where the comodule structure on M ® B is only given by
the diagonal of B that is the C-structure on w : Comod-B — Vec we get that also
I(M)®6(N): M®N — M ®N ® B is a comodule homomorphism. Hence the first
square in the following diagram commutes

MeoN MW o BaN®B— \ o N®B®B
S(M®N) S(M®BRN®B) 1®106(B®B)
MeNg@B 2N o BeNoBo B Y S Mo No Bo Bo B

The second square commutes by a similar reasoning since the comodule structure on
M ® B resp. N ® B is given by the diagonal on B hence M ® N can be factored out
of the natural (C-)transformation. Now we attach

ly Iy Re®RexR1Ip . MINQKIBRXIBRXB —MN®B

to the commutative rectangle and obtain 6(M®@N) = (1@ 1x@V)(1®7@1)(6(M)®
O(N). Thus the comodule structure on M ® N is induced by the multiplication
V : B ® B — B defined above.
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So the following diagrams commute

BRB—2%% ,BeB®B®B- Y. BeBoB®B

1p®1p 1®V
B@ B ABB) -BoB®B
W@)B) B®BV
v BB®B- 2. B B B® B Vol
B 2 -B® B
B® B v - B
\\\@§> ?@///
1 B® B® B €
B® B
K - B
\\\\\Qk\\\ K®E///// A
n 1A
DS g o Be B B® B
/ ®1 o /

B

and

Hence 1 and V are coalgebra homomorphisms.
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To show the associativity of V we identify along the maps o : (M @ N) @ P =
M ®(N® P) and furthermore simplify the relevant diagram by fixing that o represents
a suitable permutation of the tensor factors. Then the following commute

Bo BgB-WBRBNEB) pbopeoBesBeBoB— 2%, Bg Bg B

1 10(VRl) | | 18(1eV) vel | | 19V

V o(5(B® B)®3(B)) el
B B®B s,B®BR®BR®B®IB®B———B®BHB
o(3(B)®5(B2B))

1 1V v

§(B®B®B)

B®B®B ~-B®BR B® B e
The upper row is the identity hence we get the associative law.

For the proof that n has the properties of a unit we must explicitly consider the
coherence morphisms A and p By reasons of symmetry we will only show one half
of of the unit axiom. This axiom follows from the commutativity of the following

diagram

B BB - BeBoK i -BoB—“ . p
p1 J §(B)®1 { 1®106(K) 189107 181
BoK- DY, poBeKe Bt BoKeBoB 4 BoBo B Be B
= J J 11V

B®K oD -B@K® B 16V v
| e

B "B “BoB—2 .



CHAPTER 4

The Infinitesimal Theory

1. Integrals and Fourier Transforms

Assume for this chapter that K is a field.

Lemma 4.1.1. Let C' be a finite dimensional coalgebra. Every right C'-comodule
M is a left C*-module by c*m = Y mn(c*, may) and conversely by 6(m) = >, ;m®
¢; where Y cf @ ¢; is the dual basis.
PrROOF. We check that M becomes a left C*-module
(c*d™)m = > man (™, muy) = Y man{c, may)(c
=" Y man(d”, mu) = c*(d"m).
It is easy to check that the two constructions are inverses of each other. In particular

assume that M is a right C-comodule. Choose m; such that j(m) = > m; ® ¢;. Then
cim = mi(c;,c;) =my and Y cim @ c¢; = ) m; ® ¢; = 6(m). O

Definition 4.1.2. 1. Let A be an algebra with augmentation ¢ : A — K, an
algebra homomorphism. Let M be a left A-module. Then AM = {m € M|am =
e(a)m} is called the space of left invariants of M.

This defines a functor - : A-Mod — Vec.

2. Let C be a coalgebra with a grouplike element 1 € C. Let M be a right
C-comodule. Then M<C := {m € M|5(m) = m ® 1} is called the space of right
coinvariants of M.

This defines a functor -“¢ : Comod-C — Vec.

/%

7m(2)>

Lemma 4.1.3. Let C be a finite dimensional coalgebra with a grouplike element
1 € C. Then A := C* is an augmented algebra with augmentation € : C* 3 a —
(a,1) € K. Let M be a right C-comodule. Then M is a left C*-module and we have

C*M — MCOC.

PROOF. Since 1 € C is grouplike we have c4(ab) = (ab,1) = (a,1)(b,1) =
eA(a)gA(b) and 5A<1A) = <1A7 1()> = Ec(lc) =1.

We have m € M“? iff §(m) = Y muy @ may = m@ 1 iff Y man(a, ma)) =
m(a, 1) for all a € A = C* and by identifying C*®@C = Hom(C*, C*) iff am = e4(a)m
iff m e AM. O

Remark 4.1.4. The theory of Fourier transforms contains the following state-
ments. Let H be the (Schwartz) space of infinitely differentiable functions f : R — C,

113
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such that f and all derivatives rapidly decrease at infinity. (f decreases rapidly at in-
finity if |z|™ f(x) is bounded for all m.) This space is an algebra (without unit) under
the multiplication of values. There is a second multiplication on H, the convolution

+oo
(f % g)(x) = (2m) 712 f(t)g(z —t)dt.
The Fourier transform is a homomorphism - : H — H defined by
~ +OO .
fla) = (2m) 712 ft)e " dt.

~

It satisfies the identity (f * g = fg hence it is an algebra homomorphism. We want
to find an analogue of this theory for finite quantum groups.

A similar example is the following. Let G be a locally compact topological group.
Let i be the (left) Haar measure on G and [ f := [, f(x)du(x) be the Haar integral.

The Haar measure is left invariant in the sense that u(E) = pu(gFE) for all g € G
and all compact subsets E of (G. The Haar measure exists and is unique up to a
positive factor. The Haar integral is translation invariant i.e. for all y € G we have
J flyz)du(z) = [ fz)dp().

If 1 is a left-invariant Haar measure then there is a continuous homomorphism
mod : G — (RT,:) such that [ f(zy ')dp(z) = mod (y) [(f(x)du(z). The homo-
morphism g does not depend on f and is called the modulus of G. The group G is
called unimodular if the homomorphism mod is the identity.

If G is a compact, or discrete, or Abelian group, or a connected semisimple or
nilpotent Lie group, then G is unimodular.

Let G be a quantum group (or a quantum monoid) with function algebra H an
arbitrary Hopf algebra. We also use the algebra of linear functionals H* = Hom(H, K)
(called the bialgebra of G in the French literature). The operation H* ® H 3 a ®
f — {a, f) € K is nondegenerate on both sides. We denote the elements of H by
f,g,h € H, the elements of H* by a,b,c € H*, the (non existing) elements of the
quantum group G by z,y, 2z € G.

Remark 4.1.5. In 2.4.8 we have seen that the dual vector space H* of a finite
dimensional Hopf algebra H is again a Hopf algebra. The Hopf algebra structures
are connected by the evaluation bilinear form

ev: HH@H>a® fr(a, f) €K

as follows:
(@®b,>° f) ® fi2)) = {ab, f), (3 an) ®ap
(a,1) = e(a), (1, f
(a,S(f)) = (S(a), f).

®g) = (a, f9),
(f),

~ =
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Definition 4.1.6. 1. The linear functionals a € H* are called generalized integrals
on H ([Riesz-Nagy| S.123).
2. An element [ € H* is called a left (invariant) integral on H if

af = (a, 1H>f
ora [ =epg-(a) [ foralla € H*.
3. An element 0 € H is called a left integral in H if

fo=e(f)o
forall f € H.
4. The set of left integrals in H is denoted by Int;(H), the set of right integrals
by Int,.(H). The set of left (right) integrals on H is Int;(H*) (Int,.(H*)).
5. A Hopf algebra H is called unimodular if Int;(H) = Int,(H).

