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Preface

The book is based on the one-semester introductory courses on Hopf algebras that
the author taught on several occasions at the mathematical department of University
of Geneva, and it is addressed mostly to those who learn the subject for the first time.
Compared to the already existing vast literature on the subject, the distinguishing
features of this book are as follows:

We restrict ourselves to only minimal amount of material needed for applications
in knot theory, namely, construction of solutions of the Yang—Baxter equations.
The presentation is purely algebraic, essentially based on the multilinear algebra.
When possible, the string diagram notation for monoidal categories is used which
facilitates many proofs.

The restricted (or finite) dual of a Hopf algebra plays the central role.

The general theory is developed in a minimal way, while few simple examples
are considered and worked out in detail.

The universal R-matrix is given in dual terms as a bilinear form, so that for
infinite dimensional Hopf algebras no completion is needed.

The main motivation that guides this book is the construction of solutions of the

Yang—Baxter equations which are written graphically as follows:

vii



viii Preface

where the labels, taking their values in a finite set E, are assigned to edges so
that the same labels are assigned to the corresponding open ends of two sides of
the graphical equations. The unknowns correspond to the crossings with the labels
around:

i J
. >< . = Xijkl

whereas the contribution of each labeled diagram is given by the product of the
unknowns over all crossings. So, explicitly, the equations are as follows:

E Xjk,q,rXi,q,l,pXp,r,mn= E Xi, ju,sXs k,t,nXu,t,l,m>» I ja k,l,m,n e E.
p.q,r€E s,t,uck

As there are |E|° nonlinear equations on |E |* unknowns, this system of equations
is overdetermined if |E| > 1.

The Yang—Baxter equations were first introduced in the field of two-dimensional
lattice statistical mechanics and quantum field theory as an algebraic machinery for
treating exactly solvable models [6, 12, 47]. Their name comes from the works of
C.N. Yang [46] and R.J. Baxter [5], though the equations first appeared in the work
of J.B. McGuire [30], and their specific form, known as star-triangle relations, is
already contained in the work of L. Onsager [33].

In the 1980s, a revolutionary breakthrough in three-dimensional topology took
place with the discovery by V.R. Jones of a new polynomial invariant of knots
and links [18] which appeared to be related with the solution of the Yang—Baxter
equations associated to the six-vertex model of lattice statistical mechanics. The
discovery of the Jones polynomial has resulted in creation of a new mathematical
subject called Quantum Topology where the Yang—Baxter equations play the central
role as concerns the construction of knot and link invariants. The subsequent
development of the theory of quantum groups [11, 13, 17] has led to deep
connections of the Yang—Baxter equations with Hopf algebras, and since then the
so-called quantum invariants have proliferated and their study has been closely
tied with connections between monoidal categories and 3-manifolds [41] and the
development of topological quantum field theories [3, 38, 45].

The outline of the book by chapters is as follows.

In Chap. 1, after brief discussion of the setup and some preparatory work with
the definition of a group and the graphical notation of string diagrams, we give the
definitions of a Hopf algebra and related algebraic structures: algebras, coalgebras,
bialgebras, modules, and comodules, and discuss their general properties.

In Chap. 2, we describe how to construct Hopf algebras based on the construc-
tions of algebras, coalgebras, and bialgebras. Particular attention is paid to free
algebras on vector spaces and free bialgebras and Hopf algebras on coalgebras.

In Chap. 3, we introduce the restricted (or finite) dual of an algebra. It is a
coalgebra that accumulates all finite-dimensional representations of the algebra.
This is one of the most important ingredients for the subsequent chapters.
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In Chap.4, we work out in detail the structure of the restricted dual for few
specific Hopf algebras.

In Chap. 5, we define Drinfel’d’s quantum double D(H) of a Hopf algebra H in
its maximal form by using the restricted dual of H and describe its structure in the
case of the quantum group B, a Hopf algebra isomorphic to the Borel subalgebra
of Uy (sl2). We also work out in detail the calculation of the solutions of the Yang—
Baxter equations associated with irreducible finite-dimensional representations of
D(By).

The last Chap. 6 is dedicated to construction of knot invariants from solutions of
the Yang—Baxter equations. In particular, we define a representation independent
universal knot invariant associated to a given Hopf algebra H with invertible
antipode. This invariant takes its values in the dual space of the restricted dual of the
quantum double of H.

The presentation of the material of Chaps. 1-5 is based mainly on the books [1,
10, 21, 29, 35, 39]. The last Chap. 6 can be complemented with some standard
introductory textbook on knot theory, for example, [23].

I would like to thank Remi Lodh and the whole team of Springer publish-
ers/editors and the anonymous referees for their help, advice, and numerous com-
ments which greatly improved the presentation of the book’s content. I am grateful
to my colleagues and students for valuable discussions related to the contents
of this book, especially to Jgrgen Ellegaard Andersen, Vladimir Bazhanov, Anna
Beliakova, Christian Blanchet, Stavros Garoufalidis, Nicolas Hemelsoet, Mucyo
Karemera, Kalle Kytold, Vladimir Mangazeev, Marcos Marifio, Jules Martel-
Tordjman, Cristina Palmer-Anghel, Martin Palmer, Eiichi Piguet-Nakazawa, Jan
Pulmann, Muze Ren, Nikolai Reshetikhin, Louis-Hadrien Robert, Sergey Sergeev,
Shamil Shakirov, Sakie Suzuki,Vladimir Turaev, and Alexis Virelizier, among
others.

This work is supported in part by the Swiss National Science Foundation,
the subsidies no 200020192081, 200020200400, and the research program The
Mathematics of Physics NCCR (SwissMAP).

Geneva, Switzerland Rinat Kashaev
December 2022



Notation and Conventions

For any non-negative integer n € Z>¢, the corresponding von Neumann ordinal
number, that is the finite set {0, 1, ..., n — 1}, is written as underlined n:

n:={0,1,...,n—1}.

For example, 0 = @ = {}, 1 = {0}, 2 = {0, 1}, etc.

We also use w as an alternative notation for the set of non-negative integers Z .

For any set S, the cardinality of § is denoted by |S|. For example, |n| = n for any
neaw.

For any two sets X and ¥, X" denotes the set of all mappings from ¥ to X. For
example, X denotes the set of sequences (xp, x1, ...) in X, while the set X% is
naturally bijective to the Cartesian power X" through the map X* — X" that sends
a function x: n — X to its ordered image (xq, x1, ..., X,—1) € X".

Ifsets X, Y, ..., Z are finite or infinite countable, then for any map

fiXxYx---xZ—>W,

we often write fy y, . . instead of f(x,y,...,2).

An unspecified base field is denoted as [, while for specific examples we often
work with the field C of complex numbers or the field R of real numbers.

For an F-linear map f: V — W between vector spaces over a base field [, we
write fx instead of f(x). For an F-linear form f: V — [, we also write (f, x)
instead of fx.

For a composition of linear maps, we suppress the composition symbol and write
fg instead of f o g.

For two vector spaces U and V (over a field [), the notation L(U, V) is used to
denote the vector space of all F-linear maps from U to V.
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Chapter 1 ®
Groups and Hopf Algebras Qe

The main goal of this chapter is

* to give the definition of a Hopf algebra and to motivate it on the basis of the
notion of a group which is of fundamental importance in mathematics;

* to introduce the graphical notation of string diagrams;

* to introduce the algebraic structures closely related to Hopf algebras, namely
the notions of algebra, module, coalgebra, comodule, convolution algebra, and
bialgebra;

* to establish few basic properties of Hopf algebras.

Section 1.1 in this chapter is the most abstract one where we briefly discuss the
notions of a monoidal category, a braided monoidal category and a symmetric
monoidal category. We do so for at least three reasons. First, those notions are
used in the last Chap. 6 where knot invariants are defined in the general context
of monoidal categories. The second reason is that, we motivate the definition of
a Hopf algebra by the definition of a group (reformulated by using the structural
maps), and these two definitions differ only by the underlying symmetric monoidal
categories: vector spaces with tensor product in the case of Hopf algebras and
sets with Cartesian product in the case of groups. The third reason is that many
general constructions and statements in the book can be expressed in the language of
string diagrams, and the latter make sense also in the context of arbitrary symmetric
monoidal categories. In principle, with the exception of the last Sect. 1.1.3, where
the graphical notation of string diagrams is introduced, Sect. 1.1 is optional for five
Chaps. 1-5 where we mainly work only in the framework of multilinear algebra,
that is the symmetric monoidal category Vecty of vector spaces over a field [ with
the tensor product ®f as the monoidal product. Thus, one can start the reading right
from Sect. 1.1.3 and return back to Sect. 1.1 only before reading Chap. 6 dedicated
to applications in knot theory.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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2 1 Groups and Hopf Algebras
1.1 Monoidal Categories

In this section we give few basic definitions that concern monoidal or tensor
categories, without elaborating details but providing few concrete examples. It is
assumed that the reader is familiar with definitions of a category, a functor, a natural
transformation, and a commutative diagram.

Since our main example of a monoidal category is the category Vecty of vector
spaces over a fixed base field F equipped with the tensor product @ as a monoidal
product, on first reading, this section can be viewed as a summary of general
properties of the category Vectr. A more systematic and detailed presentation of
monoidal categories can be found in Chapter 1 of the book [42] and chapter XI of
the book [19].

1.1.1 Monoidal Categories

For any category C, let C x C be the cartesian square of C, which is a category whose
objects are ordered pairs of objects of €, morphisms are ordered pairs of morphisms
of C, and the composition is component-wise composition in C.

A category C is called monoidal if it is equipped with a functor

®: CxC—>C (AB)—AR®B, (f9r f®g. (1.1)

called the tensor or monoidal product, an object I called the unit or identity object,
and natural isomorphisms

aspc: (A®B)®C—>A®(B®C), A,B,CecObC, (1.2)
A I®A—> A, pa: AT — A, AecObC, (1.3)

respectively called associator, left unitor and right unitor, which satisfy two
families of coherence conditions corresponding to commutative diagrams

(A®B)®C)®D

O(A‘B.Cy W‘,cp

(A®(B®C)®D (AQB)®(C®D)

®A,BRC.D ¥A,B,CQD

ida ®ap.c.p

AR(BRC)®D) ———— AR (B ®(CR®D)) (1.4)
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and

®A LB

ARI)®B —————— A® (I ®B)

PA®m A@AB
A®B

respectively called the pentagon and the triangle diagrams, and the equality

(1.5)

AM=pr:IQI1— 1. (1.6)

A monoidal category is called strict if the natural isomorphisms «, A, p are
identities. It is known that any monoidal category is equivalent to a strict monoidal
category, see for the proof, for example, [19].

Example 1.1 The category Set of sets is a monoidal category with the Cartesian
product as the monoidal product and any one-element set, say 1 = {0}, as the unit
object. This is a prototypical example of a monoidal category. O

Example 1.2 The category Vect of vector spaces over a base field [ with [-linear
maps as morphisms is a monoidal category with the tensor product ®f as the
monoidal product and the base field [, viewed as a vector space of dimension one,
as the unit object. This is the principal monoidal category we will be working with
in this book. ]

Just for the sake of clarity, to make the abstract definition less abstract, below we
give some more less intuitive examples of monoidal categories, although they will
not be used in any way in the following.

Before giving the next example, let us recall the definition of the direct sum of a
family of vector spaces.

Definition 1.1 Let {V;};cs be a family of vector spaces over a fixed base field. The
direct sum of this family is the vector space V := @;., Vi of all maps from the
index set [ to the set-theoretical union of all the vector spaces in the family,

x: I — UV, i x;, (1.7)

that satisfy the condition x; € V; for all i € I, and x; is the zero vector of V; for all
but finitely many i’s.

For each index i € I, there are two canonical linear maps associated to the direct
sum V = P, V; of a family vector spaces indexed by /. These are the projection
map

pi: V>V, xx, (1.8)
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and the inclusion map

v if j =1i;
qi:Vi—>V, vex, xj= ] (1.9)
0 otherwise.
The projection and inclusion maps satisfy the following relations:
idy, ifi = j; )
piqi = ! gi pi = idy, (1.10)
Y {O otherwise, ; o

where the sum always truncates to a finite sum when applied to an element of V.

Example 1.3 The monoidal category Vect% of Z-graded [-vector spaces is a
subcategory of Vectr defined as follows.

An object V of Vectﬂz— is the direct sum of a Z-indexed family of [ -vector spaces
{Vi.}hez, while a morphism f: V — W is a linear map such that f(V,) C W, for
any n € Z. The tensor product V @ W of two Z-graded vector spaces is the direct
sum of the family

(VeF Wi, = P (Vi ®F Wut), nel. (1.11)
keZ

The unit object [ is the direct sum of the family
F ifn=0;
= ’ 1.12
" { 0 otherwise. (1.12)

The tensor product f @ g of two morphisms f: X — U and g: Y — V is the
usual tensor product of linear maps. O

Example 1.4 Define a category Mat([') of matrices over a field [ where the objects
are elements of the set of non-negative integers @ = Z>¢ and a morphism f: m —
n is a (set-theoretical) map f: m x n — [F. The composition of f: [/ — m and
g: m — n is the morphism g o f: [ — n defined by

(g0 fij=Y_ fikskj. YG.j)elxn.

kem

This is a strict monoidal category where m ® n = m + n, the unit object being 0. As
0 = @, for any object n € w, there is only one morphism from 0 to n and from n to
0.
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For two morphisms f: m — n and g: k — [, their tensor (monoidal) product is
the morphism f ® g: m + k — n 4 [ defined by

fij i@, J) em xn;
(f®8ij=18i-mjnifi—m, j—n)ekxl;
0 otherwise.

A morphism f: m — n in the category Mat([') can also be viewed as a m-by-n
matrix

My = (fij)iem, jen-

With this interpretation, the matrix associated to the composition g o f is given by
the matrix product

Mgoy = My My,

while the tensor product of two morphisms f ® g is represented by the block matrix

Ms 0O
Mf®g=<0f Mg>'

Example 1.5 Let G be a group and H C G a normal subgroup. Denote by
CH) ={geG|gh=hgVhe H}

the commutant of H in G (which is also a normal subgroup of G). We define
a category Gy ¢ where objects are elements of the quotient group G/H and a
morphism f: xH — yH is a pair (u,v) € yH x xH modulo the equivalence
relation (u,v) ~ (uh,vh), h € H, such that uv™' € C(H). Notice that the
latter element does not change under the equivalence relation. The composition of
morphisms f = (#,v): xH — yH and g = (p,q): yH — zH is given by the
formula

gof=(p.q)ou,v)=(pg 'u,v): xH — zH.

This formula is explicitly compatible with the equivalence relation and thus is well
defined. Associativity of the composition is verified straightforwardly

Lst7lu, v)

(fog)oh=((p,q)o(s,1)) o u,v)=(pg~'s,1) o u,v) = (pq~
= (p,q) o (st u,v) = (p,q) o ((s,1) o (u,v)) = fo(goh).

The identity morphism id, g is represented by (x, x).
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This is a strict monoidal category where x H ® yH = xy H, the unit object being
eH = H, and for two morphisms f = (u, v) and g = (p, q) their tensor product is
defined by the component-wise multiplication f ® g = (up, vq), and the condition
uv~! € C(H) for a morphism (u, v) ensures compatibility of the tensor product
with the composition

(@®b)o(c®d)=(aoc)® (bod).
Example 1.6 A special case of the previous example corresponds to a group G with
the trivial subgroup H = {e}. In this case, the category Gy ¢ is given by G as the
set objects and, for any pair of objects x, y € G, there is exactly one morphism

(y,x): x — y. The group multiplication of G gives the monoidal structure of the
category. ]

1.1.2 Braided Monoidal Categories

For any category C, the exchange functor
c:CxC—->ECxC (1.13)
is defined by exchanging the components, that is
G(A,B)=(B,A), V(A,B)eObx0), (1.14)
for objects and
s(f,8)=1(. 1) (f.&: (A B)— (C,D), (1.15)

for arrows (morphisms).
Let C be now a monoidal category. We have two functors

®:CxC—-C, A,B)—AR®B, (f,ed— fQRg (1.16)
and
P =Ro0c:CxC—>C, (A,B)>BR®A, (f,g9)r>g® f (1.17)
A braiding in a monoidal category C is a natural isomorphism

B:®— QP (1.18)
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such that the following diagrams are commutative:

Ba,BaC

AQB®C) — 22 L BRCO)®@ A —22° 4 BR(C® A)

TWA.B‘C idp ®ISA,CT

®id
A®B)®C 2 poaygc —AC L BRARC)  (1.19)

and
—1
A B)®C —C L CR(A®B) —* s (C® A)® B
TQX‘IB’C ﬁA.C@idBT
ids ®Bs,c %a B

ARMBR®C) — > AQ(C®B) ———— (A®CO)®B  (1.20)

A braided monoidal category is a monoidal category with a braiding.

In view of applications in knot theory, braided monoidal categories constitute a
very important class of monoidal categories, and the quantum double construction
for Hopf algebras of Chap. 5 implicitly gives rise to braided monoidal categories,
see, for example, [19, 21, 41].

A symmetric monoidal category is a braided monoidal category where the
braiding satisfies the conditions

Bi's =PBr.a. YA BeObC (1.21)

In this case, the braiding is called symmetry and denoted as o.
Example 1.7 The category Set of sets, see Example 1.1, is a symmetric monoidal
category where the symmetry is given by the exchange maps

oxy: XxY—=>YxX, (x,9) (x). (1.22)
As we will see in Sect. 1.2, any group can be interpreted as an object of this
symmetric monoidal category. O

Example 1.8 The category Vectr of [F-vector spaces, see Example 1.2, is a
symmetric monoidal category where the symmetry is given by the exchange maps
extended by linearity

oyw: VRFW > WQRrV, xQfyr yQFx. (1.23)

Hopf algebras are objects of this category, and the symmetry enters in their
definition in one of the defining properties, see Definition 1.6 of Sect. 1.4. O
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Example 1.9 For any q € [, the category Vect% of Z-graded [-vector spaces,
see Example 1.3, is a braided monoidal category with the braiding

Buv: UV - VU (1.24)

defined by
Buvx®Fy) =¢"y®Fx, x€U,, yeV, mmnecl. (1.25)
It is a symmetric monoidal category if g2 = 1. O

1.1.3 The Graphical Notation of String Diagrams

Throughout this book, we will find it convenient sometimes to use the graphical
notation of string diagrams.

Let C be a category. To any morphism f: X — Y in C, we associate a graphical
picture

~
Il
P

(1.26)

If f: X — Y and g: Y — Z are two composable morphisms, then their
composition is described by the vertical concatenation of graphs

VA VA
| g
gof = gof = |
[
X X (1.27)

X X (1.28)
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The string diagrams are especially useful in the case when C is a strict monoidal
category, because the tensor (monoidal) product can be drawn by the horizontal
juxtaposition. Namely, for two morphisms f: X — Y and g: U — V, their tensor
product f ® g: X ® U — Y ® V is drawn as follows:

YV Y 14 Y vV
\ \ | ||
f®g = f®g = [f®g = f g‘-
\ \ \ \
XU X U X U (1.29)

By taking into account the distinguished role of the identity object /, it is natural to
associate to it the empty graph.

In this notation, for example, the commutative diagram (1.19) for a braiding, in
the context of a strict monoidal category, corresponds to the following diagrammatic
equality

B C 4 B C A
||
Bac
BaBecC = |A
Bas
|
A B C A B C (1.30)

and the graphical equality corresponding to the commutative diagram (1.20)

C A B C A B
Pac
Pass,c = IC
Bs.c
4 B C 4 B C (131)

These relations become intuitively natural and almost tautological, if one uses a
notation for a braiding borrowed from knot diagrams
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which, in the case of a symmetric monoidal category, can be further simplified by
removing the indication of under-passing strands.

In the case of non-strict monoidal categories, the graphical calculus becomes less
convenient because of the non-associativity of the tensor product. In this case, the
horizontal juxtaposition is not enough so that one should provide an extra structure,
for example, the relative distance between the vertical lines.

More systematic and detailed explanation of the graphical notation of string
diagrams can be found in Chapter 2 of the book [42].

1.2 Groups in Terms of Structural Maps

At first glance, the formal definition of a Hopf algebra (to be given later in Sect. 1.4)
looks neither simple nor intuitively motivated. For this reason, we start by reviewing
the notion of a group which we reformulate by using the structural maps as the
basic entities. Such a reformulation will make the definition of a Hopf algebra very
natural, at least from the viewpoint of group theory.

Recall that a group is a set G where, for any two elements g,h € G, there
corresponds a unique element gh called the product of g and h, a distinguished
element e called the identity element, and, for any element g, there corresponds a
unique element g~! called the inverse element such that the following axioms are

satisfied:
associativity :  (fg)h = f(gh), Vf, g, heQqG, (1.33)
unitality : eg=ge=g, Vgeq, (1.34)
invertibility : gg ' =g 'g=e, VgeG. (1.35)

We formalize the definition of a group by introducing three structural maps:

product pu:GxG — G, (g,h)— gh, (1.36)
unit n:1—-> G, O e, (1.37)
inverse S: G —> G, g g_l. (1.38)

By rewriting

(fo)h =nu(fg, h) = uu(f, g, h) = pnl(n xid)(f, g, h))
= po (uxid)(f, g h) (1.39)
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and

f(gh) = p(f, gh) = u(f, n(g, h)) = p(Gd x w)(f, g, h))
=po (id x u)(f, g h), (1.40)

we conclude that the associativity axiom is equivalent to the following equality for
the product map

o (uxid) = po (id x ) (141
which corresponds to the commutative diagram

GXGXGLM>G><G

- J»

GxG— G (1.42)

Before going further with the unitality axiom, let us agree on the following
convention.

