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Chapter 1

Preliminaries in linear algebra

During most parts of this course, vector spaces are over the field C of complex numbers. Often
any other algebraically closed field of characteristic zero could be used instead. In some parts
these assumptions are not used, and K denotes any field. We usually omit explicitly mentioning
the ground field, which should be clear from the context.

Definition 1.1.  Let V, W be K-vector spaces. The space of linear maps (i.e. the space of homo-

morphisms of K-vector spaces) from V to W is denoted by
Hom(V, W) = {T VoW | T is a K-linear map}.

The vector space structure on Hom(V, W) is with pointwise addition and scalar multiplication.
The (algebraic) dual of a vector space V is the space of linear maps from V to the ground field,

V* = Hom(V, K).

We denote the duality pairing by brackets (-, ). The value of a dual vector ¢ € V* onavectorv € V
is thus usually denoted by (¢, v).

Definition 1.2. For T : V — W a linear map, the transpose is the linear map T* : W* — V*
defined by
(T (p),v) = {p,T()) forallp e W', ve V.

1.1 On diagonalization of matrices

In this section, vector spaces are over the field C of complex numbers.

Recall first the following definitions.

Definition 1.3.  The characteristic polynomial of a matrix A € C"™" is

palx) = det(x]I—A).

The minimal polynomial of a matrix A is the polynomial g4 of smallest positive degree such that

ga(A) = 0, with the coefficient of highest degree term equal to 1.

The Cayley-Hamilton theorem states that the characteristic polynomial evaluated at the matrix
itself is the zero matrix, that is p4(A) = 0 for any square matrix A. An equivalent statement is
that the polynomial g4(x) divides pa(x). These facts follow explicitly from the Jordan normal form
discussed later in this section.
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Motivation and definition of generalized eigenvectors

Given a square matrix A, it is often convenient to diagonalize A. This means finding an invertible
matrix P (“a change of basis”), such that the conjugated matrix P A P~! is diagonal. If, instead of
matrices, we think of a linear operator A from vector space V to itself, the equivalent question is
finding a basis for V consisting of eigenvectors of A.

Recall from basic linear algebra that (for example) any real symmetric matrix can be diagonalized.
Unfortunately, this is not the case with all matrices.

Example 1.4. LetA € Cand

A = € C¥4,

S O >
[
>~ = O

The characteristic polynomial of A is
pa(x) = det(x — A) = (x—A)?,

so we know that A has no other eigenvalues but A. It follows from det(A — All) = 0 that the
eigenspace pertaining to the eigenvalue A is nontrivial, dim (Ker (A — AI)) > 0. Note that

010
A-Al =0 0 1],

000

so that the image of A is two dimensional, dim (Im (A — All)) = 2. By rank-nullity theorem,
dim (Im (A — AID) + dim (Ker (A - AI)) = dim (C*) = 3,

so the eigenspace pertaining to A must be one-dimensional. Thus the maximal number of linearly
independent eigenvectors of A we can have is one — in particular, there doesn’t exist a basis of C*
consisting of eigenvectors of A.
We still take a look at the action of A in some basis. Let
1 0 0
wp = 0 wy = 1 w3 = 0 {.
0 0 1

Then the following “string” indicates how A — Al maps these vectors

A=A A=A A=A
w3 B w, — w; B 0.

In particular we see that (A — Al = 0.

The “string” in the above example illustrates and motivates the following definition.

Definition 1.5. Let V be a vector spaceand A : V — V be a linear map. A vector v € V is said to
be a generalized eigenvector of eigenvalue A if for some positive integer p we have (A — A’ v = 0.

The set of these generalized eigenvectors is called the generalized eigenspace of A pertaining to

eigenvalue A.

With p = 1 the above would correspond to the usual eigenvectors.



Hopf algebras and representations Spring 2011

The Jordan canonical form

Although not every matrix has a basis of eigenvectors, we will see that every complex square
matrix has a basis of generalized eigenvectors. More precisely, if V is a finite dimensional complex
vector space and A : V — V is a linear map, then there exists eigenvalues A1, A, ..., Ax of A (not
()
m

necessarily distinct) and a basis {w,, : 1 <j <k 1< m < n;} of Vwhich consists of “strings” as

follows
5,11) Ah wsl)_l Ah L Ah w(zl) Ah wgl) A
@ o A R ol A @ A
: (1.1)
wﬂ? A w;kk)_l Ade . Ak w(zk) A wgk) Ao,
Note that in this basis the matrix of A takes the “block diagonal form”
]Alinl 0 0 RPN 0
0 Jum O - 0
A = 0 0 Jrsims 0 , (1.2)
0 0 0 o Jem
where the blocks correspond to the subspaces spanned by ng ) w(zj ., w,(f]) and the matrices of the
blocks are the following “Jordan blocks”
A1 0 - 0 0]
o A 1 -+ 0 0
0 0 A 0 0 y
— niXn;
]/\,';nj = : : . e C™,
0 0 0 - A 1
| 0 0 0 -- Aj

Definition 1.6. A matrix of the form (1.2) is said to be in Jordan normal form (or Jordan canonical
form).

The characteristic polynomial of the a matrix A in Jordan canonical form is
k
pA(X) = det(x[-A) = H(x _ A]')"/_
=1

Note also that if we write a block [, = AL + N as a sum of diagonal part Al and upper triangular
part N, then the latter is nilpotent: N" = 0. In particular the assertion ps(A) = 0 of the Cayley-
Hamilton theorem can be seen immediately for matrices which are in Jordan canonical form.

Definition 1.7. Two n X n square matrices A and B are said to be similar if A = PBP™! for some
invertible matrix P.

It is in this sense that any complex square matrix can be put to Jordan canonical form, the matrix
P implements a change of basis to a basis consisting of the strings of the above type. Below is a
short and concrete proof.

THEOREM 1.8
Given any complex n X n matrix A, there exists an invertible matrix P such that the conjugated
matrix P A P7! is in Jordan normal form.
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Proof. In view of the above discussion it is clear that the statement is equivalent to the following:
if V is a finite dimensional complex vector space and A : V — V a linear map, then there exists a
basis of V consisting of strings as in (1.1).

We prove the statement by induction on n = dim (V). The case n = 1 is clear. As an induction
hypothesis, assume that the statement is true for all linear maps of vector spaces of dimension
less than n.

Take any eigenvalue A of A (any root of the characteristic polynomial). Note that
dim (Ker (A — All)) > 0,

and since n = dim (Ker (A — All)) +dim (Im (A — All)), the dimension of the image of A —All is strictly
less than n. Denote

R = Im(A - Al and r = dim(R) < n.

Note that R is an invariant subspace for A, thatis AR C R (indeed, A (A—-Al) v = (A—Al) Av). We
can use the induction hypothesis to the restriction of A to R, to find a basis

W :1<j<kl<ms<n

of R in which the action of A is described by the strings as in (1.1).

Letg = dim (R N Ker (A — All)). This means that in R there are g linearly independent eigenvectors
of A with eigenvalue A. The vectors at the right end of the strings span the eigenspaces of A in
R, so we assume without loss of generality that the last g strings correspond to eigenvalue A and
others to different eigenvalues: A1, A, ..., Ay # A and Ag_g41 = Agg2 = --- = Ay = A. Forall j

such that k — g < j < k the vector w,(j/ ) is in R, so we can choose

y(f) €V suchthat (A-Al) y(j) = wS’JJ)

The vectors y") extend the last g strings from the left.

Find vectors
20,20, .,

which complete the linearly independent collection

w(k—q+l) _ (

k-1) _ (k)
N o, Wy, W

1

to a basis of Ker (A — Al). We have now found # vectors in V, which form strings as follows

z( 0
Z("—V—Q) A|:)/\
(1) A=Ay A=Ay (1) A-\y
w"l = wl
_ A=Ay A=Ay _ A=,
U T R e N A
k—a+1) A-A (k—g+1) A-A A-A (k—g+1) A=A
y( ‘7 ) |—) nk717+1 '—) e |—) wl '—) 0
A-A A-A A-A A-A
y® w® w® — 0.
le—l 1

It suffices to show that these vectors are linearly independent. Suppose that a linear combination

of them vanishes
k n—r—q

Z aj; Yy + Zﬁf"” w%) + Z 7120 = 0.
Jom I=1

j=k—q+1
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From the string diagram we see that the image of this linear combination under A — Al is a linear
combination of the vectors wi,],), which are linearly independent, and since the coefficient of wﬁ,j]) is
aj, we get aj = 0 for all j. Now recalling that {w%)} is a basis of R, and {w(lj) tk—g<j<ku{z0}is

a basis of Ker (A — All), and {ng) tk—gq < j<k}isabasis of R N Ker (A — All), we see that all the
coefficients in the linear combination must vanish. This finishes the proof. O

Exercise 1 (Around the Jordan normal form)

(a) Find two matrices A,B € C™", which have the same minimal polynomial and the same
characteristic polynomial, but which are not similar.

(b) Show that the Jordan normal form of a matrix A € C"™" is unique up to permutation of the
Jordan blocks. In other words, if Cy = P1 A PIl andC, =P, A P;l are both in Jordan normal
form, Cy with blocks [, ny, - - - Ja,n, and Co with blocks Ja - ];\;m;, then k = | and there is a
permutation o € Sy such that A; = /\;(].) andn; = n;(],) forallj=1,2,...,k

(c) Show that any two matrices with the same Jordan normal form up to permutation of blocks
are similar.

Let us make some preliminary remarks of the interpretation of Jordan decomposition from the
point of view of representations. We will return to this when we discuss representations of
algebras, but a matrix determines a representation of the quotient of the polynomial algebra by the
ideal generated by the minimal polynomial of the matrix. Diagonalizable matrices can be thought
of as a simple example of completely reducible representations: the vector space V is a direct
sum of eigenspaces of the matrix. In particular, if all the roots of the minimal polynomial have
multiplicity one, then all representations are completely reducible. Non-diagonalizable matrices
are a simple example of a failure of complete reducibility. The Jordan blocks ],\j;n]. correspond to
subrepresentations (invariant subspaces) which are indecomposable, but not irreducible if r; > 1.

1.2 On tensor products of vector spaces

A crucial concept in the course is that of a tensor product of vector spaces. Here, vector spaces
can be over any field K, but it should be noted that the concept of tensor product depends of the
field. In this course we only need tensor products of complex vector spaces.

Definition 1.9. Let V1, V5, W be vector spaces. Amap f: V1 X Vo — W is called bilinear if for all
vy € V1 the map v, = B(v1,v2) is linear V, — W and for all v; € V;, the map v = B(v1,v2) is linear
V1 - W.

Multilinear maps V1 X V X --- X V,, = W are defined similarly.

The tensor product is a space which allows us to replace some bilinear (more generally multilinear)
maps by linear maps.

Definition 1.10. Let V; and V; be two vector spaces. A tensor product of V7 and V; is a vector
space U together with a bilinear map ¢ : V1 x V, — U such that the following universal property
holds: for any bilinear map B : Vi X V, — W, there exists a unique linear map g : U — W such
that the diagram

VixV, ‘B
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commutes, thatis f = ff o ¢.

Proving the uniqueness (up to canonical isomorphism) of an object defined by a universal iso-
morphism is a standard exercise in abstract nonsense. Indeed, if we suppose U’ with a bilinear
map ¢’ : Vi X V, — U’ is another tensor product, then the universal property of U gives a linear
map ¢’ : U — U’ such that ¢’ = ¢’ o ¢. Likewise, the universal property of U’ gives a linear map
¢ : U’ — U such that ¢ = ¢ o ¢’. Combining these we get

iducd = ¢ = dod = pod'op.
But here are two ways of factorizing the map ¢ itself, so by the uniqueness requirement in the
universal property we must have equality idyy = ¢ 0 ¢’. By a similar argument we getidy = ¢’ 0.
We conclude that ¢ and ¢’ are isomorphisms (and inverses of each other).
Now that we know that tensor product is unique (up to canonical isomorphism), we use the
following notations

u="vev, and

VixVy > (01,?]2) Ig 111 € Vi@V,

An explicit construction which shows that tensor products exist is done in Exercise 2. The same
exercise establishes two fundamental properties of the tensor product:

o If (vl(,l)),'d is a linearly independent collection in V7 and (052)) jes is a linearly independent
@)

collection in V5, then the collection (051) ®v ) N
I /G, j)elx]

is linearly independent in V; ® V5.
o If the collection (vl(,l))iel spans V; and the collection (022))]-61 spans V;, then the collection
(1) (2)
(vi ®v; )(i,j)elx] spans the tensor product Vi ® V5.

It follows that if (051)),~61 and (052)) jej are bases of V1 and V>, respectively, then

O @o?

(o ).
! I jelx]
is a basis of the tensor product V1 ® V5. In particular if V; and V; are finite dimensional, then

dim (V1 ® V,) = dim (V;) dim(V>).

Exercise 2 (A construction of the tensor product)

We saw that the tensor product of vector spaces, defined by the universal property, is unique
(up to isomorphism) if it exists. The purpose of this exercise is to show existence by an explicit
construction, under the simplifying assumption that V and W are function spaces (it is easy to see
that this can be assumed without loss of generality).

For any set X, denote by KX the vector space of K valued functions on X, with addition and scalar
multiplication defined pointwise. Assume that V ¢ KX and W c K" for some sets X and Y. For
f € KX and g € KY, define f ® g € KXY by

(fog)iy = (8.

Also set
VeWw = span{f®g|f€V, geW},

so that the map (f,g) — f ® g is a bilinearmap Vx W — V@ W.

(a) Show thatif(f;)ie is a linearly independent collection in V and (g;) jes is a linearly independent

collection in W, then the collection ( fi® gj) is linearly independent in V@ W.

(felx]

10
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(b) Show that if (f;)ic is a collection that spans V and (g;)jes is collection that spans W, then the

collection (ﬁ ® g]-)(i Jerxg SPaNS VeWw.

(c) Conclude that if (f;)ie is a basis of V and (g;)jej is a basis of W, then (f, ® gj)(i Deix] is a basis
of V® W. Conclude furthermore that V ® W, equipped with the bilinear map ¢(f,g) = f® g

from V x W to V ® W, satisfies the universal property defining the tensor product.

A tensor of the form v(V) ® v@ is called a simple tensor. By part (b) of the above exercise, any
t € V1 ® V, can be written as a linear combination of simple tensors

n

b= Y e,

a=1

for some v() € Vi and vff ) ¢ Vo, @ = 1,2,...,n. Note, however, that such an expression is
by no means unique! The smallest n for which it is possible to write ¢t as a sum of simple
tensors is called the rank of the tensor, denoted by n = rank(f). An obvious upper bound is
rank(f) < dim (V) dim (V3). One can do much better in general, as follows from the following
useful observation.

LemMma 1.11
Suppose that

n

t = Zv(l ®vff),

a=1

where n = rank(t). Then both (v(al))g and (0(2))” are linearly independent collections.

Proof. Suppose, by contraposition, that there is a linear relation

n

Z cav(l) =0,

a=1
where not all the coefficients are zero. We may assume that ¢, = 1. Thus v -y 1 Ca0 a ) and
using bilinearity we simplify t as
n—1 n-1 n—1 n—1
v ®v(2)+vf})®v(2) v ®v cav vl)® (1)—cg, (2)
a=1 a=1 a=1 a=1

which contradicts minimality of n = rank(t). The linear independence of @%) is proven similarly.
O

As a consequence we get a better upper bound

rank(f) < min {dim (V1) ,dim (V>)}.

Taking tensor products with the one-dimensional vector space K does basically nothing: for any
vector space V we can canonically identify

VoK =V and KV =V
VA B Av A®v = Av.

By the obvious correspondence of bilinear maps V1 X V, — W and V, x Vi — W, one also always
gets a canonical identification
VieV, =2V,® V.

11
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Almost equally obvious correspondences give the canonical identifications
(VieVy)eV; = Vie (V. Vs)

etc., which allow us to omit parentheses in multiple tensor products.

A slightly more interesting property than the above obvious identifications, is the existence of an
embedding
Vo® VI — Hom(V4, V»)

which is obtained by associating to v, ® ¢ the linear map
01 B {Q, 1) V2

(and extending linearly from the simple tensors to all tensors). The following exercise verifies
among other things that this is indeed an embedding and that in the finite dimensional case the
embedding becomes an isomorphism.

Exercise 3 (The relation between Hom(V, W) and W ® V*)
(a) Forw € W and ¢ € V*, we associate to w ® ¢ the following map V — W

v = {p,v)w.
Show that the linear extension of this defines an injective linear map

W® V" — Hom(V,W).

(b) Show that if both V and W are finite dimensional, then the injective map in (a) is an
isomorphism
W® V" = Hom(V,W).

Show that under this identification, the rank of a tensort € W ® V* is the same as the rank
of a matrix of the corresponding linear map T € Hom(V, W).

Definition 1.12. When
fIV1—>W1 and gIV2—>W2

are linear maps, then there is a linear map
feg:VieV, - W, W,
defined by the condition
(f® QW1 ®11) = f(v1)® g(v2) forallv; € Vy, vy € V).

The above map clearly depends bilinearly on (f, ), so we get a canonical map
Hom(Vl, Wl) ® Hom(Vz, Wz) — Hom(V1 RVy, Wi ® Wz),

which is easily seen to be injective. When all the vector spaces V1, Wy, V,, W, are finite dimensional,
then the dimensions of both sides are given by

dim (V1) dim (V) dim (W;) dim (W),
so in this case the canonical map is an isomorphism

HOIII(Vl, Wl) ® HOIII(VQ, Wz) = Hom(V1 RVy, Wi ® Wz)
As a particular case of the above, interpreting the dual of a vector space V as V* = Hom(V, K) and
using K®K = KK, we see that the tensor product of duals sits inside the dual of the tensor product.

Explicitly, if V1 and V; are vector spaces and ¢; € V], 2 € V, then

V1@V B {P1,01){(P2,V2)

12
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defines an element of the dual of V; ® V. To summarize, we have an embedding
VieVv, — (Vi®Vy).

If V1 and V; are finite dimensional this becomes an isomorphism
Viev; = (VieVy).

As a remark, later in the course we will notice an asymmetry in the dualities between algebras and
coalgebras, Theorems 3.34 and 3.45. This asymmetry is essentially due to the fact that in infinite
dimensional case one only has an inclusion V* ® V* C (V ® V)" but not an equality.

The transpose behaves well under the tensor product of linear maps.

LemMma 1.13
When f : Vi —» W; and g : Vo, — W, are linear maps, then the map

f®gZV1®V2—>W1®W2
has a transpose (f ® g)* which makes the following diagram commute

(f®g)

(W1 ® Wy)" (Vi® Vo)

Wi@W; ——— Vi ®V,.

feg
Proof. Indeed, for ¢ € Wi, 1 € W} and any simple tensor v; ® v; € V1 ® V, we compute

(ff®)Ne®Y),110m) =(f(p) @& 1), v1®02)
= {f (@), v1) (¢ (), v2)
=A@, f(0)) (¢, &(v2))
={p®Y, f(v1) ® g(v2))
=(p®Y,(f®Q)(v1 ®12))
=((f® Q) (p®Y),v1 ®1).

13



Hopf algebras and representations Spring 2011

14



Chapter 2

Representations of finite groups

We begin by taking a brief look at the classical topic of representations of finite groups. Here
many things are easier than later in the course when we discuss representations of “quantum
groups”. The most important result is that all finite dimensional representations are direct sums
of irreducible representations, of which there are only finitely many.

2.1 Reminders about groups and related concepts

Definition 2.1. A group is a pair (G, *), where G is a set and * is a binary operation on G
+:GXG—>G (g, h)— g+h
such that the following hold
“Associativity”: g1 #(g2* g3) = (g1* g2)* gz forall g1,82,83 € G
“Neutral element”: there exists an elemente € Gs.t. forallge Gwehaveg+e=g=exg

“Inverse”: for any g € G, there exists an element ¢! € Gsuchthat g»¢ ' =e=g¢glxg¢

A group (G, *) is said to be finite if its order |G| (that is the cardinality of G) is finite.

We usually omit the notation for the binary operation * and write simply gh := g*h. For the binary
operation in abelian (i.e. commutative) groups we often, though not always, use the additive
symbol +.
Example 2.2. The following are abelian groups

- avector space V with the binary operation + of vector addition

- the set K\ {0} of nonzero numbers in a field with the binary operation of multiplication

- the infinite cyclic group Z of integers with the binary operation of addition

- the cyclic group of order N consisting of all N complex roots of unity =ezmk/ Nlk=012...,N- 1},
with the binary operation of complex multiplication.

We also usually abbreviate and write only G for the group (G, ).

Example 2.3. Let X be a set. Then S(X) := {0 : X — X bijective} with composition of functions is
a group, called the symmetric group of X.

In the case X = {1, 2,3, ...,n} we denote the symmetric group by S,,.

15
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Example 2.4. Let V be a vector space and GL(V) = Aut(V) = {A:V — V linear bijection}
with composition of functions as the binary operation. Then GL(V) is a group, called the
general linear group of V (or the automorphism group of V). When V is finite dimensional,
dim (V) = n, and a basis of V has been chosen, then GL(V) can be identified with the group of
n X n matrices having nonzero determinant, with matrix product as the group operation.

Let K be the ground field and V = K" the standard n-dimensional vector space. In this case we
denote GL(V) = GL,,(K).

Example 2.5. The group D, of symmetries of a square, or the dihedral group of order 8, is the
group with two generators

r “rotation by /2"  m “reflection”

and relations

1’426 mzZE rmrnt = e.

Definition 2.6. Let (G1, *1) and (G, *;) be groups. A mapping f : G; — Gy is said to be a (group)
homomorphism if for all g, i € G4

flg =1 h) = f(g) = f(h).

Example 2.7. The determinant function A — det(A) from the matrix group GL,(C) to the multi-
plicative group of non-zero complex numbers, is a homomorphism since det(A B) = det(A) det(B).

The reader should be familiar with the notions of subgroup, normal subgroup, quotient group,
canonical projection, kernel, isomorphism etc.

One of the most fundamental recurrent principles in mathematics is the isomorphism theorem.
We recall that in the case of groups it states the following.

THEOREM 2.8
Let G and H be groups and f : G — H a homomorphism. Then

1°) Im(f) := f(G) C H is a subgroup.
2°) Ker (f) := f~'(len}) € G is a normal subgroup.

3°) The quotient group G/Ker (f) is isomorphic to Im (f).

More precisely, there exists an injective homomorphism f : G/Ker(f) — Im(f) such that the
following diagram commutes

G/Ker () ,

where 1 : G — G/Ker (f) is the canonical projection.

The reader has surely encountered isomorphism theorems for several algebraic structures already
— the following table summarizes the corresponding concepts in a few familiar cases

16
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Structure Morphism f Image Im (f) Kernel Ker (f)
group group homomorphism subgroup normal subgroup
vector space linear map vector subspace  vector subspace

ring ring homomorphism subring ideal

We will encounter isomorphism theorems for yet many other algebraic structures during this
course: representations (modules), algebras, coalgebras, bialgebras, Hopf algebras, .... The idea
is always the same, and the proofs only vary slightly, so we will not give full details in all cases.

A word of warning: since kernels, images, quotients etc. of different algebraic structures are
philosophically so similar, we use the same notation for all. It should be clear from the context
what is meant in each case. Usually, for example, Ker (p) would mean the kernel of a group
homomorphism p : G — GL(V) (a normal subgroup of G), whereas Ker (p(g)) would then signify
the kernel of the linear map p(g) : V — V (a vector subspace of V, which incidentally is {0} when

p(g) € GL(V)).

2.2 Representations: Definition and first examples

Definition 2.9. Let G be a group and V a vector space. A representation of G in V is a group
homomorphism G — GL(V).

Suppose p : G — GL(V) is a representation. For any g € G, the image p(g) is a linear map V — V.
When the representation p is clear from context (and maybe also when it is not), we denote the
images of vectors by this linear map simply by g.v := p(g)v € V, for v € V. With this notation the
requirement that p is a homomorphism reads (g /).v = g.(h.v). It is convenient to interpret this as a
left multiplication of vectors v € V by elements g of the group G. Thus interpreted, we say that V
is a (left) G-module (although it would be more appropriate to call it a K[G]-module, where K[G]
is the group algebra of G).