Lemma 4.1.7. The left integrals Int;(H*) form a two sided ideal of H*. If the
antipode S is bijective then S induces an isomorphism S : Int;(H*) — Int,(H*).

PROOF. For [ in Int;(H*) we have a [ = ¢e(a) [ € Int;(H*) and a [b = e(a) [ b
hence [b € Int;(H*). If S is bijective then the induced map S : H* — H* is
also bijective and satisfies S([)b = S([)S(S71(b)) = S(S7(b) [) = S(J)e(b) hence
S([) € Int, (H*). O

Remark 4.1.8. Maschke’s Theorem has an extension to finite dimensional Hopf
algebras: e([) # 0 iff H* is semisimple.

Corollary 4.1.9. Let H be a finite dimensional Hopf algebra. Then H* is a left
H*-module by the usual multiplication, hence a right H-comodule. We have

(H*)°H = Int;(H").
PROOF. By definition we have Int,(H*) = 7" H*. O

Example 4.1.10. Let G be a finite group. Let H := Map(G,K) be the Hopf
algebra defined by the following isomorphism

K% = Map(G, K) = Hom(KG, K) = (KG)*.

This isomorphism between the vector space K& of all set maps from the group G to
the base ring K and the dual vector space (KG)* of the group algebra KG defines the
structure of a Hopf algebra on K¢.

We regard H := K& as the function algebra on the set G. In the sense of algebraic
geometry this is not quite true. The algebra K& represents a functor from K-c.A4lg
to Set that has G as value for all connected algebras A in particular for all field
extensions of K.

As before we use the map ev : KG ® K¢ — K. The multiplication of K¢ is
given by pointwise multiplication of maps since (z, ff) = O zq) @ z2), f @ [) =
(z@z, f@f) = (x,f)z, f) for all f,f € K¢ and all z € G. The unit element
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lge of K& is the map € : KG — K restricted to G, hence (x) = 1 = (z, 1xe) for all
r € G. The antipode of f € K% is given by S(f)(z) = (x, S(f)) = f(z71).

The elements of the dual basis (z*|z € G) with (z,y*) = 0,, considered as maps
from G to K form a basis of K¢. They satisfy the conditions

r*y" = o, 2" and Zx* = lga

zeG

since (z, £°Y*) = (2, 2")(2, ") = 020,y = duy(z,2%) and (2, > o v*) = 1 = (2, Ige).
Hence the dual basis (z*|z € @) is a decomposition of the unit into a set of
minimal orthogonal idempotents and the algebra of K¢ has the structure

KE = @ecKe* 2K x ... x K.

In particular K¢ is commutative and semisimple.
The diagonal of K¢ is

A@)=) yeolyla)= Y yo

yelG y,2€G,yz=x

since
(2 @u, A(z")) = (21, ") = 000 = 02120 = D e Oyp20y—1au
=2 yec(zy N u, (1)) = 2@ u, 3 oy ® (yla)").
Let a € KG. Then a defines a map @ : G — K € K% by a = Y, a(x)z. For
arbitrary f € K& and a € KG this gives

(a, ) = FQ_al)z) =y a(x)f(x).

zeG zeG

The counit of K¢ is given by e(z*) = d,, where e € G is the unit element.

The antipode is, as above, S(z*) = (x71)*.

We consider H = K% as the function algebra on the finite group G and KG' as
the dual space of H = K hence as the set of distributions on H.

Then

(7) [=) veH =KG

zeG

is a (two sided) integral on H since Y oyt = T =)D oca® = D req YT

We write
[ f@dei= (o0 =3 f)

zelG

We have seen that there is a decomposition of the unit 1 € K& into a set of
primitive orthogonal idempotents {z*|z € G} such that every element f € K¢ has
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a unique representation f = > f(z)z*. Since [y* = S ecl®,y*) we get [ty =
Zx€G<x7 fy*> = Z f(l’)y*(l’) = f(y) hence

f= Z(/ @)y (w)dz)y".

Problem 4.1.30. Describe the group valued functor K-cAlg (K%, —) in terms of
sets and their group structure.

Definition and Remark 4.1.11. Let K be an algebraicly closed field and let G
be a finite abelian group (replacing R above). Assume that the characteristic of K
does not divide the order of G. Let H = K¢. We identify K¢ = Hom(KG, K) along
the linear expansion of maps as in Example 2.1.10.

Let us consider the set G := {x : G — K*|x group homomorphism}. Since K* is
an abelian group, the set G is an abelian group by pointwise multiplication.

The group G is called the character group of G.

Obviously the character group is a multiplicative subset of K¢ = Hom(KG, K).
Actually it is a subgroup of K-cAlg (KG, K) C Hom(KG, K) since the elements y €
expand to algebra homomorphisms: x(ab) = x(O_azz > Byy) = > azB,x(xy)
x(a)x(b) and x(1) = x(e) = 1. Conversely an algebra homomorphism f €
K-cAlg (KG, K) restricts to a character f : G — K*. Thus G = K-cAlg(KG, K), the
set of rational points of the affine algebraic group represented by KG.

I

There is a more general observation behind this remark.

Lemma 4.1.12. Let H be a finite dimensional Hopf algebra. Then the set Gr(H*)
of grouplike elements of H* is equal to K-Alg(H,K).

PRrROOF. In fact f : H — K is an algebra homomorphism iff (f ® f,a ® b) =
(f,a)(f,0) = (f,ab) = (A(f),a®b) and 1 = (f,1) = &(f). 0

Hence there is a Hopf algebra homomorphism ¢ : KG — K¢ by 2.1.5.

Proposition 4.1.13. The Hopf algebra homomorphism ¢ : KG — K is bijec-
tive.

PrOOF. We give the proof by several lemmas.

Lemma 4.1.14. Any set of grouplike elements in a Hopf algebra H is linearly
independent.

PROOF. Assume there is a linearly dependent set {xg,z1,...,z,} of grouplike
elements in H. Choose such a set with n minimal. Obviously n > 1 since all elements
are non zero. Thus zg = > ., ayx; and {z1,...,z,} linearly independent. We get

Z Qo @ x) =9 @ 19 = A(zg) = Z%% ® x;.

i?j
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Since all a; # 0 and the x; ® x; are linearly independent we get n =1 and a; =1 so
that xq = x1, a contradiction. OJ

Corollary 4.1.15. (Dedekind’s Lemma) Any set of characters in K¢ is linearly
independent.

Thus ¢ : KG — K€ is injective. Now we prove that the map ¢ : KG — K¢ is
surjective.

Lemma 4.1.16. (Pontryagin duality) The evaluation G x G — K* is a non-
degenerate bilinear map of abelian groups.

PROOF. First we observe that Hom(C,,,K*) = C,, for a cyclic group of order n
since K has a primitive n-th root of unity (char(K)# |G]).
Since the direct product and the direct sum coincide in Ab we can use the funda-

Y

mental theorem for finite abelian groups G = C,, x ... x C,, to get Hom(G,K*) = G

for any abelian group G with char(K)# |G|. Thus G = G and G = G. In particular
x(x) =1 for all x € G iff y = 1. By the symmetry of the situation we get that the

bilinear form (.,.) : G x G — K* is non-degenerate. O
Thus |G| = |G| hence dim(KG) = dim(K®). This proves Proposition 2.1.13. [

Definition 4.1.17. Let H be a Hopf algebra. A K-module M that is a right
H-module by p: M ® H — M and a right H-comodule by 6 : M — M ® H is called
a Hopf module if the diagram

M@QH-—L+~H-+MeH

S®A PRV
1®@T7®1
MOHRIHRH —M@HXH®H
commutes, i.e. if §(mh) =Y mryha) @ mayh(e) holds for all h € H and all m € M.

Observe that H is an Hopf module over itself. Furthermore each module of the
form V ® H is a Hopf module by the induced structure. More generally there is a
functor Vec 5V — V ® H € Hopf-Mod-H.