Let 1 := {0} be the set consisting of one element denoted by 0. For any set X, the
(cartesian) product sets 1 x X and X x 1 are identified with X through the obvious
canonical bijections (0, x) +— x and (x,0) +— x which allows us to have natural
identifications (0, x) = (x, 0) = x. With this convention, for the unitality axiom,
we have

e-g=pnn0),g =po(nxid)(0, g) = o (n xid)(g) (1.43)

and

g-e=pu(g,n0) =wpo@dxn(g,0) = pnodxn(g) (1.44)

so that the unitality axiom can be stated as the following equations for the structural
maps

po(nxid)=1id = po (id x n) (1.45)
which correspond to the commutative diagram

le:G:le

nxidl J(id lidxr) .

GxG L5 G+2 GxaG (1.46)
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In order to describe the invertibility axiom in terms of equations for the structural
maps, we need to use two other maps which are canonically defined for any set X.
These are the diagonal or coproduct map

A:X—> XxX, x+—(x,x), VxelkX, (1.47)
and the counit map
€e:X—>1 x—0, VxelX. (1.48)

These names come from the fact that they are similar to the product and the unit
maps of a group in the following sense.

Definition 1.2 A commutative diagram I is called a categorial or diagrammatic
dual of another commutative diagram I', if I can be obtained from I'” by reversing
all arrows and relabelling the objects.

The diagonal map satisfies the equality
(idx A)oA=(Axid)o A (1.49)

corresponding to the commutative diagram

X x X x X <29 x o x

wea] i

XxX+——2 X (1.50)
which is the categorial dual of the commutative diagram (1.42) corresponding to
equality (1.41). For this reason, equality (1.49) is called the coassociativity property.

The counit map enters the counitality equalities

(e xid)oA=id=(id x €) o A. (1.51)

corresponding to the commutative diagram

l X X fr— X fr— X X l
exidT Tid Tidxe
XxX 2 X 25 xxX (1.52)

which is the categorial dual of the commutative diagram (1.46) corresponding to
equalities (1.45) expressing the unitality axiom.
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In order to express the invertibility axiom in terms of equations for structural
maps, we write

gg ' = u(g.g7") = po(id x §)(g.8) = po (id x §) o A(g), (1.53)
g le =g " g) = o (S xid)(g. g) =po(Sxid) oA, (1.54)

and
e =n(0) =n(e(g) =noe(g). (1.55)

Thus, the invertibility axiom is equivalent to the equations
no(@dx S)oA=noe=puo(§xid) oA (1.56)

corresponding to the commutative diagram

GxG —Y5 646G

§ |
G——51—"+¢G

8| I

GxG —3 646G (1.57)

which is the categorial dual of itself.
Finally, by using the canonical exchange map

0=066:GxG—>GxG, (x,y)— (y,x), (1.58)
we remark that the product and the coproduct satisfy the compatibility equality
(uxpwo(@ldxo xid)o(AXA)=Aou:GxG—->GxG (1.59)

corresponding to the commutative diagram

id xo xid

GXGXxXGXxG ——— GxGxGxG

AXAT lp,xp,

G xG K G = G xG (1.60)
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which is also the categorial dual of itself. Moreover, identity (1.59) holds even if G
is replaced by any set X and the product p by any binary operation f: X x X — X.
Indeed, for any (x, y) € X x X, we have

(f X fo(idx o xid) o (A x A)(x, y)
=(fx flolidxo xid)(x,x,y,y) = (f x f)x,y,x,y) = (f(x,y), f(x,y))
=A(f(x,y))=Ao f(x,y). (1.61)

As the matter of fact, this calculation reflects an elementary general property of the
cartesian symmetric monoidal category of sets which will be described in Sect. 1.3.

1.2.1 The Structural Maps of a Group in Graphical Notation

We are ready now to use the graphical notation of string diagrams introduced
in Sect. 1.1.3 to rewrite the definition of a group. The monoidal category we are
working in is the symmetric monoidal category Set of sets with the tensor product
specified by the Cartesian product of sets, see Example 1.7.

Let us introduce the following graphical notation for the structural maps of a
group (all lines correspond to the underlying set of the group G and the singleton 1
carries no line):

\
product u = u = )\
(I (1.62)
coproduct A =: lAl =: Y
\ (1.63)
i |
unit 7 = n = é) (1.64)
counit € =! e =
\ ? (1.65)
inverse or antipode S =: Jg‘ =: éﬁ
\ (1.66)
[
exchange or symmetry o =: o =: ><
I (1.67)

For the inverse map in (1.66) we also put the term “antipode” in anticipation of its
counterpart in the case of Hopf algebras, see Definition 1.6 of Sect. 1.4.
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Recall from Sect. 1.1.3 that the composition of maps corresponds to vertical
concatenation of the corresponding graphical objects, while the Cartesian product
corresponds to horizontal juxtaposition. With this notation, the structural equations
of a group take the following form:

associativity: /<‘\ />\
(1.68)
unitality: 5\ /B
(1.69)
coassociativity: \</ \\P/
(1.70)
counitality: Q/ \é) (171
invertibility: <> <>
(1.72)

compatibility: <><> = ><
(1.73)

Remark 1.1 A motivational idea behind the definition of a Hopf algebra is to think
of these diagrams in the context of other symmetric monoidal categories. The
corresponding realizations are called group objects. In particular, as we will see
later in Sect. 1.4, a Hopf algebra can be identified as a group object in the symmetric
monoidal category of vector spaces with the tensor product as the monoidal product,
see Example 1.8.

1.3 Monoids and Comonoids

Given an algebraic notion, for example a group, it is often useful and instructive
to consider other structures obtained from the initial one by dropping some of the
defining properties/axioms. In the definition of a group, if we remove the inverse
map together with the invertibility axiom, then we obtain the notion of a monoid.

Definition 1.3 A monoid is a set M together with two maps
wMxM-—->M, n:1l—->M, (1.74)

respectively called product and unit, which satisfy the associativity axiom (1.41)
and the unitality axiom (1.45).
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Exercise 1.1 (Uniqueness of Inverses) Anelementx € M of amonoid M is called
invertible if there exists an element y € M, called inverse of x, such that u(x, y) =
w(y, x) = n(0). Show that any invertible element x admits a unique inverse.

Definition 1.4 Let M = (M, up, ny) and N = (N, uy, ny) be two monoids. A
map f: M — N is called morphism of monoids if it commutes with the structural
maps in the sense of the relations

foum=puno(f xf), fonu=nn. (1.75)

The notion of a comonoid is obtained by taking the categorial dual of the notion
of a monoid, i.e. by reversing all arrows in the definition of a monoid in terms of
commutative diagrams, see Definition 1.2.

Definition 1.5 A comonoid is a set C provided with two maps

A:C—->CxC, €:C—1, (1.76)
called coproduct and counit, which satisfy the coassociativity axiom (1.49) and the
counitality axiom (1.51).

Exercise 1.2 Give a definition of a morphism of comonoids.

The following proposition shows that the notion of a comonoid is not particularly
meaningful in a set-theoretic context.

Proposition 1.1 Any set admits a unique comonoid structure and any map between
two sets is a morphism of comonoids.

Proof Notice that the counit map of any comonoid, being a map to the singleton,
is uniquely fixed, and it is thus uniquely defined also for any set. Moreover, it is
easily seen that any set X is a comonoid with the diagonal map as the coproduct and
the map to the singleton as the counit. The formal proof is identical to the case of
groups, see Egs. (1.49)—(1.52). Let us show that there are no other comonoids.

Let C = (C, A, €) be a comonoid. Then the coproduct A corresponds to two
maps «, B: C — C defined by

A(x) = (a(x), B(x)). (1.77)
Substituting this into the counitality axiom (1.51), we obtain

(e xid) o A(x) = (e x id)(a(x), B(x))
= (e(a(x)), B(x)) = (0, B(x)) = B(x) = x, (1.78)
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and

(id x €) o A(x) = (id x €)(x(x), B(x))
= (a(x),e(B(x))) = (@(x),0) =a(x) =x (1.79)

where we use the convention on the equality for the canonical identifications

Xx1l~X=~1xX.
Thus, the coproduct is necessarily the diagonal map A(x) = (x, x).
Finally, any map between two sets f: X — Y enters the obvious commutative
diagrams

x —1 Ly

x —L sy
lA o Al and x 7
1

XxX — YxY (1.80)

which mean that f is a morphism of comonoids. O

1.4 Hopf Algebras

In this section, we introduce the central object of this book, a Hopf algebra. The
definition that follows is motivated by the notion of a group which we reformulated
in Sect. 1.2 in terms of structural maps. As the notions of a monoid or/and a
comonoid are the results of dropping some of the structural maps and axioms
from the definition of a group, in the subsequent sections of this chapter, we also
introduce the analogous notions of an algebra (Sect. 1.6) and a coalgebra (Sect. 1.7)
by dropping the corresponding structural maps and axioms from the definition of
a Hopf algebra. There is also a notion of a bialgebra (Sect. 1.10), which in the set-
theoretical context, corresponds to a monoid, but in the context of vector spaces,
it is not true that every algebra (or coalgebra) is a bialgebra, though any Hopf
algebra is a bialgebra. The reason for this difference comes from the fact that any
set is canonically a comonoid in a unique way, as we have seen in the previous
section, see Proposition 1.1, while a given vector space can admit many structures
of a coalgebra, and, for a given algebra, there could be different possibilities, for
example, non of available coalgebra structures on the underlying vector space can
be compatible with the algebra structure, etc.
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In what follows, we let [ denote a field, write ® instead of @ and omit the
composition symbol in the case of linear maps.

Definition 1.6 A Hopf algebra (over a field [) is a F-vector space H of strictly
positive dimension together with the following five linear maps:

product u: HQ@ H — H, (1.81)
coproduct A: H—> HQ® H, (1.82)
unit n:F — H, (1.83)
counit €: H —> [, (1.84)
antipode S: H — H, (1.85)

which satisfy the following equations (axioms):

associativity :  u(u ® idg) = n(idg ® w), (1.86)
unitality : pu(n ®idy) =idy = u(idyg ® n), (1.87)
coassociativity : (idyg ® A)A = (A ®idy)A, (1.88)
counitality : (e @ idy)A =idy = (idyg ® €)A, (1.89)
invertibility : p(idy ® S)A = ne = u(S R idy)A, (1.90)
compatibility : (1t @ w)(idyg ® 0 ®idy)(A @ A) = Ap, (1.91)

where the symmetry mapo = oy y: HQH - HQ® H actsbyo (x®y) =y ®x.

Remark 1.2 The list of axioms (1.86)—(1.91) exactly corresponds to the list of
graphical relations (1.68)—(1.73), and we will often use the same graphical notation
in this new context with the replacements:

sets — vector spaces
set theoretical maps +— linear maps
the singleton 1 = {0} > the base field [ (a 1-dimensional vector space)
the cartesian product — the tensor product.

Definition 1.7 Let

H=(H,ung,ny, Ay, eq,Sy) and L = (L, up, e, A, €L, St)
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be two Hopf algebras. A linear map f: H — L is called a morphism of Hopf
algebras or a Hopf algebra morphism if it commutes with all the structural maps,
that is the following diagrams are commutative:

HeH 24 1oL

H—L 1
N
F

S

H—1 1 (1.92)
HoH 125 1oL H—L 1
aa To N A
H—L 1 F (1.93)
H-L.1
SH St -
H-1s1 (1.94)

These commutative diagrams correspond to the following equalities between linear
maps

ue(f® f)= fumg, fnom=nL, (1.95)
(f®f)AH=ALf, GLfZGH, (196)
Stf=fSu. (1.97)

Remark 1.3 In any Hopf algebra, we have the inequality n # 0 as otherwise the
Hopf algebra would be zero-dimensional.

1.5 Group Algebras as Hopf Algebras

In this section we consider a class of examples of Hopf algebras coming from
groups. Given the fact that we have motivated the definition of a Hopf algebra by
considering the definition of a group, it is not very surprising that the two notions
are related.
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Definition 1.8 For any set X, we denote by 8,5 the Kronecker delta function which
is the characteristic function xax): X x X — {0, 1} of the diagonal A(X)in X x X,
i.e.

lifa=0>,

0ifa # b. (1.98)

8a.p = Xax)(a, b) = {

Definition 1.9 Let X be a set. The vector space of all maps f: X — [ of finite
support, that is a map that takes all but finitely many values zero, is called the vector
space freely generated by X, and it is denoted as F[X]. A natural linear basis in
F[X] is given by the set of single element characteristic functions {x,},cx defined
by

Xa(0) =845, V(a,b) € X>. (1.99)

Remark 1.4 The vector space F[X] can also be described as the direct sum of a
family of 1-dimensional vector spaces [ indexed by the set X:

F[X] = @ F, (1.100)

xeX

see Definition 1.1.

For any group G, let F[G] be the vector space freely generated by the set G. We
define the product

w: FIGI®FIG] — FIG],  (u(f ® g))(a) = Z fb)g(v~'a), Vaeg,
"~ (1.101)
the unit
n: F = FIGl, (1)) =68.q4. Va€G, (1.102)
the coproduct
A: FIG] — FIGI®FIG], (Af)(a.b) =8apf(a), VY(a,b)eG*  (1.103)

the counit

ef =) f@), (1.104)

aeG

and the antipode

(Sf)@) = f@™", Vaed. (1.105)
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Remark that in the definition of the product (1.101), the sum is finite due to the fact
that the functions f and g are finitely supported. For the same reason, the function
w(f®g) is also finitely supported. Indeed if Supp , C G is the support of f € F[G],
then we have the inclusion

Supp,. (e C U a Supp,, . (1.106)
aesupp ¢

With respect to the natural basis of single element characteristic functions
{Xa}aec, the structural maps take the form

W Xa @ Xb) = Xab»  AXa = Xa @ Xas (1.107)
nl=xe, €xa=1 Sxa= Xg1- (1.108)

Exercise 1.3 Show that the data (F[G], u,n, A, €, S) satisfy the Hopf algebra
axioms.

1.6 Algebras

Here we introduce the notion of an algebra by dropping some of the data in
the definition of a Hopf algebra, namely we leave only the product and the
unit as structural maps and impose on them the axioms of associativity and
unitality corresponding to diagrammatic equations (1.68) and (1.69). An algebra is
a monoidal object in the monoidal category of vector spaces with the tensor product
as the monoidal product.

Definition 1.10 An algebra over a field F or F-algebra is a triple (A, i, n)
consisting of a [-vector space A, a linear map u: A ® A — A called product,
and a linear map n: I — A called unit such that

p(pn ®idyg) = p(ida @ p) (1.109)

and
pn(n @ida) = p(ida ® n) =ida. (1.110)
Example 1.10 As Egs. (1.109) and (1.110) coincide respectively with Egs. (1.86)

and (1.87), any Hopf algebra is an algebra, if we keep the product and the unit and
forget about all other structural maps. O
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Example 1.11 Let V be a vector space. Then, the vector space End(V) of all
endomorphisms of V' is an algebra with the product

w(f ®g) = fg. V(f.g) € End(V)> (L111)

and the unit
nl =idy . (1.112)
In particular, the base field I ~ End([) is an algebra. O

Definition 1.11 Let A = (A, na,n4) and B = (B, up, np) be two algebras. A
linear map f: A — B is called a morphism of algebras or an algebra morphism if
it commutes with the structural maps in the sense of the equations

Sfua=us(f®f) (1.113)

and

fna=ns. (1.114)

Definition 1.12 The opposite product of an algebra A := (A, u, n) is the linear
map u°P obtained by composing the product with the exchange map,

|
P i=poaa=H" 1 AQA - A, x®y > u(y®x).
o2 (1.115)

The algebra A is called commutative if the opposite product coincides with the
product, u°? = u.

Exercise 1.4 Show that if A := (A, u, ) is an algebra then A°P := (A, u°P, n) is
also an algebra.

Definition 1.13 Let A; = (A, u1, 1) and Ay = (A2, u2, 112) be two algebras.
The tensor product of A1 and Aj is the algebra

(A1 ® Az, (1 ® n2)(ida, ®a,. 4, ®1da,), 11 & N2) (1.116)
or graphically
HAI®A, = M1 K2 and NAi®@A, = 1M1 M2

/{ \\ / X\ (1.117)
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where the thin lines correspond to A; and thick lines to A,, and we implicitly
identify I ® [ with [

Exercise 1.5 Let A = (A, u, n) be an algebra. Show that the unit n: I — A is
always a morphism of algebras, while the product £: A ® A — A is a morphism
of algebras if and only if A is commutative.

1.6.1 Iterated Products

Let A = (A, i, n) be an F-algebra. In calculations, it is the common practice to
write just xy instead of u(x ® y). In particular, as the associativity axiom (1.109)
implies that (xy)z = x(yz), one can just write xyz without any ambiguity.
Graphically, this means that we can use multivalent vertices:

This can be formalised by introducing the set of iterated products
™ A®" S Alew (1.119)
defined recursively as follows:
p =Y @idy), 1w =0, (1.120)
so that, in particular, we have
D =idy, u?® = (1.121)
The n-th iterated product ™ graphically can be represented by any binary tree
with n inputs and one output, because the associativity of the product allows to

ensure that any such tree gives one and the same linear map which we denote by a
multivalent vertex.

Exercise 1.6 Prove that
i) = 0 (00 @ @t ) Viki k) €0 (11122)
Exercise 1.7 Let f: A — B be an algebra morphism. Prove that

i e = o ym e o. (1.123)
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1.6.2 Modules

In the context of vector spaces, the notion of a module over an algebra corresponds
to an M-set in the set-theoretical context, that is a set on which a monoid M acts.

Definition 1.14 Let A = (A, 1, n) be an algebra over a field . A left module over
A (or simply a left A-module) is a [ -vector space V together with a linear map

ATAQV -V (1.124)
such that the diagrams
uidy
ARAQV —— A®V [Q V ———
i and
ldA@i lk n®1dx /
AQV — 22— v A®V
(1.125)

are commutative. In terms of our graphical notation, the commutative dia-
grams (1.125) correspond to the equations

| |
lf—/kz iand
() |

where the thick lines correspond to V' and thin lines to A.

(1.126)

Remark 1.5 For two vector spaces X and Y, let L(X, Y) be the set of all linear maps
from X to Y. The natural bijection between two sets of linear maps

L(A® V, V) ~L(A, End(V)) (1.127)

descents to a natural bijection between the sets of left A-module structures on V and
algebra morphisms from A to End(V). For this reason, a left A-module structure on
a vector space V is often called representation of Ain'V.

Exercise 1.8 Give a definition of a right module over an algebra A.
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1.7 Coalgebras

The notion of a coalgebra is the categorial dual of that of an algebra in the sense
that the commutative diagrams expressing the defining properties of an algebra
and coalgebra are related through the categorial duality, see Definition 1.2. The
definition of a coalgebra is obtained by dropping all the structural maps in the
definition of a Hopf algebra, apart from the coproduct and the counit, and by
keeping the axioms of coassociativity and counitality. These axioms correspond to
two diagrammatic equations (1.70) and (1.71).

Definition 1.15 A coalgebra over a field [ or a F-coalgebra is a triple (C, A, €)
consisting of a [-vector space C, a linear map A: C — C ® C called coproduct,
and a linear map €: C — [ called counit such that

(A®idc)A = (ide ® A)A (1.128)
and
(e ®ide)A = (idec ® €)A = idc. (1.129)

Example 1.12 As Egs. (1.128) and (1.129) coincide respectively with Egs. (1.88)
and (1.89), any Hopf algebra is a coalgebra, if we keep the coproduct and the counit
and forget about all other structural maps. O

Example 1.13 For a finite non-empty set 7, let F[I%] be the F-vector space freely
generated by the set / 2 — I x1I.Then, F[I?]isa coalgebra, if, for the natural linear
basis {x )}, jyer2 of F[1?], we define a coproduct

AXa.j) = Z X(ik) & X(k.j) (1.130)
kel
and a counit
€XGi,j) = 6i,j- (1.131)

Through the duality relation between algebras and coalgebras to be discussed
later, this coalgebra is closely related to the endomorphism algebra End(V), see
Example 1.11, associated to a vector space of dimension given by the cardinality |7|
of the set /. This algebra, in its turn, through a choice of a basis in V, becomes the
algebra of square matrices of size |/|. For this reason, this coalgebra is called matrix
coalgebra. O
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Example 1.14 The vector space F[Z.¢] freely generated by the set of strictly
positive integers Z- is a coalgebra with the coproduct

Axm= Y Xa® Xmfa: (1.132)

aeDiv(m)
where Div(m) is the set of all (positive) divisors of m, and the counit

€Xm = 81.m- (1.133)
This coalgebra will be called Dirichlet coalgebra because of its role in analytic
number theory, see Example 1.17 in the next Sect. 1.8. O

Exercise 1.9 Give a definition of a morphism of coalgebras.

Definition 1.16 The opposite coproduct in a coalgebra C := (C, A, €) is the linear
map A°P obtained by composing the coproduct with the exchange map

=

Aop =0A = A -
| (1.134)

The coalgebra C is called cocommutative if the opposite coproduct coincides with
the coproduct, AP = A.

Exercise 1.10 Show thatif C = (C, A, €) is a coalgebra, then C*°P := (C, AP, ¢)
is also a coalgebra.

The following definition is motivated by the behavior of the canonical basis
elements of group (Hopf) algebras under the coproduct, see relations (1.107).

Definition 1.17 A non zero element g of a coalgebra is called grouplike if Ag =
g®g.

Exercise 1.11 Show that any set of grouplike elements of a coalgebra is linearly
independent.

Exercise 1.12 Show that the matrix coalgebra of Example 1.13 contains a group-
like element only if it is 1-dimensional.

The following definition introduces the notion of an element of a coalgebra which
can be viewed as simplest among non grouplike elements.

Definition 1.18 A non zero element x of a coalgebra is called primitive if
Ax=gQRx+x®h

where g, h are grouplike elements.
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Exercise 1.13 Find grouplike and primitive elements in the Dirichlet coalgebra of
Example 1.14.