Example 2.10. Let V be a vector space and set p(g) = idy for all g € G. This is called the
trivial representation of G in V. If no other vector space is clear from the context, the trivial

representation means the trivial representation in the one dimensional vector space V = K.

Example 2.11.  The symmetric group S, for n > 2 has another one dimensional representation
called the alternating representation. This is the representation given by p(c) = sign(c) idk, where

sign(o) is minus one when the permutation o is the product of odd number of transpositions, and
plus one when o is the product of even number of transpositions.

Example 2.12. Let D, be the dihedral group of order 8, with generators r, m and relations =e,

m? = e, rmrm = e. Define the matrices

0 -1 -1 0
R—[lo] and M—|01].

Since R* = I, M? = I, RMRM = 1, there exists a homomorphism p : Dy — GLy(R) such that
p(r) = R, p(m) = M. Such a homomorphism is unique since we have given the values of it on
generators 7, m of Dy. If we think of the square in the plane R? with vertices A = (1,0), B = (0, 1),
C = (-1,0), D = (0, -1), then the linear maps p(g), g € Dj, are precisely the eight isometries of the
plane which preserve the square ABCD. Thus it is very natural to represent the group Dy in a two
dimensional vector space!

17
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the symmetry group of the square in the last example is faithful, it could be taken as a defining
representation of Dj.

When the ground field is C, we might want to write the linear maps p(g) : V — V in their Jordan
canonical form. But we observe immediately that the situation is as good as it could get:

LEmMma 2.13
Let G be a finite group, V a finite dimensional (complex) vector space, and p a representation of G
in V. Then, for any g € G, the linear map p(g) : V — V is diagonalizable.

Proof. Observe that g" = e for some positive integer 1 (for example the order of the element g or
the order of the group G). Thus we have p(g)" = p(g") = p(e) = idy. This says that the minimal
polynomial of p(g) divides x" — 1, which only has roots of multiplicity one. Therefore the Jordan
normal form of p(g) can only have blocks of size one. o

We still continue with an example (or definition) of representation that will serve as useful tool
later.

Example 2.14. Let p1, p be two representations of a group G in vector spaces V1, V5, respectively.
Then the space of linear maps between the two representations

Hom(Vy,V,) = {T:V; — V; linear}
becomes a representation by setting

T ==pa(g)oTopi(g™)

forall T € Hom(Vy, V), g € G. Asusual, we often omit the explicit notation for the representations
p1, p2, and write simply

(D@ =g(T(g'w)) foranyove Vi,

To check that this indeed defines a representation, we compute
(81082D)@) = g1. (2187 0) = 81.82(T(85"-87"0)) = £182(T((182)7"0)) = ((8182).T)(®).

Definition 2.15. Let G be a group and V1, V, two G-modules (=representations). A linear map
T :V; — V,issaid to be a G-module map (sometimes also called a G-linear map) if T(g.v) = g.T(v)

forallge G,veV.

Note that T € Hom(V4, V) is a G-module map if and only if g§.T = T for all ¢ € G, when we use
the representation of Example 2.14 on Hom(V3, V). We denote by Homg(V1, V2) € Hom(Vy, V)
the space of G-module maps from V; to V5.

Exercise 4 (Dual representation)
Let G be a finite group and p : G — GL(V) be a representation of G in a finite dimensional
(complex) vector space V.

(a) Show that any eigenvalue A of p(g), for any g € G, satisfies AI°l = 1.

(b) Recall that the dual space of V is V* = {f : V — C linear map}. For g € G and f € V* define
p’(g).f € V* by the formula

(' (Q)-f,0) = {f, p(g™).0) forallve V.

Show that p’ : G — GL(V*) is a representation.

18
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(c) Show that Tr(p’(g)) is the complex conjugate of Tr(p(g)).

Exercise 5 (A two dimensional irreducible representation of S3)

Find a two-dimensional irreducible representation of the symmetric group Ss.

Hint: Consider the three-cycles, and see what different transpositions would do to the eigenvectors
of a three-cycle.

Definition 2.16. For G a group, an element g, € G is said to be conjugate to g; € G if there exists

ahe Gsuchthat g, = hgyh™'. Being conjugate is an equivalence relation and conjugacy classes

of the group G are the equivalence classes of this equivalence relation.

Exercise 6 (Dihedral group of order 8)

The group D, of symmetries of the square is the group with two generators, r and m, and relations

r*=e m?=¢e rmrm=e.

(a) Find the conjugacy classes of Dj.

(b) Find four non-isomorphic one dimensional representations of D,.

(c) There exists a unique group homomorphism p : G — GLy(C) such that

p<r>=[? ‘01] p<m>=[‘01 (1’]

(here, as usual, we identify linear maps C? — C? with their matrices in the standard basis).
Check that this two dimensional representation is irreducible.

2.3 Subrepresentations, irreducibility and complete reducibility

Definition 2.17. Let p be a representation of G in V. If V' C V is a subspace and if p(g) V' c V’
for all g € G (we say that V’ is an invariant subspace), then taking the restriction to the invariant
subspace, g = p(g)lv defines a representation of G in V”’ called a subrepresentation of p.

We also call V’ a submodule of the G-module V.
The subspaces {0} C V and V C V are always submodules.

Example 2.18. Let T : Vi — V, be a G-module map. The image Im(T) = T(V1) € Vyisa
submodule, since a general vector of the image can be written as w = T(v), and gw = g.T(v) =
T(g.v) € Im(T). The kernel Ker (T) = T~'({0}) ¢ V; is a submodule, too, since if T(v) = 0 then

T(gv) =g.T(w)=g0=0.

Example 2.19. When we consider Hom(V, V) as a representation as in Example 2.14, the
subspace Hom¢(V1, V,) € Hom(Vy, V) of G-module maps is a subrepresentation, which, by the
remark after Definition 2.15, is a trivial representation in the sense of Example 2.10.

Definition 2.20. Let p; : G — GL(V1) and p; : G = GL(V3) be representations of G in vector
spaces V7 and V5, respectively. Let V = V; @ V; be the direct sum vector space. The representation
p: G — GL(V) given by

p()(v1 +v2) = p1(9)v1 + p2(g)v2 whenv, e VicV, vnoeV,cV

is called the direct sum representation of p; and p;.

Both V4 and V; are submodules of V1 & V5.
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Definition 2.21. Let p; : G — GL(V1) and p, : G — GL(V>) be two representations of G. We
make the tensor product space V1 ® V; a representation by setting for simple tensors

p(g) (1 ®v2) = (p1(g)v1) ® (P2(8)v2)

and extending the definition linearly to the whole of V; ® V,. Clearly for simple tensors we have

p(p(g) (01 ®02) = (p1(M)p1(9)0r) @ (p2(h)p2(8)02) = (p1(ig)or) @ (p2(hgez) = p(hg) (01 @ v2)

and since both sides are linear, we have p(h)p(g)t = p(hg)t forallt € V1 ® V,, so thatp : G —
GL(V; ® V) is indeed a representation.

A key property of representations of finite groups is that any invariant subspace has a complemen-
tary invariant subspace in the following sense. An assumption is needed of the ground field: we
need to divide by the order of the group, so the order must not be a multiple of the characteristic
of the field. In practise we only work with complex representations, so there is no problem.

ProrosiTION 2.22
Let G be a finite group. If V' is a submodule of a G-module V, then there is a submodule V' C V
such that V = V' @ V" as a G-module.

Proof. Firstchoose any complementary vector subspace U for V', thatis U € V' suchthat V = V'eU
as a vector space. Let ' : V — V’ be the canonical projection corresponding to this direct sum,
that is

@ +u) =0 whenv' € V/,u e U.

Define

1
n(v) = @Zg.n’(g‘l.v).

geG

Observe that 1t|y» = idy» and Im (71) € V7, in other words that 7t is a projection from V to V’. If we set
V" = Ker (n), then at least V = V' @ V"’ as a vector space. To show that V" is a subrepresentation,
it suffices to show that 7 is a G-module map. This is checked by doing the change of summation
variable § = h™lg in the following

1 . 1 o1 1 o
n(h.v) = @gezcg.rc (g ho) = Egezcg.n ((h 1oy 1.0) = @;hg.n (g 1.0) = h.n(v).

We conclude that V”” = Ker (7r) C V is a subrepresentation and thus V = V'@V" as a representation.
O

Definition 2.23. Let p : G — GL(V) be a representation. If there are no other subrepresentations
but those corresponding to {0} and V, then we say that p is an irreducible representation, or that
V is a simple G-module.

Proposition 2.22, with an induction on dimension of the G-module V, gives the fundamental result
about representations of finite groups called complete reducibility, as stated in the following. We

will perform this induction in more detail in Proposition 3.18 when we discuss the complete
reducibility and semisimplicity of algebras.

COROLLARY 2.24
Let G be a finite group and V a finite dimensional G-module. Then, as representations, we have

V=VieV,®---0V,

where each subrepresentation V; C V, j=1,2,...,n, is an irreducible representation of G.
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Exercise 7 (An example of tensor products and complete reducibility with Dy)
The group Dy is the group with two generators, r and m, and relations r* = e, m* = e, rmrm = e. Re-
call that we have seen four one-dimensional and one two-dimensional irreducible representation

of Dy in Exercise 6. Let V be the two dimensional irreducible representation of D4 given by

R U |10
' 1 0 " 0 1|
Consider the four-dimensional representation V ® V, and show by an explicit choice of basis for
V ® V that it is isomorphic to a direct sum of the four one-dimensional representations.

We also mention the basic result which says that there is not much freedom in constructing G-
module maps between irreducible representations. For the second statement below we need the
ground field to be algebraically closed: in practise we use it only for complex representations.

LemMma 2.25 (Schur’s Lemma)
If V and W are irreducible representations of a group G, and T : V — W is a G-module map, then

(i) either T = 0 or T is an isomorphism

(ii) if V=W, thenT = Aidy for some A € C.

Proof. 1f Ker (T) # {0}, then by irreducibility of V we have Ker (T) = V and therefore T = 0. If
Ker(T) = {0}, then T is injective and by irreducibility of W we have Im(T) = W, so T is also
surjective. This proves (i). To prove (ii), pick any eigenvalue A of T (here we need the ground field
to be algebraically closed). Now consider the G-module map T — Aidy, which has a nontrivial
kernel. The kernel must be the whole space by irreducibility, so T — Aidy = 0. m]

Exercise 8 (Irreducible representations of abelian groups)

(a) Let G be an abelian (=commutative) group. Show that any irreducible representation of G
is one dimensional. Conclude that (isomorphism classes of) irreducible representations can
be identified with group homomorphisms G — C".

(b) LetC, = Z/nZ be the cyclic group of ordern, i.e. the group with one generator c and relation
c" = e. Find all irreducible representations of C,,.

2.4 Characters

In the rest of this section G is a finite group of order |G| and all representations are assumed to be
finite dimensional.

We have already seen the fundamental result of complete reducibility: any representation of Gis a
direct sum of irreducible representations. It might nevertheless not be clear yet how to concretely
work with the representations. We now introduce a very powerful tool for the representation
theory of finite groups: the character theory.

Definition 2.26. For p : G — GL(V) a representation, the character of the representation is the
function yy : G — C given by

xv(g) = Tr(p(g))

Observe that we have
xv(e) = dim(V)

and for two group elements that are conjugates, g» = h glh‘l, we have

xv(g2) = Te(p(g2) = Tr(p(h) p(g1) p)™") = Tr(p(g1)) = xv(g)-
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Thus the value of a character is constant on each conjugacy class of G (such functions G — C are
called class functions).

Example 2.27. We have seen three (irreducible) representations of the group Ss: the trivial
representation U and the alternating representation U’, both one dimensional, and the two-
dimensional representation V in Exercise 5. The conjugacy classes of symmetric groups correspond
to the cycle decompositions of a permutation — in particular for Sz the conjugacy classes are

identity : {e}
transpositions : {(12), (13), (23)}
3-cycles : {(123), (132)}.

We can explicitly compute the trace of for example the transposition (12) and the three cycle (123)
to get the characters of these representations

| x(e) x((12)) x((123))

uip 1 1 1
u| 1 -1 1
Vi 2 0 -1

Recall that we have seen how to make the dual V* a representation (Exercise 4), how to make
direct sum V; @ V, a representation (Definition 2.20) and also how to make the tensor product a
representation (Definition 2.21). Let us now see how these operations affect characters.

ProrosITION 2.28
Let V, V1, V, be representations of G. Then we have

1) xv-(g) = xv(g)
(i) xviev,(8) = xvi(8) + xv,(8)

(iii) xviev,(8) = xvi(8) xv,(8) -

Proof. Part (i) was done in Exercise 4. For the other two, recall first that if p : G — GL(V) is
a representation, then p(g) is diagonalizable by Lemma 2.13. Therefore there are n = dim (V)
linearly independent eigenvectors with eigenvalues Ay, A,...,A,, and the trace is the sum of
these xv(g) = Z';:l Aj. Consider the representations p; : G — GL(Vy), p2 : G — GL(V3). For
g € G, take bases of eigenvectors of pi(g) and p»(g) for Vi and V), respectively: if n; = dim (V1)
(2)
5 7
B =1,2,...,ny, eigenvectors of p,(g) with eigenvalues )\I(gz). To prove (ii) it suffices to note that

and 7, = dim (V) let vfxl), a=1,2,...,m, be eigenvectors of p1(g) with eigenvalues AS), and v

v,(xl) eVicVie®V,and vff ) e Vo € Vi @ V; are the ny + np = dim (V; @ V5) linearly independent

eigenvectors for the direct sum representation, and the eigenvalues are AL
@

%

V1 ® V3, and the eigenvalues are the products /\S)A?), since

) and /\;2). To prove (iii)

note that the vectors vg) ® are the nyn, = dim (V4 ® V) linearly independent eigenvectors of

g@l @) = (@)@ (p(9v)) = A o) e o) = APAY @ @ o).

Therefore the character of the tensor product reads

Ko@) = ) AP A = (2 AY) (i AZ) = xv(8) xv,(9)-
a,p a=1 p=1
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Exercise 9 (The relation between the representations Hom(V, W) and W ® V*)

Let V, W be finite dimensional vector spaces, and recall from Exercise 3 that we have an isomor-
phism of vector spaces W® V* — Hom(V, W), which is obtained by sendingw ® ¢ € W® V* to the
linear map v — (@, v) w.

Suppose now that V and W are representations of a group G. The space W ® V* gets a structure of
a representation of G when we use the definition of a dual representation (Exercise 4) and the def-
inition of a tensor product representation (Definition 2.21). We have also defined a representation
on Hom(V, W) in Example 2.14. Check that the above isomorphism of vector spaces

We® V" = Hom(V, W)

is an isomorphism of representations of G.

How to pick the trivial part of a representation?
For V a representation of G, set
Ve = {veV(g.vzvVgeG}.

Then V¢ C V is a subrepresentation, which is a trivial representation in the sense of Example 2.10.
We define a linear map ¢ on V by

1
@(U):@Zg.v ve V.

ProrosiTion 2.29
The map ¢ is a projection V — V©.

Proof. Clearly if v € VC then ¢(v) = v, so we have ¢|yc = idyc. Forany h € G and v € V, use the
change of variables § = hg to compute

1 1w .
ho@) = & Z;; 3o =15 ZG §v = ¢(),
8¢ 8€
so we have Im (p) c V°. O

Thus we have an explicitly defined projection to the trivial part of any representation, and we
have in particular

dim (V°) = T(p) = |1€|ZXV(g)'
3€G

Now suppose that V and W are two representations of G and consider the representation
Hom(V, W). We have seen in Exercise 9 that Hom(V,W) = W ® V* as a representation. In
particular, we know how to compute the character

XHomw)(8) = Xwer-(8) = xw(g) xv-(8) = xv(g) xw(g)-

We've also seen that the trivial part of this representation consists of the G-module maps between
Vand W,
Hom(V, W)® = Homg(V, W),

and we get the following almost innocent looking consequence

dim (Homg(V, W)) = Tr(p) = %Zw(g))(w(g)-
8€G
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Suppose now that V and W are irreducible. Then Schur’s lemma says that when V and W are not
isomorphic, there are no nonzero G-module maps V — W, whereas the G-module maps from an
irreducible representation to itself are scalar multiples of the identity, i.e.

1 ifv=Ww

dim (Homg(V, W)) = { 0 otherwise °

We have in fact obtained a very powerful result.

THEOREM 2.30
The following statements hold for irreducible representations of a finite group G.

(i) If V and W are irreducible representations, then

1 ifVz=W
0 otherwise *

& Lo (e =

8€G

(ii) Characters of (non-isomorphic) irreducible representations are linearly independent.
(iii) The number of (isomorphism classes of) irreducible representations is at most the number

of conjugacy classes of G.

Remark 2.31. In fact there is an equality in (iii), the number of irreducible representations of a
finite group is precisely the number of its conjugacy classes. This will be proven in Exercise 13.

Proof of Theorem 2.30. The statement (i) was proved above. We can interpret it as saying that the
characters of irreducible representations are orthonormal with respect to the natural inner product

W, ) = ﬁ Y <G Y(g) p(g) on the space CC of C-valued functions on G. The linear independence,
(i), follows at once. Since a character has constant value on each conjugacy class, an obvious
upper bound on the number of linearly independent characters gives (iii). ]

We proceed with further consequences.

COROLLARY 2.32
LetW,,a =1,2,...,k, be the distinct irreducible representations of G. Let V be any representation,
and let m, be the multiplicity of W, when we use complete reducibility:

V= @mawa

Then we have
(i) The character xy determines V (up to isomorphism).
(ii) The multiplicities are given by

me = Y@ xvlg)

geG

(iii) We have

& LlevP = Y.

8€G

(iv) The representation V is irreducible if and only if

1
G L @F =1

8€G
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Proof. The character of V is by Proposition 2.28 given by xv(g) = Y. Ma Xxw,(g). Now (ii) is
obtained by taking the orthogonal projection to xw,. In particular we obtain the (anticipated)
fact that in complete reducibility the direct sum decomposition is unique up to permutation of
the irreducible summands. We also see (i) immediately, and (iii) follows from the same formula

combined with xv(g) xv(g) = [xv(g)*. Then (iv) is obvious in view of (iii). O

We get some more nice consequences when we consider the representation given in the following
examples.

Example 2.33. Consider the vector space CC with basis {eg|1g € G}. Forany g, h € G, set
he, = ey

and extend linearly. This defines a |G|-dimensional representation called the regular representation

of G. We denote the regular representation here by C[G] because later we will put an algebra
structure on this vector space to obtain the group algebra of G, and then this notation is standard.

Example 2.34. More generally, following the same idea, if the group G acts on a set X, then we
can define a representation on the vector space CX with basis {e,|x € X} by a linear extension of
g-ex = e(g.x). These kind of represetations are called permutation representations.

It is obvious, when we write matrices in the basis (ex)xex and compute traces, that ycx(g) is the
number of elements x € X which are fixed by the action of g. In particular the character of the
regular representation is

_JIGl ifg=e
Xcici(8) = { 0 ifg#e

We can then use Corollary 2.32 (ii) and compute, for any irreducible W,,

1 _— 1 ——
My Gl gzec xw,(8) Xcia1(8) Tel xw, () |Gl m (Wy)

Thus any irreducible representation appears in the regular representation by multiplicity given
by its dimension

C[G] = @m W,  where  my, = dim(W,).

Considering in particular the dimensions of the two sides, and recalling dim (C[G]) = |G|, we get
the following formula

Zdim(Wa)z e

Example 2.35. The above formula can give useful and nontrivial information. Consider for
example the group Sy, whose order is |[S4| = 4! = 24. We have seen the trivial and alternating
representations of S4, and since there are five conjugacy classes (identity, transposition, two disjoint
transpositions, three-cycle, four-cycle), we know that there are at most three other irreducible
representations S4. From the above formula we see that the sum of squares of their dimensions
is |S4| — 12 — 12 = 22. Since 22 is not a square, there must remain more than one irreducible, and
since 22 is also not a sum of two squares, there must in fact be three other irreducibles. The only
way to write 22 as a sum of three squares is 22 = 22 + 32 + 32, so we see that the three remaining
irreducible representations have dimensions 2, 3, 3.

Exercise 10 (Characters of the group of symmetries of the square)
Let D, be the group with two generators, r and m, and relations r* = e, m? = e, rmrm = e. Recall
that we have considered the representations of D, in Exercise 6.
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(a) Find a complete list of irreducible representations of D,, and compute the characters of all
the irreducible representations.

(b) Let V be the two-dimensional irreducible representation of D4 introduced in Exercise 6.
Verify using character theory that the representation V ® V is isomorphic to the direct sum
of four one dimensional representations (see also Exercise 7).

Exercise 11 (The standard representation of S,)
Consider the symmetric group S, on four elements, and define a four-dimensional representation
V with basis ey, e, e3,e4 by

G.e]' = ea(j) fOI'CT S 54, j: 1/2/3/4'

(a) Compute the character of V.

(b) Show that the subspace spanned by e; + e, + e3 + ey is a trivial subrepresentation of V and
show that the complementary subrepresentation to it is an irreducible three-dimensional
representation of S,.

(c) Find the entire character table of S4, that is, characters of all irreducible representations.
(Hint: You should already know a couple of irredubibles. Try taking tensor products of
these, and using orthonormality of irreducible characters.)

Exercise 12 (Example of tensor products of representations of S3)

Recall that there are three irreducible representations of S;, the trivial representation U, the
alternating representation U’ and the two-dimensional irreducible representation V found in
Exercise 5. Consider the representation V®", the n-fold tensor product of V with itself. Find the
multiplicities of U, U’ and V when V®" is written as a direct sum of irreducible representations.
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Chapter 3

Algebras, coalgebras, bialgebras and
Hopf algebras

Here we first define the algebraic structures to be studied in the rest of the course.

3.1 Algebras

By the standard definition, an algebra (which for us will mean an associative unital algebra) is

a triple (A, *,14), where A is a vector space (over a field K, usually K = C the field of complex
numbers) and * is a binary operation on A

1 AXA > A (a,b)—>axb

called the product or multiplication, and 14 is an element of A, the unit, such that the following
hold:

“Bilinearity”: the map * : A X A — A is bilinear
“Associativity”: ay * (a2 * a3) = (a1 *ap) *az for allay,a,,a3 € A

“Unitality”: foralla € Awehaveax1ly =a=14*a

We usually omit the notation for the binary operation * and write simply ab := a * b. The algebra
is said to be commutative if ab = ba for all a, b € A.

We usually abbreviate and write only A for the algebra (A, %, 14). An algebra (A, %, 14) is said to be
finite dimensional if the IK-vector space A is finite dimensional. Note that even for commutative
algebras we reserve the additive symbol + for the vector space addition in A, so the product in an
algebra is never denoted additively (unlike for groups).

For an element a € A, a left inverse of a is an element 4’ such that a’ *a = 14 and a right inverse of
a is an element a” such thata *a” = 14. An element is said to be invertible if it has both left and
right inverses. In such a case the two have to be equal since

a” = 1axa”’ = (@ =*a)*a” = a' «(axa’) = a' 14 = a,

and we denote by a~! the (left and right) inverse of a. This trivial observation about equality of
left and right inverses will come in handy a bit later.

Similarly, the unit 14 is uniquely determined by the unitality property.

Example 3.1. Any field K is an algebra over itself (and moreover commutative).
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Example 3.2.  The algebra of polynomials (with coefficients in K) in one indeterminate x is
denoted by

Klx] := {co+clx+czx2+-~+cnx”Ine]N, co,cl,...,cnelK}.

The product is the usual product of polynomials (commutative).