Proposition 4.1.18. The two functors -°f : Hopf-Mod-H — Vec and - ® H :
Vec 5V — V ® H € Hopf-Mod-H are inverse equivalences of each other.

PROOF. Define natural isomorphisms
a: M"®H>m®h— mheM
with inverse map
at:M>m— Zm(M)S(m(l)) ® ma) € M“"? @ H

and
B:Vov—ovele (Ve H) !
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with inverse map
(Ve H)" 5v®h— ve(h) € V.

Obviously these homomorphisms are natural transformations in M and V. Fur-
thermore « is a homomorphism of H-modules. a~! is well-defined since

02 manS(m(1))) = > manS(ms) @ ma)S(ma)

(since M is a Hopf module)

= 2. manS(me) @ ne(mq))
= > munS(ma)) ®1
hence >~ m(nS(mqy) € M. Furthermore o' is a homomorphism of comodules
since
ba(m) =0 manS(ma)) @ me) =3 manS(maw) @ me ® me)
=> al(m (M)) ®ma) = (™ & 1)3(m).

Finally o and o~ ! are inverse to each other by

Z m(S ) ® myz)) Z m(m ))m) =m

a”la(m @ h) = a”l(mh) = 3 manha)S(mahe) © meh)
= th(l)S(h(g)) [ h(g) ( by 5(m) =m1 ) =m® h.
Thus o and a~! are mutually inverse homomorphisms of Hopf modules.
The image of B isin (V& H)*? by j(v®1) =v® A(l) = (v® 1) ® 1. Both 3
and /7! are K-linear maps. Furthermore we have

BB =4 v®l) =ve(l) =v

and

and
v @) =00 vie(h)) =D vie(hy) @1 =3 v; ® e(hy)1
= Zvi X 5(h1(1)>hl(2) ( since Zvi & hz € (V &® H)COH ) = ZUZ‘ X hl
Thus 3 and 87! are mutually inverse homomorphisms. O

Since H* = Hom(H,K) and S : H — H is an algebra antihomomorphism, the
dual H* is an H-module in four different ways:

(8) <(f - (Z),g> = <a’79f>7 <(CL — f)vg> = <a7 fg>7
((f = a),9) :=(a,5(f)g), ((a~ [).g):=(a,g5(f))

If H is finite dimensional then H* is a Hopf algebra. The equality ((f — a),g) =
<a> gf> = E<a(1)> g> <(I(2), f> lmphes

9) (f =a)= Za

Analogously we have

(10) (a = f) = (aq), Hag
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Proposition 4.1.19. Let H be a finite dimensional Hopf algebra. Then H* is a
right Hopf module over H.

PrOOF. H* is a left H*-module by left multiplication hence by 2.1.1 a right H-
comodule by §(a) = > . bfa®b;. Let f,g € H and a,b € H*. The (left) multiplication

of H* satisfies
ab = Z b(H*)(a, b(1)>
We use the right H-module structure

(a~— f)= Z ag
on H* = Hom(H, K).
Now we check the Hopf module property. Let a,b € H* and f,g € H. We apply
H* ® H to its dual H ® H* and get

6(a~—f)lg®@b) = ((a~ f)u),9){b (a~ fa > (bla~[),9)
—Z<bg ila~= 1) 9@) =2 9w)(a, 92)S(f))
=>_ (b, 9)e(f))(a, 9(2)5( 1)) = Z(( —b), 90yS(f2))(a; 925 (f1)))
=> A(fx = b)a 95( 1)) = Z((( (2) = ) )~ fa),9)
Z«‘Z(H ((f) = b),aq)) ~ fay, 9)
ZZWwamemA%WMJ > ((ag ~— fay))(b.aq)f2)): 9)
hence 5((1 — f) = Z(Q(H*) — f(l)) & a(l)f(g). ]

Theorem 4.1.20. Let H be a finite dimensional Hopf algebra. Then the antipode
S is bijective, the space of left integrals Inty(H*) has dimension 1, and the homomor-

phism
H> fe(f—=)) :Zf(1)<f(2)>f> > H*
is bijective for any 0 # [ € Int;(H*).
Proor. By Proposition 2.1.19 H* is a right Hopf module over H. By Proposition

2.1.18 there is an isomorphism a : (H*)°! @ H > a® f — (a — f) = (S(f) —~a) €
H*. Since (H*)®°" = Int;(H*) by 2.1.9 we get

Int,(H*) ® H = H*

as right H-Hopf modules by the given map. This shows dim(Int;(H*)) = 1. So
we get an isomorphism H > f +— ([ «— f) € H* that is a composition of S and
f+— (f— [). Since H is finite dimensional both of these maps are bijective. O

If G is a finite group then every generalized integral a € KG can be written with
a uniquely determined g € H = K¢ as

(11) (@.0) = [ H@)S(a)w)dz = 3 falg

zeG

forall f e H.
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If G is a finite Abelian group then each group element (rational integral) y € G C

K@ can be written as
y=>_> Bzl x)x

zeG Xeé
since

f ZxEG Bux), [ f S e ByX))
= ZzeG<x f> ZXGG 6X<‘r S( )> <ZmeG eré ﬁx(x_la X>I, f>

In particular the matrix ((x~!, x)) is invertible.
Let H be finite dimensional. Since ([, fg) = (([ < f),g) as a functional on g is
a generalized integral, there is a unique v(f) € H such that

(12) ([, f9) = ([, qv(}))

(13) [ t@g@ts = [ g

Although the functions f,g € H of the quantum group do not commute under mul-
tiplication, there is a simple commutation rule if the product is integrated.

Proposition and Definition 4.1.21. The map v : H — H 1is an algebra auto-
morphism, called the Nakayama automorphism.

PROOF It is clear that v is a linear map. We have [ fr(gh) = [ghf =

[ hfv(g) = [ fv(g)v(h) hence v(gh) = v(g)v(h) and [ fv(l) = [ f hence v(1) = 1.
Furthermore if v(g) —Othen0 = ([, fv(9) = {[.9f)={(f = [),g) forall fe H
hence (a, g) = 0 for all @ € H* hence g = 0. So v is injective hence bijective. O

Corollary 4.1.22. The map H > f v ([ — f) € H* is an isomorphism.

PROOF. We have

(f=1= = /)

since (([ — f).g9) = ([, fg9) = ([, gv(f ((w(f) = [),g). This implies the
corollary. 0

If G is a finite group and H = K% then H is commutative hence v = id.

Definition 4.1.23. An element § € H is called a Dirac d-function if ¢ is a left
invariant integral in H with ([,d) = 1, i.e. if § satisfies

fo=ce(f)d and /5(x)dm =1

for all f € H. If H has a Dirac d-function then we write

(14) /* a(z)dr = [Ta = (a,d).
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Proposition 4.1.24.

(1) If H is finite dimensional then there exists a unique Dirac 0-function 0.
(2) If H is infinite dimensional then there exists no Dirac §-function.

PROOF. 1. Since H 3 f +— (f — [) € H* is an isomorphism there is a § € H
such that (6§ = [) =e. Then (f6 = [N =(f =@ = [) =(f = ¢) =e(f)e =
e(f)(6 — [) which implies f§ = e(f)d. Furthermore we have ([,d) = ([,1yd) =
(0= ) 1m) =e(ly) = Ix.