Definition 1.19 Let C; = (C1, A1, €1) and Cy = (Ca, A», €2) be two coalgebras.
The tensor product of C1 and Cj is the coalgebra

(C1 ® C3, (idc, ®ocy,c, ®ide,) (A1 ® Az), €1 ® €2) (1.135)
or graphically
Aciec, = A1 Ap and €CI®C, = €1 €2

[ A4 [ N/ (1.136)

where the thin lines correspond to Cp and thick lines to C.

1.7.1 Iterated Coproducts

Similarly to the case of algebras, due to the coassociativity property, it is convenient
to use multivalent vertices in graphical representation of iterated coproducts:

\</ _ \>/ ~ \V n
(1.137)

Elements of the infinite set of all iterated coproducts
(A™: C > C®")ew (1.138)
are defined recursively
AM = (A D gide)A, AQ =, (1.139)
so that, in particular, we have

AV =ide, AP =A. (1.140)
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1.7.2 Sweedler’s Sigma Notation for the Iterated Coproducts

Originally introduced in the book [39], Sweedler’s sigma notation allows to write
formally the coproduct of an element of a coalgebra in the form

Ax = ZX(U ® X2 (1.141)
(x)

where the meaning of the sum is that it is a finite sum of the form

n

Ax = Zai ® b; (1.142)

i=1

where the number n and the elements a;, b; with 1 < i < n are determined non
uniquely by x. The sigma notation allows to avoid mentioning the number n and the
associated elements all together thus simplifying writing. More generally, one can
use a similar notation also for iterated coproducts

AMx =3 "x1) @x2) ® -+ ®@ X(my, ¥m = 2. (1.143)
@)

In this notation, for example, the equality AP (x) = (A ®1idc) o A)(x) takes the
form

D x)y®x0 ®x3) =Y > X101 @ X1)@) ® X)- (1.144)
(x) (x) (x1y)

For examples and exercices on using the sigma notation, see the book [39].

1.7.3 The Fundamental Theorem of Coalgebras

Despite the fact that coalgebras are categorially dual objects to algebras, there is an
important difference between them. Namely, there is no a conterpart for algebras of
the following theorem.

Theorem 1.1 (The Fundamental Theorem of Coalgebras) Let C = (C, A, ¢€)
be a coalgebra and x € C. Then, there exists a finite dimensional sub-coalgebra
X C C containing x.

Proof As the case x = 0 is trivial, we assume that x # 0.
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Let {a;}ies and {B;}jes be two non empty finite sets of linearly independent
elements of C such that

APx= 3" ®x;®p; (1.145)
(i,j)elxJ

and let X C C be the vector subspace generated by the elements {x; ;}, j)erxs. We
have dim(X) < |I||J| < oo and

x=(e®idc@)APVx =Y e(@)e(Bxi; € X. (1.146)
(i, jyel xJ

Let us show that X is a sub-coalgebra of C, thatis A(X) C X ® X.
We have the equalities

APx = (AQidea) AVx = > (Aa) ®xi; ® B (1.147)
(k. el xJ
APy = (ide ®A ® idc) AP x = Z o ® (Ax;i j) ® Bj (1.148)
G, )elxJ
AWx = (deor @M)AVx = Y~ o ® x5 ® (AB). (1.149)
(i,helxJ

Comparing the right hand sides of (1.147) and (1.148) and using the linear
independence of the family {8} <, we obtain the equalities

Y Aa) @i ;=Y 4 ®(Axij). Vjel, (1.150)
kel iel

which, in their turn, due to the linear independence of the family {c;}i<;, imply that

A =Y o ®@ajx. Vkel, (1.151)

iel
for some elements {o; x}i ker C C and

Axij= i ®x,; €CR®X, Vi j)elxl. (1.152)
kel
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By a similar reasoning, comparing the right hand sides of (1.149) and (1.148), we
obtain

Apr=> Bj®Bj. Vel (1.153)
jel
for some elements {f; j}; jes C C and

Axij=Y x1®B; €X®C, VG j)elxl. (1.154)
leJ

Finally, putting together (1.152) and (1.154), we conclude that
Axij e X®X, VYi,j)elxJ = AX)CXRX (1.155)

O

The fundamental theorem of coalgebras allows to reduce many questions about
general coalgebras to questions about finite-dimensional coalgebras. Notice also that
the category of finite dimensional coalgebras is equivalent to the category of finite
dimensional algebras in the sense that the dual vector space of a finite dimensional
algebra is canonically a finite dimensional coalgebra and vice versa.

1.7.4 Comodules

The notion of a comodule over a coalgebra is the categorial dual to that of a module
over an algebra in the sense of Definition 1.2.

Definition 1.20 Let C = (C, A, €) be a coalgebra over a field F. A right comodule
over C (or simply a right C-comodule) is a [F-vector space V together with a linear
map

5:V->VRC (1.156)
such that the diagrams
VeCcRC <% yvec VOF ——— v
Tosiac | and w& y
Vec +—2——v Vec

(1.157)
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are commutative which, in the graphical notation, correspond to the equations
NV P e
N |~
— =1 and 8 =
| |

where the thick lines correspond to V and thin lines to C.

(1.158)

Exercise 1.14 Give a definition of a left comodule over a coalgebra C.

Example 1.15 An obvious example of a C-comodule (both right and left ones) is
the coalgebra C itself with § = A. O

1.8 Convolution Algebras

The dual vector space of any coalgebra is canonically an algebra called the
convolution algebra of a coalgebra. This is a special case of a more general
convolution algebra associated to an algebra and a coalgebra.

Proposition-Definition 1.1 Ler A be an algebra and C a coalgebra. Then, the
vector space L(C, A) of linear maps from C to A is an algebra, called convolution
algebra, with the product . L(C, A) ® L(C, A) — L(C, A) defined by

n(f®g) =: fxg:=nalf gAc (1.159)
or diagrammatically
A
£
u(f®g = fxg = f &,
\ J
Ac
| (1.160)

where the thick lines correspond to C and thin lines to A, and the unit n: F —
L(C, A) is defined by

I (1.161)



32 1 Groups and Hopf Algebras

Proof We verify the associativity property

(f@xh=ps((f*xg) @MAc =pua((ua(f ® g)Ac) ® h)Ac
= pa(a ®idA)(f ® g @ N (Ac ®idc)Ac = 1§ (f @ g @ WAL
= palida ®ua)(f ® g ® W)(idc ®AC)Ac = pa(f ® (nalg ® H)AC)Ac
=pua(f ® (g*xh)Ac=fx*(g+xh)  (1.162)

and the unitality property

fxmD) =pa(f @ M) Ac = pna(f ® (naec))Ac
= pna(ida @na) fidc ®ec)Ac =ids fide = f (1.163)

and similarly for the product (n1) * f. O

Remark 1.6 In order to illustrate the effectiveness of the graphical calculus of string
diagrams in this context, here is the diagrammatic proof of the associativity of the
convolution product (cf. (1.162)):

>

(f*g)xh= f & h = f & h = f & h = fx(gxh)

N%

and the unitality property of the convolution product (cf. (1.163)):

fx(nl) = H\l} J|‘ =K|/f = mbxf

where we are using the simplified notation for the structural maps of the algebra A
and the coalgebra C.

&

(1.164)
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As the base field [ is canonically an algebra, see Example 1.11, a particular case
of the convolution algebra L(C, A) with A = [ corresponds to an algebra structure
on the dual vector space C* = L(C, ) of a coalgebra C given by the product

(f g, x) =(f ®g, Acx) =) _{f, x1)) (g X)), (1.165)
()

where (-, -): C* x C — [ is the evaluation map of a linear form on a vector, and
the unit element n1 = ec € C*. This algebra is called the convolution algebra of a
coalgebra.

Example 1.16 The convolution algebra of the matrix coalgebra from Example 1.13
is isomorphic to the algebra of n-by-n matrices where n = |I] is the cardinality of
the set /. It is also identified with the endomorphism algebra End(F"). O

Example 1.17 The convolution algebra of the Dirichlet coalgebra (see Exam-
ple 1.14) is known as the Dirichlet convolution algebra. Its subalgebra of arithmetic
functions plays an important role in analytic number theory, where the correspond-
ing convolution product is called Dirichlet product or Dirichlet convolution, see, for
example, Chapter 2 of the book [2]. O

Exercise 1.15 An element of the Dirichlet convolution algebra f € (F[Zx0])* is
called multiplicative if (f, xap) = (f, Xa){f, xp) for all mutually prime pairs of
positive integers a, b € Z-o and (f, x1) = 1. Show that if f, g € (F[Zx0o])* are
multiplicative, then their convolution product f * g is also a multiplicative element.

1.9 Some Properties of Hopf Algebras

For a Hopf algebra H, the invertibility axiom (1.90) is nothing else but the condition
that the antipode is the inverse of the identity map idy in the convolution algebra
End(H).

By the uniqueness of inverses, this means that a Hopf algebra cannot admit more
than one antipode. Indeed, assuming that S is another element of End(H ) satisfying
the invertibility axiom, we write the associativity condition for the triple of elements
(S,1idg, S) in the convolution algebra End(H):

(S xidy) * S = § * (idg *S) © MEndaan 1) * S = S * (MEnay1) © S =S.
(1.166)

Remark 1.7 Definition 1.6 of a Hopf algebra differs from the standard definition(s)
in the literature. Specifically, in Definition 1.6 we do not assume that the counit
(respectively the unit) is an algebra (respectively a coalgebra) morphism. Below, we
derive these properties from the axioms listed in Definition 1.6. These derivations
are based on the interpretations of the product © and the coproduct A as invertible
elements of the convolution algebras L(H ® H, H) and L(H, H ® H), respectively.
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Lemma 1.1 In any Hopf algebra H = (H, i, n, A, €, S), the product | (respec-
tively the coproduct A) is an invertible element of the convolution algebra L(H ®
H, H) (respectively L(H, H ® H)) with the inverse

i = uP(S®S) =[£§T (respectively A= (S®S)AP = %)

Here the opposite product and the opposite coproduct are defined by

(1.167)

uoP = WOH H, AP = OH HA. (1.168)

Proof Here is a graphical proof of the fact that i is a right convolution inverse of

@; &% @é @\f TTLT

where, in the second equality, we convert the three trivalent vertices corresponding
to the product into a multivalent vertex corresponding to an iterated product; in the
third equality, by using associativity of the product and properties of the symmetry,
we “pulled out” appropriately chosen trivalent vertex from the multivalent vertex,
and in the last three equalities, we use twice the invertibility axiom and once the
unitality axiom.

The rest of the proof goes along the same type of graphical calculations. O

Proposition 1.2 In any Hopf algebra, the counit (respectively unit) is a morphism
of algebras (respectively coalgebras). This means that

H=e®e < RZ??’ (1.170)
An=n®n & E/=<53>,

(1.171)

en=idy < i:l & enl=1. 1)
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Proof The compatibility, the unitality and the counitality axioms imply that

(nep) x u=p

in the convolution algebra L(H ® H, H). As u is an invertible element, we conclude
that

new =nNLHeH 1 =N(E®e) = en=e®e = en=idg. (1.173)

By the duality symmetry, the compatibility, the unitality and the counitality
axioms imply that

(Ane)x A = A

in the convolution algebra L(H, H® H). As A is an invertible element, we conclude
that

Ane = Hem ]l =(M®N)e = An=n®n. (1.174)
O

Exercise 1.16 Show thatif H := (H, u,n, A, €, S) is a Hopf algebra, then
HOP P .= (H, u°?, n, A% €, §) (1.175)

is also a Hopf algebra.

Proposition 1.3 [n any Hopf algebra H, the antipode is a Hopf algebra morphism
from H to H°P-°°P,

Proof By Lemma 1.1, the convolution inverse of u is the map u defined in (1.167).
On the other hand, the composition Su is also the convolutional inverse of u as
shows the following diagrammatic calculation:

RN ST

and likewise for the product (Su) * w. Thus, by uniqueness of inverses, we have the
equality

Sp=uPS®S) (1.177)
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and likewise
AS =(S® S)AP, (1.178)

To finish the proof, we check that

eS=n= = —8—6
—n= = =¢=

(1.179)
and similarly
Sn=n. (1.180)

O

1.10 Bialgebras

Bialgebras, like Hopf algebras, are categorially self-dual algebraic objects (in
the sense of Definition 1.2) that carry compatible structures of an algebra and a
coalgebra but without assuming the existence of the antipode.

Definition 1.21 A bialgebra is a tuple (B, u,n, A,€), where (B, u,n) is an
algebra, (B, A,€) is a coalgebra, and the linear maps A and € are algebra
morphisms (or, equivalently, 4 and n are coalgebra morphisms).

Exercise 1.17 Give a definition of a bialgebra morphism.

Remark 1.8 By forgetting the antipode, any Hopf algebra becomes a bialgebra if
one keeps the property that the counit is a morphism of algebras. A bialgebra B
originates in this way from a Hopf algebra if and only if the identity map idp is
invertible in the convolution algebra End(B) of endomorphisms of B.

Example 1.18 Let M be a monoid, i.e. a set with associative product and the unit
element e € M, see Definition 1.3. The monoid bialgebra is the vector space F[M]
freely generated by the set M, where the structure maps are given in terms of the
linear basis of characteristic functions of points {x,},ep by the formulae

m(Xa ® Xb) = Xabs N1 = Xe, (1.181)

AXa = Xa @ Xa>» €Xa=1. (1.182)
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These relations coincide with the relations (1.107) for group algebras, so that
verification of the axioms follow the same line of reasoning as in the case of group
algebras. O

Exercise 1.18 Show that a monoid bialgebra F[M] admits the structure of a Hopf
algebra if and only if M is a group.



Chapter 2 ®
Constructions of Algebras, Coalgebras, Qe
Bialgebras, and Hopf Algebras

Our main goal in this chapter is to show that Hopf algebras are abundant, and
that there exist general methods of producing examples. We start by describing
constructions of algebras which are common and well known. Then, we proceed
with less well known constructions of coalgebras, bialgebras and Hopf algebras.

Coalgebras and algebras, being in categorial duality to each other, are closely
related. For this reason, construction of an algebra also gives us a coalgebra. By
using vector spaces as input in the case of algebras, and coalgebras in the case of
bialgebras and Hopf algebras, we describe the constructions of free objects which
have universal properties, and then realise all other objects as quotients of free
objects.

2.1 Construction of Algebras

Any algebra can be constructed by using a vector space as an input. A special role is
played by free algebras which, due to their specific property, can be used to realise
any other algebras.

Definition 2.1 Let V be an [ -vector space. A pair (A, 1), consisting of an [ -algebra
A and alinear map i1: V — A, is called free algebra on V if it has the following
universal property: for any F-algebra B and any linear map f: V — B, there exists
a unique algebra morphism f: A— Bsuchthat f1 = f.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 39
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Remark 2.1 If we denote by Alg(A, B) the set of all algebra morphisms from A
to B, and by L(V, W) the set of all linear maps from V to W, then the universal
property of a free algebra (A, 7) on V is equivalent to the bijectivity property of the
map

Hom(:, B): Alg(A, B) — L(V,B), f fi,

for any algebra B.

Exercise 2.1 Let (A, 1) and (B, ) be two free algebras over one and the same [-
vector space V. Show that there exists a unique algebra isomorphism f: A — B
such that j = f1.

Example 2.1 Let [[x] be the algebra of [-polynomials of one indeterminate x and
1: I — [[x], the linear map defined by :1 = x. Then, the pair (F[x], ) is a free
algebra over the one dimensional vector space [. Indeed, for any [-algebra B and
any linear map f: I — B, we define an algebra morphism f : F[x] - B by
f(p(x)) = p(f1). Then for any a € [, we have

fa=afl=afx=afil=fia = f=fi. (2.1)

Now, if h: F[x] — B is any other algebra morphism with the property f = hi,
then, for any p(x) € F[x], we have

h(p(x)) = p(hx) = p(hil) = p(f1) = p(f11) = p(fx) = f(p(x)) = h = f.
2.2)

2.1.1 The Tensor Algebra

For a given F-vector space V, we define recursively the tensor powers of V as
follows:

v =, yOmth —y@m gy vy e, (2.3)
with natural identifications

YO @ YO ~ YOI iy e . (2.4)
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Consider the vector space

T(V):= @ yen (2.5)

mew

together with the canonical projections and inclusions
P T(V) = VO V" S T(V), mew, (2.6)

with the properties

pmin = am,n idV®"9 Z ium = idT(V) . (2.7)

mew

Proposition-Definition 2.1 The F-vector space T (V) is an algebra, called tensor
algebra of V, with the product

M= LT(v) = Z imn(Pm @ pn): T(V) QT (V) — T(V) (2.8)

mnew
and the unit
n:i=nrwv) =ip: F = T(V). 2.9)
Proof By using the (easily verifiable) equalities
m
Pt =Y pm-s®ps Vm € o, (2.10)
5=0

we calculate

u(p ®@idr(v)) = Z imtn ((Pmit) @ pn)

m,new

m
= Z Zim+n (pm—s Qps® pn) = Z Z im+n (pm—s Qps® pn)

m,new s=0 n,sewm=s

= Z imtnts (Pm @ Ps ® pn) 2.11)

m,n,sE€w
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and

uGdr vy ®w) = D imin (P ® (puit))

m,n>0
n
= Z Zim+n (Pm ® ps ® pn—s) = Z Ziern (Pm ® ps ® Pn—s)
m,new s=0 m,sew n=s
= Y imtnts Pn®ps®py)  (212)
m,n,s€w
thus establishing the associativity of .
The equalities
Pl =08mo Ymeow (2.13)
imply the unitality:
n®idr)) = D imin (pm) ® pu) = Y _ inpn = idr(v). (2.14)
m,new new
and
pGdr ey @n) = D imin (P ® (Pam) = Y impm =idrey.  (2.15)
m,new mew
0

Exercise 2.2 Show that the m-th iterated product in 7 (V) is of the form

M(m) _ Z iyt (Pn1 R --® an) . (2.16)

1,y ) €™

2.1.2 The Universal Property of the Tensor Algebra

Lemma 2.1 For any F-vector space V, the canonical embeddings ip: V" —
T(V), m € w, factorise through the iterated products of the tensor algebra T (V)
according to the formula

im = pn™i®" Vm € o. (2.17)
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Proof First, we observe that

ik = 1 (ix ®i;) Vk, I €w. (2.18)
Indeed, we have

WGk ®i) =Y imtn (P ® pa) (ix ® i)

m,new
= Y imtn (i) @ (pi)) = Y S kS timen (idyer ®idyer)
m,new m,new
= ijp idyewty = k4. (2.19)
Further, we proceed by recurrence. For m = 0, formula (2.17) holds true.

Assuming it holds true for m = k > 0, we have
M(k+1)l~1®(k+l) —u (M(k) ® idT(V)> (iigk ® i1>
=u((nPif) @i) =p @ @i =ik (220)

Theorem 2.1 For any F-vector space V, the pair (T (V), 1y = i1) is a free algebra
over V. More precisely, for any algebra B and any linear map f: V — B, the map

f= Z,u,%mf@mpm: T(V) — B (2.21)
mew
is the unique algebra morphism such that fzv = f.
Proof (Uniqueness) Assuming the existence of f, we have

f = fidT(V) = Z fimpm = Z fﬂ(Tnz)V)h@mpm

mew mew

= G O p =Y g i) pm =Y ug [ o (222)

mew mew mew

where, in the third equality, we used Lemma 2.1, in the forth equality, the
assumption that f is an algebra morphism, and, in the last equality, the factorisation
assumption fiy = f.
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(Existence) Let us show that the linear map f defined in (2.21) is indeed an
algebra morphism. We have

us(F & =3 ne (1§ ©ul’) (2" 2 (pm ® pi)

m,new
_ Z Mgn—&-n)f®(m+n)(pm ® pn) = Z Z 'ug)f&s (Ps—n ® pn)
m,new SEW 0<n<s
_ (5) Qs _F 2.23
= ZMB o psurvy = furey  (2.23)
Sew

and

Forey =Y G O pmio = Smony” fO" idy

mew mew
0 .
=u§ fE0 = ypidr =np.  (2.24)
(Factorisation) We have
fir =" ug" & pmit = Y Smang” f2"idy = uy f =idp f = f.

mew mew

(2.25)

2.1.3 Presentations of Algebras

Definition 2.2 Let A be an [-algebra. A (two sided) ideal of A is a vector subspace
J C A that is stable under the left and right multiplications by elements of A, i.e.
AJ CJ D JA.

Exercise 2.3 Show that the kernel of any algebra morphism f: A — B is a two
sided ideal of A.

Exercise 2.4 Let A be an algebra and J a two sided ideal of A. Show that the
quotient vector space A/J is an algebra with the product

payg(x+ D@+ )=puax®y)+J, Vx,y€A, (2.26)
and the unit
najgl =nal+J, (2.27)

and the canonical projection from A to A/J is an algebra morphism.
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Definition 2.3 Let A be an [-algebra. A presentation of A is an expression of the
form F(E | R) where E is a set and R is a subset of the tensor algebra T (F[E])
such that A ~ T (F[E])/J where J is the (two-sided) ideal of T (F[E]) generated
by R. In particular, the algebra freely generated by E is the tensor algebra T (F[E]),
which is also denoted as [ (E), has the presentation with R = {J,

F(E|9)=F(E ).

Let V be an F-vector space, A an [-algebra and f: V — A a linear map such
that f : T(V) — A is surjective, where f is the algebra morphism induced by f
through the universal property of the pair (7 (V), 1y). For example, one can take
for V the underlying vector space of A and f = id4. Then, one has the algebra
isomorphism 7T (V') / ker( f ) >~ A, where ker( f ) is the kernel of f which is a two-
sided ideal of 7T'(V). In this case, one can take a presentation [ (B | R) of the algebra
A where B C V is a linear basis of V, and R C T(V) is a generating set for the
kernel ker(f), ie.

ker(f) = T(V)R T (V).