Example 3.3. Let V be a vector space and End(V) = Hom(V, V) = {T : V — V linear} the set of
endomorphisms of V. Then End(V) is an algebra, with composition of functions as the binary

operation, and the identity map idy as the unit. When V is finite dimensional, dim (V) = n,and a
basis of V has been chosen, then End(V) can be identified with the algebra of n X n matrices, with
matrix product as the binary operation.

Example 3.4. For G a group, let K[G] be the vector space with basis (¢¢)¢ec over the ground field
K (usually we take K = C, the field of complex numbers) and define the product by bilinearly
extending

eg*ey = egp.

Then, K[G] is an algebra called the group algebra of G, the unit is e,, where ¢ € G is the neutral
element of the group.

Definition 3.5. Let (A1, #1,14,) and (A, #, 14,) be algebras. A mapping f : A1 — A is said to be
a homomorphism of (unital) algebras if f is linear and f(14,) = 14, and for alla,b € A,

flax b) = fa) = fb).

Definition 3.6. For A an algebra, a vector subspace A’ C A is called a subalgebra if 14 € A" and

foralla’,b’ € A’ we have a’t’ € A’. A vector subspace | C A is called a left ideal (resp. right ideal,
resp. two-sided ideal or simply ideal) if for alla € A and k € | we have ak € | (resp. ka € ], resp.
both).

For | an ideal, the quotient vector space A/] becomes an algebra by setting
(a+])b+]) = ab+],

which is well defined since the three last terms in (a + k)(b + k') = ab + ak’ + kb + kk’, and are in the
ideal if k and k’ are. The unit of A/] is the equivalence class of the unit of A, thatis 14 + J.

The isomorphism theorem for algebras now states the following.

THEOREM 3.7
Let A; and A, be algebras and f : Ay — A> a homomorphism. Then

1°) Im (f) := f(A1) C A is a subalgebra.
2°) Ker (f) := f71({0}) c A; is an ideal.
3°) The quotient algebra A1 /Ker (f) is isomorphic to Im (f).

More precisely, there exists an injective algebra homomorphism f : A1/Ker (f) — A, such that the
following diagram commutes

Ay f

A1/Ker/(f) ,

where i : A1 — A1 /Ker (f) is the canonical projection to the quotient, nt(a) = a + Ker (f).
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Proof. The assertions (1°) and (2°) are easy. For (3°), take f to be the injective linear map that one
gets from the isomorphism theorem of vector spaces applied to the present case. Notice that this
f is an algebra homomorphism since

fl(a+Ker f)(b+Ker f)) = flab+Ker f) = f(ab) = f(a) f(b) = f(a+Ker f) f(b+Ker f)

and

f(lAl + Ker (f)) = f(lAl) = 1A2'

We also recall the following definition.

Definition 3.8. The center of an algebra A is the set Z C A of elements that commute with the
whole algebra, i.e.

Z = {z€A|za=az VaeA}.

3.2 Representations of algebras
The definition of a representation is analogous to the one for groups:

Definition 3.9. For A an algebra and V a vector space, a representation of A in V is an algebra
homomorphism p : A — End(V).

In such a case we often call V an A-module (more precisely, a left A-module) and write a.v = p(a)v
forae A,veV.

Definition 3.10. Let A be an algebra and py : A — End(V), pw : A — End(W) two represen-
tations of A. A linear map T : V — W is called and A-module map (or sometimes A-linear or

A-homomorphism) if for all 2 € A we have

pw(@ o T = To py(a).

In the module notation the condition for a map to be an A-module map reads

a.T(v) = T(a.v) forallae A, veV.

Given an algebra A = (A, #,14), the opposite algebra AP is the algebra AP = (A, *°P, 1,4) with the
product operation reversed

a*Pb="b=xa foralla,b e A.

Representations of the opposite algebra correspond to right A-modules, that is, vector spaces V
with a right multiplication by elements of A which satisfy v.14 = v and (v.2).b = v.(ab) forallv € V,
a,b e A.

Subrepresentations (submodules), irreducible representations (simple modules), quotient repre-
sentations (quotient modules) and direct sums of representations (direct sums of modules) are
defined in the same way as before. For representations of algebras in complex vector spaces,
Schur’s lemma continues to hold and the proof is the same as before.

The most obvious example of a representation of an algebra is the algebra itself:

Example 3.11. The algebra A is a left A-module by a.b = ab (for all a in the algebra A and b in
the module A), and a right A-module by the same formula (then we should read that a is in the
module A and b in the algebra A).
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Also the dual of an algebra is easily equipped with a representation structure.

Example 3.12. The dual A* becomes a left A-module if we define a.f € A" by

(a.f,x) = (f,xa)
for f € A", a,x € A. Indeed, the property 14.f = f is evident and we check

a.(b.f),xy = (b.f,xay = (f,(xa)b) =(f,x(ab)) = ((ab).f,x).

Similarly, the dual becomes a right A-module by the definition
(fa,x) = (f,ax)

Example 3.13. Representations of a group G correspond in a rather obvious way to representa-
tions of the group algebra C[G]. Indeed, given a representation of the group, pc : G — GL(V), there
is a unique linear extension of it from the values on the basis vectors, e, = pg(g) € GL(V) C End(V),
which defines a representation of the group algebra. The other way around, given an algebra rep-
resentation ps : C[G] — End(V), we observe that pa(eg) is an invertible linear map with inverse
paleg1), so we set ¢ - pa(eg) to define a representation of the group. Both ways the homomor-
phism property of the constructed map obviously follows from the homomorphism property of
the original map.

Exercise 13 (The center of the group algebra)
Let G be a finite group and A = C[G] its group algebra, i.e. the complex vector space with basis
(eg)4ec equipped with the product e e, = ey, (extended bilinearly).

(a) Show that the element
a = 2 a(g)eg €A

8€G
is in the center of the group algebra if and only if a(g) = a(hgh™) for all g,h € G.

(b) Suppose that « : G — C is a function which is constant on each conjugacy class, and
suppose furthermore that « is orthogonal (with respect to the inner product (i,¢) =
|G|~ Yeec Y(9)9(8)) to the characters of all irreducible representations of G. Show that
for any representation p : G — GL(V) the map },,a(g)p(g) : V — V is the zero map.
Conclude that « has to be zero.

(c) Using (b) and the earlier results about irreducible representations of finite groups, show that
the number of irreducible representations of the group G is equal to the number of conjugacy
classes of G

Recall that in Theorem 2.30 we had showed that the number of irreducible representations of a
finite group is at most the number of conjugacy classes of the group — this exercise shows that
the numbers are in fact equal.

Example 3.14. Let V be a vector space over Kand T € End(V) a linear map of V into itself. Since
the polynomial algebra K[x] is the free (commutative) algebra with one generator x, there exists a
unique algebra morphism pr : K[x] — End(V) such that x = T, namely

pT(co +ox+ X+ + cnx”) =g+ T+0T>+-+c¢,T"
Thus any endomorphism T of a vector space defines a representation pr of the algebra K[x].

Likewise, any n X n matrix with entries in K, interpreted as an endomorphism of K", defines a
representation of the polynomial algebra.
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Example 3.15. Let V be a complex vector space, and T € End(V) as above and let g(x) € C[x] be
a polynomial. Consider the algebra C[x]/{q(x)), where {(g(x)) is the ideal generated by g(x). The
above representation map pr : C[x] — End(V) factors through the quotient algebra C[x]/{g(x))

(%0

Clx] End(V)

.

Clx1/¢q(x)) ,

if and only if the ideal {(g(x)) is contained in the ideal Ker pr. The ideal Ker pr is generated by
the minimal polynomial of T (recall that the polynomial algebra is a principal ideal domain: any
ideal is generated by one element, a lowest degree nonzero polynomial contained in the ideal).
Thus the above factorization through quotient is possible if and only if the minimal polynomial
of T divides g(x). We conclude that the representations of the algebra C[x]/{q(x)) correspond to
endomorphisms whose minimal polynomial divides g(x) — or equivalently, to endomorphisms T
such that g(T) = 0.

The Jordan decomposition of complex matrices gives a direct sum decomposition of this repre-
sentation with summands corresponding to the invariant subspaces of each Jordan block. The
direct summands are indecomposable (not themself expressible as direct sum of two proper sub-
reprentations) but those corresponding to blocks of size more than one are not irreducible (they
contain proper subrepresentations, for example the one dimensional eigenspace within the block).
We see that whenever g(x) has roots of multiplicity greater than one, there are representations of
the algebra C[x]/{g(x)) which are not completely reducible.

On semisimplicity

Definition 3.16. Let A be an algebra. An A-module W is called simple (or irreducible) if the only
submodules of W are {0} and W . An A-module V is called completely reducible if V is isomorphic

to a direct sum of finitely many simple A-modules. An algebra A is called semisimple if all finite
dimensional A-modules are completely reducible.

The terms “simple module” and “irreducible representation” seem standard, but we will also
speak of irreducible modules with the same meaning,.

Definition 3.17. An A-module V is called indecomposable if it can not be written as a direct

sum of two nonzero submodules.

In particular any irreducible module is indecomposable. And for semisimple algebras the two
concepts are the same.

The following classical result gives equivalent conditions for semisimplicity, which are often
practical.

ProrosiTiON 3.18
Let A be an algebra. The following conditions are equivalent.

(i) A is semisimple, i.e. any finite dimensional A-module is isomorphic to a finite direct sum of
irreducible A-modules.

(ii) For any finite dimensional A-module V and any submodule W C V there exists a submodule
W’ C V (complementary submodule) such that V = W& W’ as an A-module.
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(iii) For any finite dimensional A-module V and any irreducible submodule W C V there exists
a submodule W' C V such that V. = W& W’ as an A-module.

(iv) For any finite dimensional A-module V and any submodule W C V there exists an A-module
map m : V — W such that |y = idw (an A-linear projection to the submodule).

(v) For any finite dimensional A-module V and any irreducible submodule W C V there exists
an A-module map n : V — W such that ni|lyy = idw.

Proof. We will do the proofs of the following implications:

(if) ~—— (iv)

(@)

(iif) ~—— (v)

Clearly (ii) = (iii) and (iv) = (v).

Let us show that (ii) and (iv) are equivalent, in the same way one shows that (iii) and (v) are
equivalent. Assume (7i), that any submodule W C V has a complementary submodule W’, that is
V = W@ W’. Then if rt is the projection to W with respect to this direct sum decomposition, we
have that forallwe W, w’ e W,a e A

@ (w+w)) = na-w+a-w') =a-w = a-n(w+w),

which shows that the projection is A-linear. Conversely, assume (iv) that for any submodule
W C V there is an A-linear projection © : V — W. The subspace W' = Ker (7) is a submodule
complementary to W = Ker (1 — n).

We must still show that (iii) = (i) and (i) = (ii).

Assume (iii) and let V be a finite dimensional A-module (we may assume immediately that
V # {0}). Consider a non-zero submodule W; C V of smallest dimension, it is necessarily
irreducible. If W; = V we’re done, if not by property (iii) we have a complementary submodule
Vi € V with dim V; < dim V and V = W; @ V;. Continue recursively to find the non-zero
irreducible submodules W,, C V,,_; and their complementaries V,, in V,_1, thatis V,.1 = W, ® V,,.
The dimensions of the latter are strictly decreasing,

dimV >dim V; >dim V, > ---,
so for some 1y € N we have W,, = V,,_; and
V=W1®W2®"'®Wn0,

proving (i).

Let us finally prove that (i) implies (ii). Suppose V = €., W;, where I is a finite index set and for
all i € I the submodule W; is irreducible. Suppose W C V is a submodule, and choose a subset
J € I such that

wn [EB w]-] = {0}, (3.1)

jel
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but thatforalliel\ ]

WN {wi o (P w,-] # {0}. (3.2)

jel

Denote by W = &5 ., W, the submodule thus obtained. By Equation (3.1) the sum of W and W’
y jer Vi y Bq

is direct, and we will prove that it is the entire module V. For that, note that by Equation (3.2) for
alli e I'\ | there exists w € W \ {0} such that w = w; + w’ with w; € W; \ {0}, w’ € W’. Therefore the
submodule W@ W’ contains the nonzero vector w; € W;, and by irreducibility we get W; c W& W’.
We get this inclusion for alli € I'\ ], and also evidently W; C W& W’ for all j € ], so we conclude

V= @wi c WeW,

i€l

which finishes the proof. O

3.3 Another definition of algebra

In our definitions of algebras, coalgebras and Hopf algebras we will from here on take the ground
field to be the field C of complex numbers, although much of the theory could be developed for
other fields, too.

The following “tensor flip” will be used occasionally. For V and W vector spaces, let us denote by
Syw the linear map that switches the components

Syw: VoW ->WeV such that Syww®w)=we®uv YoeV,weW. (3.3)

By the bilinearity axiom for algebras, the product could be factorized through A ® A, namely there
exists a linear map u: A ® A — A such that

u@®b) = ab YabeA.
We can also encode the unit in a linear map
n:C—-A A Alg.

The axioms of associativity and unitality then read

po(ida ® ) (H1)
ida = po(ida®n), (H2)

po(u®ida)
po(n®ida)

where (H1) expresses the equality of two maps A® A® A — A, when we make the usual
identifications
(ARA)®A = ARA®A = A®R(A®A)

and (H2) expresses the equality of three maps A — A, when we make the usual identifications

C®A = A = A®C.
We take this as our definition (it is equivalent to the standard definition).

Definition 3.19. An (associative unital) algebra is a triple (A, u, 1), where A is a vector space and
U:A®A - A n:C—-A

are linear maps, such that “associativity” (H1) and “unitality” (H2) hold.
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Example 3.20. If (A, u, 1) is an algebra, then setting p°F = 1054 4, i.e. u°P(a®b) = ba, one obtains
the opposite algebra A°P? = (A, u°?, n). An algebra is called commutative if P = p.

The axiom of associativity can also be summarized by the following commutative diagram

A®A
Sy
ea”b &
A
ARA®A A (H1)
@
'769 Q
%
A®A

and unitality by

2o\ T (H2)

3.4 Coalgebras

A coalgebra is defined by reversing the directions of all arrows in the commutative diagrams
defining algebras. Namely, we impose an axiom of “coassociativity”

CeC
Y
D) 4
kv
CeCsC C (H1)
P
(2
A >
7
CeC
and “counitality”
Ce®C = C = (CoC
© © s
e A @ . (H2")
2 3
CeC

Definition 3.21. A coalgebra is a triple (C, A, €), where C is a vector space and
A:C->C®C e:C->C

are linear maps such that “coassociativity” (H1’) and “counitality” (H2") hold. The maps A and €
are called coproduct and counit, respectively.
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The axioms for coalgebras can also be written as

(A®idc)o A = (idc®A) o A (H1)
(e®idc)o A = idec = (idc®€) o A. (H2")

Example 3.22. If (C A €) is a coalgebra, then with the opposite coproduct AP = Scc o A one
obtains the (co-)opposite coalgebra C*P = (C,AP,€). A coalgebra is called cocommutative if
AP = A

Exercise 14 (A coalgebra from trigonometric addition formulas)
Let C be a vector space with basis {c,s}. Define A : C — C ® C by linear extension of

cH c®c—s®s S c®s+s®c.

Does there exist € : C — C such that (C, A, €) becomes a coalgebra?

Sweedler’s sigma notation

For practical computations with coalgebras it’s important to have manageable notational conven-
tions. We will follow what is known as the Sweedler’s sigma notation. By usual properties of the
tensor product, we can for any a € C write the coproduct of a as a linear combination of simple

tensors
n

A@) = Z a;®a;.

j=1
In such expressions the choice of simple tensors, or the choice of ;a7 € C, or even the number n
of terms, are of course not unique! It is nevertheless convenient to keep this property in mind and

use the notation
A@) = Z an) ®aep)
(@)
to represent any of the possible expressions for A(a) € C ® C. Likewise, when a € C, and we write
some expression involving a sum }(, and bilinear dependency on the pair (aq), a@)), it is to be
interpreted so that any linear combination of simple tensors that gives the coproduct of a could
be used. For example, if g: C = Vand h : C — W are linear maps, then

Z g(apy) ® h(ag) represents (g®h)(Al@) e VW
@)
The opposite coproduct of Example 3.22 is written in this notation as
AP@) = SccA@) = ) aw ®aq.
@)
Another example is the counitality axiom, which reads
Z eam)ag = a = Z (@) aq).- (H2)
@) (@)
The coassociativity axiom states that
Z Z(ﬂa))a) ® (a0))) ®ap) = Z Z a) @ (a@)a) ® () (H1")
@) (@) @) (@)

By a slight abuse of notation we write the above quantity as }’,) ) ®4) ®4), and more generally
we write the n — 1-fold coproduct as

(A®idc®---®idc)o ... o (A®idc)o Aa) = 20(1)®a(z)®--'®a(m = A"(a).
(@)
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So when reading an expression involving the Sweedler’s notation }’ ), one should always check
what is the largest subscript index of the 4y in order to know how many coproducts are succes-
sively applied to a. By coassociativity, however, it doesn’t matter to which components we apply
the coproducts.

Subcoalgebras, coideals, quotient coalgebras and isomorphism theorem

As for other algebraic structures, maps that preserve the structure are called homomorphisms,
and one can define substructures and quotient structures, and one has an isomorphism theorem.

Definition 3.23. Let (Cj,Aj,€)), j = 1,2, be two coalgebras. A homomorphism of coalgebras is

linear map f : C; — C; which preserves the coproduct and counit in the following sense
Azof:(f®f)oA1 al’ld €20f:€1‘

Definition 3.24. For C = (C, A, €) a coalgebra, a vector subspace C’ C C is called a subcoalgebra
if
A(C) c CeC.

A vector subspace | C Cis called a coideal if

A(J) c JeC+C®]J and e]:O.

For | C Cacoideal, the quotient vector space C/] becomes a coalgebra by the coproduct and counit

Acya+]) = Y @p+N®(@e+])  and  ecyla+]) =€),
(a)

whose well-definedness is again due to the coideal properties of J.

The isomorphism theorem for coalgebras is the following (unsurprising) statement.
THEOREM 3.25

Let C; = (C1,A1,€1) and C; = (Cy, Az, €2) be coalgebras and f : C; — C, a homomorphism of
coalgebras. Then

1°) Im(f) := f(C1) C C, is a subcoalgebra.
2°) Ker (f) := f1({0}) c C; is a coideal.

3°) The quotient coalgebra C1/Ker (f) is isomorphic to Im (f).

More precisely, there exists an injective homomorphism of coalgebras f : C1/Ker (f) — C, such
that the following diagram commutes

C1 CZ

Cl/Ker/(f) ,

where 1t : C; — C1/Ker (f) is the canonical projection to the quotient, 7i(a) = a + Ker (f).
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Proof. To prove (1°), suppose b € Im(f), thatis b = f(a) for some a € Cy, and use the homomor-
phism property of f to get

A (b) = Ao(f(@) = (f® f)(Ma)) = Zf(aa))@f(a(z)) CIm(f) @ Im(f).
@

To prove (2°), suppose a € Ker (f), thatis f(a) = 0. Then
e1@) = ex(f(@) = &) =0

so the condition €1|Ker( = 0 is satisfied. Also we have
0 = &(0) = A(f@) = (fOHM@) = ), f@m)® flap),
(@)
from which it is easy to see, for example by taking a basis for Ker (f) and completing it to a basis
of Cy, that Ai(a) = Y, a) ® a) € Ker (f) ® Cy + C; ® Ker (f). For the proof of (3°), one takes the
injective linear map f provided by the isomorphism theorem of vector spaces, and checks that

this f is a homomorphism of coalgebras. Indeed, using the fact that f is a homomorphism of
coalgebras we get

ex(fle+Ker f)) = ex(f(e) = eilo)

and

Bo(fc + Ker f)) = Aa(f©) = (F@ M) = Y, flew) @ flep)
(0

= Z f_(C(l) + Ker f) ® f_(C(Z) + Ker f)
©

for any c € Cy. ]

3.5 Bialgebras and Hopf algebras
Definition 3.26. A bialgebra is a quintuple (B, 1, A, 17, €) where B is a vector space and

u:B®B—B A :B—>B®B
n:C—B €e:B->C

are linear maps so that (B, 1, 1)) is an algebra, (B, A, €) is a coalgebra and the following further
axioms hold

Aop = (u®u)o (idp® Spp ®idp) 0 (A® A) (H4)
Aon =nen (H5)
€Eou = €€ (HS’)
e€on = idc. (H6)
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The following commutative diagrams visualize the new axioms:

B

B®B B®B (H4)
A®A U u

B®B®B®B ——————— B®B®B®B
1d3®53,3®1d3

A
B®B <

B B®B B
nen n E®€ € (H5 and H5")
CxC C CaC C
B
A 3 (H6)
C C

In the following exercise it is checked that the axioms (H4), (H5), (H5’), (H6) state alternatively
that A and € are homomorphisms of algebras, or that u and ) are homomorphisms of coalgebras.
We will soon also motivate this definition with properties of representations.

Exercise 15 (Alternative definitions of bialgebra)
Let B be a vector space and suppose that

u:B®B—B n:C—B
A :B—B®B € :B->C

are linear maps such that (B, 11, 1) is an algebra and (B, A, €) is a coalgebra.

Show that the following conditions are equivalent:

(i) Both A and € are homomorphisms of algebras.
(ii) Both u and n are homomorphisms of coalgebras.

(iii) (B, u, A, 1, €) is a bialgebra.

Above we of course needed algebra and coalgebra structures on C and on B ® B. The algebra
structure on C is using the product of complex numbers. The coalgebra structure on C is such
that the coproduct and counit are both identity maps of C, when we identify C ® C = C (for the
coproduct) and note that C itself is the ground field (for the counit). The algebra structure on
B ® B is the tensor product of two copies of the algebra B, i.e. with the product determined by
b))V @b"") =b'b"" ®b”b"". The coalgebra structure in B ® B is the tensor product of two

copies of the coalgebra B, i.e. when A(Y’) = Y, b21) ® bfz) and A(b’) =Y bﬁ) ® bé) then the coproduct

of Y ®b"is Y, (bzl) ® bﬁ)) ® (bEZ) ® b&)) and counit is simply b’ ® b” - €(b’) e(b”).
Hopf algebras have one more structural map and one more axiom:
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Definition 3.27. A Hopf algebra is a sextuple (H, u, A, 1, €,), where H is a vector space and

u:H®H — H A:H—->H®H
n:C—H €e:H—-C
y :H—H

are linear maps such that (H, u, A, 1), €) is a bialgebra and the following further axiom holds

po(y®idy)oA = noe = po(idyg®y)oA. (H3)

The map y : H — H is called antipode. The corresponding commutative diagram is

H®H dn®y H®H
A u
H—¢ +¢c— "1 g (H3)
A u
HeH o HeH

In the Sweedler’s sigma notation the axiom concerning the antipode reads
Y Yaw)ag = e@1n = Y any@e) VaeH, (H3)
(@) @)

where 1y = 1)(1) is the unit of the algebra (H, i, ) and we use the usual notation for products in
the algebra, ab := p(a®Vb).

To construct antipodes for bialgebras, the following lemma occasionally comes in handy.

Exercise 16 (A lemma for construction of antipode)

Let B = (B, u,A,n,€) be a bialgebra. Suppose that as an algebra B is generated by a collection
of elements (gi)ic;. Suppose furthermore that we are given a linear map y : B — B, which is a
homomorphism of algebras from B = (B, u, 1) to B°? = (B, u°?, ), and which satisties

(1o (y@idp)oA)(g) = e(g)lp = (uolids®y)oA)(g)  foralliel.
Show that (B, 1, A, 1,€,y) is a Hopf algebra.

We will later see that the antipode is always a homomorphism of algebras to the opposite algebra,
so the conditions for y in the exercise are also necessary.

With the help of Exercises 15 and 16 one easily constructs examples of Hopf algebras, such as the
following two.

Example 3.28. The group algebra C[G] of a group G becomes a Hopf algebra with the definitions
Aleg) = e;®eq, eleg) =1, y(eg) = e (extended linearly).