2. is [Sweedler| exercise V.4. O

Lemma 4.1.25. Let H be a finite dimensional Hopf algebra. Then [ € H* is a
left integral iff

(15) a(z f(l) ® S(f(z))) = (Z f(l) ® S(f(g)))@
iff

(16) > 8@ @ =D ln®afy

iff

(17) > faolfs fo) =, a

PROOF. Let [ be a left integral. Then

S a0y S w)S(ae) = 3 (@) © S(af)z) = (> [ @S
for all a € H. Hence
> f(1) ® S(f@)))a = 2. ela)( f ®S(f 2)) a(2)
= Za(l)f 1) ®S f 2)) <a2 )a(3)
—Za(l)fl f2)>5(a =a Zf f ))
Conversely a(3_ [, e(5([i2)) = (2 f)e(S(Jip))a) = Z Joy e(SU )
hence [ =3 f(l) S(S(f@))) is a left 1ntegral
Since S is bijective the following holds
a) f(l) ® f(z) =2.5(a) f(1) ®S_1(S<f2)))
=% oy 058U ) S@) = X ) 90 o

The converse follows easily.

If [ €Inty(H) is a left integral then > (a, fa)) ([, f2)) = (a [, f) = (a, 1u){[. [)
Conversely if A\ € H* with (17) is given then <a>\ f) = > {a, fay) A fio)) =
(a, 1g) (A, f) hence a\ = e(a) . O

If GG is a finite group then

(18) 5(x) = {O itz e

lifz=e.
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In fact since § is left invariant we get f(z)d(x) = f(e)d(x) for all x € G and f € K°.
Since G C H* = KG is a basis, we get 6(z) = 0 if  # e. Furthermore [ §(z)dx =
Y sec 0(x) = 1 implies 6(e) = 1. So we have § = e*.

If G is a finite Abelian group we get § = O‘ZXGGX for some a € K. The

evaluation gives 1 = ([,d) = @} o calXx ). Now let A € G. Then Y oealx ) =
> eeMo ) = (N x) 30 calX; ). Since for each z € G\ {e} there is a A such that

(A, z) # 1 and we get
Z<X7x> = |G|0e,a-

xeG
Hence Y .. calXx ) = |G| = a" and

(19) §=1G7> x.

xe@G

Let H be finite dimensional for the rest of this section. In Corollary 1.22 we have
seen that the map H > f — ([ — f) € H* is an isomorphism. This map will be
called the Fourier transform.

Theorem 4.1.26. The Fourier transform H > f +— fe H* is bijective with

(20) f:(f;f)zzqa)?f)f@)

The inverse Fourier transform is defined by

(21) a=> S 0u)(a,d).

Since these maps are inverses of each other the following formulas hold

) (F.0 / e (@B = [ 57 @)a)bia)ds
f=35" f d(2)) a=2<f(1>75>f(2y

PROOF. We use the isomorphisms H — H* defined by f = }v = ([~ f) =
>>{Jay ) Jip and H* — H defined by @ := (a — &) = 3-(1)(a, d(z)). Because of

(23) (a,) = (a, (b— 8)) = (ab, 5)
and
(24) (f.0) = ([ = £).9)={[,fg)

we get foralla € H* and f € H

(a, ) = (af6) = Z( S/ >—Z<a75<1>><75<2>> ( by Lemma 1.25 )
Z S(f f75( S5 0) = {a, S(f)).
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This gives f = S(f). So the inverse map of H — H* with f= (=~ f)= fis H*
— H with S7'(a) = >~ 5 1(du))(a,d2)) = a@. Then the given inversion formulas are
clear.

We note for later use (a,b) = (a, S~1(b)) = (S~!(a),b) = (S~ (a)b, ). O
If G is a finite group and H = K% then
F=> f@m
zeG

Since A(6) = >, ;@1 @x* where the 2* € K are the dual basis to the z € G, we

get
a= Z(a,:v*)f".

zeG

If G is a finite Abelian group then the groups G and G are isomorphic so the
Fourier transform induces a linear automorphism = : K¢ — K% and we have

a=|G™> (a,x)x
xe@G
By substituting the formulas for the integral and the Dirac d-function (7) and (19)
we get
(25> f = ZxGG f(ﬂf)l’?N CL = |G’_1 eré a(X)X_17
F=1G1"" e FOOXT! a=3 cqalr)z.

This implies

(26) 7o) = 0= [ Fa)x

:BEG
with inverse transform
(27) a(z) =167 xla)x ™!
xe@G

Corollary 4.1.27. The Fourier transforms of the left invariant integrals in H
and H* are

(28) b=evleH* and ~ [=1€H.
PROOF. We have (4, f) f of) = ([,v (o) = e (){[.0) = ev ! (f)
hence § = v~ 1.From1_(f _fwegetle. O

Proposition 4.1.28. Define a convolution multiplication on H* by

(axb, )= (a,5(60)f) (b dz)-
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Then the following transformation rule holds for f,g € H:
(29) f9=71+*3.

In particular H* with the convolution multiplication is an associative algebra with unit
1H = f, 1.€.

(30) [*xa=ax[=a.
PrOOF. Given f,g,h € H*. Then

(fg.h) = ([, fgh) = f fS Y(1y)gh) f 5)

—Z L 187 0w)gh) ([, 0e) = 320 £ 0m)h)( [, 90c2)
=Z(f7571(5( ) >< @) = ([ %, h).
From(28)wegetTH:f.Sowehavelele*f:f*f. O

If G is a finite Abelian group and a,b € H* = K%, Then
(axb)(p) =1GI"" > a(Nb(x).
X,AGG,x)\:,u

In fact we have

(@ b)(1) = (axb,p) =3a, S™(J1)) )b, d(z))
= 1G] X yeela X7 )b, x) = G732 senmn @(MD(X)-

One of the most important formulas for Fourier transforms is the Plancherel for-
mula on the invariance of the inner product under Fourier transforms. We have

Theorem 4.1.29. (The Plancherel formula)
(31) (a, ) = (f,v(@)).

PROOF. First we have from (22)

(@) = S @ e S G (F ) = S350 (F b
= 2[5 STHO@)v@)(f, ) = 22{[, STHS(v(@))dn)))f, d2))
=287 0 (f v(@)de) = 2([, 57O @) (f, (@S (ST () )
= ([, ST N (F, v(@)).
Apply this to ([, d). Then we get
L= {[,8) = ([.S7 NG, () = (J. 57 @) 'w(1) = ([.57'(9)).
Hence we get (a, f) = (f, V(Zi)). O

Corollary 4.1.30. If H is unimodular then v = S2.
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PROOF. H unimodular means that ¢ is left and right invariant. Thus we get

(@, f) =3[ @S 3 5~ Gy, 5(2 )
=>(/.as ( ))(f 5(2) S 57 (S @) f da)
=3 f S ( S*(a@)) ( since 5 is rlght invariant)
= (/.5 f ( )> (f, 5%(@)).
Hence S? = v. O

We also get a special representation of the inner product H* ® H — K by both
integrals:

Corollary 4.1.31.

3 w.1) = [as@is = [ 57 @@ .
PROOF. We have the rules for the Fourier transform From (24) we get (a, f) =
([.af) = Ja(z)f(x)dr and from (23) {a, f) = (S~ = 787 (a)(x) ()dié

The Fourier transform leads to an interesting integral transform on H by double
application.

Proposition 4.1.32. The double transform f = (6 — ([ =~ f)) defines an
automorphism H — H with

PROOF. We have

(. f) =, = 0

,02)) = 22(S, FO)) (s 02))
= Z<f(1) f><f(2) Y,0)
)

since (z, (y — 9)) = (zy,9). O

2. Derivations

Definition 4.2.1. Let A be a K-algebra and 4M4 be an A-A-bimodule (with
identical K-action on both sides). A linear map D : A — M is called a derivation if

D(ab) = aD(b) + D(a)b.

The set of derivations Derg (A, 4M,) is a K-module and a functor in 4 My.



2. DERIVATIONS 127

By induction one sees that D satisfies

D(a1 ce CLn) = Z ap... ai_lD(ai)aiH I
i=1
Let A be a commutative K-algebra and 4M be an A-module. Consider M as
an A-A-bimodule by ma := am. We denote the set of derivations from A to M by
DerK(A, M)c

Proposition 4.2.2. 1. Let A be a K-algebra. Then the functor Derk(A,-) :
A-Mod-A — Vec is representable by the module of differentials §2 4.