Example 2.2 Let g € [. The presentation [ (E | R) with

E ={a,b}, R ={ab— gba} (2.28)
corresponds to the algebra with the underlying vector space F[B] freely generated
by the set B := {b"a" | m,n € w}, and the algebra structure is given by the
multiplication

/J/(bkal ® bman) — qlmbk+n1al+n (229)

and the unit element

nl = %0, (2.30)

2.2 Construction of Coalgebras

As coalgebras are categorially dual objects to algebras, their construction is closely
related to the construction of algebras.
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2.2.1 Dual Coalgebras

Let A = (A, u, n) be a finite dimensional [-algebra. Then, the dual space A* :=
L(A, ) is a coalgebra with the coproduct

A=p" A* > (AQ A >~ A* @ A* (2.31)
and the counit
e=n": A" > F*~F. (2.32)

Exercise 2.5 Let A be the three dimensional [-algebra of upper triangular 2-by-2
matrices. Show that the coalgebra A* contains a linear basis {a, b, ¢} C A* with the
coproduct

Aa=a®a, Ab=a®b+bR®c, Ac=cRec. (2.33)

Remark 2.2 Let A = (A, u, n) be an infinite dimensional [F-algebra. In this case,
as the inclusion A* ® A* C (A ® A)* is strict, one does not necessarily have
the inclusion pu*(A*) C A* ® A*, and thus the dual space A* is not necessarily
a coalgebra. Nonetheless, the vector subspace A° := (uH) ' (A* @ A*) C A*
happens to be a coalgebra with the coproduct A = u® := u*|40 and the counit
€ = n° := n*|40. This coalgebra is called the restricted or finite dual of A (see
Chap. 3 for details).

2.2.2 Quotient Coalgebras

Definition 2.4 Let C = (C, A, €) be a F-coalgebra. A (two-sided) coideal of C is
a vector subspace J C C such that

€(J/)=0, AWU)CIQRC+CQRJ.

Let C = (C, A, €) be an [-coalgebra and J C C a coideal. Then, the quotient
vector space C/J is a coalgebra with the coproduct

Acyy(x +J) = Z(X(l) +H®xe+J), Vxel,
)

and the counit ec;y (x + J) = €(x).
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Conversely, if f: C — D is a coalgebra morphism, then its kernel ker(f) =
£71(0) is a coideal, and the image f(C) is a sub-coalgebra of D isomorphic to the
quotient coalgebra C/ ker(f). In particular, if f is surjective, then D is isomorphic
to C/ker(f).

2.2.3 Direct Sum Coalgebras

Proposition-Definition 2.2 For any family of coalgebras F, let
V = ®cegC

be the direct sum of the underlying vector spaces with the canonical projections
pc: V — C andinclusions ic: C — V satisfying the relations

pcip =idcdcp. Y icpe =idy.
CeF
Then, the triple (V, A, €), where
A= Z(ic Qic)Acpc: V—>VRV, ¢e:= Zecpc: V - T,
CeT CeF
is a coalgebra called the direct sum coalgebra of the family J. O
Proof (Coassociativity) We have

(A®idy)A =Y (A®idy)(ic ®ic)Acpc = Y ((Aic) ®ic)Acpe
CeF CeF

=Y ((lic ®ic)Ac) ®ic)Acpe = Y (ic ®ic ®ic)(Ac ®ide)Acpe
CeF CeTF

and

(idy ®A)A = Y (idy ®A)(ic ® ic)Acpe = Y (ic ® (Aic))Acpe
CeF CeF

=Y (ic ® (lic ®ic)Ac)Acpe = Y (ic ®ic ®ic)(ide ®Ac)Acpe.
CeF CeF

We see that the two expressions above coincide due to the coassociativity of the
coproducts Ac.
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(Counitality) We have

(€®idy)A =) (e®idy)(ic ®ic)Acpc = Y ((eic) ®ic)Acpe

CeTF CeF
=Y (ec®ic)Acpe =Y iclec ®ide)Acpe
CeF CeF
= Z icidc pc = Z icpc =idy .
CeF CeF

and

(idv ®)A = Y " (idy ®e)(ic ® ic)Acpc = Y _ (ic ® (¢ic))Acpe

CeT Ced
=Y (ic®ec)Acpe = Y iclide ®ec)Acpe
Ced CeT
= Z icidc pc = Z icpc =1dy .
CeF CeF

2.3 Construction of Bialgebras

Let C be an [ -coalgebra and T (C) the tensor algebra of C (viewed as a vector space)
with the canonical linear inclusion ic: C — T (C). By the universal property of the
pair (T'(C), i1c), the linear maps (ic Qic)Ac: C - T(C)QT(C)andec: C — [,
where 7 (C) ® T(C) and [ are considered as algebras, determine uniquely defined
algebra morphisms Arcy: T(C) — T(C) ® T(C) and er(cy: T(C) — [ such
that

(lc ® lc)AC = AT((;)lC and €c = ET(C)lC (2.34)
so that 1c appears to be a coalgebra morphism provided (T (C), Ar(c), €7(c)) is a

coalgebra.

Proposition 2.1 For any [F-coalgebra C, the triple (T(C), Ar(c), €r(c)) is an
F-coalgebra so that, by taking into account the algebra structure, T (C) is an [F-
bialgebra and the canonical inclusion ic: C — T (C) is a coalgebra morphism.
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Proof 1In order to check the coassociativity of Ar(c), by using the first equality
of (2.34) and the coassociativity of Ac, we calculate

(Arcy ®1dr(c))Arcyic = (Arc) ®idr(c))(ic ® 1c)Ac
= ((Aroyic) ®1c)Ac = ((lc ® 1) Ac) ®1c)Ac
=(c®ic®1c)(Ac ®idc)Ac = (1c Qic ®1c)(ide ®Ac)Ac
= (c ® (tlc ®1c)Ac))Ac = (1c @ (Ar(c)ic))Ac
= (id7(c) ®A1())((ic ® 1c)A1(C)) = (dr(C) ®AT(C) AT(C)ic-  (2.35)
Thus, by the uniqueness part of the universal property of (T (C), ic), we conclude
that A7 (c) is coassociative.

In order to check the counitality of €7 (c), by using both equalities of (2.34) and
the counitality of €c, we calculate

(er(c) ® idr () Ar(c)ic = (er(c) ®id7 () (1c ® 1c)Ac
= ((er0)1c) ®1c)Ac = (ec ®1c)Ac =1c(ec ®idc)Ac =1¢ (2.36)

and likewise

(idr(c) ®er(c)) AT (0)ic = ic- (2.37)

Thus, again, the uniqueness part of the universal property of (7 (C), i¢) implies the
counitality of er(c). Thus, the triple (T (C), A7(c), €7(c)) is a coalgebra.

The fact that the maps A7 (c) and er(c), by construction, are algebra morphisms
immediately implies that 7' (C) is an [F-bialgebra. O

Definition 2.5 Let C be an F-coalgebra. A pair (B, 1) consisting of an [-bialgebra
B and a coalgebra morphism :: C — B is called free bialgebra on C if it
satisfies the following universal property: for any [-bialgebra D and any coalgebra
morphism f: C — D, there exists a unique bialgebra morphism f: B — D such

that f1 = f.

Remark 2.3 Similarly to the previous Remark 2.1, if we denote by Bialg(A, B)
the set of all bialgebra morphisms from A to B, and by Coalg(C, D) the set of all
coalgebra morphisms from C to D, then the universal property of a free bialgebra
(A, 1) on C is equivalent to the bijectivity property of the map

Hom(z, B): Alg(A, B) — Coalg(C, B), f+ fi,

for any bialgebra B.
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Theorem 2.2 For any F-coalgebra C, the pair (T (C), 1c) is a free bialgebra on C.

Proof Let B be a F-bialgebra and f: C — B a coalgebra morphism. Since any
bialgebra is an algebra, by the universal property of the tensor algebra, there exists
a unique algebra morphism f: T(C) — B such that f = fic. Thus, it suffices to
show that f is also a coalgebra morphism.

By using the fact that f and i¢ are coalgebra morphisms, we have

Apfic=Apf=(f® HAc = ((fic) ® (fic)Ac
=(f® Hac®ic)Ac = (f® HArcic  (2.38)

and
GBflC = EBf = €C = €r(O)lC- (2.39)

Thus, by the uniqueness part of the universal property of (T (C), i¢), we conclude
that

Apf=(f® HArc) and epf =erc), (2.40)

that is f is a coalgebra morphism. O

2.3.1 Presentations of Bialgebras

Definition 2.6 Let B be an [-bialgebra. A vector subspace of B is called bi-ideal
if it is simultaneously a two-sided ideal and a coideal.

Exercise 2.6 Let B be a bialgebra and / C B a bi-ideal. Show that the quotient
vector space B/J carries a unique bialgebra structure such that the canonical
projection w: B — B/J is a (surjective) bialgebra morphism. Conversely, for
any bialgebra morphism f: B — D, its kernel ker(f) = f~1(0) is a bi-ideal
of B. In particular, if f is surjective, then it induces a bialgebra isomorphism
D >~ B/ker(f).

Any bialgebra B is a quotient of a free bialgebra on a sub-coalgebra of B. It
suffices to choose a sub-coalgebra C C B which generates B as an algebra. By the
universal property of (T'(C), ic), the inclusion map g: C — B induces a surjective
bialgebra morphism g: 7(C) — B so that B is isomorphic to the quotient bialgebra
T(C)/ker(g). This allows us to extend presentations of algebras to presentations
of bialgebras:

B~TF(E|R,D) (2.41)
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where E C C is a generating set, R C ker(g) is a generating set of ker(g), that is
ker(g) = T(C)RT (C), (2.42)
and
D :={(e, Ace) | e € E}. (2.43)

encodes the coalgebra structure.

Remark 2.4 For an element (e, Ace) of D in (2.43), one can also use a less formal
writing Ae = Ace, where A in the left hand side is the coproduct of the bialgebra
that corresponds to the presentation.

Example 2.3 The presentation [ (E | R, D) with

E={a,b}, R={ab—ba}, D={(a,a®a),b,a®@®b+b® 1)}
corresponds to the polynomial bialgebra [[a, b] with a group-like a and the
coproduct Ab = a ® b + b ® 1 so that the alternative less formal writing of the
set D (see Remark 2.4) is as follows:

D={Aa=a®a, Ab=a®b+bR1}.

In this example, the counit can be determined uniquely from the counitality relations
with the resultea = 1 and b = 0. |

2.4 Construction of Hopf Algebras

Hopf algebras are constructed on the basis of bialgebras. The theory of free
Hopf algebras on coalgebras has been developed originally by M. Takeuchi in the
work [40].

2.4.1 Free Hopf Algebras on Coalgebras

Definition 2.7 Let C be a coalgebra. A pair (H, 1) consisting of a Hopf algebra H
and a coalgebra morphism 1: C — H is called a free Hopf algebra on C if for
any Hopf algebra A and any coalgebra morphism f: C — A, there exists a unique
Hopf algebra morphism f: H — A such that f = f1.
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For any [F-coalgebra C, we associate the direct sum coalgebra C,. := @®,¢,C,, where
C, = Cifniseven and C, = CP if n is odd. Consider the linear maps

¢ = Zin+1pn: Ci — C57 and 1¢c,¢: Cy — T(Cy)PP (2.44)
new

where i, : C — C, is the (vector space) inclusion of C as the n-th direct summand,
pn: Cy — C is the projection to the n-th direct summand, and (7' (C.), ic,) is the
free bialgebra on C..

Lemma 2.2 The maps defined in (2.44) are coalgebra morphisms.

Proof Denoting A := Ac, € := €c, Ay 1= Ac, and €, := €c,, we have the
following decomposition formulae

Av=) (i ®in)Aupn: AT =D ((n®i)AF Py, €=y €py (249

new new new

where A, is the coproduct of C,,, thatis A, = Aifnisevenand A, = AP if n is
odd. This implies the equalities:

AT =7y Vneo. (2.46)
(The case of ¢) We have to verify the following two equalities
(s ® A= AL, €6 =6 (2.47)

For the first one, using the substitutions from (2.44) and (2.45), we calculate

(S ® A=Y (k1P ® irg1P1)(in ® in) Anpy

k,,new

= Y (k1 Prin @ ite1prin) Anpn = ) (int1 @ ing)Anpn (248

k,,new new

and

AL =" ik @AY pring1Pn =) _(int1 @ int 1A P

n.kew new

= (nt1 ®intDAnpy  (249)

new

where, in the last equality, we used (2.46).
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For the second equality of (2.47), we have

€xG = Z €Pmin+1Pn = Zepn = €x (2.50)

m,new new

Thus proving that ¢ is a morphism of coalgebras.
The second map in (2.44) is a morphism of coalgebras as a composition of
morphisms of coalgebras. O

By the universal property of the free bialgebra, there exists a unique bialgebra
morphism ¢ : T(Cy) — T(C,)°P°°P such that ic, ¢ = ¢ic,.

Proposition 2.2 For any coalgebra C, the (two-sided) ideal J of T (C,) generated
by the elements

ux =Y (Cx@)x) — (€re)onren L,
@)

vx = Zx(1)§x(2) — (ercoXInrcHl, VYx €i1c,(Cy), (2.51)
(x)

is a bi-ideal stable under the map { so that the corresponding quotient space
H(C) :=T(Cy)/J is a bialgebra and the canonical projectionw : T (Cy) — H(C)
is a bialgebra morphism. Furthermore, H(C) is a Hopf algebra with the antipode
S induced from mw({ through the universal property of the quotient space, that is
through the equation m{ = S.

Proof Let us denote € := er(c,), 1 := n1(C,) and A := Ar(c,). We have to show
the following three properties of J:

e(J)=0, (2.52)
A CI®CH+CQRJ (2.53)

and
() CJ. (2.54)

Due to the fact that €, A, and ¢ are bialgebra morphisms, it suffices to verify these
properties only for the generating elements ux and vx for x € ic, (Cyx). We check
them explicitly in the case of elements ux and leave the case of vx as an exercise.

Property (2.52):

e(ux +x) = Z(e{x(l))ex(z) =€lx = e€x.
)
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Property (2.53):

Aux + (ex)nl @ nl = Z(Aéx(l))AX(z) = Z(@ ® O(APx1))) (x2) ® x3))
(x) (x)

= Z(Cx(z))xe) ® (Cx))x@) = Z(CX(Z)(l))X(z)a) ® ($x(1))X(3)
(x) (x)

= > (@x@m)x@0) — (€x@)nh) ® Cxa)xe + Y0l ® Cxa)xe)
(x) (x)

= ZMX(Q) ® (£x))x3) + an Qux + (ex)nl ® nl.
(x) (x)

Property (2.54):

Gux + ()l =Y (Ex)Eexn) = Y _ENMEEN) @) = ugx + (e¢xml
(x) (x)

=ulx + (ex)nl = uy + (ex)nl

where y := {x € ic,(Cy) due to the equality ic, ¢ = Cic,.

Finally, the quotient map S induced by 7 ¢ through the equation ¢ = Sw is
the inverse of id () in the convolution algebra End(H (C)) due to the definition of
the bi-ideal J and the fact that H(C), as an algebra, is generated by the coalgebra
Cs. |

Theorem 2.3 For any coalgebra C, let ic: C — H(C) be defined as the
composition wic,io = mic,|c where w: T(Cy) — H(C) = T(Cy)/J is the
canonical projection from the free bialgebra (T (Cy),1c,) on Cy. Then, the pair
(H(C),1c) is a free Hopf algebra on C.

Proof The map ic is a coalgebra morphism as a composition of coalgebra
morphisms.

Let f: C — A be a coalgebra morphism to a Hopf algebra A. Then, the map
g: Cy — A defined by

g:=Y Sifpn (2.55)

n>0

extends f in the sense that gip = g|c = f, and it is a coalgebra morphism as
a consequence of the properties of powers of the antipode S4 with respect to the
coproduct A 4 and the counit €4, namely

(ST ®STYAA = ApSY, (ST R STTHAL = APSTH Vi e w.
(2.56)
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and
GASZ = €4, Vn € w. (2.57)
Indeed, we calculate

€@®Ac, = Y (S§fPmix ® Sy fpai)Ac,pk = ) (Sif ® S5 APk

k,m,new kew

=Y (Sh® SN @ HAcpr =) (ST &SI ® f)Acy px

kew kew
+ ) SE @ SENU © NAcy, prst = (ST @ STV ® fHAcpx
kew kew
+Y ST RSITHU @ HAL Pt =) (ST @ STV AL fpu
kew kew
+ ) SET @ SETHAY fraker =Y AaSTE fou+ Y AaST foun
kew kew kew
=Y AaS4Spu=ADAY_ Sifpn=Aag
new new

and

€Ag =) €aSifpn=) €afpn=Y €cpa=ec..

n>0 n>0 n>0

By the universal property of the pair (T (Cy), ic,), there exists a unique bialgebra
morphism g: T(C4) — A such that g = gic, which verifies the equality Sag =
g¢. Indeed, by using the property

PnS =Y Paiki1Pk = Y SnktiPk =Pu1 Yn =1,
k>0 k>0
and the equality ic, ¢ = {ic,, we have
Sagic, = Sag =Y Syt fon=>_ Sifra

n>0 n>1

- Zsﬁfpng =8¢ =gic,s = 8Luc,.

n>1

The obtained equality and the uniqueness part in the universal property of the pair
(T(C™), 1ecor) imply that Sxg = g¢.
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Now, for any x € i, (Cy), we have

gux + (€agx)mal =g Y (xaNxe = )_@x1)dxe = ) _(Sagx1)gxe
(x) (x) (x)

=) (5a(@x)1))(@x)2) = (€agx)nal
(x)

and similarly for vx. We conclude that g(J) = 0. By the universal property of the
quotient space, there exists a unique bialgebra morphism f: H(C) — A such that
g = fm. Furthermore, the equality

Safm =88 =8¢ = frn¢ = fSucymw

and the surjectivity of w imply that Sy f = f SH(c), that is f is a Hopf algebra
morphism. Finally, we verify that

fic = fmic,io = gic,io = gio = f.

2.4.2 Presentations of Hopf Algebras

Let H be a Hopf algebra and J C H a bi-ideal stable under the action of
the antipode, that is Sy (J) C J. Then, the quotient bialgebra H/J is a Hopf
algebra, and the canonical projection 7 : H — H/J is a (surjective) Hopf algebra
morphism.

Indeed, the universal property of the quotient space implies that there exists a
unique linear map S: H/J — H/J such that Sm = nSy. For any x € H, by using
the fact that r is a bialgebra morphism, we calculate the product S xidy /J in the
convolution algebra End(H/J):

(S % idH/J)nx = Z(S’(nx)(l))(nx)(z) = Z(SHX(l))JTX(z)
(x) (x)

= Z(JTSHXU))JTXQ) =7 Z(SHX(l))X(z) =TNHERX = NH/JEH)JTTX
(x) (x)
(2.58)

and similarly for the productidg,, #S. Thus, S is the antipode in the bialgebra H/J.

Conversely, for any Hopf algebra morphism f: H — L, its kernel ker(f) :=
£~1(0) is a bi-ideal of H stable under the action of Sy. In particular, if f is
surjective, then it induces a Hopf algebra isomorphism L ~ H/ker(f). This allows
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us to extend presentations of bialgebras to presentations of Hopf algebras by taking
quotients of Hopf algebras with respect to bi-ideals stable by the antipode. The fact
that the antipode is always unique allows to use bialgebra presentations also for
Hopf algebras implicitly assuming the existence of the antipode. This means that
one and the same presentation can have different meanings in the case of a bialgebra
and a Hopf algebra. For example, as all group-like elements in a Hopf algebra are
invertible, all group-like generators of a Hopf algebra presentation are assumed to
be invertible, even if in the presentation it is not explicitly indicated that they are
invertible.

Example 2.4 The bialgebra presentation of Example 2.3 corresponds also to a Hopf
algebra presentation where the group-like element a is necessarily invertible. In this
way, we arrive to the polynomial algebra F[a™!, b] with group-like element a and
the coproduct Ab = a ® b + b ® 1, where the antipode can be recovered just by
solving the equations corresponding to the invertibility axiom.

Indeed, in the case of the group-like element, the invertibility axiom states that

nl = nea = (Sa)a = aSa

implying that a is an invertible element with the inverse a~! = Sa.
In the case of element b, the invertibility axiom states that

0=neb=(Sa)b+ Sb=aSb+b

implying that Sb = —a~'b. O



Chapter 3 )
The Restricted Dual of an Algebra Shethie

As we already have seen in the previous chapters, if C is a coalgebra, then the dual
space C* = L(C, [F) is an algebra with the convolution product

pcr = A|crgc.

However, the categorial duality between algebras and coalgebras does not allow us
to conclude that the dual space of an algebra is a coalgebra with respect to the dual
structural maps. The reason is that for a vector space V, the inclusion V* ® V* C
(V ® V)* is strict if V is infinite dimensional. This means that, the dual vector
space A* of an algebra is a coalgebra with respect to the dual structural maps only
if w*(A*) C A* ® A*. This motivates the definition of the restricted dual of an
algebra.

Definition 3.1 The restricted (or finite) dual A° of an algebra A is the vector
subspace of A* given by the inverse image of the tensor square of the dual vector
space A* by the dual of the product of A, i.e.

A% = ()N (A* @ AY). (3.1

3.1 The Restricted Dual and Finite Dimensional
Representations

In this section, elements of the restricted dual A° are characterised in terms of finite
dimensional representations of A and A is shown to be a coalgebra with respect to
the dual structural maps, that is u*(A°) C A° ® A°.

When A is finite dimensional, one always has the equality A° = A*. When A
is infinite dimensional, A is a subspace of A* which can be both the whole space
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A° = A* or the trivial subspace A° = 0. The result of this section implies that
A° = 0 in the case when A does not admit any finite dimensional representations.
In order to characterise elements of A?, we consider the matrix elements of finite
dimensional representations of A.
To begin with, let p: A — [ be an algebra morphism which corresponds to a
one-dimensional representation. This means that p is a linear form with a specific
behaviour with respect to the algebra structure of A, namely

(0, xy) = {p, x){p, y)

forany x,y € A, and (p, 1) = 1. Let us rewrite (p, xy) as follows:
(o, xy) = (p, n(x ® y)) = (1" p, x ® ). 3.2)
By writing also
{0, x)(0, ) ={p®p, xBY), (3.3)

we see that u*p = p ® p, which means that p, considered as a linear form on A, is
contained in the restricted dual of A.