We call this Hopf algebra the Hopf algebra of the group G, and continue to use the notation C[G]
for it.
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Example 3.29. The algebra of polynomials C[x] becomes a Hopf algebra with the definitions

A" = Z(Z) Fexk, e = 60,  y(E") = (=1)" x" (extended linearly),

ny n!
(k) kK (n—=k)!

are the binomial coefficients, and we’ve used the Kronecker delta symbol

P 1 ifn=m
L0 ifn#Em

We call this Hopf algebra the binomial Hopf algebra.

Motivated by the above examples, we give names to some elements whose coproduct resembles
one of the two examples.

Definition 3.30. Let (C, A, €) be a coalgebra. A non-zero element a € C is said to be grouplike if
A(a) = a®a. Let (B, u, A, n,€) be a bialgebra. A non-zero element x € B is said to be primitive if
Alx) =x®1p+ 15 ®x.

All the basis vectors e;, ¢ € G, in the Hopf algebra C[G] of a group G are grouplike. In fact, they
are the only grouplike elements of C[G], as follows from the exercise below.

Exercise 17 (Linear independence of grouplike elements)
Show that the grouplike elements in a coalgebra are linearly independent.

Here is one obvious example more.

Example 3.31.  If (B, u,1n, A, ¢€) is a bialgebra, then the unit 1z = n(1) € B is grouplike by the
property (H5).

Any scalar multiple of the indeterminate x in the binomial Hopf algebra C[x] is primitive. In
fact, it is easy to see that the primitive elements of a bialgebra form a vector subspace. A typical
example comes from a natural Hopf algebra structure for the universal enveloping algebra U(g)
of a Lie algebra g, where the subspace of primitive elements is precisely g € U(g).

Exercise 18 (Grouplike and primitive elements)
Let (B, u,n, A, €) be a bialgebra. Show that:

(a) for any grouplike elementa € B we have e(a) = 1

(b) for any primitive element x € B we have e(x) = 0.
If B furthermore admits a Hopf algebra structure with the antipode y : B — B then show:
(c) any grouplike element a € B is invertible and we have y(a) = a™!

(d) for any primitive element x € B we have y(x) = —x.

Definition 3.32. Let By = (By, t1, A1, 11, €1) and By = (By, 2, Ao, 112, €2) be two bialgebras. A linear
map f : By — B is said to be a homomorphism of bialgebras if f is a homomorphism of algebras

from (B1, t1, 1) to (Ba, U2, 172), and a homomorphism of coalgebras from (B1, A1, €1) to (Ba, Az, €2).
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In other words, a homomorphism of bialgebras is a linear map f that preserves the structural
maps in the following sense

four=tao(f®f), fom=m,  (f®floAi=MAof, e =€of.

Definition 3.33. Let Hy = (Hl,yl,Al, T]1,€1,)/1) and H, = (Hz, Uz, Az,ﬂz,ez,)/z) be two HOpf
algebras. A linear map f : Hy — H; is said to be a homomorphism of Hopf algebras if f is a

homomorphism of bialgebras from (Hj, u1, A1, M, €1) to (Ha, 2, Az, 112, €2) and furthermore
foyr = yaof.

In fact, one can show that in the definition of a homomorphism of Hopf algebras the condition that
f respects the antipode already follows from the properties of a homomorphism of bialgebras.

As usual, an isomorphism is a bijective homomorphism. One can explicitly classify low dimen-
sional bialgebras and Hopf algebras up to isomorphism.
Exercise 19 (Two dimensional bialgebras)

(a) Classify all two-dimensional bialgebras up to isomorphism.

(b) Which of the two-dimensional bialgebras admit a Hopf algebra structure?

Motivation for the definitions from representations

Recall that for a finite group we were able not only to take direct sums of representations, but also
we made the tensor product of representations a representation, the one dimensional vector space
a trivial representation, and the dual of a representation a representation.

Suppose now A is an algebra and py : A — End(V) and pw : A — End(W) are representations of
Ain V and W, respectively. Taking direct sums of the representations works just like before: we
set

a.(v+w) = py(v) + pw(w) forallveVcVeWandwe WCc Ve W.

Trivial representation

Can we make the ground field C a trivial representation? For a general algebra there is no canonical
way of doing so — one needs some extra structure. Conveniently, the counit is exactly what is
needed. Indeed, when we interpret End(C) = C, identifying a linear map C — C with its sole
eigenvalue, a map € : A — C becomes a one dimensional representation if and only if the axioms
(H5") and (H6) hold. So when we have a counit € we set

az = €@)zeC forzeC, (34)
and call this the trivial representation. Note that using the counit of the Hopf algebra of a group,
Example 3.28, the trivial representation of a group is what we defined it to be before.

Tensor product representation

It seems natural to ask how to take tensor products of representations of algebras, and again the
answer is that one needs some extra structure. Now the coproduct A : A — A ® A with the axioms
(H4) and (H5) precisely guarantees that the formula

pvew = (pv ® pw)o A
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defines a representation of A on V ® W. With Sweedler’s sigma notation this reads

a.(v®ew) = Z(a(l).v) ® (a@).w) forveV, we W. (3.5)
(@)

In particular, using the coproduct of the Hopf algebra of a group, Example 3.28, this definition
coincides with the definition of tensor product representation we gave when discussing groups.

Exercise 20 (Trivial representation and tensor product representation)

Check that the formulas (3.4) and (3.5) define representations if we assume the axioms mentioned.
Compare with Exercise 15. Check also that with the Hopf algebra structure on C[G] given in
Example 3.28, these definitions agree with the corresponding representations of groups.

Dual representation and the representation Hom(V, W)

How about duals then? For any representation V we’d like to make V* = Hom(V, C) a representa-
tion. This can be seen as a particular case of Hom(V, W), where both V and W are representations
— we take W to be the trivial one dimensional representation C. When we have not only a
bialgebra, but also an antipode satisfying (H3), then the formula

aT = Z pw(aay) o T o pv(y(aw)) (36)
@

turns out to work, as we will verify a little later. Again, the antipode of Example 3.28 leads to the
definitions we gave for groups.

Exercise 21 (Dual representation and the relation of W ® V* and Hom(V, W) for Hopf algebras)

(a) Let py : A — End(V) be a representation of a Hopf algebra A = (A, 1, A, 1,€,7). Check that
the formula one gets for the dual representation V* = Hom(V, C) from Equation (3.6) is

ap = (@) (9)  forallacA, pe V", (37)

that is, any a € A acts on the dual by the transposis of the action of the antipode of a.

(b) Check that when V and W are finite dimensional representations of a Hopf algebra A, then
the representations W ® V* and Hom(V, W) are isomorphic, with the isomorphism as in
Exercise 3.

Although we have given a representation theoretic interpretation for the coproduct A, the counit
€, and the antipode y, the role of the axioms (H1") and (H2’) of a coalgebra hasn’t been made clear
yet. It is easy to see, however, that the canonical linear isomorphism between the triple tensor
products

(V1@ Vy) e Vs and Vie(V,® V3)

becomes an isomorphism of representations with the definition (3.5) when coassociativity (H1’) is
imposed. Likewise, the canonical identifications of V with

VeC and CV

become isomorphisms of representations with the definition (3.4) when counitality (H2’) is im-
posed.

Thus we see that the list of nine axioms (H1), (H1"), (H2), (H2"), (H3), (H4), (H5), (H5"), (H6) is
very natural in view of standard operations that we want to perform for representations.

One more remark is in order: the “flip”

Syw: VW ->WeV VYW WU
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gives a rather natural vector space isomorphism between VW and W®V. With the definition (3.5),
it would be an isomorphism of representations if we required the coproduct to be cocommutative,
i.e. that the coproduct A is equal to the opposite coproduct AP := 5S4 4 o A. However, we choose
not to require cocommutativity in general —in fact the most interesting examples of Hopf algebras
are certain quantum groups, where instead of “flipping” the factors of tensor product by Syw we
can do “braiding” on the factors. We will return to this point later on in the course.

3.6 The dual of a coalgebra
When f : V — W is a linear map, its transpose is the linear map f*: W* — V* given by
(f (@), vy = {p, f) forallp e W', ve V.
Recall also that we have the inclusion V* ® W* C (V ® W)* with the interpretation
Yep,vew) = (P,v) (e w) fory eV, pe W, veV,weW,

and observe that the dual of the ground field can be naturally identified with the ground field
itself

C=C via C3¢o (@l eC

THEOREM 3.34
Let C be a coalgebra, with coproduct A : C — C® C and counite : C — C. Set A = C* and
po=A

Cec t: AQRA - A ,

n=c¢€¢:CoA
Then (A, u,n) is an algebra.

Proof. Denote 14 = n(1). Compute for ¢ € C* = A and c € C, using (H2’) in the last step,

(pla,c) = (P®14,Ac)) = Z<(P,C(1)) (1a,ce)y = <(P,ZC(1)€(C(2))> = {p,0)
(c) (c)

to obtain ¢ 14 = @. Similarly one proves 14 ¢ = ¢ and gets unitality for A. Associativity of u = A*
is also easy to show using the coassociativity (H2") of A. ]

In fact taking the dual is a contravariant functor from the category of coalgebras to the category
of algebras, as follows from the following observation.

LeEmma 3.35

Let C; = (Cj,Aj,€)), j = 1,2, be two coalgebras and let f : C; — C, be a homomorphism of
coalgebras. Let f* : C;, — C] be the transpose of f. Then f* is a homomorphism of algebras from
(C5, A5, €5) to (C], AL €])

Remark 3.36. If f: C; — Cy and g : C; — Cj are linear maps, then the transposes of course
satisfy (go f)' = f*o g".

Proof. The property of being a homomorphism of coalgebras means (f ® f) o Ay = Ayo f: C; —
C:®Crand €1 = €30 f : C; — C. Taking the transpose of the latter we get the equality €] = f* o €}
of linear maps C* — Cj. With the usual identification C* = C, this states that the image under f*
of the unit of C; is the unit of C]. Similarly, we take the transpose of the first property, and obtain
Ay o (f®f) = f oA, for maps (C; ® C2)* — Cj. Note that C; ® C;, € (C2 ® C2)*, and on this
subspace the maps (f ® f)* and f*® f* coincide. We conclude that the image under f* of a product
in C; is a product in C] of images under f*. m]
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3.7 Convolution algebras
One of the main goals of this section is to prove the following facts about the antipode.

THEOREM 3.37
LetH = (H,u, A, n,€,y) be a Hopf algebra.

(!) The antipode y is unique in the following sense: if y’ : H — H is another linear map which
satisties (H3), theny’ = y.

(i) The map y : H — H is a homomorphism of algebras from H = (H, 1, 1)) to H°P? = (H, u°®?, 7).
(i) The map y : H — H is a homomorphism of coalgebras from H = (H,A,e) to HP =
(H, AP, €).
In other words the property (i) says that we have
y(y) = 1 and y@ab) = y()ya) Ya,b € H.

The property (ii) says that we have

YA@) = Y y@p)y@n)  and  e(y(a) = @  VaeH.
(a)

Definition 3.38. Let C = (C A, ¢) be a coalgebra and A = (A, u,n) an algebra. For f, g linear
maps C — A define the convolution product of f and g as the linear map

frg =po(f®g)oA: C—A,

and the convolution unit 1, as the linear map

1, = noe : C— A

The convolution algebra associated with C and A is the vector space Hom(C, A) equipped with

product * and unit 1,. The convolution algebra of a bialgebra B = (B, u, A, 1), €) is the convolution
algebra associated with the coalgebra (B, A, €) and the algebra (B, u, 1), and the convolution algebra
of a Hopf algebra is defined similarly.

ProrosiTion 3.39
The convolution algebra is an associative unital algebra.

Sketch of a proof. Associativity for the convolution algebra follows easily from the associativity
of A and coassociativity of C, and unitality of the convolution algebra follows easily from the
unitality of A and counitality of C. o

Concolution algebras have applications for example in combinatorics. For now, we will use them
to prove properties of the antipode.

Proof of Theorem 3.37. Let us first prove the uniqueness (!). By (H3), the antipode y € Hom(H, H)
is the two-sided convolutive inverse of idy € Hom(H, H) in the convolution algebra of the Hopf
algebra H, that is we have

)/*idH =1, ZidH*')/.

In an associative algebra a left inverse has to coincide with a right inverse if both exist. Indeed
suppose that y” would also satisfy (H3) so that in particular idyg x 3” = 1,. Then we compute

y =yxly = yx(idg*xy) = (xidp) xy" = 1y *x)y" = .

44



Hopf algebras and representations Spring 2011

Then let us prove (i): the antipode is a homomorphism of algebras to the opposite algebra. We
must show that the antipode preserves the unit, y o n = 1, and that it reverses the product,
you = u®o(y®y). Preserving unit is easily seen: recall that 1y is grouplike, A(1y) = 15y ® 1y
and then apply (H3) to 1y to see that

1 P (o (reidn)1n® 1) = vl © ().

Now consider the convolution algebra Hom(H ® H, H) associated with the coalgebra H ® H with
coproduct and counit as follows

A(a® b) = Z am ® b(1) ®ap) ® b(z) = ((idH ® SH,H ® idH) o (A ® A))(ﬂ ® b)
(@),(b)
ex(a®b) =e(a)e(b)

and with the algebra H = (H, u, ). Note that we can write Ay, = (idy ® Sy ® idy) o (A® A) and
€, = € ® . We will show (a) that y € Hom(H ® H, H) has a right convolutive inverse y o u°f, and
(b) that y has a left convolutive inverse i o (y ® y). To prove (a), compute fora,b € H

pk(you) =po(u®yom)oh,
= o (idy ®y) o (u® ) o (idy ® Sy ®idy) o (A® A)

(Iil)yo(idH(XJ)/)vo‘u

(H3)
= noeo‘u
(str)r]o(eébe) =noe =1,

To prove (b), compute in the Sweedler’s sigma notation

(noSuuorey) xu)aob) = Z (7w v@a)) (ae be)
(@0)

e(@) ), y(b) L by
@)

e(@)e(b) 1n,

(H3)_for a
(H3)_for b

which is the value of 1, = 1 0 €; on the element 2 ® b. Now a right inverse of u has to coincide
with a left inverse of p, so we get

you = poSyuo(y®y),

as we wanted.

We leave it as an exercise for the reader to prove (ii) by finding appropriate formulas for right and
left inverses of A in the convolution algebra Hom(H, H ® H). O

COROLLARY 3.40

ForH = (H, u,A,1n,¢€,v) a Hopf algebra, V and W representations of (H, u, 1), the space Hom(V, W)
of linear maps between the representations becomes a representation by the formula of Equa-
tion (3.6),

(a.T)(U) = Z 11(1).<T(y(a(2)).v)) forae H,T € Hom(V,W),ve V.
(@)

Proof. The property 15.T = T is obvious in view of A(ly) = 1 ® 1y and y(1x) = 1y. Using the
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facts that y : H — H°P and A : H — H ® H are homomorphisms of algebras, we also check

(20D = Y a0 (ED0@e)D) = Y agbay(TO(be)y@e)0)

(a) (a),(b)
yhogem Y @b (T@abe)) “"E™ Y @b (T((@b)e)-0)
(a),(b) (ab)
= ((ab).T)) ().

CoroLLARy 3.41
Suppose thatH = (H, 1, A, 11,€,y) is a Hopf algebra which is either commutative or cocommutative.
Then the antipode is involutive, thatisy oy = idy.

Proof. Assume that A is commutative. Now, since y is a morphism of algebras A — A°P we have

yixy =po(y’®y)oA
=youPo(y®ids)oA
=youo(y®ida)oA
=yonoe = noe = 1,.
We conclude that y? is a left inverse of y in the convolution algebra (one could easily show that
y? isin fact a two-sided inverse). But id4 is a right (in fact two-sided) inverse of y, and as usually

in associative algebras we therefore get > = id4. The case of a cocommutative Hopf algebra is
handled similarly. ]

Above we showed that the antipode is an involution if the Hopf algebra is commutative or
cocommutative. The cocommutativity A(x) = A“P(x) will later be generalized a little: braided
Hopf algebras have A(x) and A“P(x) conjugates of each other and we will show that the antipode
is always invertible in such a case — in fact we will see that the square of the antipode is an
inner automorphism of a braided Hopf algebra. It can also be shown that the antipode of a finite
dimensional Hopf algebra is always invertible. The following exercise characterizes invertibility
of the antipode in terms of the existence of antipodes for the opposite and co-opposite bialgebras.

Exercise 22 (Opposite and co-opposite bialgebras and Hopf algebras)
Suppose that A = (A, u, A, 1, €) is a bialgebra.

(a) Show that all of the following are bialgebras:

- the opposite bialgebra A°P = (A, u°?, A, 1, €)
- the co-opposite bialgebra AP = (A, u, AP, 1,€)
- the opposite co-opposite bialgebra A°P“°P = (A, u°P, AP, 1), €).

Suppose furthermore thaty : A — A satisties (H3) so that (A, 1, A, 1,€,y) is a Hopf algebra.

(b) Show that A°P°P = (A, u°?, AP, n,€,y) is a Hopf algebra, called the the opposite co-opposite
Hopf algebra.

(c) Show that the following conditions are equivalent

- the opposite bialgebra A°P admits an antipode j
- the co-opposite bialgebra A“°P admits an antipode j

- the antipodey : A — A is an invertible linear map, with inverse .
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Convolution algebras are practical also for checking that any map that preserves a bialgebra
structure must in fact preserve a Hopf algebra structure (this is in fact a generalization of the
uniqueness of the antipode).

Lemma 3.42
LetH = (H u,Ane,y)and H = (H',u',A’,n,€’,y") be Hopf algebras, and let f : H — H’ be a
homomorphism of bialgebras. Then we have f oy =y’ o f.

Proof. Consider the convolution algebra Hom(H, H’) associated to the coalgebra (H,A,¢€) and
algebra (H', i, 7'). Itis easy to show that both f oy and )’ o f are inverses of f in this convolution
algebra, and consequently they must be equal. ]

Exercise 23 (The incidence coalgebra and incidence algebra of a poset)
A partially ordered set (poset) is a set P together with a binary relation < on P which is reflexive
(x 2 x for all x € P), antisymmetric (if x < y and y < x then x = y) and transitive (ifx <yandy <z
then x < z). Notation x < y means x < y and x # y. Notationx > y means y < x. Ifx,y € P and
x <y, then we call the set

[x,y] = {zeP|x=<zandz <y}
an interval in P.

Suppose that P is a poset such that all intervals in P are finite (a locally finite poset). Let Ip be the
set of intervals of P, and let Cp be the vector space with basis Ip. Define A : Cp — Cp ® Cp and
€ : Cp — C by linear extension of

Mry) = Y wAelyl . elvy) = {(1) P

z€[x,y]
(a) Show that Cp = (Cp, A, €) is a coalgebra (we call Cp the incidence coalgebra of P).

The incidence algebra Ap of the poset P is the convolution algebra associated with the coalgebra
Cp and the algebra C. Define C € Ap by its values on basis vectors C([x,y]) = 1 for all intervals
[x, y] € Ip.

(b) Show that ( is invertible in Ap, with inverse m (called the Mobius function of P) whose values
on the basis vectors are determined by the recursions

m([x,x]) =1 forallx € P
m([x,y]) = — Zzzmw m([x,z]) forallx e P, y > x.

(c) Let f : P — C be a function and suppose that there is ap € P such that f(x) = 0 unless x > p.
Prove the Mobius inversion formula: if

3@ = ) f)
y=x

then
f&) =Y, g(y) m(ly, xD.

y=x

(Hint: It may be helpful to define a f € Ap with the property f([p,x]) = f(x)and § = f % C.)
3.8 Representative forms
Let A = (A, u, 1) be an algebra.
Suppose that V is a finite dimensional A-module, and that u, u, ..., u, is a basis of V. Note that

for any a € A we can write a.u; = Y Aijuiwith A; ;€ C,1,j=1,2,...,n. The coefficients depend
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linearly on 4, and thus they define elements of the dual A;; € A called the representative forms of

the A-module V with respect to the basis u1, uy, ..., u,. The left multiplication of the basis vectors
by elements of A now takes the form

n
Cl.Ll]' = Z(/\,’J,ﬂ) U;.
i=1

The A-module property gives

Y (Aijabyui = (@h)o = a(bo) = Y (i a) (s b) ui,
i=1

ik=1

thatis

(Aijaby = Y (Aig,ay (Agj, by forallij=1,2,...,n. (3.8)
k=1

3.9 The restricted dual of algebras and Hopf algebras

Recall that for C a coalgebra, the dual space C* becomes an algebra with the structural maps
(product and unit) which are the transposes of the structural maps (coproduct and counit) of the
coalgebra.

It then seems natural to ask whether the dual of an algebra A = (A, u, ) is a coalgebra. When we
take the transposes of the structural maps

n:C—-A and U:ARA— A,
we get
7O o A

which could serve as a counit when we identify C* = C, but the problem is that the candidate for
a coproduct
piA" > (A®A) D A'®AT,

takes values in the space (A ® A)* which in general is larger than the second tensor power of the
dual, A* ® A*. The cure to the situation is to restrict attention to the preimage of the second tensor
power of the dual.

Definition 3.43. The restricted dual of an algebra A = (A, y, 1)) is the subspace A° C A* defined
as
A° = () AT ®AY).

Example 3.44. Let V be a finite dimensional A-module with basis u,u, ..., u,, and denote by
Aij €A% 1,1=1,2,...,n, therepresentative forms. Then from Equation (3.8) we get forany a,b € A

Wi a®b) = (Aijp@@b)) = (Ajjab) = Y (A a) Mgy by = Y (A ®Agj,a@b).

k=1 k=1

We conclude that

WA = ZA,,k@Ak,]- € A®A, (3.9)
k=1

and therefore A;; € A°.
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The example shows that all representative forms of finite dimensional A-modules are in the
restricted dual, and we will soon see that the restricted dual is spanned by these.

The goal of this section is to prove the following results.

THEOREM 3.45
For A = (A, u,n) an algebra, the restricted dual

(AOI [-’l*|A°/ n*le)
is a coalgebra.

THEOREM 3.46
ForH = (H, u, A, n,€,y) a Hopf algebra, the restricted dual

(HO/ A)(.|H°><H"/ lu*lH"/ e*/ n*|H°/ ’)/*|A°)

is a Hopf algebra.

Admitting the above results, we notice that one-dimensional representations of an algebra admit
the following characterization.

Exercise 24 (Grouplike elements of the restricted dual)

Let A = (A, 1) be an algebra and consider its restricted dual A° = (u*)"}(A* ® A*) with the
coproduct A = p*|4- and counit € = 1*|4-. Show that for a linear map f : A — C the following are
equivalent:

- The function f is a homomorphism of algebras.
(Remark: An interpretation is that f defines a one-dimensional representation of A.)

- The element f is grouplike in A°.

Before starting with the proofs of Theorems 3.45 and 3.46, we need some preparations.

LEmMma 3.47
Let A = (A, u,n) be an algebra and equip the dual A* with the left A-module structure of Exam-
ple 3.12. Then for any f € A* we have

feA® if and only if dim (A.f) < oo,

where A.f C A* is the submodule generated by f.

In other words, the elements of the restricted dual are precisely those that generate a finite
dimensional submodule of A*.

Remark 3.48.  Observe that A° = (u*)"}(A* ® A*) = ((u°P)")"}(A* ® A*). Thus the analogous
property holds for the right A-module structure of Example 3.12: we have f € A° if and only if
f.A C A" is finite dimensional.