2. Let A be a commutative K-algebra. Then the functor Derg(A,-). : A-Mod
— Vec is representable by the module of commutative differentials €25 .

PROOF. 1. Represent A as a quotient of a free K-algebra A := K(X;|i € J)/I
where B = K(X;|i € J) is the free algebra with generators X;. We first prove the
theorem for free algebras.

a) A representing module for Derg(B,-) is (2p,d : B — Qp) with

Op =B FdX|licJ) @B
where F(dX;|i € J) is the free K-module on the set of formal symbols {dX;|i € J}
as a basis.

We have to show that for every derivation D : B — M there exists a unique
homomorphisms ¢ : Qg — M of B-B-bimodules such that the diagram

B—4% +Qp

M
commutes. The module Q25 is a B-B-bimodule in the canonical way. The products
Xq...X, of the generators X; of B form a basis for B. For any product X;...X,
we define d(X; ... X,) ==Y 1 Xi1...X;01 ®dX; ® X;41 ... X, in particular d(X;) =
1®dX;®1. To see that d is a derivation it suffices to show this on the basis elements:
d( Xy .. XpXppr-.- Xp)

=3 X1 X ®dX ® Xy X X - X,

+Z?:k+1 X1 X X X @dX; @ X .. X,

=d(Xy.. . Xp) X1 X+ X1 Xpd(Xggr - X))
Now let D : B — M be a derivation. Define ¢ by ¢(1 ® dX; ® 1) := D(X;). This
map obviously extends to a homomorphism of B-B-bimodules. Furthermore we have

QOd(Xl . Xn) = @(Z] Xl .. 'Xj—l ® de ® Xj+1 .. Xn)
= Zj X1 e Xj_lgO<]_ & dXJ & ].)Xj+1 e Xn = D(Xl Ce Xn)

hence pd = D.
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To show the uniqueness of ¢ let ¢ : Qg — M be a bimodule homomorphism such
that ©»d = D. Then ¢(1 ® dX; ® 1) = ¥d(X;) = D(X;) = ¢(1 ® dX; ® 1). Since 1
and ¢ are B-B-bimodules homomorphisms this extends to 1 = ¢.

b) Now let A := K(X;|i € J)/I be an arbitrary algebra with B = K(X;|i € J)
free. Define

We first show that IQp+QpI+Bdg(I)+dg(I)B is a B-B-subbimodule. Since Q5 and
I are B-B-bimodules the terms €25 and Qg1 are bimodules. Furthermore we have
de(Z)b/ = de(Zb/) — bldB(b/) S BdB(]> + ]QB hence IQB + QB] + BdB<]) + dB(I)B
is a bimodule.

Now IQp and Qg are subbimodules of IQg + Qpl + Bdg(I) + dg(I)B. Hence
A = B/I acts on both sides on Q4 so that 4 becomes an A-A-bimodule.

Let v : Qg — Q4 and also v : B — A be the residue homomorphisms. Since
vdp(i) € vdg(I) = 0 C Q4 we get a unique factorization map d : A — Q4 such that

BL’QB

|

ATA’QA

v

commutes. Since d4(b) = dp(b) it is clear that dy4 is a derivation.

Let D : A — M be a derivation. The A-A-bimodule M is also a B-B-bimodule by
bm = bm. Furthermore Dv : B — A — M is again a derivation. Let vp: Qg — M
be the unique factorization map for the B-derivation Dvr. Consider the following
diagram

BLQB

Nw
Y A

We want to construct 1 such that the diagram commutes. Let iw € I€g. Then
o(iw) = ip(w) = 0 and similarly ¢(wi) = 0. Let bdp(i) € Bdg(I) then o(bdp(i)) =
bpdp(i) = bD(i) = 0 and similarly ¢(dp(i)b) = 0. Hence ¢ vanishes on 1Qp + Qpl +
Bdg(I)+dg(I)B and thus factorizes through a unique map ¢ : Q4 — M. Obviously
1 is a homomorphism of A-A-bimodules. Furthermore we have Dv = pdg = Yvdg =
Ydav and, since v is surjective, D = 1pd,. It is clear that v is uniquely determined
by this condition.
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2. If A is commutative then we can write A = K[X,|i € J]|/I and Qf = B®
F(dX;). With QY = Q%/(IQ% + Bdg(I)) the proof is analogous to the proof in the
noncommutative situation. U

Remark 4.2.3. 1. Q4 is generated by d(A) as a bimodule, hence all elements are
of the form ), a;d(a})a;. These elements are called differentials.

2. If A=K(X;)/I, then Q4 is generated as a bimodule by the elements {d(X;)}.

3. Let f € B =K(X;). Let B be the algebra opposite to B (with opposite
multiplication). Then Qp = B® F(dX;) ® B is the free B® B left module over the
free generating set {d(X;)}. Hence d(f) has a unique representation

with uniquely defined coefficients

of
B ® B.
e € B®
In the commutative situation we have unique coefficients
of
e K[X,].
ax. € KXl
4. We give the following examples for part 3:
0X;
G 5.
0X; !
0X1Xs
=1® X
8X1 ® 2,
0X1Xs
=X;®1
90X, v
0X1 X2 X3
——=X1®X
8X2 1 3
0X1X35X5
——=X1 X5 L
DX, 143
This is obtained by direct calculation or by the product rule
9fg of g
=(1 1 .
The product rule follows from
of 99

d(fg) = d(f)g+ fd(g) =Y _((1© g) 53 + (f ©1)55-)d(X0).
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Let A=K(X,)/I. If f € I then d(f) = d4(f) = 0 hence

of
0X;

These are the defining relations for the A-A-bimodule Q4 with the generators d(X;).

da(X;) = 0.

For motivation of the quantum group case we consider an affine algebraic group
G with representing commutative Hopf algebra A. Recall that Hom(A, R) is an alge-
bra with the convolution multiplication for every R € K-cAlg and that G(R) =
K-cAlg(A, R) € Hom(A, R) is a subgroup of the group of units of the algebra
Hom(A, R).

Definition and Remark 4.2.4. A linear map T : A — A is called left translation
invariant, if the following diagram functorial in R € K-cAlg commutes:

G(R) x Hom(A, R) * Hom(A, R)

1®Hom(T,R) Hom(T,R)

G(R) x Hom(A, R) Hom(A, R)
i. e. if we have

Vg € G(R),Vr € Hom(A,R) : gx (xoT) = (g*x)oT.

This condition is equivalent to

(33) AyoT=(14®T)oAy.

In fact if (33) holds then g* (xoT) = V(9@ x)(1a@T)Ay = Ve(g®@x)A 4T =
(g*xz)oT.

Conversely if the diagram commutes, then take R = A, ¢ = 14 and we get

VA(lA (059 JI)(lA ®T)AA =14 % (J} OT) = <1A * Z‘) ol = VA<1A ®I)AAT for all z €
Hom(A, A). To get (33) it suffices to show that the terms V 4(14®z) can be cancelled
in this equation. Let ) . ; a;®b; € A® A be given such that Va(1a®2z)(3 a;®b;) =0
for all z € Hom(A, A) and choose such an element with a shortest representation (n
minimal). Then > a;x(b;) = 0 for all x. Since the b; are linearly independent in such
a shortest representation, there are z; with z,(b;) = 6;;. Hence a; = > a;z;(b;) =0
and thus > a; ® b; = 0. From this follows (33).