Assume now, more generally, that V is an n-dimensional (left) A-module, i.e.
that we have an algebra morphism A: A — End(V). Let us choose a linear basis
{vitien C V withn = {0,1,...,n — 1}, and for any x € A and i € n, consider
the vector (Ax)v;. As any other vector in V, it is a linear combination of the basis
vectors where the coefficients are linear functions of x:

x)vi = Y vj(hji, x), (3.4)
Jjen
where the elements A;; € A* are called matrix coefficients of the representation A
with respect to the basis {v;};e,. Writing
AV =D vj(Ajixy) = > vj(uhjix ®Y) (3.5)
jen jen

and

) O)vi = D000k (hein ) = Y v (hjik, X) (A ¥)

ken j.ken

= Z Vilhjk @ Aki, X ®Y),
Jj.ken
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and using the equality A(ab) = (Aa)(AD), we conclude that

Whji= Ak ®hi. Vijen, (3.6)

ken

ie. {Ajitijen C A%and u*({Aji}ijen) C A° @ A°.
Remark 3.1 The matrix coefficients {A;;}; jen generate a finite dimensional sub-

coalgebra of A° which is an isomorphic image of the matrix coalgebra from
Example 1.13.

Theorem 3.1 The restricted dual A° of any algebra A is the linear span of the
matrix coefficients of all finite dimensional representations of A.

Proof Taking into account the preceding consideration, it suffices to show that, for
any non zero element f of A?, there exists a finite dimensional (left) A-module V¢
such that f is a linear combination of the matrix coefficients of this representation
(with respect to some basis).

The dual space A* is a left A-module corresponding to the dual right multipli-
cations R} € End(A*), where x € A and R, € End(A) is defined by R,y = yx.
Indeed, for any x, y,z € A and « € [, we verify the linearity

Ritoyz =z(x +ay) =zx +azy = Ryz + aRyz = (Ry + aRy)z
= Ritay = R + «Ry = R}, = R} +aR’

and it is easily checked that

RIR: = (RyR)* = Ry, R} = (ida)* =idas. (3.7)

Let Vy := R’ f C A* be the orbit of f with respect to this action of A on A*. The
linear dependence of R} on x implies that the set V is a vector subspace of A*, and
the map A: A — End(Vy) defined by Ax = R{|y, is an algebra morphism.

The condition f € A° implies that

=) g®h (3.8)
ien
forsomen € Z.g and g, h € (A*)". The calculation

(RLF.y) = (foyn) = (" £y @ x) = (@i y) i) = {3 githi. x). )

ien ien

3.9)
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shows that for any x € A, the element R} f finds itself in the linear span of the
elements {g;}ien:

Rif =) gilhi.x). (3.10)

ien

Thus, m := dim(Vy) <n < oo.
Let {v;}iem be a linear basis of Vy withm = {0,1,...,m — 1}. Then, for any
x € A, we have

R:f =Zvi(wi,x) (3.11)

iem

for some w € (A*)™. In particular,

fF=Rif =) viw.1). (3.12)
iem
Let z € A™ be such that
v = RZ_ f, Viem. (3.13)

We have

(Ax)v; = )R f=RE f = Z vj(wj, xz;) = Z vi(REwj,x).  (3.14)

jem jem

Thus, the matrix coefficients {A; ;}; jem of the representation A, corresponding to
the basis {v;};iem, are given by

Aij = Rz(jwi, Vi, j € m. (3.15)

Let us show that f is a linear combination of A; ;’s.
By using (3.11), for any x € A, we write

(fox) = (RE 1) =Y (o Dwiox) = Y, Dwy.x) (3.16)

iem iem
which means that

= (i, hu;. (3.17)

iem
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By applying R;‘j to both sides of this decomposition, we obtain

v =R: f = Zw,-, DRZ w; = Zw,-, 1) ;. (3.18)

iem iem
Finally, by substituting this into (3.12), we obtain
f= (i Dwj, D . (3.19)
i,jem
Corollary 3.1 For any algebra A, one has the inclusion u*(A°) C A° ® A°.

This follows immediately from (3.6).

Exercise 3.1 For any algebra A let t4: A° — A* be the canonical inclusion map.
Let f: A — B be an algebra morphism. Show that

1. there exists a unique coalgebra morphism f°: B° — A? such that
[ =1af’

2. (ida)? =idge;
3. (fg)? = g° f¢ for any algebra morphism g: Z — A;

Remark 3.2 The parts (2) and (3) of Exercise 3.1 reflect the functorial nature of
the restricted dual which directly follows from the functorial nature of the duality
correspondence for vector spaces. The restricted dual is, in fact, a contravariant
functor from the category Algy of [F-algebras to the category Coalgy of [-
coalgebras. One can also show that there exists a natural equivalence

Homyjg, (A, C*) =~ Homcoalg (C, A?),  VY(A, C) € Algp x Cog. (3.20)

Exercise 3.2 Let f: A — B be a surjective morphism of algebras. Show that
f%: B — A is an injective morphism of coalgebras.

3.1.1 An Algebra with Trivial Restricted Dual

Theorem 3.1 implies that, if an algebra A does not admit finite dimensional
representations, then its restricted dual is trivial, i.e. A° = 0. For example, consider
the Heisenberg subalgebra Apeis of End(C[z]) generated by the multiplication and
differentiation operators x and d defined by

dp(z)

x(p(2)) =zp(2), 9(p(2)) = dz Vp(z) € Clz]. (3.21)
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They satisfy the commutation relation
dx —x0 = id@[z] . (322)

The Heisenberg algebra does not admit finite dimensional representations. Indeed,
assume that there is an algebra homomorphism A: Apejs — End(V), where n :=
dim(V) € Z. . By taking the trace of the identity

(A3)(Ax) — (Ax)(A) = idy, (3.23)

and using the cyclic property of the trace, we obtain the equality 0 = n > 0 which
is a contradiction. Thus, (Ageis)? = 0.

3.1.2 An Infinite Dimensional Algebra A with A° = A*

Let V be an infinite dimensional vector space. Define an algebra Ay which, as a
vector space, is the direct sum [ @ V and the product

p(a,v) ® (B, w)) = (o, V)(B, w) = (B, aw + fv) (3.24)
Let p € Aj, be the linear form defined by
(P, (a,v)) = . (3.25)
For any f € A}, we have

(W* f, (@, v) ® (B, w)) = (f, (B, aw + Bv))
= (/. (1,0)ap + (f, (0, aw + pv)) = (f, (1, 0)af +a(f, (0, w)) + B(f, (0, v))
=—(f, (1, 0)ap +alf, (B, w)) + B(f. (@, v))
= —(/. (1,0)){p ® p, (&, v) ® (B, w))
+ (P ® f (. v) ® (B, w) + (f @ p. (@, v) @ (B, w))
=r®f+fOp— (£ (LO)Pp, (@.,v)® (B w).  (3.26)

Thus, f € A, with

Wf=p®f+f®p—(f(1.0)p&p. (3.27)
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3.2 The Restricted Dual of the Tensor Product of Two
Algebras

Lemma 3.1 For any algebras A and B, the canonical embedding
aap: A°® B — (A® B)’ (3.28)

is a coalgebra isomorphism such that, for any pair of algebra morphisms f: A —
Uandg: B — V, one has the equality

(f ® 8 au,v =aap(f’®g%). (3.29)

Proof

(1) Let A and B be algebras. Define the canonical algebra inclusions

1:A—>AQ®B, Jj:B— AQ®B,
ix=xQ®lp, jy=14Q8y, V(x,y)eAXxB. (3.30)

Denoting o := a4, g, let us show that the map
B:=0°® %) Auesyr: (A® B’ — A’ ® B° (3.31)

is the inverse of «.
For any (¢, x,y) € (A® B)° x A x B, denoting A := AagBp), we have

(@B, x®y) = (Be, x ®y) = (Ap,1x ® Jy) = (9, (x)(Jy)) = (. x ® )
(3.32)

implying that § is a right inverse of «, and, for any (f, g, x,y) € A? x B? x
A x B, we also have

Ba(fR,xRy)=B(f®2,xQy)=(A(f®Q,1x® Jy)
=(fRg @)U =(fV®gx®Y) (3.33)

implying that 8 is a left inverse of «.
(2) In order to show that a4, p is a morphism of coalgebras, it suffices to show that

AaoB)yda,B = (A, B ® a4 B)Asogpo (3.34)
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and
€(A®B)°0A,B = €40 @ €po. (3.35)
Indeed, for any (¢, ¥) € A° x B? and (x, y,u, v) € A% x B2, we have

(AaeByraa,B(@®Y), xQu®y®v) = (Y, xy Quv) = (¢, xy) (¥, uv)
= (Ao, x @ y){Apor,u @ V) = ((Apop) ® (Apo¥), x ®y ® u ® v)
=(Apogpo (@@Y), xQUAYRV) = ((0ta, BRAA,B) A sogBo (P@Y), XQURYRV)

and

(€caoByoaB, ¢ @ Y) = (¢ ® ¥, nagrl)
={p®@v.nal @npl) = (@, nal){y. npl)
= (€40, ) (€po, ¥) = (€a0 @ €po, 9 O V).
(3) Let f: A — U and g: B — V be algebra morphisms. For any quadruple
(p, ¥, x,y) e U’ x V° x A x B, we have
(f®8) auyv(p®Y).x®y) ={p®Y, fx®gy) = (¢, fx) (¥, gy)
= ([0, x)(g°¥, y) = (fe®8°V, xQ®Y) = (aa B (f'®E") (9®V), x®Y).

3.3 The Restricted Dual of a Hopf Algebra

The restricted dual H° of a Hopf algebra H is defined as the restricted dual of the
underlying algebra. In this subsection we show that the Hopf algebra operations of
H imply that the restricted dual is itself a Hopf algebra.

Exercise 3.3 Let f: X — U and g: Y — V be two linear maps between vector
spaces. Show that

(f @ )*lurev: = fHlux ® g*|v+.

Proposition 3.1 For any Hopf algebra H = (H, i, n, A, €, S), the restricted dual
H? is a Hopf algebra with respect to the dual structural maps

* * . * *
wHe =A% |gogpo, nNumo=€":l>€,  Apgo=pu*lge, €go=n"=n"|po,

Spo = 8% = §*|go.
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Proof By the functorial nature of the restricted dual, the vector space H? is a
coalgebra with the coproduct u*|go and the counit n°, and the algebra morphisms
€: H— Fand A: H— H ® H induce coalgebra morphisms €’: I — H? and
A’: (H® H)° — H°.By Lemma 3.1, the canonical inclusion
app: H°® H’ —~ (H ® H)°
is an isomorphism of coalgebras and the composed map
Aoy pg: HO® H° — H°
coincides with the restriction A*|gogpo. This means that the triple
(H®, A°ay 1, €°)
is an algebra as a subalgebra of the convolution algebra H*. Thus, the tuple
(H, A°ap . €, 1" |mo,n°)
is a bialgebra.
Finally, we verify that S° is the inverse of idge in the convolution algebra
End(H°). By functoriality of the dual of a vector space, we have the equality
e = A*"SQidy)*u*: H* — H* (3.36)

which implies that

nuoege = A*(S Q@ idy)* ¥ go = A*(S @ idp)* | HogH Ano
= A gogro (S ® idgo) Ao = e (S ® idye) Ago

where, in the third equality, we used Exercise 3.3. The second relation is verified
similarly. O



Chapter 4 )
The Restricted Dual of Hopf Algebras: Shethie
Examples of Calculations

Let H be a Hopf algebra. In this chapter, we work out the structure of the Hopf
algebra H? in few simple examples. The fact that H? a Hopf algebra (instead of
being just a coalgebra) often facilitates its description.

It is useful to use the (restricted) evaluation form

S E
E=Eq= |= \=ewlwencH @H. [Oxm (fx)
(4.1)

where we use solid line for H and dotted line for H°. It has the following algebraic

properties:
E(ppe ®idy) = E13% Ez3 < \ N \E
i - (4.2)

in the convolution algebra (H° ® H° @ H)*,

E(idpo ®uu) = E1px E13 & & >\=

4.3)
in the convolution algebra (H° ® H ® H)*,
EGo ®idm) =en & \=7
O \ 4.4)
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and

. : ©}
E(idyo @nu) = €go & ¢ = i.
: }1 ’ (4.5)

The usefulness of the form E in elucidating the structure of H? is the following
reproducing property

E(f®idy) = f, VfeHC, (4.6)

where the linear map f: I — H? is defined by fl = f.
Let {e;}ic; C H be a linear basis and {¢]'};c; C H™ the dual set of linear forms
defined by the relations

(e, ej)=26i;, Vi,jel 4.7
The evaluaton form E can be written as the following formal sum

E=) e*®cf (4.8)

iel

where e/* € (H?)* are defined by (e]*, f) = (f, e;). It has the property

(E, [ @x) =) (f e)le}, x). 4.9)

iel
By using the algebra structure of H*, one can try to express the dual forms e in

terms of some set of generating elements of H*. Below, in concrete examples, we
illustrate how this works in practice.

4.1 The Hopf Algebra C[x]

The polynomial algebra C[x] is a Hopf algebra where x is a primitive element with
the coproduct

Ax=x®1+1Q®x. (4.10)
The monomials {x"},¢, form a linear basis, with the product

XMyt =y 4.11)
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and the coproduct

m

AX" = (Ax)" =" (’Z )W ® xk. (4.12)

k=0

The counit and the antipode are easily calculated by using the axioms of the Hopf
algebra.

For example, in order to calculate the counit applied to the generator x, we use
the counitality property

(e ®@id)Ax =x & ex + (el)x = x, (4.13)
which, by using the equality €1 = 1 valid in any Hopf algebra, implies that ex = 0.

For calculation of the image of the generator x under the action of the antipode,
we use the invertibility axiom:

n(S ®id)Ax =ex & Sx + (S1)x = ex, (4.14)
which, by the previous calculation and the equality S1 = 1 valid in any Hopf
algebra, implies that Sx = —x.

Finally, by using the facts that the counit is an algebra morphism and the antipode
is an algebra anti-morphism, we conclude that

ex = (ex)" =80, Sx" =) =(—x)", Vm e ow. (4.15)
Let us turn to the structure of the restricted dual of C[x].
One-dimensional representations of the algebra C[x] are indexed by the set of
complex numbers C. The matrix coefficient p, corresponding to z € C is defined as
follows:

(0, x") =7", Vne€o. (4.16)

It is a group-like element of the restricted dual C[x]°. The set of linear forms {p; |
z € C} is closed under multiplication according to the multiplication rule

PzPw = Pz+w Yz, w €C 4.17)
which is verified as follows:

(Pzw, X") = (p; ® pu, Ax") = (p; ® pw, *x @ 1+ 1®x)")

= ({pz, X){ow, 1) + {0z, D{pw, x))" = @+ w)" = (pr4w,x").  (4.18)
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We define one more element of C[x]°, denoted 9, by formally differentiating p,
with respect to z and then substituting z = 0:

d
(9, x")y = 5z {0z, x™) =810, Vneo. (4.19)
z=0

Let us show that the linear form 9 is a primitive element of the Hopf algebra C[x]°.
Indeed, for any m, n € w, we have
(Aaa X" ® xn> = <aa xm+n> = 81,m+n = 80,m81,n + 80,n81,m
= {e, x") 0, x") + (e, X0, x") = (e R0+ 0R¢e, x" ®@x")
= A0=1Q0+0®1 (4.20)
where we took into account the fact that the counit € is the identity element in the
restricted dual of a Hopf algebra.

Lemma 4.1 The set of normalized monomials {¢, := 3" /n'},,c, C Clx1° forms
the dual set of the monomial basis {x" },c, C C[x].

Proof This can be proven by induction. Indeed, the case n = 0 holds true by the
fact that g9 = € (the counit of C[x]) which is the identity element of the algebra
C[x]°. Assuming that (¢,_1, x™) = 84—1,, for a fixed n > 1 and arbitrary m, and
the definition of 9, we calculate
= (m
n{gn. x") = (g1, X™) = (1@, Ax") = Y (k)«onl@a, XMk @ xk)
k=0

m n
m n
B kE_O <k>5n1,mk5l,k = an,m kE_O <1>51,k = nan,m- (4.21)

Remark 4.1 To keep track the evaluations of various linear forms on the linear basis
{x"}new, it is convenient to work with the exponential generating function for this
basis

& = Z & o, (4.22)

For example, the set of evaluations (p,, x") = 7”7, n € w, can be collected into the
evaluation on the generating function

0 n

T ST U S (4.23)

n=0 n=0
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and similarly for the set of evaluations (3™, x") = m!8y n, m, n € w,

o0 Sn o0 %_n
=D 7 ") =7 s, =& (4.24)
n! n! ’
n=0 n=0
Theorem 4.1 The linear map
CICI1®Clx] = Clx]°, x:®1 p,, 1®@x > 3, (4.25)

is an isomorphism of Hopf algebras.

Proof 1t is clear that the map v is a morphism of Hopf algebras. We only have to
show that it is a bijection.

By Lemma 4.1, the dual evaluation form Ec, can be written as the following
formal infinite sum

oo
1
Eepg=) G ®d" (4.26)
n=0 "

where we have used the convolution algebra structure of the space C[x]*. We will
use this formula in order to show the surjectivity of the map v. To this end, we
consider a representation of C[x] in a finite dimensional vector space with a fixed
linear basis which corresponds to an algebra morphism

A: Clx] — End(C"). 4.27)

Such a representation is completely characterised by the matrix Ax = (A; jX)i jen-
By the Jordan block decomposition of Ax, it suffices to assume that there exists a
complex number z such that A” = 0 where A := Ax — zidgr. Starting from the
reproducing property (4.6) of the evaluation form, we proceed with the following
calculation

o]

v 1 — 1
by = Eo ey @ ide) = 3 (apahit = 3 (001) ot
k=0 k=0 " ’

_oolk k m) Lk—m gk (Am)lzmk
TP W CEFERED o) o AE

m=0 k=m

(A2 i _ g (A1 9" S8 oA
_Z kim! =2 =l e
m, k=0 m=0 k=0 m=0
(4.28)
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where, in the last equality, we used the (formal) decomposition

p: = Eci (b ® idep) = Y (o, x") =32, (4.29)
k=0 k=0
Thus, we obtain the formula
n—1 1
M= v( > A ®x’”) (4.30)
m=0
implying surjectivity of the map v.
In order to show injectivity of v, assume that
@i= Y xuw® pulx) € ker(v), 431)

weW

where W C C is a finite set of complex numbers and p,,(x) € C[x] is a polynomial
for each w € W. This means that

va = Y pupu(d) =0. (4.32)
weW

By evaluating the latter on the generating series of the basis monomials e5*, we
obtain

0= (va. &) = Y " pu(£). (4.33)
weW

The meaning of the obtained equality is that, by expanding the right hand side
of (4.33) in power series in &, all the coefficients of that expansion vanish. On the
other hand, as the series absolutely converges for any £ € C, we can view the right
hand side of (4.33) as an analytic function of &£ on the entire complex plane. It is
impossible to identically vanish for this function unless all the polynomials p,, (x)
vanish. Indeed, let s € C be such that the map W — Cxo, w — €%, is injective.
By taking the values & = sn, n € w, in (4.33), we obtain the equalities

Z e py(sn) =0, Vn e o, (4.34)
weW

and, by Lemma 4.2 below, we conclude that p,,(x) = Oforallw € W,ie. 0 =0
and thus the map v is injective. O
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Remark 4.2 The surjectivity of the map v in Theorem 4.1 can be proven by the
following elegant and purely algebraic reasoning.! In formula (4.33), for each w €

W, the term e p,,(£) is a generalised eigenvector of the differentiation operator
3"%_ corresponding to the eigenvalue w, that is there exists a positive integer k € Z~.¢

such that e p,, (£) is in the kernel of the differential operator (aas — w)X. This fact
implies that the terms in the sum in (4.33) are linearly independent.

Lemma 4.2 Let {py(x)}wew C Clx] be a finite set of complex non-zero polyno-
mials indexed by a (finite) set of non-zero complex numbers W C Co. Then there
exists a non-negative integer n € w such that

> wpun) #0. (4.35)

weW

Proof The proof is by contradiction. Assume that

> w'pum) =0, Vneo. (4.36)
weW

Let z € C be such that |z| > |w| for all w € W. Then, for any w € W, the following
series is absolutely convergent:

o ) Y I\ & w\"
nZ:;)w pw(m)z™" = py <_Zaz>r§)<z>

where
d
quw(X) := pu (x(x —1) )x (4.38)
0x

is a polynomial of degree

deg(qu(x)) = 1+ deg(pw(x)) = 1 (4.39)

which means that it is not a constant polynomial. On the other hand, summing (4.37)
over all w € W, we obtain the identity

qu< ¢ ):o (4.40)
Z—w

weW

! This reasoning has been kindly suggested to the author by the anonymous referee.
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which is impossible to satisfy, because due to the inequalities (4.39), z can approach
arbitrarily close a pole w with the largest absolute value. O

4.2 The Group Algebra C[Z]

The group algebra of the infinite cyclic group Z can be identified with the algebra
of Laurent polynomials:

C[Z] ~C[t, 11 (4.41)

where the identification is given by yx, +— ¢, so that the Hopf algebra structure
in the space of Laurent polynomials is fixed by the condition that ¢ is a group-like
element. Let us determine the restricted dual of C[Z].