Proof of Lemma 3.47. Suppose first that f € A°, so that u*(f) = Y., g ® h;, for some n € N and
gihie A',i=1,2,...,n. Then for any a,x € A we get

<a.f,x> :<f,xa> = <f,y(x®a)> = <y*(f),x®a>

n n

= ;<g,~®hi,x®a> = <g,~,x> <h,~,a> = < <h,~,a> gi,x>.

i=1 i=1
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This shows that

n

a.f = Z <h,«,a> Qi

i=1
and thus A.f is contained in the linear span of g1, ..., g», and in particular A. f is finite dimensional.
Suppose then that dim (A.f) < co. Let (g;)/_; be a basis of A.f, and observe that writing a.f in

this basis we geta.f = Y/, <hi,a> gi for some h; € A*,i=1,2,...,r. We can then compute for any
X,y €A

(i xoy) =(fa) = (vhix) = ) (hy) {gi%)

1

to conclude that u*(f) = Y.i; §i®hi € A" @ A*. m

It follows from the proof that for f € A°, the rank of y*(f) C A* ® A" is equal to the dimension of
A.f. Wein fact easily see that when y*(f) = Yi_; gi ® h; € A* ® A* with r minimal, then (g;)/_, is a
basis of A.f and (h;)!_, is a basis of f.A.

COROLLARY 3.49
If f € A°, then we have u*(f) C (A.f) ® (f.A) C A° ® A° and therefore

Wi(A%) c A°®A°.

Proof. In the above proof we've written y*(f) = ),; g ® h; with g; € A.f and h; € f.A, so the first
inclusion follows. But we clearly have also A.f C A° since for any a € A the submodule of A*
generated by the element a. f is contained in A. f, and is therefore also finite dimensional. Similarly
one gets f.A C A°. O

We observe the following.

COROLLARY 3.50
The restricted dual A° is spanned by the representative forms of finite dimensional A-modules.

Proof. In Example 3.44 we have seen that the representative forms are always in the restricted
dual. We must now show that any f € A° can be written as a linear combination of representative
forms. To this end we consider the finite dimensional submodule A.f of A*. Let (g;)!_, be a basis
of A.f, and assume without loss of generality that g1 = f and g; = b;.f withb; € A,i=1,2,...,n.

As above we observe that there exists (1), in A* such thata.f = Y <h,-,a> giforalla € A. We

compute
n n

a.gj = (ab])f = <hi,ab]-> g = Z(b]'.]/li,ﬂ> i,

i=1 i=1

so that the representative forms of A.f in the basis (g;) are A;; = b;.h;. In particular since by = 14
we have h; = A;;. It therefore suffices to show that f can be written as a linear combination of the
elements h;. But this is evident, since the (right) submodule f.A of A* contains f and is spanned
by (hi). m

We may write the conclusion above even more concretely as

f=fla= Z(gi/1A> hi = Z,<gir1A> Aid.

1 1

Now note that the restricted dual may in fact be trivial.
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Exercise 25 (Representations of the canonical commutation relations of quantum mechanics)
Let A be the algebra with two generators x and y, and one relation

xy—yx =1 (“canonical commutation relation”).

(a) Show that there are no finite-dimensional representations of A except from the zero vector
space V = {0}.

(b) Conclude that A° = {0} and that it is impossible to equip A with a Hopf algebra structure.

Proof of Theorem 3.45. From Corollary 3.49 we see that we can interpret the structural maps as
maps between the correct spaces,

*

1 A° — C.

A=y, t A > A°QA° and e=1'

A°

To prove counitality, take f € A° and write as before A(f) = u*(f) = X.; g ® hi, and compute for
any x € A

1

((e®ida)(A(f)), x) = Ze(gi) (hi, x) = Z(gi, 1a) hiyx) = (p(f),1a®x) = (f,1ax) = (f,x),

which shows (e ® id4-)(A(f)) = f, and a similar computation shows (id4- ® €)(A(f)) = f. Coasso-
ciativity of u* follows from taking the transpose of the associativity of ;1 once one notices that the
transpose maps have the appropriate alternative expressions

(da@p)|gp = idy@p = ida®p'  and  (u@ida)|, ., = p'@id, = y'®ida
on the subspaces where we need them. m]

Exercise 26 (Taking the restricted dual is a contravariant functor)
Let A and B be two algebras and f : A — B a homomorphism of algebras, and let f* be its transpose
map B* — A"

(a) Show that for any ¢ € B° we have f*(¢) € A°.

(b) Show that f*|g- : B> — A° is a homomorphism of coalgebras.

To handle restricted duals of Hopf algebras, we present yet a few lemmas which say that the
structural maps take values in the appropriate subspaces.

LemmMma 3.51
Let B = (B, u,A,1n,€) be a bialgebra. Then we have A*(B° ® B°) C B°. Also we have u*(e*(1)) =
e (1)®e*(1) so thate*(1) € B°.

Proof. Suppose f1, f» € B°, and write
W) = Y sPen®  fork=12

To show that A*(f; ® f2) € B°, by definition we need to show that u*(A*(f1 ® f2)) € B* ® B*. Let
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a,b € B and notice that the axiom (H4) saves the day in the following calculation:

WA hef)aeb =i hAuasb)

(H)
= 2 (h® f,80ba) @ a@)bey)
@)

Z (fi,ambay) {f2,80)b@))
@)

Z Z(g,(l),ﬂ(l)) (hl(»l),b(l)> (g;Z),ll(zﬁ <h§2),b(2)>
(a),(b) 1i,j

Z(g‘” ® g7, M) (" & 1P, A®))

= Z(A Ve gf)) oA (h" ® hf)), a®by.
0

We conclude that

w(A (e f) Z AV e g(z) Joa(hV e ) e BoB,

eB €B*

and since the images under A*|-gp- of simple tensors are in B°, the assertion about A* follows.
This computation also shows that axiom (H4) holds in the restricted dual.

To prove the assertion about €*, note first that with the usual identifications (¢*(1),a) = (1,€(a)) =
€(a). Take a,b € B and compute

(wEeM)aeb) = (1Le@b)) = e@eb) = (€(1)®@e(1),a®b).

In fact this also shows that axiom (H5) holds in the restricted dual. O

LeMMa 3.52
LetH = (H, u,A,1n,€,7) be a Hopf algebra. Then we have y*(H®) C H°.

Proof. Let f € H°, and for a,b € H compute

WO ()ab) = (f,y@) = (f,yGy@) = @ (f),yl) e y@)
= Y (g y®) (i, y@) = Y 07, b) ), = Y () @Y (), 8 b).

Thus we have

WO = Y Y ey(g) € H o H',
O

Sketch of a proof of Theorem 3.46. We have checked that the structural maps take values in the appro-
priate spaces (restricted dual or its tensor powers) when their domains of definition are restricted
to the appropriate spaces. Taking transposes of all axioms of Hopf algebras, and noticing that the
transposes of tensor product maps coincide with the tensor product maps of transposes on the
subspaces of our interest, one can mechanically check all the axioms for the Hopf algebra H°. O

Exercise 27 (Representative forms in a representation of the Laurent polynomial algebra)
Let A = C[t,t"'] = C[Z] be the algebra of Laurent polynomials

N
A= {Z Cnfn NeNN,c_N,c_N+1,-.-,CN-1,CN € C}

n=-N
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Define thes € A" and g, € A", for z € C \ {0}, by the formulas
(g, t") = 2" (s, 1"y = n.
(a) Show thats € A° and g, € A°.
Let us equip A with the Hopf algebra structure such that A(t) = t®t.

(b) Letz € C\ {0}. Consider the finite dimensional A-module V with basis u1,u;,...,u, such
that
tuj = zuj+ujqp Vj>1 and tuy = zug.

Define the representative forms A;; € A° by a.u; = Z?:l(Ai,j/a> u;. Show that we have the
following equalities in the Hopf algebra A°:

Aij =9 & =g
%5(5—1)---(S+i—j+1)8z ifi<j

Exercise 28 (The restricted dual of the binomial Hopf algebra)
Given two Hopf algebras (A;, i, Ai, mi,€i, i), i = 1,2, we can form the tensor product of Hopf
algebras by equipping A1 ® A, with the structural maps

U= ([11 ® Mz) o (idA1 ® SAZrAl ® idAz) A = (idAl ® SA1,A2 ®idAZ) o (A1 ®Ay)

n=m®mn € =€1®6 Y =71Q7.

Let A = C[x] be the algebra of polynomials in the indeterminate x, equipped with the unique Hopf
algebra structure such that A(x) = 1® x + x ® 1 (the binomial Hopf algebra). Show that we have
an isomorphism of Hopf algebras

A® = A®C[C],

that is, the restricted dual of A is isomorphic to the tensor product of the Hopf algebra A with the
Hopf algebra of the additive group of complex numbers.

3.10 A semisimplicity criterion for Hopf algebras

We will later in the course discuss the representation theory of a quantum group U,(sk) (for q
not a root of unity). We will explicitly find all irreducible representations, and then the task is to
verify complete reducibility.

It is fortunate that to verify semisimplicity of a Hopf algebra, it is sufficient to verify only a
particularly simple case. In this section we describe such a semisimplicity criterion for Hopf
algebras, which mimicks a standard algebraic proof of complete reducibility of semisimple Lie
algebras, and will be used for U,(sl) later in the course.

ProrosiTioN 3.53
Suppose that A is a Hopf algebra for which the following criterion holds:

e Whenever R is an A-module and Ry C R is a submodule such that R/R is isomorphic to the
one-dimensional trivial A-module, then Ry has a complementary submodule P (which then

must be one-dimensional and trivial).

Then A is semisimple.
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Remark 3.54. Actually the criterion can be stated in a superficially weaker form: it suffices that
whenever R is an A-module and Ry C R is an irreducible submodule of codimension one such that
R/Ry is a trivial module, then there is a complementary submodule P to Ry. Indeed, assuming this
weaker condition we can perform an induction on dimension to get to the general case. If Ry is
not irreducible, take a nontrivial irreducible submodule Sy C Ry. Then consider the module R/S,
and its submodule Ry/Sj of codimension one, which is trivial since (R/Sg)/(Ro/So) = R/Ry. The
dimensions of the modules in question are strictly smaller, so by induction we can assume that
there is a trivial complementary submodule Q/Sy of dimension one so that R/Sg = Ro/So ® Q/So
(here Q C R is a submodule containing Sy, and dim Q = dim Sy + 1). Now, since Sy is irreducible,
we can use the weak form of the criterion to write Q = Sy & P with P trivial one-dimensional
submodule of Q. One concludes that R = Ry & P.

In the proof of Proposition 3.53, we will consider the A-module of linear maps
Hom(V, W) : (a.f)(v) = Za(l).f(y(a(z)).v) for ac A, veV, f e Hom(V,W)
(@)

associated to two A-modules V and W. The subspace Homu(V, W) ¢ Hom(V, W) of A-module
maps from V to W is

Homyu(V,W) = {f:V — Wlinear | f(a.v) = a.f(v) forallveV,ae A}.
Generally, for any A-module V, the trivial part V4 of V is defined as
VA = (veV|av=el)v forall a e A}.
The trivial part of the A-module Hom(V, W) happens to consist precisely of the A-module maps.
LEmMma 3.55

A map f € Hom(V, W) is an A-module map if and only ifa.f = e(a) f for alla € A. In other words,
we have Homy(V, W) = Hom(V, W)4.

Proof. Assuming that f is an A-module map we calculate
@hHE) = Y aq-fOlaev) = Y any@e)f) = @) f©),
(a) ()

which shows the “only if” part. To prove the “if” part, suppose thata.f = e(a) f foralla € A. Then
calculate

f(a.v) :f(Ze(a(l))a(z).v) = Ze(ﬂa))f(u(z).v)
(a) (a)

= Z(ﬂ(nf )@a@-v) = Zﬂa)-f (v@e)ag)-0)

(@) (@)

= Zaa)'f(e(ﬂ(z))v) = a.f(v).
@

O

The observation that allows us to reduce general semisimplicity to the codimension one criterion
concerns the module Hom(V, W) in the particular case when W is a submodule of V. We are
searching for an A-linear projection to W.

LeMmMmA 3.56
Let V be an A-module and W C V a submodule. Let

r: Hom(V, W) - Hom(W, W)
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be the restriction map given by r(f) = flw for all f : V. — W. Denote by R the subspace of maps
whose restriction is a multiple of the identity of W, that is

R = r}Cidw).
Then we have

(a) Im (r|g) = Cidw
(b) R c Hom(V, W) is a submodule
(c) Ker (r|r) C R is a submodule

(d) R/Ker (r|r) is a trivial one dimensional module.

Proof. The assertion (a) is obvious, since Im (|g) € Cidw by definition and the image of any
projection p : V. — W is idw. It follows directly also that R/Ker (r|r) is a one-dimensional vector
space. All the rest of the properties are consequences of the following calculation: if f € R so that
thereisa A € C such that f(w) = Aw for all w € W, then for any a4 € A we have

(a.f)w) = Za(l).f()/(a(z)).w) = Za(l).(/\ y(a(z)).w) = /\Za(l)y(a(z)).w = Ae(a) w.
(a) (a) (@)

Indeed, this directly implies (b): (a.f)lw = Ae(a)idw. For (c), note that Ker (r) corresponds to the
case A = 0, in which case also (a.f)|lw = 0. For (d), rewrite the rightmost expression once more to
get (a.f)lw = €(a) flw and thus a.f = e(a) f + g where ¢ = a.f — €(a) f and note that glw = 0. m]

We are now ready to give a proof of the semisimplicity criterion.

Proof of Proposition 3.53. Assume the property that all codimension one submodules with trivial
quotient modules have complements. We will establish semisimplicity by verifying property (iv)
of Proposition 3.18. Suppose therefore that V is a finite dimensional A-module and W c V is a
submodule. Consider R ¢ Hom(V, W) consisting of those f : V — W for which the restriction
flw to W is a multiple of identity, and Ry consisting of those f : V' — W which are zero on W.
By the above lemma Ry ¢ R ¢ Hom(V, W) are submodules and R/Ry is the one dimensional
trivial A-module. By the assumption, then, Ry has a complementary submodule P, which is
one dimensional and trivial. Choose a non-zero © € P normalized so that nt|yy = 1idw. Then
7: V — Wis a projection to W. Since P is a trivial module, we have a.n = e(a) 77, so by Lemma 3.55
the projection 7 : V — W is an A-module map. Thus property (iv) of Proposition 3.18 holds, and
by the same Proposition, A is semisimple. m|
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Chapter 4

Quantum groups

4.1 A building block of quantum groups

This section discusses a Hopf algebra H,;, which is an important building block of quantum groups
— a kind of “quantum” version of a Borel subalgebra of the Lie algebra sl,.

g-integers, g-factorials and g-binomial coefficients

Forn € N and 0 < k < n, define the following rational (in fact polynomial) functions of g:

the g-integer ] =1+g+¢* +---+g""' = =g 4.1)

the g-factorial [=]' =M0170020 - [n — 11 =1 4.2)
: . - nfl _ [n]!

the g-binomial coefficient I[ K ]l = I =K (4.3)

and when g € C\ {0}, denote the values of these functions at g by

[n1,, [l I[ ' ]L,

respectively.
When g = 1, one recovers the usual integers, factorials and binomial coefficients.

As simple special cases one has
ol = o, 1] =1 and [op = Mmu =1
and for alln € N

l[SH:l[Z]lzl and l[’f]l=l[n’fl]|=[[n11.

The following exercise shows that the g-binomial coefficients are indeed analoguous to the ordinary
binomial coefficients in a particular noncommutative setting.

Exercise 29 (The g-binomial formula)
Suppose A is an algebra and a,b € A are two elements which satisfy the relation

ab = qba

for some g € C \ {0}.
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(a) Show that for any n € N we have

(@a+b)t = [l Z ]l b gk,
q

k=0

(b) If g = €2™/", show that (a + b)" = a" +b".

When g is a root of unity, degeneracies arise. Let p be the smallest positive integer such that 47 = 1.
Then we have
[mpl, = 0 VmeN and [n],! =0 Vnxp.

The values of the g-binomial coefficients at roots of unity are described in the following exercise.

Exercise 30 (The g-binomial coefficients at roots of unity)

Let q € C be a primitive p' root of unity, that is, ¢° = 1 and q,¢%,4°,...,q'"! # 1. Show that the
values of the q-binomial coefficients are then described as follows: if the quotients and remainders
modulo p of n and k are n = pD(n) + R(n) and k = pD(k) + R(k) with D(n), D(k) € IN and
R(n),R(k) € {0,1,2,...,p — 1}, then

n| _ (D(n)) » R(n)
k|, ~ \D) Rk |

In particular l[ Z ]I is non-zero only if the remainders satisfy R(k) < R(n).
q

The Hopf algebra H,

Let g € C\ {0} and let H, be the algebra with three generators a,4’, b and relations
aad" =a'a =1 , ab = qba.

Because of the first relation we can write 2’ = a~! in H,. The collection (b™ a")yeN, nez is a vector
space basis for H;. The product in this basis is easily seen to be

H(bmam ® bmzanz) — qmmz prti gty

Exercise 31 (The Hopf algebra structure of H;)
Show that there is a unique Hopf algebra structure on H; such that the coproducts of a and b are
given by

Al@) = a®a and Ab) = a®b+b®1.

Show also that the following formulas hold in this Hopf algebra

m
A(b"a"y = Z|[ ’Z ]l pramken @ gk (4.4)
k=0 q
e(™a") = 6mo 4.5)
)/(bmlln) — (_l)m q—m(m+l)/2—nm p g, (46)

We will assume from here on that g # 1. Then the Hopf algebra H, is clearly neither commutative
nor cocommutative. In fact, H; also serves as an example of a Hopf algebra where the antipode is
not involutive: we have for example

y(y®) = —gtyat) = g'b # b

58



Hopf algebras and representations Spring 2011

About the restricted dual of H,

Let us now consider the restricted dual Hy. By Corollary 3.50, it is spanned by the representative
forms of finite dimensional H,-modules, so let us start concretely from low-dimensional modules.
In particular, Exercise 24 tells us that one-dimensional representations of H, correspond precisely
to grouplike elements of H.

One-dimensional representations of H,

Suppose V = Cv is a one-dimensional H; module with basis vector v. We have
av = zv
for some complex number z, which must be non-zero since a € H, is invertible. Note that
a.(bv) = qb.(av) = gz b, 4.7)

which means that b.v is an eigenvector of 2 with a different eigenvalue, gz # z. Eigenvectors
corresponding to different eigenvalues would be linearly independent, so in the one dimensional
module we must have b.v = 0. It is now straighforward to compute the action of b"a",

b"a"v = 040 2" v,

from which we can read the only representative form A; ; € H,;’ in this case. We define g, € H:; as
that representative form
(gz,b"a")y = Omp 2".

By Exercise 24, the one-dimensional representations correspond to grouplike elements of H;, and
indeed it is easy to verify by direct computation or as a special case of Equation (3.9) that

H Q) = 888
To compute the products of two elements of this type, we use Equation (4.4):

m

(N(3:® gu), b"a") = (3. ® gu, A"a")) = Zﬂ T ]I (go, B4y (g, b a)
q

k=0

= Z[[ 7; ]] 6k,0 5m—k,O Zm—k+n w" = 5m,O (Zw)n = <gqu/ bman>,
k=0 q

that is, the product in Hy of these elements reads
A*(gz ® gw) = Szw-
We see that the linear span of (¢2)<c\ (o) in H; is isomorphic to the group algebra of the multiplicative

group of non-zero complex numbers C[C \ {0}].

We also remark that there is the trivial one-dimensional representation, explicitly determined by
Equation (4.5),

b"a"v = e"a")v = 6o v = (g1,0"a") v,
and the corresponding grouplike element of the restricted dual is the unit of the restricted dual
Hopf algebra, 15; = €*(1) = g1.

Two-dimensional representations of H,
Let V be a two-dimensional H,-module, and choose a basis v1, v, in which a is in Jordan canonical
q

form. Letzi,z, € C\{0} be the (different or equal) eigenvalues of 4. Recall that if v is an eigenvector
of a of eigenvalue z, then either b.v = 0 or b.v is a nonzero eigenvector of a with eigenvalue gz,
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as we saw in Equation (4.7). We continue to assume g # 0 and g # 1, but let us also assume that
g # —1, so that b has to annihilate at least one eigenvector of a and let us without loss of generality
suppose that

av = 210 and bv; = 0.

There are a few possible cases. Either a is diagonalizable or there is a size two Jordan block of a (in
the latter case the eigenvalues of 2 must coincide), and either b.v, = 0 or b.v; is a nonzero multiple
of v1 (in which case we must have z; = gz # z, by the above argument).

Consider first the case when a is diagonalizable and b.v, = 0. Then a.v; = z, v, and we easily
compute
b"a" vy = Oup z{ ™ and b"a" vy = Ouyp 2 V2.

We read that the representative forms are of the same type as before,
AMa = gz, Az1 =0, Ap =0, A2 = gz,.

Consider then the case when 7 is not diagonalizable. We may assume a normalization of the basis
vectors such that a.v; = z; v; and 4.9, = z; v, + v;. We observe that

(a-z1)%v, =0 and therefore

(a—qz1)*b.vy =b(ga—qz1)*v, = ¢° bla—z)*v, = 0.

Thus b.v; would have a generalized eigenvalue gz;, which is impossible, so we must have b.v; = 0,
too. It is now easy to compute the action of the whole algebra on the module,

b"a" vy = Oup z] ™ and b"a" vy = Omp (2’11 Uy + 1 z;’_l vl).

Here we find one new representative form: define g € H; ,forz € C\ {0}, by

(g.,b"a"y = Ompon 21

Then the representative forms are
Ma = &z, A1 =0, Mp=g., Ao =&
The coproduct in Hy of the newly found element can be read from Equation (3.9), with the result
H(g) = 8:®8.+8.8g:.
This could of course also be verified by the following direct calculation

([l*(g;)/ gt @ bmzam) — <g;, pmgh bmzam) — qmmz <g;, prtma g +n2>

_ ny+ny—1
=q . 6m1+m2,0 (nl + nZ) P

_ 0 m-1 _n n ny—1
=q 6,711,06,"2,0(11121 Z" + 72" ny 2 )

= (8. ®g: +g®g,b"Ma" @b™a™).

Consider finally the case when a is diagonalizable and b.v; is a nonzero multiple of v;. This
requires z; = 4z, and we may assume a normalization of the basis vectors such that

a.vy = qzp v1, AUy = Zp Uy, bv; =0, b, = vy.
We then have
b"a"v1 = Omp (g22)" 1 and b"a" vy = Oy 25 V2 + Oy 25 U1,
so we find one new representative form again. Defining hgl) € Hg, forz € C\ {0}, by

KD, 0"y = 6,1 2",
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the representative forms in this case read

A1 = &gz A1 =0, Ma=HY, A22 = &z
From Equation (3.9) we get the coproduct

w) = grohl’ +h e g.. (4.8)

Since H; is also a Hopf algebra, we would want to know also products of the newly found

elements. We will only make explicit the subalgebra generated by hY, leaving it as an exercise to
compute the products for elements g.. It will turn out useful to define for any k € Nand z € C\ {0}

the elements /) of the dual by
BBy = i 2,

of which we have considered the special cases hY and h? = gz The products are calculated as
follows, using Equation (4.4),

(AP @ hD), by = (i @ ), AW™a") = Zﬂ ’7 ]I O, blammy (1), o
=0 q

= [ m : k+1
= Zl[ j ]l Ojk 2" Oy " = l[ K ]l 2 W 8y
q

=0
== I[ o ]I KD, b,
q
with the result

W0 R0 = zll[ k;l ]I nkHh, (4.9)
q

The restricted dual of H, contains a copy of H,

Having done the calculations with one and two dimensional H,;-modules, we are ready to show
that the Hopf algebra H; contains a copy of H; when g is not a root of unity.

LemwMma 4.1
Letq € C\ {0} be such thath # 1 for all N € Z\ {0}. Then the algebra H; can be embedded to its
restricted dual by the linear map such that b"a" + b"d", where

a=g and b = h(ll).

This embedding is an injective homomorphism of Hopf algebras.