Definition 4.2.5. Let H be an arbitrary Hopf algebra. An element T €
Hom(H, H) is called left translation invariant if it satisfies

Proposition 4.2.6. Let H be an arbitrary Hopf algebra. Then ® : H* — End(H)
with ®(f) :=id*uy f is an algebra monomorphism satisfying

O(f xg) = B(f) 0 ®(9).
The image of ® is precisely the set of left translation invariant elements T € End(H).
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ProOF. For f € Hom(H,K) we have uyf € End(H) hence id*uy f € End(H).
Thus @ is a well defined homomorphism. Observe that

o(f)(a) = (idy * up f)(a Z anyflag)).
® is injective since it has a retraction End(H) 3 ¢g—epog € Hom(H,K). In fact

we have (e®(f))(a) = e(Xoaq)f(ap)) = X elaw)flae) = fFe(an))awe) = fla)
hence e®(f) = f.

The map & preserves the algebra unit since ®(1y+) = ®(ey) = idy xugey = idy.

The map ® is compatible with the multiplication: ®(f * g)(a) = > aw)(f *
9 ae) = dlawflag)glam) = > (dxunf)lam)glae) = (N awglaw)) =
‘I)(f)‘b(g)(a) ‘o that CI>(J"' +g) = @(f) o B(g).

For each f € H* the element ®(f) is left translation invariant since A®(f)(a) =

AT a fla)) = X ® apy flags) = (1 2(F)Aa).

Let T € End(H) be left translatlon invariant then S*7T = Vg (S®1)(1®T)Ay =
Vu(S®@1D)AT = ugeyT. Thus ®(eT') = id*ugeyT =id«S « T =T, so that T is
in the image of . U

Proposition 4.2.7. Let d € Hom(H,K) and ®(d) = D € Hom(H, H) be given.
The following are equivalent:
(1) d: H— K. is a derivation.
(2) D: H— ygHy is a (left translation invariant) derivation.

In particular ® induces an isomorphism between the set of derivations d : H — K.
and the set of left translation invariant derivations D : H — g Hy.

PROOF. Assume that 1. holds so that d satisﬁes d(ab) = (a) (b) + d(a)e(b).
Then we get D(ab) = ®(d)(ab) = > amybayd(a@be) = Y ambme(ae))d(be)) +
Yo ambayd(aw))e(be)) = aD(b) + D(a)b. Conversely assume that D(ab) = aD(b) +
D(a)b. Then d(ab) = eD(ab) = e(a)eD(b) + eD(a)e(b) = e(a)d(b) + d(a)e(b). O

3. The Lie Algebra of Primitive Elements

Lemma 4.3.1. Let H be a Hopf algebra and H° be its Sweedler dual. If d €
Derg(H, K.) € Hom(H,K) is a derivation then d is a primitive element of H°.
Furthermore every primitive element d € H® is a derivation in Derg(H, K.).

PROOF. Let d : H — K be a derivation and let a,b € H. Then (b — d)(a) =
d(ab) = e(a)d(b) + d(a)e(b) = (d(b)e + €(b)d)(a) hence (b — d) = d(b)e + £(b)d.
Consequently we have Hd = (H — d) C Ke 4+ Kd so that dim Hd < 2 < oo. This
shows d € H°. Furthermore we have (Ad,a ® b) = (d,ab) = d(ab) = d(a)e(b) +
g(a)d(b) ={(d®@e,a®b) + (e®d,a®b) = (1o @d+d® lyo,a ® b) hence A(d) =
d® 1o + 1o ® d so that d is a primitive element in H°.

Conversely let d € H° be primitive. then d(ab) = (A(d),a ® b) = d(a)e(b) +
e(a)d(b). O
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Proposition and Definition 4.3.2. Let H be a Hopf algebra. The set of primi-
tive elements of H will be denoted by Lie (H) and is a Lie algebra. If char(K) =p >0
then Lie (H) is a restricted Lie algebra or a p-Lie algebra.

PROOF. Let a,b € H be primitive elements. Then A([a,b]) = A(ab — ba) =
(a®14+12a)(b1+1®0)— (b@1+12b)(a®1+1®a) = (ab—ba)R1+1® (ab—ba)
hence Lie(H) C H" is a Lie algebra. If the characteristic of K is p > 0 then we have
(a®@1+1®a)’ =a?®1+1®aP. Thus Lie(H) is a restricted Lie subalgebra of H”
with the structure maps [a,b] = ab — ba and alP! = a?. O

Corollary 4.3.3. Let H be a Hopf algebra. Then the set of left translation in-
variant derivations D : H — H s a Lie algebra under [D,D'| = DD’ — D'D. If
char = p then these derivations are a restricted Lie algebra with D) = DP.

PRrOOF. The map ¥ : H° — H* -2 End(H) is a homomorphism of algebras
by 4.2.6. Hence ¥(dxd —d xd) = ®(d*xd —d xd) = ®(d)®(d) — (d')P(d).
If d is a primitive element in H° then by 4.2.7 and 4.3.1 the image D := ¥(d) in
End(H) is a left translation invariant derivation and all left translation invariant
derivations are of this form. Since [d,d'] = d+d' — d' *d is again primitive we get that
[D,D'| = DD" — D'D is a left translation invariant derivation so that the set of left
translation invariant derivations Derf (H, H) is a Lie algebra resp. a restricted Lie
algebra. OJ

Definition 4.3.4. Let H be a Hopf algebra. An element ¢ € H is called cocom-
mutative if TA(c) = Ale), 1. e. if Y cqy @ ¢ = D¢ ® cqy. Let C(H) == {c €
H|c is cocommutative }.

Let G(H) denote the set of grouplike elements of H.

Lemma 4.3.5. Let H be a Hopf algebra. Then the set of cocommutative elements
C(H) is a subalgebra of H and the grouplike elements G(H) form a linearly indepen-
dent subset of C(H). Furthermore G(H) is a multiplicative subgroup of the group of
units U(C(H)).

PROOF. It is clear that C'(H) is a linear subspace of H. If a,b € C(H) then
A(ab) = A(a)A(b) = (TA)(a)(TA) (D) = 7(A(a)A(b)) = TA(ab) and A(l) =1® 1 =
7A(1). Thus C(H) is a subalgebra of H.

The grouplike elements obviously are cocommutative and form a multiplicative

group, hence a subgroup of U(C(H)). They are linearly independent by Lemma
2.1.14. 0

Proposition 4.3.6. Let H be a Hopf algebra with S* = idy. Then there is a left
module structure
CH)®@Lie(H)2c®ar c-a€ Lie(H)
withc-a:=Vg(Vg@1)(1®7)10S®1)(A®1)(c®a) = cuyaS(cg)) such that

c-[a,b] =) [eqy - a, ¢ - bl.
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In particular G(H) acts by Lie automorphisms on Lie(H).

ProOF. The given action is actually the action H ® H — H with h-a =
> h@aS(he)), the so-called adjoint action.

We first show that the given map has image in Lie(H). For ¢ € C(H) and a €
Lie(H) we have A(c-a) = A(D cyaS(cw))) =Y Alcy)(a®@1+1@a)A(S(cw))) =
> Ale)(a®1)A(S(c))+22 Ale)) (1@a) A(S(c))) = D2 cyas(cay) @ce)S(es)+
> eS(e@) ® cwaS(cqy) =c-a®1+1® c-asince ¢ is cocommutative, S = idy
and a is primitive.

We show now that Lie (H) is a C'(H)-module. (cd) - a =) cqydayaS(code)) =
> caydmyasS(de))S(ce)) = ¢+ (d-a). Furthermore we have 1-a = 1aS(1) = a.

To show the given formula let a,b € Lie(H) and ¢ € C(H). Then c¢- [a,b] =
Z C(l) (ab—ba)S(c(g)) = Z C(l)aS(C(g))C(g)bS(C(4))—Z c(l)bS(c(g))c(g)aS(c(4)) = Z(C(l)'
a)(cy-b)=> (cay-b)(c@)-a) = > [ca)-a, ¢o)-b] again since ¢ € C(H) is cocommutative.