Any one-dimensional representation of the algebra C[r, 7~!] is characterized by
a non-zero complex number z corresponding to the image of the generator . Denote
the corresponding matrix coefficient by 6.. It is a linear form on C[f, '] defined
by the formula

0,1 =7", VnelZ, (4.42)

which is a group-like element of the Hopf algebra C[z, t~']°. Moreover, we have
the following multiplication rule

00w =0 Vz,w € Cx (4.43)
which is checked as follows:
(0,00, 1") = (0, @ Oy, AL") = (0, @ Oy, 1" @ 1) = Z"W" = (O, 1").  (4.44)
In particular, 61 is nothing else than the unit element which we will denote by 1.

Differentiating formally 6, with respect to z at z = 1, we define one more linear
form r:

a
(Wt = _ (0, =n VnelZ (4.45)
9z z=1

which is a primitive element of C[z, 7~ !]° as shows the following calculation:

(AY, " Q1" = (WY, 1" @1") = (Y, ")y =m +n = (Y, ") + (Y, 1)
= (Y, ") e, ")+ (U, "N e, ") = (Y @e+e@ Y, 1" Q1"). (4.46)
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Exercise 4.1 Show that for any polynomial p(x) € C[x], the following formula
holds true:

(p(Y), 1"y = p(n) VneZ. (4.47)

Remark 4.3 Pushing formula (4.47) even further, for any vector space valued
function g: Z — V, we can associate a linear map g(v): Cl[z, 1~ — V defined
by

g(t" =g(n), Vnel. (4.48)

In particular, the linear forms 6, can alternatively be denoted as z¥.

Let {}pez C Clt,t'1* be the dual set of the canonical monomial basis
{(t"}pez C Clt, t~'], with the convolution algebra structure

Ty = SunTm, Ym,n e€Z, (4.49)

corresponding to the coalgebra structure of C[z,77']. Any linear form f €
Clr, 11" is decomposed into a formal sum

f=Y (ft"m, (4.50)
neZ
so that, in particular, we have
Y= ("= ) nm. (4.51)
neZ neZ
Theorem 4.2 The linear map
u: C[Cx] ® Clx] — CIt, =1, X Q1> 60, 1Qx > 1, (4.52)

is an isomorphism of Hopf algebras.

Proof The map u is evidently a Hopf algebra morphism. We start by showing that
u is a surjective map.

Let A: C[t,t~'] — End(C") be a finite dimensional representation which is
completely characterized by the matrix At = (A; j1); jen. By the Jordan block
decomposition of Az, it suffices to assume that there exists a non-zero complex
number z such that (At — zid¢#)" = 0. Consider a set of elements {g; ;}i jen in
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C[Cx0] ® C[x] defined by the formula

n—1
X _ . k
Gij =A@ Y <k> ((z I — ldcn) ) . (4.53)
k=0 bJ

where

k—1
1
C) = [T - eclxl (4.54)

j=0

is the binomial polynomial of degree k. Let us show that ug; ; = A; ;.
For any m € Z, we have

(Ui j. ") = <91 > <1’Z> t’”> ((Zlm — id@n)k)i’j
=" (Z) ((ZIM B idOz)k)i,j

ken
o
— S (" (i =ide ) ) = (0™), = G 455
=y (' (z l‘—l@n) = (M), = i (455)
k=0 L
In order to show injectivity of «, assume that
=Y xw® pulx) € ker(u), (4.56)
weWw

with a finite set of non-zero complex numbers W C Co and some polynomials
pw(x) € C[x]. This means that

ua = Z O pu(¥) = 0. (4.57)

weW

By evaluating the latter on the basis monomials, we obtain the equalities

0= (ua, ") = Z w" py(n), VneZ, (4.58)
weW

which, due to Lemma 4.2, imply that all the polynomials p,,(x) identically vanish,
ie.a =0. |
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4.3 The Hopf Algebra Jj

Let us fix a scalar 7 € C. We define a Hopf algebra with the presentation
Jy=Cla,blab—ba =hala—1), Ab=a®@®b+b®1, Aa=a®a) (4.59)

where it is assumed that all grouplike elements are invertible.

Exercise 4.2 Show that for any & € Co, there exists an isomorphism of Hopf
algebras J; >~ Jj.

Exercise 4.3 Show that the set of monomials
{(b"a" |m e w, n e} (4.60)

forms a linear basis in Jj.

In the rest of this section, we provide a detailed description of the restricted dual
of the Hopf algebra Jj; assuming that # # 0.
There exists a surjective morphism of Hopf algebras
Jp — Clx], a1, b x, (4.61)
which induces a Hopf algebra embedding (see Exercise 3.2)
Clx1° = CIC1 ® Clx] — Jy (4.62)
given by the linear forms {p;},cc and 9 defined as follows:

(pz,b"a"y =7", (9,b"a") =8pu1, Vm € w, Vn e Z. (4.63)

As in the case of C[x]?, it is convenient to rewrite the evaluations in (4.63) in terms
of the generating series e£? for the powers of the generator b:

(pz, e5%a"y = €57, (3, e5Pd™y =&, VneZ. (4.64)

We also consider the following two-dimensional representation

] 5 11 00
A: Jyp — End(C?), a+— (0 1), b (0 h)’ (4.65)

so that

10 1n 1 n
A &b _n — Erb ra)t = = . 4.
<( L€ d >>i,je{1,2} e (a) 0e57)\01 0 &5t (4.66)
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We see that the lower left corner matrix coefficient is trivial, A2 1 = 0, the diagonal
matrix coefficients are contained in the Hopf sub-algebra C[x]°:

Aii=po=1, 222 = pn, (4.67)
while the upper right matrix coefficient gives a new linear form in Ji:
rMop=1¢, (¢,ePa") =n, (4.68)
with the coproduct
Ap=1Q ¢+ ¢ ® pp. (4.69)

Exercise 4.4 Let «, B,y € C be such that « # y. Prove the following matrix

equality:
a B\ _ (¢ B — &) /(e —y)
P <E <0 7/)) B < 0 &Y ) ' 70

Lemma 4.3 Let representation A of Jn be defined in (4.65). For any z € C and
n € Z, the following generalization of (4.66) holds true:

§h _
et = ok (1D @71)

Proof We have

E@AHAD) (5 1 — 82 ey (5 (0 z)) (ra)"

0h
1 (5" —Dz/h\ (1n 1n+ (" —1)z/h
— — o
=< (0 e 01)=¢ (o et *72)
where we have used equality (4.70). O

Proposition 4.1 For any z € C, the linear forms p; and ¢ satisfy the following
relation

pzpp—z = ¢ +z(1 — pp)/h. (4.73)
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Proof First, we calculate

(0.0, ¢7a") = (0, ® §, A(5Pa™)) = (p, @ ¢, L@OPTEN (" © ™))

= (¢, EPTIa"y = 52015, €500y = 50 (4.74)
and similarly
(¢pz, ¢Pa") = (¢ ® p;, A(e*Pa™) = (¢ @ p;, £ U TPEV (0" @ a™))
= (¢, F@xtD)gny = [eSZM“”()\a)"]LZ = (n+ (" —z/h) (475
where we have used formula (4.71). Substructing this from (4.74), we obtain
(pep — pz, €Pa"y = 51 — &Mz /h = (p.(1 — p)z/h, &Py (4.76)

which is equivalent to equality (4.73). O

Corollary 4.1 There exists a morphism of Hopf algebras
Jp = J7, ar p_p, b~ —hdp_p. 4.77)
Exercise 4.5 Show that
¢ —¢d = (1 — pp)/h. (4.78)
Proposition 4.2 For any k € w, one has
(¢*, e52a"y = n*, Vn ez, (4.79)

with the convention 0° = 1.

Proof We proceed by induction on k. Equality (4.79) is true for k = 0. Assume that
it is true for some k > 0. Then, by using (4.71) and (4.68), we have

("1 ePa") = (9 @ ¢F, LTIV @ a™)

= ¢k [E P Gay | a") = (¢, e+ @ = Db/ma”)

= <n + (esh — 1)}11 885) (d)k, esba") = (n + (eéh — 1)711 335) nk = pktl,
(4.80)
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Exercise 4.6 Let X and Y be two linear transformations of a finite dimensional
vector space such that

XY —-YX =Y. (4.81)
Show that
eXye X =%y, VzeC. (4.82)

Lemma 4.4 For any finite dimensional representation ): J, — End(V), the
element ha — idy is nilpotent.

Proof The element ¢ :=a~' — 1 € J; is such that
bc — cb = —hc. (4.83)
By Exercise 4.6, we have the relation
e ()t = e, Yz eC. (4.84)

Let o € C be an eigenvalue of Ac, and v € V \ {0} the corresponding eigenvector,
ie.

(Ac)v = av. (4.85)
To any z € C, we associate the non zero vector
v, == ey, (4.86)

Then, equality (4.84) implies that v, is an eigenvector of Ac corresponding to the
eigenvalue ¢ q:

(A, = (Ae)e?Pv = P (ho)v = ePPe v = " av,, VzeC. (4.87)

This means that « = 0, otherwise the set of eigenvalues of Ac would be
(uncountably) infinite and this not possible in a finite dimensional vector space.
Thus, Ac = (idy —)\a)()na)f1 is a nilpotent element of End(V). |

The following theorem summarises the Hopf algebra structure of the restricted
dual of Jj.

Theorem 4.3 Let i € C.. The Hopf algebra J; is generated by the elements
{p:};ec, 0 and ¢ defined by (4.64) and (4.68) with the coproducts

Ap:=p:®p:, AI=1Q3+0®1, Ap=1®@¢+¢® pn (4.88)
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and satisfying the relations

PzPw = Pztws P00 = 3Pz, (4.89)
pzpp—z = ¢ +z(L—pn)/h, 3¢ —¢d = (1 — pp)/h. (4.90)

The set
B :={p,0"¢" |z€C, m,n € w} (4.91)

forms a linear basis of Jg.

Proof The coproducts and the relations between the generating elements are already

derived, see Theorem 4.1, Eqgs. (4.65) and (4.69), Proposition 4.1, and Exercise 4.5.
Let

A Jp — End(C") (4.92)

be arbitrary finite dimensional representation. By the formal formula for the dual
evaluation form

evy, = e’ (a @ 1)!9?, (4.93)

we write for the matrix coefficients

rij = evy,(hj ®id) = (e()‘b)a()ua)‘p). . (4.94)
ij
By Lemma 4.4, there exists L € w such that (Aa — idgn)? = 0 so that
L—1 &
(ra)® = (idgn +ra — iden)? = Z < >(Aa —iden)®, (4.95)
s=0 §
thus obtaining a matrix valued polynomial in ¢, i.e.
(Aa)® € End(C")[¢). (4.96)

Let

S := Spec(xb) C C 4.97)
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be the spectrum of the matrix Ab. By Jordan’s block structure of Ab, for each
eigenvalue z € S, there exist a projection matrix P, € End(C") and a positive
integer n, € Z~( such that

PAb= (Ab)P,, P}=P, P,(hb—ziden)"™ =0, (4.98)
and also
P.P,=0ifz#w, Y P =1, (4.99)
Z€EB

see Exercise 4.8 below. Thus, we can write

n;—1

‘ o (Ab — ziden)"
(00 =37 pibzidend Z 57 p 0" =" pepu(d)

r!
zes zes r=0 zeS

with matrix valued polynomials p;(x) € End(C")[x]. Putting everything together,
we obtain a decomposition of the matrix coefficients into finite linear combinations
of the set B:

i =Y pe (P @ O)?), ;- (4.100)

zes

Let us prove now the linear independence of B. Assume that there exist finite
sets of complex numbers M; C C indexed by a finite set of non-negative integers
I C w such that

> fi@)¢' =0, (4.101)
iel
where
fi(@) = Z pzPiz(d),  piz(x) € Clx]. (4.102)
zeEM;

Evaluating at the basis elements e5ba", we have

Y fiEn' =0, Vnelz, (4.103)

iel
and replacing £ in this generating series by arbitrary complex numbers, we obtain

Y fin' =0, Vnez vzeC. (4.104)

iel
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By applying Lemma 4.2 for each fixed z (with one polynomial ) ;, fi()x), we
arrive at the equalities

fiR) =" " piuw(z) =0, Viel VzeC, (4.105)
weM;

which, again by Lemma 4.2 (with specifications z = n € w), imply that all the
polynomials p; ,, (x) identically vanish. O

Exercise 4.7 Prove formula (4.100) by evaluating its both sides on the basis
elements of Jj.

Exercise 4.8 Let T € End(V) with dim(V) < oo. By using Jordan’s block
decomposition of 7 show that there exists a set of positive integers {n;};es C Z~0
indexed by a finite set of complex numbers S C C such that the polynomials
pz(x) € C[x] defined by

nz

py=1—-[1- T[] <x_w> 1 vies, (4.106)

wes\fz) N Y

satisfy the relations

P(T)puw(T) = 62, p(T), Z p(T) =idy, p(T)T —zidy)"™ =0.
zes

(4.107)

4.4 The Quantum Group B,

Let g be a non-zero complex parameter. We define a Hopf algebra with the
presentation

B, =C(a,b|ab=gba, Aa=a®a, Ab=a@b+bR1) (4.108)

where, as in the case of the Hopf algebra J;, the generator a is grouplike and thus
invertible. The Hopf algebra B, is a smallest example of a gquantum group, the
term introduced by Drinfel’d in [11]. It is a g-deformation of By = Jy which is the
algebra of regular functions C[Aff] (C)] on the affine linear algebraic group

Aff1(C) := G,4(C) x G, (C) (4.109)
of invertible upper triangular complex 2-by-2 matrices of the form (‘O‘ 11’) where the

Hopf algebra structure is canonically induced by the group structure of Aff;(C),
see [44].
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In the algebra B, the monomials b™a" with m € w and n € Z form a closed
under multiplication set with the following product

bmanbkal — q"kberna"H. (4110)

Lemma 4.5 The monomials b™a" with m € @ and n € Z form a linear basis of
B,.

Proof Consider the following action of the generators a and b in the space of
polynomials C[x, y, y’l]:

a(f(x,y)) =yf(xq,y), b(f(x,y))=xf(x,y). (4.111)

It is easily verified that this action gives rise to an algebra homomorphism from B,
to End(C[x, y, y~']):

ab(f(x,y)) =alxf(x,y)) =xqyf(xq,y) =qyd(f(xq,y)))
=qba(f(x,y))). (4.112)

Assume that there exists a finite set {c;; n }(n.n)er C C with I C @ x Z such that

> cmab™a" =0. (4.113)

(m,n)el

By using the action (4.111), we have

S cuax™y" f(xq".y) =0, Vf(x.y) € Clx.y.y . (4.114)
(m,n)el
Choosing f(x, y) = 1, we conclude that ¢, , = 0 for all (m,n) € I. a

In order to calculate the coproduct, we need the following g-binomial formula

(u+v)" = Z [’ﬂ "Ry (4.115)
q

k=0

where u and v are elements of any algebra which satisfy the relation uv = gvu, and

k
m (q)m i
_ ’ =TT —q 4.116
[kL @ity @10 @110

with the convention (g)g = 1.

Exercise 4.9 Prove the g-binomial formula (4.115).
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The coproduct of the basis elements of the algebra B, is calculated as follows:

A" = AB)" "A@)= (@®b+b® 1)"(a®a)"

=3 m bR @b @®a) =) m b"a’ T @ ba"
s=0 § q s=0 § q
(4.117)

where, in the third equality, we used the g-binomial formula (4.115) withu = a®b
andv=>bQ®1.

Exercise 4.10 Show that the antipode of B, acts on the basis elements as follows

_m+1

m
SB"a") = (—q*" 3 ) pamn, (4.118)
Let us now turn to the description of the restricted dual of B, in the case when ¢
is not a root of unity, thatis 1 ¢ qZ#O.
We start by remarking that there exist two morphisms of Hopf algebras
ri By — C[Z1~Clt,t™'], awt, b0, (4.119)
and
s:Clt,t7'1— By, tr>a, (4.120)

which satisfy the relation rs = idgy, ;17 corresponding to the commutative diagram

C[[, [_1] _ C[[, [_1]

By (4.121)
Thus, we have the induced commutative diagram for the restricted duals

ClCx0] ® Clx] === C[Cx0] ® C[x]

q (4.122)
where we use the isomorphism of Hopf algebras

Clt, t711° =~ C[Cx0] ® Clx] (4.123)
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with the evaluations
1L, i"=7", (1®x,t"Y=n, Vnel (4.124)
In particular, we see that r° is injective and s° is surjective.
The Hopf subalgebra r?(C[Cx0] ® Clx]) C By is generated by the grouplike

elements 6; := r°(x; ® 1), z € Cxp, and the primitive element  := r°(1 ® x)
determined by the formulae

(0, 0™a") = (x; @ 1, r(b™a") = m.0{x; ® 1, ") = Sm.07", (4.125)
and
(Y, b"a")y = (1@ x,r(d™a")) = 8mo{l @ x,t") = 8p.0n (4.126)
where (m,n) € w x Z. Any f € Bj determines a (unique) set of polynomials

{pf:(x)}er, C Clx] (4.127)

indexed by a finite set Jy C Co such that

SOf = X ®prx) = (1) f =D 0.pr(¥). (4.128)

z€ly zeJy

Next, we consider the following two-dimensional representation:

A: By, — End(C?), a+> <g ?) . b (8 ! 5q> . (4.129)
Exercise 4.11 Show that
n —
pmany = (Omod" dma =)\ oy e, (4.130)
0 Sm 0

The upper off-diagonal matrix coefficient of this representation ¢ := A1 > gives us
anew element of By:

(p,0"a")y =6 1(1—q), VYmew, nel, (4.131)
with the coproduct
Ap=Ar2=21,1Q@A2+A2012=60,00+¢R1 (4.132)

where we use the equalities A1,1 = 0, and A2 =01 = 1.
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Exercise 4.12 Show that
@, b™a"y = Sk.m(@m: Yk,m ew, neZ, (4.133)

see (4.116) for the definition of the symbol (q),.

Proposition 4.3 The following relation is satisfied in Bj

Vo — oy =¢. (4.134)

Proof Let us calculate
(Yo, b"a") = (Y ®¢, (a@b+b®1)"@" ®a") = (¥ ®¢,d"™" @b"a")
= (Y, a"") (P, b"a") = (m + 1), 1(q)1 = Sm.1(n + (@)1, (4.135)

and

(@Y. b"a") = ($@ V. (a@b+b® D"(@ ®a") = ($ @Y, b"a" ®a")
= (¢, b"a")(Y,a") = ndpy.1(g)1. (4.136)
Thus,
(Y — ¢y, b"a") = dm 1(q)1 = (¢, b"a"). (4.137)
Exercise 4.13 Show that
0.9 =z¢0;, Vz e Cxuo. (4.138)
Lemma 4.6 Let A: B; — End(V) be a finite dimensional representation of By.
Then the element \b is nilpotent.
Proof 1t suffices to prove that Ab does not have non-zero eigenvalues. Indeed,
assume the contrary, i.e. that there exists @ € Co and v € Vg such that

(Ab)v = av. (4.139)

Then, for any n € Z, the vector (Aa)"v is a non-trivial eigenvector corresponding
to the eigenvalue ¢"«. Taking into account the fact that g is not a root of unity, the
eigenvalues {¢"a},c7 are pairwise distinct. Thus, we come to the conclusion that
the spectrum of Ab is an infinite set which is impossible for a finite dimensional
matrix. O

Corollary 4.2 For any f € By, there exists n € w such that (f, b™) = 0 for any
m > n.
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The following theorem summarises the Hopf algebra structure of the restricted dual
of B,.

q

Theorem 4.4 Let g € C be such that 1 ¢ g%#9. The Hopf algebra B is generated
by the elements {OZ}ZEC#)’ Y and ¢ defined in (4.125), (4.126) and (4.131) with the

coproducts
AO;,=0,R0, AYy=10¢v+yQ1, Ap=0,0¢+¢®1 (4.140)
and satisfying the relations
0.0 = 0w, 6% = Yo, (4.141)
00 =z¢0;, Y¢— oY =0¢. (4.142)

The set W := {¢" 0 Y" | m,n € w, z € Cxo} is a linear basis of B.

Proof The coproducts and the relations between the generating elements are already
derived, see Theorem 4.2, Egs. (4.129)—(4.132), Proposition 4.3, and Exercise 4.13.
Let us show that any f € Bg is a finite linear combination of elements of the set W.
Let a finite subset u C (Bg)2 be such that Af = deu g0®g1. By Corollary 4.2,
there exists v € w such that (go, ™) = 0 for any g € u and any m > v.
Denoting v := {0, 1, ..., v — 1}, define the element

- (0. 0%) + ., .
f= ¢"(sr)°g1 € B. (4.143)
g; @) a

kev

The following calculation shows that f = f:

- (80. ) 4
(f.b"a"y =" (¢*(sr)°g1, b"a")
g (@)

,bk ,bk
— Z (go >(¢k ® (SV)Ogl, A(bman» — Z (g0 >(¢k,bman>((sr)ogl,an>

v (@ o @k
kev kev
bt
= @der @) = 0. 6 1. ")
= @ geu
kew

= (Af, " ®@a") = (f,b"a").  (4.144)
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In order to prove that the set W is linearly independent, assume that there exists

a subset

{fi}ier € Clt,17'1° = C[C0] ® Clx]

(4.145)

indexed by a finite subset / C w such that ) ;; ¢'r° f; = 0. Evaluating at the basis

elements b™a™ with m € I, we obtain

0= (¢'r’fi.b"a"y = > (¢ @r®fi, AG"a")

iel iel
=) ' @rfi,b"a" ®a") = (@Dm ) im(r’ fi,a"
iel iel

which means that

(r fn,a") = (fn, ") =0, V(m,n) el xZ.

We conclude that f;, = 0 foranym € I.

(Q)m(rofma an>

(4.146)

(4.147)

O



Chapter 5 ®
The Quantum Double S

The quantum double construction originally has been introduced by V. Drinfel’d
in [11]. It allows to associate to any Hopf algebra with invertible antipode another
Hopf algebra whose category of finite-dimensional representations is canonically
braided. In this chapter, following [21], we describe the construction of the quantum
double by using the notion of a cocycle over a bialgebra.