Proof. First, i is grouplike and thus invertible. Second, one sees from Equation (4.9) that

ab = qhgl) = qba,
which shows that the needed relations are satisfied, and the given embedding is an algebra
homomorphism. Denote by 1 = €*(1) = g1 the unit of the restricted dual Hopf algebra. From
Equation (4.8) we also read that y o

pib) = a®b+b®1,
and by the computations in Exercise 31 the values of the coproduct u*, the counit n* and the

antipode y* on the elements b"#" are uniquely determined by these conditions. Finally, the images
of the basis elements b™a" can be computed using Equation (4.9) with the result

brat = [l B,

These are non-zero and linearly independent elements of the dual when g is not a root of unity, so
the embedding is indeed injective. O
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4.2 Braided bialgebras and braided Hopf algebras

In this section we discuss the braiding structure that is characteristic of quantum groups in addition
to just Hopf algebra structure.

Recall that if A is a bialgebra, then we’re able to equip tensor products of A-modules with an
A-module structure, and the one dimensional vector space C with a trivial module structure. The
coalgebra axioms guarantee in addition that the canonical vector space isomorphisms

V1eVy)eV; = Ve (V8 V3)
and
VeC =V = CeV
become isomorphisms of A-modules. If A is cocommutative, A’ = A, and if V and W are
A-modules, then also the tensor flip
SV, w: VW ->WeV

becomes an isomorphism of A-modules. The property “braided” is a generalization of “cocom-
mutative”: we will not require equality of the coproduct and opposite coproduct, but only ask
the two to be related by conjugation, and we will be able to keep weakened forms of some of
the good properties of cocommutative bialgebras — in particular we obtain natural A-module

isomorphisms
cyw: VW ->WeV

that “braid” the tensor components.

The braid groups

Let us start by discussing what braiding usually means.

Definition 4.2.  For n a positive integer, the braid group on n strands is the group B, with
generators 01,03 . ..,0,-1 and relations

0j0j+10j =0j410j0js1 forl<j<n (4.10)

0j 0 =0k 0j for |j—k|>1. (4.11)

To see why this is called braiding, we visualize the elements as operations on n vertical strands,
which we draw next to each other from bottom to top

The operations are continuation of the strands from the top, the generators and their inverses
being visualized as follows

oj = and o =

1

Having visualized the generators in this way, the equations 07! 0; = e = gj 07" tell us to identify
i i

the following kinds of pictures
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The braid group relations tell us to identify pictures for example as shown below

(4.10) (.11)

and

Remark 4.3. In the symmetric group S,, the transpositions of consequtive elements satisfy the
relations (4.10) and (4.11). Such transpositions generate S,, so there exists a surjective group
homomorphism B, — S, such that ; — (j j + 1). In other words, the symmetric group is
isomorphic to a quotient of the braid group. In this quotient one only keeps track of the endpoints
of the strands (permutation), forgetting about their possible entanglement (braid). The kernel of
this group homomorphism is a normal subgroup of B, called the pure braid group: its elements
do not permute the order of the strands from bottom to top, but the strands can be entangled with
each other.

The Yang-Baxter equation

A collection of complex numbers (ri."; )i jklef1,2,...d) is said to satisfy the Yang-Baxter equation if

d d
Im bn ac _ mmn _la cb co.
E Ty Tek r’f] = E Tab Tie T foralli, jk,I,mmne(1,2,...,d}. (4.12)
a,b,c=1 a,b,c=1

Observe that there are d° equations imposed on d* complex numbers.

Let V be a vector space with basis (v;)_ | and define

d
R:VeV-VeV by Rweov) = Zrﬁ’}?vk@)v,.
k=1

Then the Yang-Baxter equation is equivalent with
RizoRy30Rip = RyzoRipoRos, (YBE)

where Ri5,R3 : VOV ®V - V@V ®V are defined as R, = R®idy and Ry; = idy ® R. This
equation has obvious resemblance with the braid group relation (4.10).

Example4.4. If weset R(U,-@zJj) =v;®v;foralli,j€(1,2,...,d}, thatis rf]l = 0;x0;1 and R =idyev,
then R satisfies the Yang-Baxter equation since both sides of Equation (YBE) become idygvey.

Example 4.5. If we set Rvi® vj)) =v;®u;foralli,je{l,?2,...,d} thatis ri‘]l = 0;10;x and R= Svv,

then R satisfies the Yang-Baxter equation, as is verified by the following calculation on simple
tensors

Suv@idv idv@Svy SVlV(X)idV
ViRUV®U, P Uj®Ui®U, P Uj®u®Ui P U QUi®U;
idy®S Syy®idy idy®S

®
U,‘®U]'®Uk = vi®vk®vj 5 Uk®v1'®0j —" vk®vj®vi.

Exercise 32 (A solution to the Yang-Baxter equation)

Let V be a vector space with basis v1,vs,...,vs and let q € C \ {0}. Define a linear map

qvi®v]' jfi:j
R:VeV-oVeV by Iv{(vi(g)z)]-) = v ®U; ifi<j
vj®vi+(q—q‘1)vi®v]- ifi>j
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(a) Verify that we have the following equality of linear maps V@ V@V - VeVeV

Rlz o st o Rlz = Rz3 o RlZ © Rz3- (YBE)

(b) Verify also that
(R-gidyey) o (R+q " idyey) = 0.

The notations R;; = R ® idy and Ry; = idy ® R are a special case of acting on chosen tensor
components. More generally, if T: V®V — V ® V is a linear map, then on

Ve = VeVe -V
R e

n times

we define Tj;, 1 <1i,j < n,i # j, as the linear map that acts as T on the ™" and ;™ tensor components
and as identity on the rest. Explicitly, if

d
L
T ®up) = Z tk,k’ Uy,
Lr=1
then (assuming i < j for definiteness)

d
E Lr
Tij(vkl @ ® vkn) = tki,kj vkl ®---® Ukz—l ® U1 ® Ok
Lr=1

®-~®vk/._1®vp®vk - ®U,-

i+l i+

Exercise 33 (Two ways of writing the Yang-Baxter equation)
Let V be a vector space, and let R and R be linear maps V® V — V ® V related by

R = SV,V oR.
Show that the following equalities of linear maps V®V®V — V® V ® V are equivalent

() RipoRy30Ryp = Ry30Ryp0Ro3
(ii) Ri2 0 Ri3 0 Rp3 = Rp3 0 Ry3 0 Ry. (YBE’)

Note that here we could have taken the following as definitions

Ri» = R®idy
Ry =idy ®R
Rz = (idv ® Suv) o (R ® idv) o (idv ® Suv).

ProrosiTion 4.6
IfR: V®V — V®V is bijective and satisfies the Yang-Baxter equation (YBE), then on V®"
there is a representation p : B, — Aut(V®") of the braid group B,, such that p(c;) = R; j41 for all
ji=12,...,n-1

Proof. First, if R is bijective, then clearly R; ;1 € Aut(V®") for all j. To show existence of a group
homomorphism p with the given values on the generators o, we need to verify the relations (4.10)
and (4.11) for the images Rj j+1. The first relation follows from the Yang-Baxter equation (YBE),
and the second is obvious since when |j — k| > 1, the matrix R]- j+1 acts as identity on the tensor
components k and k + 1, and vice versa. m]
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Universal R-matrix and braided bialgebras

The universal R-matrix is an algebra element, which in representations becomes a solution to
the Yang-Baxter equation. Let A be an algebra (in what follows always in fact a bialgebra or a
Hopf algebra), and equip A ® A and A ® A ® A as usually with the algebra structures given by
componentwise products, for example (a®a’) (b®V') =ab®a’l’ foralla,a’,b, b’ € A. Suppose that
we have an element R € A ® A, which we write as a sum of elementary tensors

r

R = Zsi®t,’,

i=1

with somes;, t;€ A,i=1,2,...,r. Then we use the notations

1 1

Ris =Zsi®ti®1A Ris =Zsi®1A®fi Ry =ZlA®Si®fz'~
;

Definition 4.7.  Let A be a bialgebra (or a Hopf algebra). An element R € A ® A is called a
universal R-matrix for A if

(RO) R is invertible in the algebra A ® A

(R1) for all x € A we have A°P(x) = RA(x) R™!
(R2) (A®ida)(R) = Ri3 Ros

(R3) (ida ® A)(R) = Ri3 Rao.

A pair (A, R) as aboveis called a braided bialgebra (or braided Hopf algebra, if A isa Hopf algebra).

Instead of the terms “braided bialgebra” or “braided Hopf algebra”, Drinfeld originally used
the terms “quasitriangular bialgebra” and “quasitriangular Hopf algebra”. That is why one
occasionally encounters these terms in the literature.

Example 4.8. If A is a commutative bialgebra, A = A°P, then R = 14 ® 14 is a universal R-matrix.
Thus braided bialgebras generalize cocommutative bialgebras.

Exercise 34 (Coproducts commute with a full twist)
Show that Ry1 RA(x) = A(x) Ry1 R for all x € A.

Exercise 35 (A universal R-matrix for the Hopf algebra of cyclic group)
Let A = C[Z/NZ] be the group algebra of the cyclic group of order N, generated by one element
6 such that 6N = 1,. Denote also w = exp(2ni/N). Show that the element

=
_ K ok o ol
R = N};)a) 0"®0

is a universal R-matrix for A.
Hint: To find the inverse element, Exercise 37 may help.

Exercise 36 (Another universal R-matrix)
Show that if R is a universal R-matrix for a bialgebra A, then R;ll = Saa(R™) is also a universal
R-matrix for A.

A few properties of braided bialgebras are listed in the following.
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ProrosiTiON 4.9
Let (A, R) be a braided bialgebra. Then we have

o (€®ida)(R) =14 and (ida ® €)(R) = 14
® RipRi3Ry3 = RozRizRya.

Proof. To prove the second property, write

(Rl)
R Rz R23 = R12 (A®id4)(R)

= ((Saa ®ida) 0 (A®id)(R))Riz ‘= ((Sas ®ida)(Ri3Ras)) Rez
= Ra3 Ri3 Raa.

(A" ®1ida)(R) Rz

To prove the first formula of the first property, we use two different ways to rewrite the expression

(e®idg ®ids) o (A®ida)(R). (4.13)
On the one hand, we could simply use (¢ ® id) o A = id to write (4.13) as R. On the other hand, if
we denote r = (e ®idg)(R) € A and use property (R2) of R-matrices, we get

(4 13) (€ ® ldA ® ldA)(R13R23) = (lA ® 7’) R.
The equality of the two simplified expressions, R = (14 ® r)R, implies 14 ® ¥ = 14 ® 14 since R is
invertible, and therefore we get ¥ = 14 as claimed.

The case of (id4 ® €)(R) is handled similarly by considering the expression (id ®id ® €) o (id ® A)(R)
instead of (4.13). O

The promised braiding isomorphism of tensor product representations in two different orders
goes as follows. Let A be a braided bialgebra (or braided Hopf algebra) with universal R-
matrix R € A® A, and suppose that V and W are two A-modules, with py : A — End(V) and
pw : A — End(W) the respective representations. Recall that the vector spaces V@ Wand W@ V
are equipped with the representations of A given by pyew = (pv®pw) oA and pweyv = (pw®py)oA.

ProrosiTionN 4.10
Let A be a braided bialgebra with universal R-matrixR € A®A. Thelinear mapcyw : VOW — WV
defined by

cyw = Sywo ((Pv ® Pw)(R))

is an isomorphism of A-modules. The collection (cyw)v,w A-modules Of isomorphisms of A-modules
is natural in the sense thatif f : V — V' and g : W — W’ are A-module maps, then we have

cywo(f®g) = (§®f)ocyw asmaps VW — W @ V’.
Proof. The map (pv ® pw)(R) : V® W — V ® W is bijective, with inverse (py ® pw)(R™!). Since

Syw: V®W — W® V is obviously also bijective, the map cyw is indeed a bijective linear map.
We must only show that it respects the A-module structures. Let x € A and compute

cyw 0 prew(®) = Syw o ((ov ® pw)(R)) © ((pv © pw)(AR)))
= Suw o ((pv ® pw)(RAR)))
< Syw o ((Pv ® Pw)(AOp(X)R))
= Suw o ((pv ® pw)(AP (X)) © ((ov @ pw)(R))
= ((ow ® pr)(AX)) o Syw © ((pv @ pw)(R))

= pwev(X) o cyw.
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This shows that the action by x in the different modules is preserved by cyw.

The naturality follows from an obvious calculation, which just uses the A-linearity of f : V — V’
and g : W — W’. Write the universal R-matrixasR =) ;s;®t € A®A. Letv e Vand w € W, and
calculate

(cvw o (f® Q) ®W) =cvw((f(0) ® gw))
= sV,,W,(Zsi. fo)®ti.gw)) = SV"W'(Z f(si.0) ® g(ti.w))
= (Sv',w' o(f® g))( Z(Si-v) ® (fi-w)) = ((g ®f)o Sv,w)( Z(Sz’ﬂ) ® (ti~w))

= ((g ®f)o cv,w)(v ® w).

We next show that braiding with the trivial representation does nothing, and that the braiding
respects tensor products: one can braid the the components of a tensor product one at a time in
the following sense.

LEmma 4.11
Let U, V, W be three representations of a braided bialgebra A. Then we have

(i) ccgy =1idy and cyge = idy asmapsV — V
(ii) cugvw = (cyw ®idy) o (idy ® cyw) asamapUVeIW->WeleV
(iii) CuVew = (idV®Cu,W)°(CLI,V®idW) as a map UQVIW > VW U

Proof. The claims in (i) are of course with identifications C® V = V and V® C = V. With the
universal R-matrix writtenas R = ) ;s; ® t; € A® A, and with v € V we calculate for example

ccav(180) = Scv( ) () ® (1:0) = Scv( ) e(s) @ (t:0)

1 1

With the identification C ® V = V the last expression is

Z €(s;) t;.v.

1

Using the first part of Proposition 4.9, this is finally just 14.7, that is v. The other claim in (i) is
similar.

Assertions (ii) and (iii) are direct consequences of the axioms (R2) and (R3), respectively. Consider
for example the assertion (iii). Letu € U, v € V, w € W. We have

cuvew(U v w) = SU,V®W( Z (si.u) ® (t,‘.(?] ® ZU)))

= Z (ti-(v ® w)) ® (si.u)
- Z (Z((ti)(l)'v ® (ti)(z)-w)) ® (s,-.u)

i (k)
Recall property (R3), which we write in the following form
. (R3)
Z Z si® )1y ® (t)e = (ida®A)R) = RizRpp = Z Sisk ® ty ® ;.

i) Jik
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With this formula we continue the calculation of the braiding of U with V ® W, and we get
Cuvew(@v®W) = Y (t.0) ® (t;1) @ (5j55.1)
ik

= z(tk.v) ® (CLI,W(Sk-u ® w))

k

= (idy ® Cu,w)( Z(tk.v) ® (sp.1) ® w)
k

= ((idv ® cyw) o (cuy ®idw))(v @ u @ ).

The proof of assertion (ii) is entirely parallel, using the axiom (R2) instead. ]

Note that the last property in Proposition 4.9 above is like the Yang-Baxter equation (YBE’), but
for algebra elements. When acting on representations, all components need not be the same, so
we get a slight generalization of the Yang-Baxter equation.

ProrosiTION 4.12
Let U, V, W be three representations of a braided bialgebra A. Then we have

(CV,W ®idy) o (idy ® CLI,W) o (Cu,v ®idw) = (dw® Cuv) o (Cu,w ®idy) o (idy ® CV,W)

as linear maps
URVeaW->WeVel

Proof. Justlike the above algebra version of the Yang-Baxter equation, this follows from Lemma4.11.
We first reckognize on the left hand side a piece which can be simplified with the property (i) of
the lemma. Then we use the naturality of the braiding, with ¢ = cyw and f = idy and finally
again the property (i). The calculation thus reads
(cvw ®idy) o (idv ® cyw) © (cuy ®idw) = (cyw ®idy) o cyvew
= cuwev © (idu ® cvw)
= (idw ® cyyv) o (cuw ®1idy) o (idy ® cyw).

O

Suppose that py : A — End(V) is a representation of a braided bialgebra A. The vector space V"
is equipped with the representation of A

p = (PV®PV®"'®PV)OA(n),
where A™ denotes the n — 1-fold coproduct, defined (for example) as
A" = (A®ida®---®idg) o -0 (A®ida) 0 A,

although by coassociativity we are allowed to write it in other ways if we wish.

In Proposition 4.12 taking also U = V and W = V, we get the Yang-Baxter equation. Combining
with Proposition 4.10, we have proved the following.

THEOREM 4.13

Let A be a braided bialgebra (or a braided Hopf algebra) with universal R-matrix R € A® A,
and let py : A — End(V) be a representation of A in a vector space V. Then the linear map
R:V®V - VeV given by

~

R =cyy = Syyo ((PV®PV)(R))

is a solution to the Yang-Baxter equation. Moreover, on the n-fold tensor product space V®", the
braid group action defined by R as in Proposition 4.6 commutes with the action of A.
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Braided Hopf algebras

Let A = (A, 1, A,n,€,7) be a Hopf algebra, and suppose that there exists a universal R-matrix
R e A®A, ie. that A can be made a braided Hopf algebra. We will now investigate some
implications that this has on the structure of the Hopf algebra and on the universal R-matrix.

Exercise 37 (Behavior of universal R-matrix under the antipode)
Show that for a braided Hopf algebra A we have

(y®ida)[R) = R and  (y®))R) = R

Hint: For the first statement, remember Proposition 4.9. For the second, Exercise 36 comes in
handy.

We can now prove a statement analogous to the property that in cocommutative Hopf algebras
the square of the antipode is the identity map. Here we obtain that the square of the antipode of
a braided Hopf algebra is an inner automorphism.

TaEOREM 4.14
Let A be a braided Hopf algebra with a universal R-matrix R = };s; ® t;. Then, for all x € A we
have

Y@) = uxu,

whereu € A is

u = po(y®ids)oSsaR) = Y y(t)s:

We also have
Y = uT y)u

Proof. We will first prove an auxiliary formula, -, 7 (x@2)) u xq) = €(x) u for all x € A. To get this,
calculate

Z yx@) uxa) = Z Z ylxa)y(t)sixa) = Z Z Y(tix@)sixa)
()

() i () i

= Z Z po(y® idA)(x(Z)ti ® Six(1)>

) i
= o (y ®ida) 0 Sa4(RAW))

D o (y@ida) 0 S4(APWR)

= Z Z rlxmt)xesi = Z Z Y)Y (xa)x@si

(x) i () i
H3
(=)e(x) ZV(ti) las; = e(x) u.

We will then show that y(y(x))u = ux. To do this, use the auxiliary formula for the first component
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“x(1)” of the coproduct of x € A in the third equality below

o) 2y etr) xe) u
(%)

= Y Y0t eta)u
(%)

auxiliary Z y(y(x@)) y(x@) uxa) (note that the sum represents a double coproduct)
(%)

= 2 Y(x@)y(x@) U xaq) (note that the sum represents a double coproduct)
(%)

(H3)

= 2 e(x@) y(1a) uxqa)
(x)

) y(Aa)ux = ux.

Now to prove the formula y(y(x)) = uxu~! it suffices to show that u is invertible, since then we

can multiply the above equation from the right by u~!. We claim that the inverse of u is

il = uo(ida®y?) 0Saa(R) = Z tiy(si).

Let us calculate, using the property y?(x)u = ux,

iu = Ztiyz(Sf)u = Ztiusi = Zfz‘y(fj)sjsi
i i L]
= Z)/(ti)y(tj)sj y(si) = Zy(tffi)SfV(Si)
7] i

= [JOP o (idA ® )/)( Z Sjy(si) ® tjti)
ij

P2 P o (ida®y)(RRY) = y(1a)1a = 1a.

Likewise,

uil = Zut,-)/z(si) = ZVz(ti)”VZ(Si)f

which by Exercise 37 equals }; ¢ u s;, and this expression was already computed above to be 14.

We leave it as an exercise to derive the last statement from the first. ]

Exercise 38 (Linear maps whose square is an inner automorphism)
Suppose that A is an algebra, u € A is an invertible element, and G : A — A is a linear map such
that

G(G(x) = uxu™ for all x € A.

(a) Show that G is bijective.
(b) Show that the inverse of G is given by the formula

Glx) = u'G(x)u forall x € A.

(c) Finish the proof of Theorem 4.14 by showing that the second statement follows from the
first.
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In the following two exercises we explore some further properties of the element
u = pPolda®y)R) = Y y(t)si € 4,
when the antipode y is invertible.

Exercise 39 (A central element in braided Hopf algebras)
Let A be a braided Hopf algebra such that the antipode y : A — A has an inverse y™! : A — A.
Show that y(u)u is in the center of A, i.e. y(u)ux = xy(u)u for all x € A, and that y(u) u = uy(u).

In the following exercise it’s good to recall also Exercise 34, and in part (b) one in fact needs almost
all the properties of the universal R-matrices that we have seen so far. We use the notation

Roi = SaaR) = Zti®5i~
7

Exercise 40 (Properties of the element u in braided Hopf algebras)
Let A be a braided Hopf algebra such that the antipodey : A — A has an inverse y™! : A — A.

(a) Show thate(u) = 1.
(b) Show that A(u) = (Ry;R)™ (u ® u).

(c) Show thatuy(u~!) is grouplike.

4.3 The Drinfeld double construction

There is a systematic way of creating braided Hopf algebras, the Drinfeld double construction.

Let us assume that A = (A, 4, A, 1,€,7) is a Hopf algebra such that y has an inverse y~!,and B c A°
is a sub-Hopf algebra. We denote the unit of A simply by 1 = (1), and the unit of A° (and thus
also of B) by 1. By definition, then, for any a € A we have (1*,a) = e(a). For any ¢ € B we use the
following notation for the coproduct

wip) = Z(Pm ® Q.
@)

THEOREM 4.15
Let A and B C A° be as above. Then the space A ® B admits a unique Hopf algebra structure such
that:

(i) Themap 14 : A — A®B given by a — a ® 1" is a homomorphism of Hopf algebras.
(ii) The map 1p : B°P — A ® B given by ¢ +— 1® ¢ is a homomorphism of Hopf algebras.

(iii) Foralla € A, ¢ € B we have
@e1)(1lep) = a®e.

(iv) Foralla € A, ¢ € B we have

109)@e1) = ) Y (pn,aw) (Pe, 7 @w) 4o ® o)
@ @

This Hopf algebra is denoted by D(A, B) and it is called the Drinfeld double associated to A and
B.
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Example 4.16. When A is finite dimensional, A° = A" is a Hopf algebra. It can also be shown that
the antipode is always invertible in the finite dimensional case. The Drinfeld double associated to
A and A* is then denoted simply by D(A).

Example 4.17.  When g is not a root of unity, we showed in Lemma 4.1 that the Hopf algebra H,

can be embedded to its restricted dual by a map such that a + &, b +— b. In Section 4.4 we will
consider in detail the Drinfeld double associated to the Hopf algebra H; and the sub-Hopf algebra
of Hy which is isomorphic to H,.

Proof of uniqueness in Theorem 4.15. When one claims that something exists and is uniquely deter-
mined by some given properties, it is often convenient to start with a proof of uniqueness, in the
course of which one obtains explicit formulas that help proving existence. This is what we will do
now. Denote the structural maps of D(A, B) by up, Ap, 1o, €p and yp, in order to avoid confusion
with the structural maps of A (and of A®).

In order to prove that the product ugp is uniquely determined by the conditions, it suffices to
compute its values on simple tensors. So leta,b € A, ¢, € B and use the propertiy (iii) to write
@®p)=@el)(1®¢)and h®Y) = (b®1')(1 ® ). Then calculate, assuming that ugp is an
associative product,

@ep)(hey) =@el)(1ep)el) (1)

Ywer) ( Z (P b (pe 77 b)) by ® ) L @)
@)

(i) . - )

= @o1)( ) (P, be (ee, ) (bw) (o @ 1) (1@ p)) 1@ )
@)

(i) and (ii) _ %
= Z Py, be) (pe), ¥ (bay)) (abpy ® 17) (1 ® ).
(p),(b)

By (iii) this simplifies to
@) O8Y) = Y (pa,be) (Pe,y " Cw)) abe) ® poy, (4.14)
@)

and we see that the product pp is indeed uniquely determined.