Now let ¢ € G(H). Then g-a = gaS(g) = gag™"' since S(g) = g~* for any
grouplike element. Furthermore g - [a,b] = [g - a, g - b] hence g defines a Lie algebra
automorphism of Lie (H). O

Problem 4.3.31. Show that the adjoint action HOH 3 h®a — Y hqyaS(he)) €
H makes H an H-module algebra.

Definition and Remark 4.3.7. The algebra K(§) = K[d]/(6?) is called the
algebra of dual numbers. Observe that K(J) = K & Kd as a K-module.

We consider ¢ as a ”small quantity “ whose square vanishes.

The maps p : K(0) — K with p(§) =0 and j : K — K(J) are algebra homomor-
phism satisfying pj = id.

Let K(6,0") := K[5,8]/(6%,6"%). Then K(6,8') = K ® K @ K&’ @ Kdd'. The map
K(0) 2 6 — 0§ € K(6,¢) is an injective algebra homomorphism. Furthermore for
every a € K we have an algebra homomorphism ¢, : K(0) 3 § — «d € K(9).

These algebra homomorphisms induce algebra homomorphisms H @ K(§) — H ®
K(9) resp. H®K(§) — H ® K(9, ") for every Hopf algebra H.

Proposition 4.3.8. The map

e’ : Lie(H) — H®K(0) C H®K(9,d)
with €*® :=14+a® § = 1 + da is called the exponential map and satisfies
e5(a+b) — e5a€5b7
eéaa — S004(6(5(1)’
eé&[a,b] — edaeé/b(eéa)—l(ea/b)—l‘
Furthermore all elements e’* € H ® K(8) are grouplike in the K(J)-Hopf algebra
H®K(®).

PROOF. 1. &%) = (1 + §(a +b)) = (1 + da)(1 + 6b) = €.
2. €29 =1+ daa = @ (1 + da) = pa(e).
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3. Since (1+6a)(1—da) = 1 we have (€°*) = 1—da. So we get e?'1%¥ = 14-5[a, b] =
1+d(a—a)+0'(b—b)+dd'(ab—ab—ba+ ab) = (14 da)(1+0'b)(1 — da)(1 —&'b) =
€5a65,b(65a)_1(66,b)_1.

4. AK((;)(G&J) = A(1+a®5) = 1®K(6) 1+(6L®1+1®6L)®(5 = 1®K(6)1+
da QK (5) 1+1 QK (5) da + da QK (5) oa = (1 + 5@) QK (5) (1 + 5&) = el QK (5) e and
ex(s) (€%) = e (1 + da) = 1+ de(a) = 1. O

Corollary 4.3.9. (Lie(H),e’") is the kernel of the group homomorphism
p: Gxe)(H @K(9)) — G(H).

PROOF. p=1®p: H®K()) — H® K = H is a homomorphism of K-algebras.
We show that it preserves grouplike elements. Observe that grouplike elements in
H ® K(6) are defined by the Hopf algebra structure over K(d). Let g € Gg(s)(H ®
K(6)). Then (Ag ® 1)(g) = g Qk(s) g and (eg ® 1)(g) =1 € K(0).

Since p : K(§) — K is an algebra homomorphism the following diagram commutes

(H @ K(0)) @) (H®K(8) — H® H @ K(J)

(1®p)e(1ep) 1®p

(HRK)® (H®K) ————~ Ho HoK.

We identify elements along the isomorphisms. Thus we get (Ay ® 1k)(1y ® p)(g)
(Inen @ p)(An © 1ke)(9) = (1 ® p) @x) (ly @ p))(g Q) 9) = (1n ® p)(9)
(1 ®p)(g), so that 15 ®p : Ggey(H®K(0)) — G(H). Now we have (15 ®p)(g9’)
(1g®p)(9)(1g @ p)(¢’') so that 15 ® p is a group homomorphism.

Now let g = go® 1491 ® 9 € Gy (H @K(9)) € HRK® H ®Kd. Then we have
(lg®@p)(g) =1iff g =1iff g = 15 ® 1g) + 91 ® 0. Furthermore we have

& I

Angrs)(9) = 9 @k 9 ==

lg ®1g @ gy + Ar(91) ®6 = (1 @ lxe) + 01 ® 6) ki) (1a @ lxe) + 01 ® 0)
=1lg®@1lg@1ge) + (1 @1y +1g® q1) ®6 <=

Ap(g1) =1 ®1lp +1g ® g1.

Similarly we have eg(;))(g) =1iff 1® 14+ ¢e(g1) ®6 =1 iff e(g1) = 0. O

4. Derivations and Lie Algebras of Affine Algebraic Groups

Lemma and Definition 7.4.1. Let G : K-cAlg — Set be a group valued functor.
The kernel Lie(G)(R) of the sequence

G(p)
G(j)

0 Lie(G)(R) —— G(R(0)) G(R) ——0

1s called the Lie algebra of G and is a group valued functor in R.
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PRroOOF. For every algebra homomorphism f : R — S the following diagram of
groups commutes

0 Lie()(F) ——~ G(R(5)) == == G(R) ——0
J G(f(9)) {g(f)
0 Lie(G)(S) —— G(S(6)) =—2s G(S) —— 0

O

Proposition 4.4.2. Let G : K-cAlg — Set be a group valued functor with mul-
tiplication . Then there are functorial operations

G(R) x Lie(G)(R) > (g,x) — g - = € Lie(G)(R)

R x Lie(G)(R) 3 (a,x) — ax € Lie(G)(R)
such that
g-(e+y) =g-x+9-v,
h-(g-z)=(h*g)- -z
a(z +vy) = ax + ay,
(ab)x = a(bz),
g (ax) = a(g - ).
PROOF. First observe that the composition + on Lie(G)(R) is induced by the
multiplication * of G(R(9)) so it is not necessarily commutative.
We define g-2 := G(j)(g)xx+G(j)(9)~". Then G(p)(g-x) = G(p)G(j)(9)*G(p)(x)*
G(P)G(i)(g) "' =g+ 1xg~" =1hence g-z € Lie(G)(R).
Now let a € R. To define a : Lie(G)(R) — Lie(G)(R) we use u, : R(6) — R(9)
defined by u,(d) := ad and thus u,(b+cd) := b+acd. Obviously u, is a homomorphism
of R-algebras. Furthermore we have pu, = p and u,j = 7. Thus we get a commutative

diagram
G(p)

0 —— Lie(@)(R) —— G(R(®) === G(R) ——0
Ja G(ua) {id
) G(p)
0 Lie(G)(R) — G(R()) G(R) ——0

that defines a group homomorphism a : Lie(G )(R) — Lze(g)(R) on the kernel of the
exact sequences. In particular we have then a(z + y) = ax + ay.

Furthermore we have uq, = u,up hence (ab)x = a(bx).

The next formula follows from g (z+vy) = G(j)(9) *xz*y*G(5)(9)™F = G(4)(g) *
v+ G()(9) " % G()(9) xy*GU)g) " =g-r+g-y.

We also see (hxg)- = G(j)(hxg)*a+G(5)(hxg) ™ = G(5)(h)*G(5)(9)*2+G(5)(g) "
G(j)(h)~! = h-(g- ). Finally we have g - (az) = G(j)(g) * G(ua)(x) x G(j)(97")
G(ua)(G(7)(g) * 2% G(j)(g7")) = alg - =).

|:|||*
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Proposition 4.4.3. Let G = K-cAlg(H,-) be an affine algebraic group. Then
Lie(G)(K) = Lie(H°) as additive groups. The isomorphism is compatible with the
operations given in 4.4.2 and 4.3.6.

Proor. We consider the following diagram

0 Lie(G)(K) —— K-cAlg (H,K(5)) === K-cAlg (H,K) — 0
0 Lie (H*) —+ Gy (H° @ K(6)) — L~ G(H®) —— 0

We know by definition that the top sequence is exact. The bottom sequence is exact
by Corollary 4.3.9.