5.1 Bialgebras Twisted by Cocycles

Definition 5.1 A cocycle in a bialgebra B = (B, u,n, A, €) is an invertible
element v of the convolution algebra (B ® B)* such that

v((v* ) ®idp) = v(idp ® (v# 1) & —/\%
5.1

and

v ®idg) =€ =v(idg®n) & [ \=]=/

(n®idp) Gdsom & (N\=T=/"\ .
where v *x = (nv) * u is the convolution product in the space of linear maps
L(B ® B, B).

Remark 5.1 Equation (5.1) can equivalently be written as the following identity in
the convolution algebra (B ®3yx

v * ((u ®idp)) = v23 % (V(idp ®u)). (5.3)
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Exercise 5.1 Show that the convolution inverse v of a cocycle v in a bialgebra B
satisfies the conditions

P((1* 9) ®idg) = D(idp ® (% D)) & g\(\= '
(5.4)

P ®idp) =€ = i(idg @) & éﬁ\:?:/ﬁB

(5.5)

Exercise 5.2 Let H be a Hopf algebra. Define a linear form

°
Vg =€y Qevy ®epo =T : W € (HOH’® H® H)*
; f (5.6)
where
evy = W;H”®H—> F, f®x+— (fx),

: (5.7)

is the evaluation form. Show that this linear form is a cocycle in the bialgebra H ®
H?°P_and the linear form

(@]
vy =€ ® (evy(idye ®Sy)) ® €go :T }
: (5.8)

is its convolution inverse.

Proposition-Definition 5.1 Ler B = (B, u, A, n,€) be a bialgebra and v a
cocycle in B. Then, the multiple B, := (B, t,, A, n, €) with the twisted product

My :=V k%D 5.9

is a bialgebra called the bialgebra twisted by cocycle v. O
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Proof We have to check all the properties containing the product, i.e. the associa-

tivity, the unitality, the compatibility, and the compatibility of the product and the
counit. The graphical notation

AN N N

allows us to proceed purely graphically as follows.

(1) Associativity:

5.11)

and

(5.12)
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v
v v -
= v v
v
v

We observe that the associativity for the twisted product is satisfied as a con-
sequence of the cocycle relations (5.1) and (5.4). Notice that the diagrammatic
calculations in (5.11) and (5.12) are mirror images of one another (with respect
to a vertical mirror) accompanied with exchange of v and v.

(2) Unitality:
/ E i S%( (5.13)

(3) Compatibility:
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(4) Compatibility of the twisted product with the counit:

I

My v v v v

FYYY Y

5.1.1 Dual Pairings

The algebraic properties of the evaluation form given by relations (4.2) and (4.3)
can be formalized into the notion of a dual pairing. One can construct cocycles as
dual pairings possessing an extra property.

Definition 5.2 A dual pairing between two bialgebras A and B is a linear form
¢ € (A ® B)* such that

¢(pna ®1dp) = @13 * 923 =

(5.16)
in the convolution algebra (A ® A ® B)* and
% ¢ ¢
0(ida ®up) = pr2 % @13 & =1
' (5.17)
in the convolution algebra (A ® B ® B)*,
. %
p(na®idp) =€ & =
o | ? (5.18)
and
. % (©)
p(idg ®np) = €4 & . =
6 (5.19)

where, in the graphical notation, the dotted lines correspond to A and solid lines
to B.
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Proposition 5.1 For any bialgebras A and B, a linear form ¢ € (A® B)* is a dual
pairing between A and B if and only if one of the two following linear maps

I: A— B* r: B— A*, (l(a),b) = (r(b),a) = (¢,a ®b), (5.20)

factorizes through a bialgebra homomorphism into the corresponding restricted
dual.

Proof Assuming that ¢ is a dual pairing, we verify that /(A) C B°and/: A — B°
is a homomorphism of bialgebras. To this end, we first derive the equalities

Upl=UA®DAA, npl=c¢€a (5.21)

which imply that /(A) C B? and that [ is a homomorphism of coalgebras. Using
Sweedler’s sigma notation for the coproduct, see Sect. 1.7.2,

Aa) = Za(l) ® aw), (5.22)
(a)

foranya € Aand @ ® B € B®?, we have

(up (@), e ® B) = (l(a),ap) = (p,a @ ap)

= (. am®a)(p. apy®B) =Y _(l(am). ) {l(aw). B)= (IR (Aa(a)). a@p).
(a) (@)

(5.23)
obtaining the first equality of (5.21), and
np((@) = (@), np(1)) = (@, a @ np(1)) = €ala), (5.24)
obtaining the second equality of (5.21).
Next, we show that
AR ®D) =lpa, Ina=ej (5.25)

which imply that / is a homomorphism of algebras. For any a®b € A®? and « € B,
we have

(Ipa)(a ®b), a) = (l(ab), a) = (¢, ab @ a)

=Y (g, a®a) (@, b®aw) = Y (@), )} {l(b), a@)) = (@ QI(b), Ap(«))
() (o)

= (ApU@ 1), ),  (5.26)
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obtaining the first equality of (5.25), and
(lna(1)), o) = (¢, na(l) @ &) = (e, @), (5.27)

obtaining the second equality of (5.25).

Assuming now the converse, i.e. that Eqs.(5.21) and (5.25) are satisfied, the
calculations of (5.23), (5.24), (5.26), (5.27) reproduce the definition of a dual
pairing.

The case where [ is replaced with r is checked similarly.

O

Proposition 5.2 For any bialgebra B, a convolution invertible dual pairing ¢
between B°P and B (or, equivalently, between B and B°°P) is a cocycle on B if
and only if

P12 * 923 = 23 * P12 (5.28)
in the convolution algebra (B®3)*.

Proof Relations (5.16) and (5.17) take the form

p(up ®1idp) = @23 * @13 (5.29)
and
@(idp ®uB) = @12 * 913 (5.30)
so that (5.3) takes the form
Q12 % P23 % P13 = Y23 * P12 % P13 < P12 * P23 = Y23 * P12. (5.31)
O

5.2 Cobraided Bialgebras

Definition 5.3 A dual universal r-matrix in a bialgebra B = (B, u, A, n,€) is a
convolution invertible element p € (B ® B)* such that

pru=puPxp & =
(5.32)
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p13 % p12 = p(dp ® n) < ”/\(2\

(5.33)
P13 % P23 =p(n®idg) & W =/\\

(5.34)

A bialgebra provided with a dual universal r-matrix is called cobraided.
Exercise 5.3 Show that a dual universal r-matrix in a bialgebra B satisfies the

following Yang-Baxter relation in the convolution algebra (B®%)":

O1,2 % P13 % 023 = 02,3 % 01,3 * P12 (5.35)

5.2.1 The Quantum Double

In this subsection, a Hopf algebra H will be drawn graphically by solid lines while
its restricted dual H? by dotted lines.

Proposition-Definition 5.2 Let H be a Hopf algebra. The quantum double D(H)
of H is the bialgebra H ® H? °P twisted by the cocycle

VH=€H®CVH®€H”=T : V .
" (5.36)

It contains bialgebras H and H?°P as sub-bialgebras through the following
canonical bialgebra embeddings:

\

1= 0 =\0O0:H<< DH), x> xQ Ilpyo,

(5.37)

and

\

J = .{‘.’ZE::':HO,OP"_) D(H), f—1g®f.
5 { (5.38)

If the antipode of H is invertible, then D(H) is a Hopf algebra. O
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Proof The proof boils down to straightforward verifications which are left as
exercise. In particular, for the cocycle property, see Exercise 5.2. O

Exercise 5.4 Show that

=(uu ® M?;o)(idH RV Qidgo)

(5.39)

= (evi ®idp gre ®evy)(idpo ®0 1oy g ®SH) (A, ®AY)) : HO®H — HOH?,

Y(f®x) = Z - xanxe) ® fio){fi3), S(x3)-
()
(5.40)

Theorem 5.1 Let H be a Hopf algebra with invertible antipode. Then the restricted

dual D(H)? of the quantum double D(H) is a cobraided Hopf algebra with the
following dual universal r-matrix

p = /p\ = evp) (idpy ® (J19)) = 5
I (5.41)

with the convolution inverse

p= /p\ = evp) (idpay @ (7 S;,ilo)) = >
| (5.42)

where we use thick lines for the restricted dual D(H)? and the graphical notation
for the inverse of the antipode of H®
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Proof Let us see first that p is a right inverse of p

That p is a left inverse of p is verified similarly.
In order to verify equality (5.32), we write it in an equivalent graphical form

(5.43)

where the equivalence is due to the fact that two linear forms on a vector space are
equal if and only if they evaluate to one and the same value on any vector.

By using the definitions of p and the product of D(H)?, we rewrite Eq. (5.43) in
the form

(5.44)

Next, we can use the definition of the coproduct of D(H)? in the bottom left
parts of the diagrammatic equality (5.44) to obtain

(5.45)
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where the units g can be eliminated by using the unitality axiom for H in the left
hand side, and the definition of i in the right hand side

(5.46)

The obtained equality is a consequence of the equality (if two vectors are equal then
their images by one and the same linear form are also equal)

(5.47)

which, in its turn, is equivalent to the equality (two linear forms on a vector space
are equal if and only if they evaluate to one and the same value on any vector)

|

(5.48)

(5.49)
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By using the definitions of i in the left hand side and :° in the right hand side
of (5.49), we obtain the equivalent equality

(5.50)

where we can further use the definitions of the (twice iterated) coproduct of H’ in
the left hand side and the coproduct of D(H)? in the right hand side to obtain

(5.51)

In (5.51), we can use the definition of :? in the left hand side and the unitality axiom
for H? in the right hand side to obtain

(5.52)

In (5.52), we can use the definitions of the coproduct of D(H)? in the left hand side
and of ¥ in the right hand side to obtain

(5.53)
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In the left hand side of (5.53), the definition of ¥ and the composition of it with the
unit of H° lead to a simplification, while in the right hand side, the co-associativity
properties of H and H° and the duality allow to remove the antipode by the
invertibility axiom. In this way, we obtain

(5.54)

In the left hand side of (5.54), the associativity and the co-associativity of H allow
to remove the last antipode through the invertibility axiom for H. In this way, we
obtain a tautological equality

(5.55)

Thus, equality (5.32) is proved.
Next, we verify equality (5.33)
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Finally, we verify equality (5.34)

AAL-

Remark 5.2 If H is a finite-dimensional Hopf algebra with a linear basis {e; };<; and
{e'}icr is the dual linear basis of H*, then, the dual universal r-matrix is conjugate
to the universal r-matrix

O

R:= Zje" ®1ie; € D(H)® D(H) (5.57)

iel
in the sense that, for any x, y € (D(H))? = (D(H))*, we have
(x®y, R) =) (x,je') (v, 1ei) = Y (x, ¢}y, i)
iel iel
= <x, ](Z(l”y, ei)ei)> = (x, ;1) = (0. x ® ). (5.58)
iel

In the infinite-dimensional case, formula (5.57) is formal but it is a convenient
and useful tool for actual calculations.

5.3 The Quantum Double D(B,)

In this section, we consider the example of the quantum group B, described in
Sect. 4.4 of Chap. 4. Recall that the parameter g there is generic, that it is not a root
of unity.

Proposition 5.3 Let g € Cxo be such that 1 ¢ qZ#U. Then, the quantum double
D(B,) admits the following presentation:

Cla, b, ¥, ¢, {0:}:ec., | ab = qba,
Y0, = 0.9, 0:0u =0, Y — ¥ = ¢, 90, = 20:9,
Ya =ay, yb— by =b, 6,a =ab,, 0,b=zbo,,
¢a =qag, ¢b —qbp = (1 —gq)(1 — aby);
Aa=a®a, Ab=a@®b+b®1,
AY =y Q1+1QY, A0, =0,R0,, Ap=0,¢p+¢®1) (559
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Proof As the first two lines and the last two lines in the presentation are just
the presentations of the Hopf sub-algebras B, and B; %P put together, we need to
check only the relations in the third and forth lines. These are relations between the
generators of B, and By °” which are of the form

UNGx) = D (fay, x)x@) Gf)fe), Sx3),  x € By, f € By™.
(f),(x)
(5.60)

By writing informally just x instead of 1x and f instead of jf, let us write out these
relations one after another for x € {a, b} and f € {i, 0;, ¢} by using the iterated
coproducts
AV =a®a®a, APh=bR1®1+a®b®1+a®@a®b (5.61)
and
AVY =y @cRe+e@YRe+e®e®y, AL =0.00.®0,,
AP =¢pRc®Re+6,00Rc+6,00,06¢. (562

The Case (f = i, x = a) The first coproducts in (5.61) and (5.62) imply that
relation (5.60) takes the form

va=,a)ale,a” ") + (e, a)ay (e, a ') + (e, a)a(yr,a Y =a + ay — a = ay.
(5.63)

The Case (f = ¥,x = b) The second coproduct in (5.61) and the first one
in (5.62) imply that

Wb = (Y, b)1(e, 1) + (¥, a)b(e, 1) + (W, a)ale, —a™'b)
+ (€. b)Y (e, 1) + (e, a)byr (e, 1) + (e, a)ayy (e, —a™'b)
(&, D)LY, 1) + (e, a)b(yr, 1) + (€, a)a(y, —a~'b)
=0+b+0)+O+by+0)+O+0+0)=b+by. (564

The Case (f = 6,,x = a) The first coproduct in (5.61) and the second one
in (5.62) imply that

0.a = (0, a)ab.(0,,a”") = zab.z~" = ab.. (5.65)
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The Case (f = 0,, x = b) The second coproducts in (5.61) and (5.62) imply that

0.0 = (0;, b)0.(0;, 1) + (6, a)bO(0;, 1) + (0, a)ab, (0., —a™'b)
=0+4zb0, +0=zb0,.  (5.66)

The Case (f = ¢, x = a) The first coproduct in (5.61) and the third one in (5.62)
imply that
$a = (¢, a)ale,a”") + (0, a)adle,a™ ) + (0, a)aby (d,a™")
=0+4+ga¢p +0=gqagp. (5.67)

The Case (f = ¢,x = b) The second coproduct in (5.61) and the third one
in (5.62) imply that

db = (¢, b)1(e, 1) + (¢, a)ble, 1) + (¢, a)ale, —a~'b)
+ {0y, bYple, 1) + (0, aYb(e, 1) + (8, a)agle, —a~'b)
+ {0y, D)0y (¢, 1) + (64, YOy (b, 1) + (8, a)aby (¢, —a~'b)
=((1-¢@)1+0+0)+ (0+gbo +0)+ (0+ 0+ gab,(0,, —a‘1>(¢, b))
=0 -q@)l+gbp—ab;,(1—-q)=(1-q)1—aby)+qbd. (5.68)

0
5.3.1 Irreducible Representations of D(B,)
Proposition 5.4 The elements c,d € D(By) defined by the relations
cty=a (5.69)
and
¢b—1—qab, =0,d = gbe —q — ab, (5.70)

are central.

Proof That the element c is central is an easy check. To see that d is central, we
define two elements w, w’ € D(B,) by the relations

b =u+vably, +w, qbp=u'+v'ab, + v, (5.71)
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where u, u’, v, v’ € C are fixed as follows. First, we impose two conditions
u—u'=1—-g=v—-v (5.72)

which, due to the defining relation between b and ¢, imply that w’ = w. By
straightforward verifications one sees that w commutes with a, ¥ and 6, for all
7 € Co. Next, we have the equalities

u'b +v'abyb + wb = gbpb = qbu + gbvab, + qgbw (5.73)

which, under two more relations of the form

/

u' =qu, qv =v, (5.74)

imply that wb = gbw. The system of Egs. (5.72) and (5.74) on unknowns u, u’, v, v’
admits a unique solution

u=1=2v, u=qg=v. (5.75)
Now, it is an easy check that pw = qwe¢. Indeed, we have

dw = ¢p(qbp — q — aby) = qbbd — q¢ — ¢pab,
= q¢b¢ — q¢ — q*abyd = q(9b — 1 — qaby)¢ = que.  (5.76)
Finally, the equality w = 6,d, together with the obtained commutation relations for
w, implies that d is central. O

Proposition 5.5 Let g € Cg be such that 1 ¢ q%#0. The center of the algebra
D(By) coincides with the polynomial subalgebra C|c, ¢, d] where ¢ and d are
defined in (5.69) and (5.70)

Proof By Proposition 5.4, for any n € w, one can easily verify by recurrence the
equality

¢"b" =[]+ q*0,d + g%+ 070). (5.77)

ken

This means that any element x € D(B,) can uniquely be written in the form

x= > Ouempumlc.d. ), (5.78)
(u,m)e(C#QxZ
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where
" if m > 0;
ey = 1 if m=0; (5.79)
o if m<O0

and py, m(a, c, ¥) € Clc, c . d, Y] is non-zero for only finitely many pairs (u, m).
Remark that, for any m € Z, the element e, satisfies the relations

Venw =en(Y +m), 0Oen =27"end; Vze Cu. (5.80)

Assume that x is central. Then, for any z € C..o, we have the equality

x=0x0""= Y Ouenz" pumlc.d. ¥) (5.81)
(M,m)EC¢OXZ

which implies that for any fixed pair (#,m) € Cxo x Z, one has the family of
equalities

Pum =2"Pum Yz € Cxo. (5.82)

This means that p, ,, can only be non-zero if m = 0. Thus, the element x takes the
form

x= Y upuole,d, ). (5.83)
ueCyo
The equality
bx=xb=b Y  Oupyola c.y+1) (5.84)
MEC?g()

is equivalent to the equalities

upu,o(c,d, ¥ +1) = puolc,d, ¥) Vu € Cx (5.85)

which imply that the polynomial p, o(a, ¢, ¥) can be non-zero only if u = 1 and if
it does not depend on . We conclude that x = pj o(c, d) € Clc, c L d). a

Theorem 5.2 Let g € C be such that 1 ¢ q%#°. Then, any finite dimensional
irreducible representation \: D(By) — End(V) is characterized by the dimension
N = dim(V) € Z.g, a complex number y € C, and a multiplicative group
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homomorphism &: Cxo — Cxo such that there exists a linear basis {v,}nen of
V satisfying the relations

(ayvy =gV ve O = (v = e, 00, = 2" E v,

ObYyvy = (1 =g 1, APvy =1 —g" " Du,pr.  (5.86)

Proof To simplify notation, we will write % instead of Ax for any x € D(B,), and
[x, y] instead of xy — yx.

As in an irreducible representation all central elements are realised by scalars,
there exist @ € Cxo and B € C such that the central elements ¢ and d defined
in (5.69) and (5.70) are represented by scalar multiples of the identity operator:

é=aidy, d=Bidy. (5.87)

Let u’ € V \ {0} be an eigenvector of v corresponding to an eigenvalue y’ € C.
Then, the vector bu’ either vanishes or it is an eigenvector of ¥ corresponding to
the eigenvalue y’ + 1. Indeed,

Ubu' = (Y, b1+ by)u’ = b(1 +¥)u’ = (' + Dbu'. (5.88)

Iterating the action of b and taking into account the fact that dim(V) < oo, we
conclude that there exists a positive integer K such that u” := bX =14’ £ 0 and

bu" =0, Gu’ =yu’, y=y +K—1. (5.89)

Additionally, as the elements {6,}.c 40 and Y generate a commutative sub-algebra
A of D(By), and any irreducible finite dimensional representation of a commutative
algebra is one dimensional, there exists a non zero vector u € A(A)u” that generates
an irreducible sub-representation of A. This means that the following relations are
satisfied:

A ~ A

bu=0, Yyu=yu, 6Ou==%&u, VzeCy, (5.90)
where
£:Cxo — Cxo (5.91)
is a (multiplicative) group homomorphism.
By a similar reasoning, as in the case of the vector u’ above, for any n € w,
the vector ¢"u either vanishes or it is an eigenvector of i corresponding to the
eigenvalue y — n, and, as dim(V') < oo, there exists a positive integer M such that

oM lu#0, Mu=o0. (5.92)

We denote by W the linear span of the vectors {dA)”u}ne M- Let us show that W = V.
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First, we note that, apart from the relations
Vd"u=(y —md"u, neM, (5.93)
we also have
0,0"u =z7"¢"u, neM, (5.94)
where we have denoted
0.:=0./&, VzeCu. (5.95)
Next, by using (5.87) in (5.70), we obtain
¢b = idy +0, + qab, (5.96)
and
b =idy +q' b, +q ' af] (5.97)

Applying (5.96) to u and (5.97) to éM—1y, and taking into account rela-
tions (5.90), (5.92) and (5.94), we obtain

(14 B& +qag))u = 0= 1+ &, + agé; =0 (5.98)
and

(1+ ﬂq_Méq + aql_ZMé,f)(ﬁM_lu =0=1+ ﬂq_Méq + aql_zMsz =0.

q
(5.99)
Excluding § from (5.98) and (5.99), we obtain
(1—aq" MeH1—g"M) =06 a=¢"52 (5.100)
and also from (5.98) it follows that
B=—£"1+q". (5.101)

By using substitutions (5.100), (5.101) and notation (5.95), we rewrite (5.96)
and (5.97) as follows:

¢b =idy —(1 + ¢"d, + q™6; = (idy —0,)(idy —¢™6,) (5.102)
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and

b =idy —(1 + ¢")g "0, + ¢™ 7262 = (idy —q~'0,) (idy —q™~'d,).
(5.103)

For n € M \ {0}, applying relation (5.103) to the vector ¢A>"’1u and taking into
account (5.94), we obtain

b¢"u=(1—qg (1 —g"™¢" u. (5.104)
Thus, we conclude that the subspace W of V generated by vectors {(2)"14},,e M 1S
an invariant subspace of the representation XA, and by the irreducibility of A, we
conclude that W = V so that

N :=dim(V) = dim(W) = M, (5.105)

and the vectors {dA)”u}n€ u form a linear basis of V.
Let us define renormalized vectors

Up = (@)N-n—19"u, neN. (5.106)

Then, by using the relation

(1= g"@r-1 = @r. Yk € Z=, (5.107)
we have
by = (@N-n1(1 =g~ (1 =gV ™" = (1 — g "va (5.108)
and
vy = (DN-n-10"Tv = (1 —g" " D,y (5.109)
O

Remark 5.3 The vanishing properties of the coefficients of relations (5.108) with
n = 0and (5.109) with n = N — 1 naturally take care of the annihilation relations

bvg = poy_1 = 0. (5.110)
Exercise 5.5 For any n € N, show that

b, = (7" Qrvn—k, Yk en+1, (5.111)
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and
v = (@K Orvpsr, Vke N —n. (5.112)

with the notation

n—1 k : .
1— fk>0:
Fk—o( xq0) itk > (5.113)

03 @n ::i ik =0.