The unit in an associative algebra is always uniquely determined, and it is easy to check with the
product formula (4.14) that the unit of the Drinfeld double is

1p = np(1) = 11", (4.15)

The coproduct has to be a homomorphism of algebras. Thus using (iii): (@ ® ¢) = (@@ 1)(1®¢) =

ta(@) ts(), and (i): Ap(ta(@)) = L talaq)) ® tala) and (ii): Ap(s(@)) = Ly (@) ® (@) we
get

Ap(a®¢) = Z (@) ® p) @ (@) ® pw)- (4.16)
@)

The counit, too, has to be a homomorphism of algebras, so as above we easily get

ep@® ) = €@)(p,1). (4.17)
Finally, the antipode has to be a homomorphism of algebras from D(A, B) to D(A, B)°P, so again
by (iii) we must have yp(a ® @) = y(15(9))y(ta(a)). From (i) we get the obvious y(14(a)) = y(a) ®1".

Recall that the antipode of the co-opposite Hopf algebra is the inverse of the ordinary, and
that the antipode of the restricted dual is obtained by taking the transpose. Then (ii) gives
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yo(a(®)) = 1® () (¢). Now using (iv) and the homomorphism properties of antipodes, and
properties of transpose, we get

yoa®¢) = Z @,y @) (9o a) Y@e) ® () (9w)- (4.18)
@),()
O
Before we turn to verifying the existence part of the proof, let us already show how the Drinfeld

double construction yields braided Hopf algebras. Assume here that A is a finite dimensional
Hopf algebra with basis (¢;)7;, and let (5")%, denote the dual basis for A*, so that

0e)) = { 0 ifi#j -

We have already met the evaluation map A*® A — C given by ¢ ®a — (@, a). Let us now introduce
the coevaluation map coev : C - A ® A*, which under the identification A ® A* = Hom(A, A)
corresponds to A +— Aids. We can write explicitly

d
coev(d) = A Zei®6i.
i=1

Below we will frequently use the formula

i@l‘, bye; = b,
i=1

valid for any b € A. The combination of counitality with the defining property of the antipode is
repeatedly used abusing the notation for multiple coproducts, for example as

Z (b)) ® by ® -+ @ b1y @ b(jsz) ® -+ B by = Z (1A) ®bw)® - ®bu-2),
(@) (b)

and analoguously in other similar cases, also with ™! in the opposite or co-opposite cases.

THEOREM 4.18 .

Let A be a finite dimensional Hopf algebra with invertible antipode, and let (¢;)?_, and (5"}, be
dual bases of A and A*. Then the Drinfeld double D(A) is a braided Hopf algebra with a universal
R-matrix

d
R = (14 ® ta-)(coev(l)) = Z(e@l*)@(l@af).
i=1

Proof. Let us start by showing (R0), i.e. that R is invertible. The inverse is given by
R =Y (erer)e1ed)
i
as Exercise 37 requires. We compute

RR = (Z(e,- e1)e 1) (Y 0e)e1)edes)

]
- Y ene)e 1)1 e o).

i,j
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We would like to show that this elements of D(A) ® D(A) =AQA*®A® A" isthe unit 1p @ 1p =
1®1"®1®1". Consider evaluating the expressions in A ® A* ® A ® A* in the second and fourth
components at b € A and ¢ € A. By the above calculation we see that R R evaluates to

Z eiy(e) ® 1 (1", by (6'0/,c) =e(b) Z Z eiy(e) ® 1 (', cay) (&, c))
ij ij ()
= e(b) Z cyy(ce) ®1 = ebe(c) 101
(c)
But the unit 1®1* ®1®1* would obviously have evaluated to the same value, so we conclude that
Risarightinverse: RR=1®1*®1®1*. To show that R is a left inverse is similar.

To prove property (R1), note that the set of elements that verifies the property
S = {xeDW) : AFWR = RAp(E)

is a subalgebra of D: indeed the unit 19 = 1 ® 1* has coproduct Ap(1p) = 1p ® 1p = AP(1p) so it
is clear that 1p € S, and if x, y € S, then

AFEYR = AFOAFTHR = AFORAp(Y) = RAp(X)Ap(y) = RAp(xy).

By the defining formulas for the products in a Drinfeld double, elements of the form 2 ® 1* and
1 ® ¢ generate D(A) as an algebra, so it suffices to show that the property (R1) holds for elements
of these two forms.

Consider an element of the form a ® 1*. We only need the easy product formulas in the Drinfeld
double to compute

AF@e1)R = Y Y (@ @1)(@e1)e(@ne1)(1es)
i @

= Z Z‘ ((a(z)e,- ® 1*)) ® ((ﬂ(l) ® 6i))/

i (@)
but for the other term we need the more general products
RAp@a®1) = Z Z (€81 (an 1))@ (18 5) (g ® 1))
i ()

=YY (eane1)e (Y (e r @) (6, aw) a0 © )e)

i (a) ©)

To show the equality of these two expressions in D® D = A ® A*® A ® A", evaluate in the second
and fourth components on two elements b, c of A. The first expression evaluates to

Z Z e(b) <6i, C> ap)ei ®awm) = Z e(b) ape)c ® aga)

i@ (@)
and the second to
Y XY ) (e e) (6D, 7 @) () aw) eaa ® ac
i (a) (8)
=¢e(b) Z Z <5i, ag) C)/_l(a(z))> eid) ® ae)

T @
=€(b) Z ag ¢ y_l (a@) aqy ® a3 (now use (H3) and (H2') for A°P)
(@)

=€) ), apc ®aq),
(a)
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which is the same as the first. We conclude that for all 2 € A the equality A°’(a® 1" )R = RA(@a ®1%)
holds.

Showing that elements of the form 1 ® ¢ satisfy the property is similar. We have then shown that
the set of elements S for which A°P(x)R = RA(x) holds is a subalgebra containing a generating
set of elements, so S = D(A). Since we have also shown that R is invertible, we now conclude
property (R1).

Properties (R2) and (R3) of the R-matrix are similar and they can be verified in the same way. We
leave this as an exercise. O

Exercise 41 (Properties (R2) and (R3) for the universal R-matrix of a Drinfeld double)
Finish the proof of Theorem 4.18 by veritying the properties (R2) and (R3) for R and D(A).

We should still verify that in the Drinfeld double construction the structural maps pp, Ap, N,
€p and yp, given by formulas (4.14 — 4.18), satisfy the axioms (H1 — H6). This is mostly routine
and we will leave checking some of the axioms to the dedicated reader. In view of formulas (4.14
—4.18) it is also clear that the embedding maps 14 : A — D(A, B) and 1 : BP — D(A, B) are
homomorphisms of Hopf algebras.

For checking the associativity property we still introduce a lemma. Note that the product (4.14)
can be written as

p = (U®A)o(ida®T®idp) : ASB®A®B —» A®B, (4.19)
where 7: B® A — A® B is given by

(p®a) = Z (P, ae) (Pe), Y™ (aw)) a) ® Pe)
@/9)

LEMMa 4.19
We have the following equalities of linear maps

to(idp®u) =(u®idg)o(ida®T1)0o(1®ids) : BRA®A > A®B
To(A*"®idy) = (ida®A")o(t®idp) o (idg®T) : BRB®A - A®B

Proof. Consider the first claimed equation. We take ¢ € B and a,b € A, and show that the values
of both maps on the simple tensor ¢ ® a ® b are equal. Calculating the left hand side, we use the
homomorphism property of coproduct

wpoab) = Y. (pay, @) (P, (@) @b @ pe)
(¢),(ab)

Z (P a@be) (e, 7™ @nbe)) aebe © po-
@ @,0)

We then calculate the right hand side using in the second and third steps coassociativity and
definition of the coproduct y*|p in B C A°, respectively,

(u®idp) o (ida® 1) 0o (T®ida) (@ ®a®Db)

= (u&idp) o (da @) Y (a3 (Pe, @) ap ® pe) @ b)
(p).(a)

= (u®ids)( Z (P, a0) (@6, 7 @) (e, be) (pw, Y b)) ae) ® be) ® p)
@ @0

= Z (P, a3bE) (P, (b)Y ™ @w)) aebe) ® o).
(@)(a),(b)

By the anti-homomorphism property of y~!, the expressions are equal, so we have proved the first
equality. The proof of the second equality is similar. ]

75



Hopf algebras and representations Spring 2011

Sketch of a proof of the Hopf algebra axioms in Theorem 4.15. Letus check associativity (H1) of D(A, B).
Using first Equation (4.19), then the second formula in Lemma 4.19, and finally changing the order
of maps that operate in different components, we calculate

Up o (up ®idp) = (H®A) o (ida®T®idp) o (WO A" ®ids ®idp) o (ida ® T®idp ®ids ®idp)
= ([.l ® A*) o (idA ®idg A" ® idB) o (idA RTRidp® idB) o (idA Ridg®T® idB)
o ([J ®idg ®idp ®idy ®idp) o (idy ® T ®idg ® id4 ® idp)
=(U®A)o(u®ida) ® (A" ®idp)) o (ids ®ids ® T ®idp ®idp) o (ida ® T ® T ® idp).
Likewise, with the first of the formulas in the lemma, we calculate
Up o (idp ® lle)) = (y ®A") o (idy ® T®idp) o (ida ®id3y QU AN)o(idy ®idg ®idg @ T ®idp)
=(U®A")o(idys®u®idg®idp) o (idy ®ids ® T®idp) 0 (ids ® T®ids ® idp ® idp)
o(idy ®idg ®idy ®ids ® A") o (idy ® idp ®ids ® T ® idp)
=(U®A") o ((ida®u)®(idp ®A")) o (ida ®ids ® T ®idp ®idp) o (ida ® T ® T ®idp).

Using associativity (H1) for both algebras (A, u, 1) and (B, A*, €*) we see that these two expressions
match and associativity follows for the Drinfeld double D(A, B).

Some of the other axioms are very easy to check. Consider for example coassociativity (H1") of
D(A, B). In view of Equation (4.16), and coassociativity of both A and B, we have

(Ap®idp) o Apa® @) = Z Z Z Z (@) ® (@)@ ® (@) @ (Pe)a) @ ae) ® @)
@ (@) (aq) (@)

= Z Z Z Z am) ® ) ® (1)) @ (Pm)e ® @)e) ® (Pa)y)

@) (9) (@) (@)
= (idz) ® Az)) oAp(a® gO)

Exercise 42 (The Drinfeld double of the Hopf algebra of a finite group)
Let G be a finite group, and A = C[G] the Hopf algebra of the group G. Let (¢4)¢ec be the natural
basis of A, and let (f;)4ec be the dual basis of A*.

(a) Show that A* is, as an algebra, isomorphic to the algebra of complex valued functions on G
with pointwise multiplication: when ¢, : G — C, the product ¢y is the function defined

by (p1)(8) = p(Q)Y(g) forall g € G.

(b) Find explicit formulas for the coproduct, counit and antipode of A" in the basis (f;)qec-
Let D(A) be the Drinfeld double of A.

(c) Find explicit formulas for the coproduct, counit and unit of D(A) in the basis (e; ® f¢)qheG-

(d) Show that the product [1p and antipode yp of D(A) are given by the following formulas

uo((ew ® f) ® (en ® fy)) = Sy pgit ewn ® fo
yo(en® fg) =ep1 ® fugp.

4.4 A Drinfeld double of H, and the quantum group U, (s)

A Drinfeld double of H, for g not a root of unity

Let g € C\ {0}, and assume throughout that gV # 1 for all N # 0. Recall that as an algebra, H, is
generated by elements a, a7}, b subject to the relations

aa’t=1 , ala=1 , ab=gba.
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The Hopf algebra structure on H, is then uniquely determined by the coproducts of a and b,
A@)=a®a , Ab)=a®b+b®1.

We have considered the elements 1*,4,471,b € H; given by
<1*/ bmﬂn) = 6m,0 ’ <dil/ bmﬂn) = 67!1,0 qin s <B/ bmﬂn) = 6m,1-

Let Hy c H; be the Hopf subalgebra of H generated by these elements. By Lemma 4.1, Hj
is isomorphic to H, as a Hopf algebra by the isomorphism which sends a - 4 and b - b. In
particular, (E’” ") meN,nez is a basis of H;

For the Drinfeld double we need the inverse of the antipode. This is given in the following.

Exercise 43 (A formula for the inverse of the antipode in H,)
Show that in the Hopf algebra H,, the antipode y is invertible and its inverse is given by

V_l(bmlln) — (_1)11 q—%m(m—l)—mn 7

Therefore we can consider the associated Drinfeld double, D, = Z)(Hq,H"i). Both H,; and HL’7 are
embedded in Dy, so let us choose the following notation for the embedded generators

a=@=a01l" p =10 =00l a=wy@=10a p=ub=1b
We have, by properties (i), (ii), (iii) of Drinfeld double
BB & = b @b
and these elements, for m, m’ € IN and n,n’ € Z. form a basis of D,.

Let us start by calculating the products of the elements a, 8, @, f € D;. Among the products of the
generators of D,, property (i) makes those involving only a and f trivial, and property (ii) makes
those involving only & and f trivial. Also by property (iii) there is nothing to calculate for the
products a @, a3, B&, B . For the rest, we need the double coproducts of a and b,

(A®idp,) o Alr) =a®a®a
(A®idy,)oA(b) =a®a®b+a®b®1+b®1®1,
and of @ and b for which the formulas are the same. We also need particular cases of Exercise 43,
yla) =at , y ') = —ba'.
The products that require short calculations are

aa = {@a) @Gy ') a®d = ad
—_—— —

:q :q,1
and
ap = @by @y ) a®di+ @1) @y @) beda+ @1y @y () 1ea
~——— —, —— N~ — —— S~ —,—
=0 =1 =1 =q! =1 =0
=q" Ba
and

Ba = @a)y b,y Ya)y a®a+ @a) (1,7 Ya) a®da+ (ba) (1',y ' (a)) a®ad

=q =0 =q =1 =0 =1
=qap
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and
@by b,y Ma)ya®d+ (1) b,y a)b®d+(d1) by (b)) 14
+4a,by (1, y @)y a®b+ (@ 1) (1,7 @)y beb+ (1) 1",y (b)) 1®b
+(b,by (15, y N a))y a® 1" + (b, 1) (1", y (@)) b® 1" + (b, 1) (1", y ' (b)) 1® 1"
—a+pp+a

=
=
I

We get the following description of D,.

ProrosiTIiON 4.20
The Hopf algebra D, is, as an algebra, generated by elements «a, a’l, B, a, d‘l,ﬁ with relations

act =1 = ala aa' =1 =a'a
ap =qpa ap =qpa
af =q7' Ba ap =q' pa
ad = da BB-PBB =a-a.

The Hopf algebra structure on D, is the unique one such that

Ae) = a®a  A@) = aea APB) = a®p+p1 AP = fea+1e

=™

Proof. It is clear that the elements generate D;, and we have just shown that the above relations
hold for the generators. Using the relations it is possible to express any element of D, as a linear
combination of the vectors f"a"f™ @". Since these are linearly independent in D, it follows that
the algebra D, has a presentation given by the generators and relations as stated. The coproduct
formulas for a, @, B, B are obvious in view of requirements (i) and (ii) of Drinfeld double, and it is
a standard calculation to show that the structural maps are determined by the given values. O

The quantum group U,(s;) as a quotient of D,

To take quotients of Hopf algebras we need the notion of Hopf ideals. A vector subspace | in a
Hopf algebra H is a Hopf ideal if ] is a two-sided ideal of H as an algebra (i.e. u(J® H) C | and

u(H®]) c]), and | is a coideal of H as a coalgebra (i.e. A(J) C J® H+H® Jande|; =0)and |
is an invariant subspace for the antipode (i.e. y(J) C J). These requirements are precisely what
one needs for the structural maps to be well defined on the equivalence classes x + | that form the
quotient space H/J.

LEmMma 4.21
The element k = a & is a grouplike central element in D;, and the two-sided ideal ], generated by
x —1is a Hopf ideal.

Proof. We have
Ak) = Alad) = A@)A@) = (a®a)(@®d) = (ad®@ad) =k ®K,

so k is grouplike. To show thatitis central, it suffices to show that it commutes with the generators,
but this is easily seen from the relations in Proposition 4.20: for example

aK =aad = alda = Ko
px = paa = q‘l apa = q‘l qaap = xp,

and similarly for commutation with & and 3. The two sided ideal generated by x — 1 is spanned
by elements of the form x(x — 1)y, where x, y € D,. To show that it is a coideal, we first compute

Ak=1) = k®x-1®1 = (k-1)®x+1®(K—-1) € [;®D;+D;® ;.
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Then, using A(x(x — 1)y) = A(x) A(x — 1) A(y), the more general result A(J;) € J; ® D, + D; ® ],
follows. To show that J, is stable under antipode, we first compute

yk-1) = alal-1 = atal(l-aa) = -alal(x-1) € Jg-

Then, using y(x(x—1)y) = y(y) y(x—1) y(x), the more general result y(J;) C J; follows. To show that
€lj, = Onote thate(k—1) = e(x)—€(1) = 1-1 = 0 and thus also e(x(k—1)y) = e(x) e(k-1)e(y) = 0. O

We can now take the quotient Hopf algebra D,/];. Let us summarize what we have done, then.
We’ve taken two copies of the building block, or the “quantum Borel subalgebra” H; and put
them together by the Drinfeld double construction as D; = D(H,, H;) — one of the copies has
generators « and 8, and the other has generators @ and 3. Then we have identified their “quantum
Cartan subalgebras”, generated respectively by  and &, by requiring a = @' (which is equivalent
to ¥ — 1 = 0). This is a way to obtain essentially U/,(sly), although, to be consistent with common
usage, we redefine the parameter g and use ¢° instead.

If we use the notations K, E and F for the equivalence classes in D,/],; of &, # B and B,

respectively, then the relations in Proposition 4.20 become the ones in the following definition of
(l/[q(SIz).

Definition 4.22. Letg € C\ {0, +1,—1}. The algebra U,(sly) is the algebra generated by elements
E,F, K K1 with relations

KK?' =1 = K'K KEK™? =4 E

EF-FE =

e (k-k1) KFK' =q72F

We equip U,(sl;) with the unique Hopf algebra structure such that

AK) = K&K , AE) = EQK+1®E , A(F) = K'®F+F®1l.

Applying formula (H3) to the coproducts and solving for the antipodes of the generators, one
easily gets

y(K) =K', yE) =-EK' , y(F) = -KE

An easy comparison of the above definition with Proposition 4.20 and Lemma 4.21 gives the
following.

ProrosiTion 4.23
When ¢ is not a root of unity, then the Hopf algebras U,(slx) and D,2/] > are isomorphic.

A convenient Poincaré-Birkhoff-Witt type basis of U,(sl,) is

(Fm Kk En)m,ne]N,keZ-

For working with the above parametrization, with > replacing what used to be g, it is convenient
to use the following more symmetric g-integers and g-factorials, which we denote as

m =12 q:ln (4.20)
q-q
]! =[n]n-1]--- [2][1] 4.21)
nof__ Inlt
[ k ] GITENL (4.22)
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when considered as rational functions of g, and as

[y, Inlg! [ZL :

respectively, when evaluated at a value g € C \ {0}.

Exercise 44 (Some g-formulas)
Show the following properties of the g-integers, q-factorials and g-binomials

@ [l =g +q" 2+ + g3 + g7 and [n], = ' " [n] 2
(b) [m+nl=q"[ml+q"[n]=q7"[m] + q’" [n]
(¢) l1Im—=n]+[m][n—1]+[n][l-m] =
(d) [n]=12][n-1] - [n-2].
Exercise 45 (Commutator formulas in U,(sl))
Letq € C\ {0,1, -1} and consider the algebra U,(sl,). Prove that for allk > 1 one has
[k,
qg—q

k
FEk —EkF _ q[_:f; - (qk—l K—l _ql—k K)Ek_l.

EFk—FkE— 1Fk1<qle qle—)

4.5 Representations of D, and U (sly)

Let us now start analyzing representations of U,(slz) and the closely related Hopf algebra D,..
The general story is very much parallel with the (more familiar) case of representations of sl,. In
particular, in a given U, (sl)-module V we will attempt to diagonalize K, and then notice that if v
is an eigenvector of K with eigenvalue A,

Kv=Apv,
then E.v and F.v also either vanish or are eigenvectors of eigenvalues g*2A,
K(Ev)=KEv=¢EKv=¢’AEv ,  K(Fv)=KFv=q2FKv=g7?AFo.

The situation is nicest if 4% is not a root of unity, so that repeated application of E (or F) on an
eigenvector produces other eigenvectors with distinct eigenvalues.

Another useful observation for studying representations is the following, very much analoguous
to the quadratic Casimir element of ordinary sly.

LEmMMA 4.24
The elements C € U,(sl,) and v € D, given by
1
C =EF+ —— (7' K+gK!
(@-g7")? (s 1K7)
1
=FE+ ———(gK+g'K!
(@—q7)? (1K-+4 )
and
5 q q!
v = + o+ a
PP g-g g-q!
-1
=BB+ 1_av 1 &

are central.
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Proof. Let us first show that the two formulas for C are equal. Their difference is

1

EF-FE+ ———(@@" - 9K+ (q-q"HK?).
@=q7

After canceling one factor g — g~! from the numerator and denominator, this is seen to be zero by

one of the defining relations of U,(sl).

To show that C is central, it suffices to show that it commutes with the generators K, E and
F. Commutation with K is evident, since KEF = g> EKF = EFK and the second term of C is a
polynomial in K and K™!. To show commutation with E, calculate CE using the first expression
for C to get

CE = EFE+ g KE+qK'E)

1
G

and EC using the second expression for C to get

1

EC = EFE+ ———(qEK+q4 " EK™).
@=q'y (12K )

Then it suffices to recall the relations KE = ¢* EK and K™'E = g2 EK™! to see the equality CE = EC.

The commutation of C with F is shown similarly.

The verification that v is central in D, is left as an exercise. For g not a root of unity, the first
statement in fact follows from the second by passing to the quotient U (sh) = D /] . o

On representations of D,

We will start by analyzing representations of D, because every representation of U,(sl,) can be
interpreted as a representation of D2, where x = ad@ acts as identity. Note that we thus assume g
is not a root of unity, so that D,z is defined and U (slx) = D2/] ;2. The case when q is a root of unity
is more complicated in terms of representation theory and has to be treated separately anyway.

We will first look for irreducible representations of Dgp, ie. simple Dy -modules. Note first of all
the following general principle (essentially the same as Schur’s lemma).

LemMma 4.25
If V is a finite dimensional irreducible representation of an algebra A, and if c € A is a central
element, then there is a A € C such thatc actsas Aidy on V.

Proof. 1t is always possible to find one eigenvector of ¢, with eigenvalue that is a root of the
characteristic polynomial. Call the eigenvalue A and note that ¢ — Aidy is a D,;-module map
V — V with a nontrivial kernel. The kernel is a subrepresentation, so by irreducibility it has to be
the whole V. O

Because of the above principle, we will in what follows consider only representations of D> where
K = ad acts as A id. As a consequence & has the same action as A a™!.

The following exercise illustrates an alternative concrete approach to the representation theory of
D,>. It is instructive, but we shall not pursue this approach further.

Exercise 46 (A first step of a calculation for diagonalization of a in D,.-modules)
Let g be a non-zero complex number which is not a root of unity, and let D, be the algebra

generated by a, o™, B, &, &', p with relations

aal =1 = a’la aat =1 = a'la
ap =q* pa ap =q* pa
ap =q7* pa ap =q7* pa
ad = dw BB-PBB =a-a.
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(a) Suppose thatV is a finite dimensional D2-module, of dimension d. By considering general-
ized eigenspaces of a (or of &), show that the elements ¢ and ¢ must act as zero on V for
anyk >d.

(b) Find polynomials P(a, &), Q(a, &), R(a, &) of @ and & such that the following equation holds

P(a, &) B2 % + Qo, @) B2 B+ R, @) B2 B* = (qa—q'a) (a-a) (" a—qa).
(c) Suppose that V is a D;-module where the central element x = ad acts as Aidy and where

f? acts as zero. Show, using the result of (c), that « and & are diagonalizable on V and the
eigenvalues of both are among

+VAg, VA, £VAg.