Let f € K-cAlg(H,K). Since Ker(f) is an ideal of codimension 1 we get f € H°.
The map f is an algebra homomorphism iff (f,ab) = (f ® f,a ® b) and (f,1) =1 iff
Apo(f)=f® fand ego(f) =1 iff f € G(H®). Hence we get the right hand vertical
isomorphism K-cAlg (H,K) = G(H?).

Consider an element f € K-cAlg(H,K(9)) C Hom(H,K(6)). It can be written as
f = fo+ f10 with fo, fi € Hom(H, K). The linear map f is an algebra homomorphism
iff fo: H — K is an algebra homomorphism and f; satisfies f1(1) = 0 and f;(ab) =
fola) f1(b) + fi(a)fo(b). In fact we have f(1) = fo(1) + fi(1)d = 1 iff fo(1) = 1
and f1(1) = 0 (by comparing coefficients). Furthermore we have f(ab) = f(a)f(b)
iff fo(ab) + fi(ab)o = (fo(a) + f1(a)d)(fo(b) + f1(b)0) = fo(a)fo(b) + fo(a)f1(D)d +
fi(a) fo(b)d iff fo(ab) = fo(a)fo(b) and fi(ab) = fo(a)fi(b) + fi(a)fo(b).

Since fy is an algebra homomorphism we have as above fy, € H°. For f; we
have (b — £)(@) = filab) = fo(a)fr(8) + fu(a) fo(b) = (fu(b) o + fo(b) ) (a) hence
(b— f1) = f1(b) fo+ fo(b) f1 € Kfy+Kf1, a two dimensional subspace. Thus f; € H°.

In the following computations we will identify (H°®K(0)) @k (H°®@K(d)) with
H°® H°® |K(9).

Let f = fo+ fid = fo®@ 1+ fL®5 € HO® H?S = H° ® K(6). Then f is a
homomorphism of algebras iff f(ab) = f(a)f(b) and f(1) = 1 iff fo(ab) = fo(a)fo(b)
and fi(ab) = fo(a) f1(b)+ fi(a) fo(b) and fo(1) = 1 and fi(1) = 0 iff Ayo(fo) = fo® fo
and AHU(fl) = f0®f1 +f1®f0 and €Ho(f0) = 1and 8Ho<f1> =0iff (AHO ®ldK(5))(f0®
1+ f1®0) = fo® fo®14+ fo@ iR+ [i® foR6 = (fo®@1+ f1®0) ®k(s) (fo® 1+ [1®0)
and (ego ® idg))(fo® 1+ fi®0) = 1@ 1 iff (Ape ® idgs))(f) = f @k f and
(e ®idgs))(f) = 1 il f € Gi)(H® @ K(9)).

Hence we have a bijective map w : K-cAlg(H,K(5)) > f = fo+ fi0 — fo ®
1+ fi®6 € Ggpy(H°®K(d)). Since the group multiplication in K-cAlg (H,K(d)) C
Hom(H,K(6)) is the convolution * and the group multiplication in Gk s (H°®K(J)) C
H°®K(0) is the ordinary algebra multiplication, where the multiplication of H® again
is the convolution, it is clear that w is a group homomorphism. Furthermore the right
hand square of the above diagram commutes. Thus we get an isomorphism e : Lie (H®)
— Lie(G)(K) on the kernels. This map is defined by e(d) = 1+dd € K-cAlg(H,K(9)).
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To show that this isomorphism is compatible with the actions of K resp. G(H?)
let « € K, a € H, and d € Lie(H®). We have e(ad)(a) = e(a) + ad(a)d = u(e(a) +
d(a)o) = (ua o(1+dd))(a) = (uqoe(d))(a) = (ae(d))(a) hence e(ad) = ae(d).
Furthermore let g € G(H®) = K-cAlg(H,K), a € H, and d € Lie(H°). Then we
have e(g - d)(a) = e(gdg~')(a) = (1 + gdg~'0)(a) = e(a) + gdg~'(a)d =
> 9law)e(ae)gS(as) + 22 glaw))d(ae)gSlas)d = 32 glaw)e(d)(ae)gS(ae) =
(jogxe(d)=jog™)(a) = (g-e(d))(a) hence e(g - d) = g - e(d). m

Proposition 4.4.4. Let H be a Hopf algebra and let I := Ker( ).  Then

Der.(H,-) : Vec — Vec is representable by I/I? and d : H Ly gL I/I?, in
partzcular

Der.(H,-) = Hom(I/I?,-) and Lie (H°) = Hom(I/I* K).

PROOF. Because of £(id —ue)(a) = £(a) —cue(a) = 0 we have Im(id —¢) C I. Let
i € I. Then we have i = i—¢(i) = (id —¢)(4) hence Im(id —¢) = Ker(g). We have I% >
(id —¢)(a)(id —¢)(b) = ab — (a)b — aec(b) + ¢(a)e(b) = (id —¢)(ab) — e(a)(id —¢)(b) —
(id —¢)(b). Hence we have in I/I* the equation (id —¢)(ab) = e(a)(id —¢)(b) +
(id —¢)(a)e(b) so that v(id —¢) : H — I — I/I? is an e-derivation.

Now let D : H — M be an e-derivation. Then D(1) = D(11) = 1D(1) + D(1)1
hence D(1) = 0. It follows D(a) = D(id —¢)(a). From &(I) = 0 we get D(I?) C
e(I)D(I) 4+ D(I)e(I) = 0 hence there is a unique factorization

H id —e _[ v I/[2

\NAJ;

Corollary 4.4.5. Let H be a Hopf algebra that is finitely generated a s an algebra.
Then Lie (H®) is finite dimensionall.

O

PrOOF. Let H = K(ay,...,a,). Since H = K& I we can choose a; = 1 and
as,...,an, € I. Thus any element in ¢ € [ can be written as ) ayay;, . ..a;, so that
I/I? =Kay + ...+ a,. This gives the result. O

Proposition 4.4.6. Let H be a commutative Hopf algebra and gM be an H-
module. Then we have Qy = HQ I/I? and d : H — H ® I/I? is given by d(a) =
> aw) @ (id —e)(ae).

ProOF. Consider the algebra B := H & M with (a,m)(a’,m') = (ad’,am’
a'm). Let G = K-cAlg(H,-). Then we have G(B) C Hom )

Hom(H, M). An element (¢, D) € Hom(H, B) is in G(B) iff
= (1,0), hence ¢(1) = 1 and D(1) = 0, and (p(ab),
(&, D)(a)(0, D)(b) = (¢(a), D(a))(p(b), D(b)) = (90(@)90(5)790(@17(6) +
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hence p(ab) = p(a)p(b) and D(ab) = p(a)D(b) + D(a)p(b). So (¢, D) is in G(B) iff
¢ € G(H) and D is a p-derivation. The s-multiplication in Hom(H, B) is given by
(o, D) (¢, D) = (px¢,ox D'+ D x ') by applying this to an element a € H.
Since (¢,0) € G(B) and (ue, D) € G(B) for every e-derivation D, there is a bi-
jection Der.(H, M) = {(ue,D.) € G-(B)} = {(1y,D1) € Gi(B)} = Derg(H, M)
by (ug, D.) + (1,0) * (ue, D.) = (1,1 % D.) € G(B) with inverse map (1, D;)
(S,0) % (1,Dq) = (ue, S x Dy) € G-(B). Hence we have isomorphisms Derg(H, M) =
Der.(H, M) = Hom(I/I*, M) = Homy(H ® I /1% M).

The universal e-derivation for vector spaces is id —¢ : A — I/I?. The universal
e-derivation for H-modules is D.(a) = 1 ® (id—¢)(a) € A ® I/I?. The universal
I-derivation for H-modules is 1 * D, with (1 % D.)(a) = > aq) ® (id—¢)(aw)) €
AR I/I% O
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