Conclude in particular that in any two-dimensional U,(sl;)-module, K is diagonalizable and
its possible eigenvalues are 1, +q, +q!

The same idea can be used to diagonalize « in more general modules as follows.

Exercise 47 (Explicit diagonalization for D and U, (sh))
Letq and qu be as in the previous exercise. Define, for t € Z, the elements

0 = qda-q'a

(a) Prove the following formula

[m],! [K],! . o
Z [m ]]ll qk ]q]ql []] l / (:!;1[61%+k—f—5) ‘Bk J.

Note that this contains the formulas of Exercise 45 as special cases.

(b) By considering linear combinations of elements of the form
Pula, &) " BB,
where P,, are polynomials in two variables, show that the element
k-1
[] o
t=—k+1

belongs to the two-sided ideal generated by f*.

(c) Suppose that V is a D-module where the central element x = ad acts as Aidy and where
B acts as zero. Show that a and & are diagonalizable on V and that their eigenvalues are

among
+ \/qu‘k, + \/qu‘k, v, x \/qu‘2, + \/qu‘l.

(d) Conclude that on any finite dimensional U,(sl;) module of dimension d, the eigenvalues of
K are among +q*1, +¢%72, ..., 4>, +q'~%. What is the analoguous result about sl,?

Suppose now that V' is an irreducible representation of D, and denote the (only) eigenvalue of
x by A # 0. Take an eigenvector v of a, so a.v = u’ v for some y’ # 0. Now an easy computation
shows that the vectors f/.v are either eigenvectors of a with eigenvalue q=2/y/’, or zero vectors.
Since these eigenvalues are different and eigenvectors corresponding to different eigenvalues are
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linearly independent, we see that if V' is finite dimensional, then there must be a j > 0 such that
the vector wy = f/~1.v satisfies

pwy = 0 and a.wy = U wp,

where p = g*17) . Denote w; = p/.wy. Again, w; are eigenvectors of @ with eigenvalues g%/, so
for some 4 € N we have

Wi = ‘B‘H.wo 0 but Wy = PWy—q = ﬁd.wo = 0.

We claim that the linear span W C V of {wy, w1, wy, ..., w4-1} is a subrepresentation, and thus by
irreducibility W = V. We have

— 2 5o —
aw; = q7u w; and aw; = q

so W is stable under the action of a, & and . We must only verify that 3 preserves W. Calculate
the action of f on w; commuting f3 to the right of all $, and finally recalling that f.wy = 0,

Baw; =pplawy = (BB +a—a)p " wo

_ BB o + (20D — 2D 2y g1
U

~ , ) AN
= B(BR + o = @B o + (7D =g 00 T) By

o . . Copi i A .
= BB 200 + (@207 + 20D — (20D 4 72 2))ﬁ) iV,

= ‘B]ﬁwo + ((qz(]_l) + qz(j_z) + e+ qz + 1)!'[ — (q_z(j_l) + q_z(j_z) + .0+ q_z + 1)%) ’Bj_l.wo
o _iA
=[jl; (¢'u = 9"7=) wja.
U
This finishes the proof that W is a subrepresentation. We will finally obtain a relation between
the values of u, A and d. For this, note that ,Bd.wo = wy = 0. Thus also 5ﬁd.w0 = 0. But the above
calculation is still valid and it says that Bﬂd.wo is a constant multiple of w;_;, with the constant
[d]; ("'t = g=7A/ ). This constant must therefore vanish, ans since the g-integers are non-zero,
we get the following relation between the parameters A, u and d
p? = g2, (4.23)
Given A € C\ {0} and d € IN, the two solutions for u are

u = J_rql_d Va.

In particular, the eigenvalues of & on W are of the form g% and those of & are 4721/, so the
spectra of both consist of

+VAg, £ VAP, L, VA, 2 VA
Note also that the action of f simplifies a bit,
pw = =YX =)l 1d = fly .
We have in fact found all the irreducible finite dimensional representations of D,..
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THEOREM 4.26
For any nonzero complex number A and a choice of square root VA, and d a positive integer, there

exists a d-dimensional irreducible representation W;ﬁ) of D> with basis {wo, w1, wy, ..., w4-1} such
that

aw; = \/qu’d“j w; aw; = \/qu’l’zf w;
Bw; =wj ,@.wj = \/X[j]q [d -l (q’1 —q) Wj-1.

Any finite dimensional Dg-module contains a submodule isomorphic to some W‘Sﬁ), and in
particular there are no other finite dimensional irreducible D, modules.

Proof. To verify that the formulas indeed define a representation is straightforward and the calcu-

lations are essentially the same as above. To verify irreducibility of W‘(i\a), note that if W’ C W;\m
is a non-zero submodule, then it contains some eigenvector of a, which must be proportional to
some w;. Then by the repeated action of § and f we see that W’ contains all wj, j = 0,1,2,...,d -1
(note that the coefficient \/X[j]q [d - jl; (7" — g) is never zero for j = 1,2,...,d — 1). Above we
already showed that any finite dimensional D,z module V must contain a submodule isomorphic

to W'(; ﬁ), so it follows indeed that these are all the possible irreducible qu—modules. m]

Since any representation of U (sl) is a representation of D such that A = 1, we have also found
all irreducible representations of U (slz). To get the explicit formulas, recall that the generators K,
E, F correspond to the equivalence classes of &, # B and B modulo the Hopf ideal ],» generated
by the element x — 1.

THEOREM 4.27

Let q be a non-zero complex number which is not a root of unity. For any positive integer d and
for ¢ € {+1, -1}, there exists a d-dimensional irreducible representation W of U,(sly) with basis
{wg, w1, wo, ..., w41} such that

Kw; = eq172 wj
F.w]- = ZUj+1
Ew; =eljlyld - jly wj-1.

There are no other finite dimensional irreducible U,(sl,)-modules.

Proof. Follows directly from Theorem 4.26. O

Using the formulas in Lemma 4.24 one computes that on W}

d —d

9 +q i
(q-q7?
Since the numbers +(¢¢ + g7%) are distinct, we see first of all that none of the W are isomorphic

with each other (of course for different dimension d they couldn’t be isomorphic anyway). Thus
the value of C distinguishes the different irreducible representations.

the central element C acts as ¢ dW;. (4.24)

Having found all irreducible representations of U, (sl>), we will next prove complete reducibility
of all representations of it. Let us check that when g is not a root of unity, U,(sl,) satisfies the
semisimplicity criterion of Proposition 3.53.

Lemma 4.28

Let g € C\ {0} not a root of unity. If V is a finite dimensional U,(sl>)-module and W C V is an
irreducible submodule such that V/W is a trivial one dimensional module, then there is a trivial
one dimensional submodule W’ C V such thatV =W & W'.
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Proof. Theorem 4.27 lists all possible irreducible U (slr)-modules, they are W for d a positive
integer and ¢ € {+1}. So we have W = W, for some d and ¢. We first suppose thatd # 1 or ¢ # +1
— the case when W also is trivial (ie. W = W) is treated separately. By Equation (4.24), the
central element C acts as multiplication by the constant c;. = (¢ + 47%)/(q — 471)?> on W. On the
quotient V/Witactsas iy = (9 + ¢ 1)/(q — g7)*. Therefore
;<C —C11 ldv)
Cd,e = C1,1

isa projection to W which is also an U, (sl)-module map. This implies that W has a complementary
submodule Ker (C — ¢ id).

The case when both W and V/W are trivial has to be treated separately, but it is very easy to show
that in this case V is a trivial 2-dimensional representation and any complementary subspace to
W is a complementary submodule. ]

COROLLARY 4.29
For q not a root of unity, the algebra U,(sl,) is semisimple.

Proof. Use Proposition 3.53, Remark 3.54 and Lemma 4.28. m]

Exercise 48 (Some tensor products of U, (sl>)-modules)
Assume that g € C is not a root of unity.

(a) Show that W% = Wl @ We.

(b) Letd; > d, > 0 and denote bywél),w(ll), ... ,willlll and wéz),w(lz), ... ,wilzzll the bases ofW;lfl1 and

W;zl, respectively, chosen as in Theorem 4.27. Consider the module W;'ll ® W{;zl. Show that
foranyl€{0,1,2,...,d, — 1} the vector
. Lo=1p [y [di—1-s]![da—1—1+5s],!
e [s]g! [I=slg! [di—1]! [d2—1-1]!
is an eigenvector of K and that it satisfies

Ev = 0.

2l—dy— 1 @
qs( =) W, ®wl—5

(c) Using the result of (b), conclude that we have the following isomorphism of U,(sl>)-modules

+1 +1 o il +1 +1 o +1 +1
Wi @W, = Wy 1 ®Wa i s ®Wyiy, 5® - Wi, s ®W, 054

4.6 Solutionsto YBE from infinite dimensional Drinfeld doubles

Let us pause for a moment to see where we are in finding solutions to the Yang-Baxter equa-
tion, Equation (YBE). The overall story goes smoothly — by Theorem 4.13 any representation of
any braided Hopf algebra gives us a solution of YBE, and by Theorem 4.18 the Drinfeld double
construction produces braided Hopf algebras. We have even concretely described an interest-
ing Drinfeld double D,: and a quotient U(sly) of it, and we have found all their irreducible
representations in Theorems 4.26 and 4.27.

There is just one issue — to obtain the universal R-matrix which makes the Drinfeld double
a braided Hopf algebra, we had to assume finite dimensionality of the Hopf algebra whose
Drinfeld double we take. Unfortunately, the Hopf algebra D, is a Drinfeld double of the infinite
dimensional building block Hopf algebra H,2, so we seem to have a small problem.

Although we can’t properly make D,> and U,(sl) braided Hopf algebras, in that we will not really
find a universal R-matrix in the second tensor power of these algebras, we can nevertheless find
solutions of the Yang-Baxter equation by more or less the same old receipe. Let us first describe
the heuristics, and then prove the main result.
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Heuristics and formula for the R-matrices

Assume that A is a Hopf algebra with invertible antipode, and D = D(A, A°) is the Drinfeld
double. Recall that D = A ® A° as a vector space, and the Hopf algebras A and (A°)*P are
embedded to D by the maps

w:A—->9D tae : A° > D
aa®l’ p—1®q¢.

We would like to set, as in Theorem 4.18,

R = Z La(ea) ® 1a- (6%, (4.25)

a

where (e,) is a basis of A, and (6*) is a “dual basis” of A°. This is of course problematic in the
infinite dimensional case.

Let us first fix some notation. Since A embeds to D as a Hopf algebra, we can consider restrictions
on A of elements ¢ € D° of the restricted dual of the Drinfeld double: define ¢|4 € A° by

(Pla,ay = (P, ta(a)) foralla € A.

Furthermore, since A° embeds to D, we can interpret the above as an element of 9. We define
¢ = 1as(Pla) €D for any ¢ € D°. (4.26)

If the bases (e,) and (6%) were to be dual to each other, we would expect a formula of the type
Z((p, e) 8% = ¢
to hold for any ¢ € A°. So in particular when ¢ = ¢|4, we expect

Y (Dlaea) 56 = w(Pla) = ¢

Returning to the heuristic formula (4.25) for the universal R-matrix of D, let us consider how
it would act on representations. If V is a ©-module with basis (v]-)‘]’.l:1 and representative forms

Aij € D° such that
d
X0 = Z(Ai,j/ X) Ui forany x € D
i=1
we would like to make the R-matrix act on V ® V by

R(v; ® ’0]') < Z ta(eq).vi ® tae (6“).’0]'

a

I~

d
Y Y uis tatea) (Ao tas (6% w1 ©
a Lk=1———"
=(Aiilaea)

d
Y iy (4 o1 @

k=1

We have found a formula that is expressed only in terms of the representative forms, and therefore
it is meaningful also when A is infinite dimensional. We are mostly using R = Syv o R, so the
appropriate definitions are

RVeV-sVeV Rw;®v)) = er’}?vk@wl
k=1
= (A, (). (4.27)
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Proving that the formula gives solutions to YBE

We now check that Equation (4.27) indeed works. We record a small lemma, which is needed
along the way.

LEmMa 4.30
For any ¢ € ©° and x € D, the following equality holds in D

ZZ<¢(1>,x(z>>x<1)(¢<z>)’ = Z(qb(z>,x(1>> (@) %@

(@) @) (@) ()

When x = )" with € D° we have

Z Py, W) W) (Pe) = Z (D), W) (Pay) Way)
(¢).(psi) (9).(¥)

Proof. The proof of the first statement is left as an exercise. The second statement follows as a
particular case of the first, when we observe that for x = ¢’ the coproduct of x can be written in
terms of the coproduct of ¢ as

Zxa)@x(z) =Ap(x) = Ap(tas(Yla)) = (tae ® tas)(W)P(Yla)) = Z(#’(Z))’@(‘P(l))"
(x) W)

THEOREM 4.31

Let A be a Hopf algebra with invertible antipode and B C A° a Hopf subalgebra of the restricted
dual, and let D = D(A, B) be the Drinfeld double associated to A and B. Let V be a D-module
with basis (v]-)‘;:l, and assume that the representative forms A;; € D° satisfy A;j|la € B. Then the

linearmap R : V®V — V®V defined by Equation (4.27) satisfies the Yang-Baxter equation (YBE).
Furthermore, the associated braid group representation on V®" commutes with the action of D.

Proof. The proof is a direct calculation — besides the definitions, the key properties to keep in
mind are the coproduct formula of representative forms p*(A;;) = Yk Aix ® Ay; and the formulas
of Lemma 4.30. Let us take an elementary tensor v, ® v, ® v, € V® V® V. Applying the left hand
side of the YBE on this, we get

Ripo Ry 0 RlZ(vs ®v®v,)

Lm _kn ij
Y. T ne v, @,

i,jk1,mn
= ) A A Qs () (i, (A1) 01 @ 0, @ 0
i,jk1,mn
= ) M A Q) i, (41)) 01 @ 0 ©10,
i,jlmn
=Y ) A () () (e (An)) ) 01 @ 0 @ 0y,
Lmn (Am,i)r(/\n,s)

where in the last two steps we used the coproduct formula for representative forms. Similarly, the
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right hand side of the YBE takes the value

RyzoRppo RZS(US ®v®v,)

_ mmn Lk _ij
= Z rk,j Teiliu 0 ® Uy @ Uy

i,jk1,mn

= Z Qs A )Y iy (Aks)") iy (A)") 01 @ Uy @ 0

i,jk1,mn

= Y Qe (An)) (A, (Aie) (A42)) 01 @ 0 @ D,

jkdmmn

= Z Z <(/\m,t)(1)/ ((/\n,s)(l))/> </\l,u1 ((An,s)(Z))/((Am,t)(Z)),> 01 @ Uy @ Uy
Imn (Am,i)r(An,s)

The equality of the two sides of the Yang-Baxter equation then follows from the second formula
of Lemma 4.30 above.

To prove that the associated braid group representation commutes with the action of D, it is
enough to show that on V ® V the matrix R commutes with the action of D. Let x € D, and
calculate on elementary tensors

x(R@;®v))) =x( Z()\k,j, (A1) o @)

Tl
= Z Z()\k,j, (Ar)" (x(1)~?1k ® x(2>.01)

) ki

= Z Z Ak (ALY A X)) At X@)) Om ® Oy

(x) klmn

= ) ) (A X (4 (A X)) 0 @ 0

(x) Lmn

= Z Z Z()\m,,‘,x(l) ((An)@)) Ay, X)) Um ® Uy

(X) (An/i) mn

This is to be compared with

R(x.(vi ® 7)]')) = Z‘ R(x(l).vi ® X(z).ZJ]')
(%)

= Z Z(Ak,i/ X)) {Arj, x@) R(oe ® v)

(x) kIl

= Z Z Ak X)) Arj, X)) (At (Ank)”) Om ® Oy

(x) klmn

= Z Z(Ak,irx(1)> A jr (Auk) X@)) Om ® Uy

(x) kmn

= Z Z Z((/\n,z‘)a),xa)) A (Ani)) X@)) Om @ V.

(x) (An) mn

The two expressions agree by virtue of Lemma 4.30. ]

4.7 On the quantum group U,(sl;) at roots of unity

Throughout this section, let g ¢ {+1, =1} be a root of unity and denote by e the smallest positive
integer such that ¢° € {+1, —1}.
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A finite dimensional quotient when g is a root of unity
Exercise 49 (A finite dimensional quotient of U,(slz) when g is a root of unity)
(a) Show that the elements E°, K¢, F* are central in U,(sh).

(b) Let ] be two sided ideal in the algebra U,(sl,) generated by the central elements E°, F* and
K®—1. Show that | is a Hopf ideal in the Hopf algebra U,(sl;). Show that the quotient Hopf

algebra 'Zlq(slz) = U,(sly) / ] is finite dimensional.

Hint: The formulas of Exercise 45 are useful.

Exercise 50 (The center of ﬂq(slz))

Assume that e is odd and satisfies g¢° = +1. Let A = ’Zlq(slz) be the quotient of U,(sl,) by the
relations E° = 0, F¢ = 0, K° = 1 (see Exercise 49). A basis of A is

E°F’K°  with  abcef0,1,2,...,e—1}.
(a) Show that the center of A is e-dimensional and a basis of the center is 1,C,C?,C3,...,C*!,

where C is the quadratic Casimir

1
C=EF+——(qg'K+gK™).
(q—q‘1)2<q I )

Hint: This can be done in different ways, but one possible strategy is the following:

- Describe the subspace of elements commuting with K.

- Write down the condition for elements to commute with both K and F and from this
argue that the dimension of the center is at most e.

- Argue that the powers of C are linearly independent central elements.

(b) Show that the unit is the only grouplike central element in ﬂq(512).

Definition 4.32. Let A be a braided Hopf algebra with universal R-matrix R € A® A, and denote
Ry1 = S4,4(R). Assume that there exists a central element 6 € A such that
A©) = RnR)' (0®0) , e =1 and  y(0) = 6.

Then A is said to be ribbon Hopf algebra and 6 is called ribbon element.

Exercise 51 (Twists in modules over ribbon Hopf algebras)
Assume that A is a ribbon Hopf algebra and denote the braiding of A-modules V and W by cyw.

(a) Show that the ribbon element 0 is invertible.

(b) For any A-module V define a linear map ®y : V — V by ©y(v) = 6~'.v for allv € V. Prove
the following:
— When f: V — W is an A-module map, we have Oy o f = f 0 Oy.

— When V is an A-module, and V" is the dual A-module we have ®y. = (Oy)* (the right
hand side is the transpose of Oy ).

— When V and W are A-modules, we have Ovgw = (Oy @ Ow) o cwyv © cuw.

Exercise 52 (The Hopf algebra ﬂq(slz) is ribbon)
Let q be a root of unity, and assume that the smallest positive integer e such that q° € {1} is odd
and satisfies ¢° = +1. Then

15 =07 jnymiomiyaif phyi o il
R = _Z_‘q<—)/+ (-2 EkKi @ FRKI
e Lo TH!
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is a universal R-matrix for A = @q(slg) (see also Exercise 56).

(a) Show that K commutes with u = (i o (y ® ida)) (Rz1).

(b) Show that y(y(x)) = KxK™! for all x € A. Recalling a similar property of u, show that K™ u
is a central element.

(c) Show that K2 uy(u™') is a grouplike central element. Conclude that y(K™'u) = K lu.

(d) Show that @ = K™ u is a ribbon element.

Representations at roots of unity

Recall that g € C is assumed to be a root of unity and we denote by e the smallest positive integer
such that ¢° € {+1,-1}.

Exercise 53 (Irreducible U,(sl>)-modules of low dimension when 4 is a root of unity)
Consider the Hopf algebra U,(sly).

(a) Ford < e a positive integer and ¢ € {£1}, show that the formulas

o ad-1-2j
Kw; =¢gq w;

F.w]' = w]-+1
Ew; = e [fly ld - fl 0y

still define an irreducible U,(sl;)-module W¢ with basis wy, w1, wy, ..., Wg-1.

(b) Show that any irreducible U,(sl;)-module of dimension less than e is isomorphic to a module
of the above type.

Exercise 54 (No irreducible U, (sh)-modules of high dimension when g is a root of unity)

The goal of this exercise is to show that there are no irreducible U,(sl;)-modules of dimension
greater than e. It is convenient to use a proof by contradiction. Therefore, in parts (a) and (b),
suppose that V is an irreducible U,(sl,)-module V with dim V > e.

(a) If there exists a non-zero eigenvector v € V of K such that F.v = 0, then show that the linear
span of v, E.v, E2v,...,E" v is a submodule of V. Conclude that this is not possible if V is
irreducible and dim V > e.

(b) If there doesn't exist any non-zero eigenvector v € V of K such that F.v = 0, then considering
any non-zero eigenvector v € V of K, show that the linear span of v, F.v, F’y,...,FFlvisa
submodule of V. Conclude that this, too, is impossible if V is irreducible and dim V > e.

(c) Conclude that there are no irreducible U,(sx)-modules of dimension greater thane.

Hint for all parts of the exercise: Recall that K¢, E°, F® are central by Exercise 49, and remember
also the central element C = EF + (q_q%l)z(q’lK +gK™).

Exercise 55 (A family of indecomposable U, (sl>)-modules of dimension e when g is a root of unity)
Consider the Hopf algebra U,(sly).

(a) Let p,a,b € C with u # 0. Show that the following formulas define an e-dimensional
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U, (s12)-module with basis wg, w1, W, ..., We-1:

Kw; = uq ¥ w; for0<j<e-1

F.w]' =w]-+1 fOI'OSjSE—Z
F.we_l =b wWo

Ew; = (ab + %(#ql_j - [J_lqj_l)> Wj-1 forl<j<e-1

Ewy =awe._q
Denote this module by W,(u;a, D).

(b) Show that W,(u;a, b) is indecomposable, that is, it can not be written as a direct sum of two
non-zero submodules.

(c) Show that W,(u;a,b) is irreducible unless b = 0 and p € {+1, g, +¢°,...,+¢°%}.

(d) Consider the Hopf algebra ﬂq(slz) which is the quotient of U,(sl>) by the ideal generated by
E¢, F* and K° — 1 (cf. Exercise 49). A U,(slz)-module can be thought of as a U,(sl>)-module,

where E°, F* and K® — 1 act as zero. Show that a U,(sl,)-module V is irreducible if and only
if it is irreducible as a U,(sly)-module.

(e) Consider the modules W¢ of Exercise 53, for d < ¢, and the modules W,(u;a,b). Find all
values of d and ¢, and of u, a, b for which these are irreducible ;I:Iq(slz)-modules in each of the
following cases:

— wheneis odd and ¢° = +1
(Answer: d anything, ¢ = +1,a =0,b =0, p = g%, in fact W,(q7%;0,0) = W;!)

— wheneis odd and ¢° = -1
(Answer: d anything, ¢ = (-1)""1;a=0,b=0, u = —g~', in fact W.(—g~1;0,0) = W;1)

— whene is even
(Answer: d odd, ¢ anything; no possible values of u,a,b)

Exercise 56 (A solution of Yang-Baxter equation from two-dimensional ﬂq(slz)—modules)

Assume that e > 1, that e is odd and that g¢° = +1. The finite dimensional algebra '7?15,(5[2) is
generated by E, F, K with relations

KE =¢* EK KF =g 2FK EF-FE = (k-x71)

-1

E =0 F =0 K =1.

It can be shown that the Hopf algebra ’17[,(512) is braided with the universal R-matrix

“1vk
R = % Gq-q97) g DI242KG=)2if ERR @ PR

Let V be the two dimensional ilq(slz)—module W; 1 with basis wy, w; and calculate the matrix of

R = Syvo(pv @ py)(R)
in the basis wy ® wy, Wy @ W1, W1 ® Wy, W1  W1.

Hint: In the calculations one encounters expressions of type Zf;é qts, for s € Z, which can be
simplified significantly when q is a root of unity of order e.
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