5.3.2 Quantum Group U, (sl>)

Recall that the element ¢ := a6, le D(By) is central and grouplike. This means
that the vector subspace

I, == (c — 1)D(B,) C D(B,)

is a bi-ideal stable under the action of the antipode, see Definitions 2.6, 2.2 and 2.4.
By the results of Chap. 2, Sect. 2.4.2, we conclude that the quotient vector space

H, := D(By)/1,

admits a unique structure of a Hopf algebra such that the canonical projection
map 7 : D(B;) — H, is a morphism of Hopf algebras. The Hopf algebra H, is
closely related with the quantum group U, (sl2) which is defined by the following
presentation:

generators: k, e, f;

k— k!

q-q"

coproducts: Ak =k @k, Ae=k®e+e®1, Af=1Qf+f@k'

relations: ke = g%ek, kf =q 2fk, ef — fe=

where we assume that g2 % 1 and k is invertible (as a group-like element in any
Hopf algebra).

Exercise 5.6 Determine «, 8 € Co such that the map
ki>a+1p, e ab+lp,  fr palp+1p

extends to an injective morphism of Hopf algebras h: Uy (slh) — H,2.
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The algebra U, (sly) was discovered in [24], and the general theory of quantum
groups has been subsequently developed in the works [11, 13, 17]. An introduction
for this subject can be found in the book [16].

5.4 The Hopf Algebra D(B;)

Let B; be the commutative Hopf algebra over C corresponding to the quantum
group B, with ¢ = 1 defined and analyzed in Sect. 4.4 of Chap. 4 in the case of
generic ¢, that is when ¢ is not a root of unity. Here, we consider the case of the
simplest root of unity ¢ = 1. This Hopf algebra coincides with Jy, the specification
of Js to i = 0, see Sect.4.3 of Chap. 4. In Sect. 6.5 of Chap. 6, this algebra will
be used for interpretation of the Alexander polynomial of knots as an example of
a universal invariant. For this reason, below we briefly describe the restricted dual
and the quantum double of Bj, leaving the detailed analysis to exercises.

5.4.1 The Restricted Dual Hopf Algebra B;’ P

The opposite Bf’()p of the restricted dual Hopf algebra B is composed of two Hopf
subalgebras: the group algebra C[Aff;(C)] generated by group-like elements

Xu,vs (u, U) eCx C#Ov Xu,v Xu' v = Xu+vu', 00> (5114)

and the universal enveloping algebra U (Lie Aff;(C)) generated by two primitive
elements ¢ and ¢ satisfying the relation

oY — Yo =¢. (5.115)

The relations between the generators of C[Aff;(C)] and U (Lie Aff;(C)) are of the
form

Xuos V] =udXuvs  Xuw® = vPxup Y(u,v) € Cx C#O (5.116)

where [x, y] := xy — yx. As linear forms on Bj, they are defined by the relations
m v*m*n

(Xu,vv bmdn) =u

(. b"a") =1, (Y, b"a") = Suon, Vmn) €ZsoxZ.  (5.117)

’

Exercise 5.7 By using the methods of Chap.4, provide the details of the above
description of the structure of the Hopf algebra Bf’()p.
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5.4.2 The Quantum Double D(B)

The commutation relations (5.60) in the case of the quantum double D(B) take the
form

[wvb]:bv [¢’b]=]_av
bxuy = Xup®v+(@a—Du) Yw,v)€eCxCy  (5.118)

and a is central.
Exercise 5.8 Prove the defining relations of D(Bj) given by Eq. (5.118).

Exercise 5.9 Show that in any finite-dimensional representation of the algebra
D(B), the elements 1 — a, b and ¢ are nilpotent.

The formal universal r-matrix of D(B), see Remark 5.2, is given by the formula

1
R:i=(1®a)/® e = 3" _(w>¢n ® (a — 1)"b" (5.119)
n!\m
m,n>0
and it is well defined in the context of finite-dimensional representations for the
following reason.
Any finite dimensional right comodule V over (D(B1))? is a left module over
D(By) defined by

xv =" v (va).x), Y(x,v)€DB)xV (5.120)
()

where we extend Sweedler’s sigma notation to comodules. Thus, it suffices to make
sense of formula (5.119) in the case of an arbirary finite-dimensional representation
of D(B;) where the elements 1 — a, b and ¢ are necessarily nilpotent, so that the
formal infinite double sum truncates to a well defined finite sum.

5.4.3 The Center of D(B)

Proposition 5.6 The center of the algebra D(B1) is the polynomial subalgebra
Cla®!, ¢] where

c:=¢b+ (a— Dy. (5.121)
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Proof 1t is easily verified that c is central. Any element x € D(Bj) can uniquely be
written in the form

X = Z Xu.vem Puv.m(@a,c, v), (5.122)
(u,v,m)eCxCxox”Z
where
b if m > 0;
em = 1 if m=0; (5.123)
o™ if m<0

and the polynomial py , . (a,c, ¥) € Cla®!, ¢, Y] is non-zero for only finitely
many triples (u, v, m).

Assume that x € D(B) is a central element. Then, for any s € Co, we have the
equality

-1
X = X(),sxXO,s = Z Xu/s,vemsmpu,v,m(a, ¢, ¥)
(u,v,m)eCxCoxZ

= Z Xu,vemsmpux,v,m(ay c, ) (5.124)
(u,v,m)eCxCxox”Z

which implies that for any fixed triple (1, v, m) € C x Cp x Z, one has the family
of equalities

Pu,vm = Smpus,v,m Vs € (E;é0~ (5.125)

This means that p, , , can only be non-zero if u = m = 0. Thus, the element x
takes the form

x= Y xowpouola c.¥). (5.126)
UGC#Q
The equality
bx=xb=b Y  xo.v 'povola c.y+1). (5.127)
veCy

is equivalent to the equalities

povola c, ¥ +1) =v""poyola c,¥) Yve Cy (5.128)
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which imply that the polynomial pg . 0(a, ¢, ¥) can be non-zero only if v = 1 and
if it does not depend on . We conclude that x € C [a*!, c]. |

5.5 Solutions of the Yang-Baxter Equation

Definition 5.4 An r-matrix over a coalgebra C is an invertible element p of
the convolution algebra (C®2)* such that the following Yang—Baxter equation is
satisfied in the convolution algebra (C ®3y*;

P12 % P13 % P23 = P23 % P13 % P12 (5.129)

Example 5.1 The dual universal r-matrix of a cobraided bialgebra B is an r-matrix

over the underlying coalgebra of B. O

Definition 5.5 An r-matrix over a vector space V is an element r € Aut(V®2) such
that the following Yang—Baxter equation is satisfied in the algebra End(V ®3):

rp2r3ri =rariers,  rpi=r®idy, r3:=Iidy Qr. (5.130)

By using the graphical notation .’ « , the Yang—Baxter equation (5.130) takes
the following graphical form

N
SAENE

In the particular case, where V is a finite dimensional vector space over a field [,
let B C V be alinear basis. Defining the matrix coefficients

VAW,
/\/\

(5.131)

{r‘fzz |a,b,c,d e B} clF, ra®b)= Z rszzlc@d, a,be B, (5.132)
c,deB

we reduce the Yang—Baxter equation (5.131) to a over determined system of non-
linear polynomial equations

k ..
S etk = N A Lk lmneB. (513))

s,t,ueB s,t,ueB
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which can also be represented in a graphical form by assigning elements of the basis
B to edges in (5.131) and summing over the elements assigned to the internal edges

1 m n 1 m n (5134)

~
= r Ya,b,c,d € B.
PN
¢ d (5.135)

Proposition 5.7 Let V = (V,8: V — V ® C) be a right comodule over a
coalgebra C, and p € (C®?)* an r-matrix over the coalgebra C. Then, the element

\ /
/r N =r = (iddvgv ®p)(((idy ®d)oy,v) ® idc)(idy ®3) =

(5.136)

is an r-matrix over the vector space V. Here, in the graphical description, the thick
lines correspond to V and thin lines to C.

Proof The inverse r—! of r is given by the formula (exercise)

(5.137)

where p is the convolution inverse of p.
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By using three times the equality (§ ® id¢)$§ = (idy ®A), we transform the left
hand side of (5.130) as follows:

s
s

r,2r23ri2 =

s

L o pllp
B
_ _ 02,3 % P13 *P12
Allalla
| 5] [s] [6 5] [s] [s
1 1 1 1 1 1

:
%

(5.138)

and, doing a similar calculation for the right hand side of (5.130), we obtain

P1,2*P13%P23
r2,3r1,212,3 =

[ (5.139)

thus concluding that Eq. (5.130) is satisfied due to the convolutional Yang—Baxter
equality (5.129) for the r-matrix p over the coalgebra C. O

The following proposition allows one to view any finite dimensional module over an
algebra as a comodule over the restricted dual of that algebra. In this way, one can
associate to any finite dimensional representation of a quantum double an r-matrix
over the vector space underlying that representation.

Proposition 5.8 Let V be a finite dimensional left module over an algebra A, and
B C V alinear basis. Then, V is a right comodule over the coalgebra A° with the
coaction

8b = Z b @ Ayp (5.140)
b'eB

where {Ayp | b,b' € B} C A° are matrix coefficients of the representation
morphism A: A — End(V) with respect to the basis B,

()b =" b'(yp.x), x€A, beB. (5.141)
b'eB



5.5 Solutions of the Yang—Baxter Equation 121

Proof

(1) We start by checking the equality (§ ® ida0)é = (idy ®A). Indeed, for any
b € B, we have

(B ®ids)ob =Y @) @ryp =2 (D @hy) @

b'eB b'eB b"eB

=) e ( > My ® kb/,b) =Y b (M)
b"eB b'eB b"eB
= (idy ®A) Z b @ hprpy = (idy ®A)Sh.  (5.142)
b"eB

(2) It remains to check the property (idy ®€)§ = idy. For any b € B, we calculate

(idy ®e)sb =Y b'{e. hyp) = Y Doy =b. (5.143)
b'eB b'eB

O

Summarizing the contents of Proposition 5.7 and Proposition 5.8, we have the
following procedure of constructing a solution of the non-linear system (5.133) of
polynomial Yang—Baxter equations.

Let A be an algebra, p an r-matrix over the coalgebra A° (see Definition 5.4),
A: A — End(V) a finite-dimensional representation, and B C V a linear basis.
Then, the element r € End(V ®2) defined by (5.136), which we can also write as

r = (ldyvgy ®p)(idy ® ® idae)(ov,y ® ida0)(idy &), (5.144)

is an r-matrix over the vector space V, where §: V — V ® A° is defined by (5.140)
by using the matrix coefficients {A,; | a,b € B} of the representation A with
respect to the basis B (see Eq. (5.141)).

Let us calculate the matrix coefficients rj:l‘f of r (defined in (5.132)) in terms of
the evaluation coefficients of p.

For any a, b € B, we have

r(a ®b) = (idygy ®p)(idy ® ® ide)(oy,v @ idae)(idy ®3)(a @ b)

= (idygv ®p)({dy ® ® idge)(oy,v Q@ idae)(a ® Z c® Aep)

ceB
=) (idygy ®p)(idy ® @ idao)(c ® a @ Ae.p)
ceB
=) (idvev®0)(c® Y d@ria®hlep) = Y c®d(p. da ® he)
ceB deB c,deB

(5.145)
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so that

ro8 = (0. Ada ® hep) Va,b,c.d € B. (5.146)
Theorem 5.3 Let A: D(B;) — End(V) be an irreducible N-dimensional repre-
sentation and {vy}peny C 'V its distinguished linear basis (see Theorem 5.2). Let

{Am,ntmnen C D(By)° be the matrix coefficients with respect to the basis {v,}nen
defined by

M) = Y vm(hmn.X),  Vx € D(By). (5.147)

meN

Then, the matrix coefficients of the corresponding r-matrix over V are given by

k
rlrrzn = ()‘k,lv ]lO)Vm,n>

(q_l)n(q)N—l—l (n+1-N)ke N—1—n+k—1
S @ @@t S St G4

if m < n and zero otherwise, see (4.116) for the notation.

Remark 5.4 In what follows, for any generating element x € B, (respectively x €
Bg), we will distinguish it from its image 1x (respectively jx) in D(B,) by putting
a dot above it. For example, we will write @ € B, and a = 1a € D(By), Ve B”

and v = Jy € D(By), etc. The fact that j reverses the product implies that we
have, for example, ¢y = () ;¥ = J (¥ 9).

As an intermediate step towards the proof of Theorem 5.3, we first calculate the
elements 1Ay € Bj]’.

Lemma 5.1 The images 1°Apm n, 0 < m,n < N, as elements of the algebra B?, are
given by the formula

(qn)nm¢n mQNln/S lfm<n

g = @nn (5.149)

0 if m>n

with the notation defined in (5.113) and (4.116).

Proof Recall that for any element f € Bj with the coproduct

Af =Y fu ® fo
(D)
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in Sweedler’s sigma notation, we have the decomposition formula (see Eq. (4.143)
in the proof of Theorem 4.4)

F=20 <f “)’ YD i g0 fo (5.150)

k=0 (f)

which, in the case when f =1°,, , takes the form

mn_ZZ A, b ¢k(zsr)0,\ln (5.151)

k>01leN
Iteraring the forth formula in (5.86), we obtain
(a1, B°) = O 1, B = (@75 OkS1mek (5.152)

while iterating the first formula in (5.86) and taking into account the fact that the
composed morphism of Hopf algebras sr: B, — By acts on the basis elements as

sr(b'aly = 80,47 Vi, j) € wxZ, (5.153)
see also (4.119) and (4.120), we obtain
0 iy iy s Jy 8. N—1-n J
(@sr)°hpn, b'al) = (qpo1sr('al)) = 8i0(hin. a’) = 8081 (q /&4)
—Sln( N— ln/g ,ba) = (lsr) )\.[n—(S[n Nln/s (5154)

Substituting (5.152) and (5.154) into (5.151), we obtain

@7 DkStmtk .
R

k>01eN

_ Z G @idn, m+k¢ 9 Vetns, !%d’n_méqun/&I ifm <n,

=0 @)k 0 ifm > n.
(5.155)
O
Proof of Theorem 5.3 From Lemma 5.1, we obtain
(q nv Q)n —m —
J1py = ————0 n-1n g " (5.156)
" (G Dn—m 1 /%

IA
3

if m < n and zero otherwise. We conclude that rlm ’;k = O unless m
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In order to handle the case m < n, we will use the formula
Mt @™ = @V Ombkiam V1 m € w (5.157)

which can be obtained by iterating the last formula of (5.86).
Assuming that m < n, we calculate

m,k 0 (qin;CI)n—m
Trp = Ak, J1%Amn) = —————
L m G Dn—m

—k
(8) b

<)"k,la GqN—I—n/gq(pnim)

_ @™ Dn-m
(f]; Q)n—m

@ D@ Qum

N—l-n —k
(@Dn-m (q /& ) EqN=1-n /g, Sktm.I4+n

(q_l)n((/I)N—l—l (n+1—N)k e N—l—ntke—1
= @@t e B e G139

where, in the third equality, we used an iteration of the third formula in (5.86), in the
forth equality, we used (5.157) and, in the last equality, we used the multiplicative
property £,&, = &, for any u, v € Co, and the identities

—1
@ D=L 0<m<n, (5.159)
(61_ Im
and
_ _ (@IN-1-1
@ Dnm =@V g = PN g <<k <N-1.
k+m=Il+n (Q)N—l—k

(5.160)
O



Chapter 6 ®
Applications in Knot Theory Qe

In this chapter, we present certain aspects of quantum invariants of knots and links.
Mathematically, a knot can be defined as a smooth submanifold of the space R* (or
its compactification Si={xeR||xl =1} =R U{oo}) diffeomorphic to the
circle ' := {x € R? | ||lx|| = 1}. A link is a direct generalisation of a knot when
one considers a smooth submanifold of R diffeomorphic to a disjoint union of a
finite number of circles. Here are few reasons for general interest in mathematical
study of knots and links.

* They allow to visualise intrinsic properties of the space R>. Therefore, they are
an important part of the theory of three dimensional manifolds.

e They are well suited for learning and testing various methods of algebraic and
geometric topology.

e There are applications of knots and links in natural sciences, especially in
physics, chemistry and molecular biology.

The set £ of all links can be endowed with a natural topology and, among the
questions concerning this topological space, the most basic one is the question of
the topological classification of links: what are the arc-connected components of
the topological space £? In the context of this question, we say that two links
are (topologically) equivalent if they belong to one and the same arc-connected
component of the space £. The standard approach to the link classification problem
is to construct locally constant functions f: £ — § called invariants where S is a
set often endowed with an algebraic structure (e.g. groups, rings, etc.).

We will restrict ourselves exclusively to the context of long knots which can be
thought of as specific smooth submanifolds of the space R? diffeomorphic to the
real line R. More generally, one can consider also the string links as a disjoint union
of finitely many long knots, but it is known that the topological classes of string
links are in bijection with the classes of ordinary (closed) links only if the number
of components is one, i.e. if a string link is a long knot.
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We will describe in detail the construction of invariants of long knots by using
rigid r-matrices in monoidal categories. The importance of long knots (as opposed
to usual closed knots) will be illustrated by considering a general class of group-
theoretical r-matrices put into the context of monoidal categories of relations and
spans over sets. These r-matrices are indexed by pointed groups that is groups with
a distinguished element (different from the identity element).

As we have seen in the previous Chap. 5, Drinfeld’s quantum double construction
gives rise to a large class of r-matrices which appear to be rigid, and the associated
invariants get factorised through universal invariants associated with the underlying
Hopf algebras. Such universal invariants were introduced and studied in a number
of works [7, 15, 25-27, 32, 36, 43] mostly either in the context of finite dimensional
Hopf algebras or for certain classes of topologically completed infinite dimensional
Hopf algebras, for example by considering formal power series. Here, we will
define the universal invariants purely algebraically and with minimal assumptions
on the underlying Hopf algebras. In particular, we will emphasize the case of
infinite dimensional Hopf algebras which can be treated rigorously and purely
algebraically due to the approach based on the use of the restricted dual of an algebra
in conjunction with the quantum double construction.

Compared to previous chapters, some technical details of proofs in Sect.6.5,
especially those related to functional analysis and integration, are put into exercises.

6.1 Polygonal Links and Diagrams

There exist different equivalent approches for development of the theory of knots
and links. Here we briefly describe the so called Piecewise Linear (PL) or polygonal
approach. More systematic and detailed explanation can be found, for example, in
the book [23].

6.1.1 Polygonal Knots and Links

Let I :={t € R| 0 <t < 1} be the closed unit interval of the real line R. For any
two points u, v of an R-vector space V, we define the (closed) segment [u, v] C V
by

[, v] == {(1 —u+tv |t el 6.1)

In particular, we have [0, 1] = I. An open segment Ju, v[ is the interior of the closed
segment [u, v]:

lu, v[:=[u, v] \ {u, v}. (6.2)
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Similarly, for any three points u, v, w € V, the (closed) triangle [u, v, w] C V is
defined by

[u,v,w]:={1—-s—tu+sv+tw]| (s, 1) € 12, s+t <1} (6.3)

Definition 6.1 A subset K C R? is called polygonal knot if it is a piecewise linear
simple loop, that is if there exists a finite subset of points {p;}ic, C R3, called
vertices of K, such that

* K =Uieulpi, piv1] with p, = po;
» the open segments |p;, pi+1[, i € n, are pairwise disjoint and they are disjoint
from the set of vertices.

Definition 6.2 A polygonal link is a disjoint union of a finite number of polygonal
knots L = Ll;¢, K; where the knots K; in this union are called components of L.

Definition 6.3 Let K = Ujenlpj, pj+1] be a polygonal knot. We say that a
polygonal knot K’ is obtained from K by a A-move if there exist x € R3 \ K
and k € n such that

K" = (K \ [pk, pr+11) U [pi, x1 U [x, prs1]

and [pg, x, pr+1]1 N K = [pk, pr+1],

Definition 6.4 Two polygonal links L and L' are said to be related by a A-move if
there are components K C L and K’ C L’ such that

« L'\K'=L\K;
« one of K and K’ is obtained from the other by a A-move, and the associated
triangle does not intersect the other components of L.

Definition 6.5 Two polygonal links L, L’ are said to be A-equivalent if there exists
a finite sequence of polygonal links L = Lo, Ly, ..., L, = L’ such that, for any
i € n, the polygonal links L;, L;41 are related by a A-move.

6.1.2 Link Diagrams

Definition 6.6 Let p: R® — R? be the projection on the plane of the first two
coordinates (x, y, z) — (x, y). We say that a polygonal link L C R3 is generic if
for any x € R2, we have n, := |p~'(x) N L| € 3 with the condition that, for any
double point x, i.e. n, = 2, the set ]f1 (x) N L does not contain vertices of L.
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Definition 6.7 Let L be a generic polygonal link. The diagram of L is the image
p(L) C R? with the information over-under on each double point x to indicate the
relative position of the two segments of L containing the two points p~!'(x) N L.
The double points with information over-under are called crossings of the diagram.

The diagrams corresponding to the components of L are called components of
the diagram associated with L.

Definition 6.8 We say that two diagrams D and D’ are related by a Reidemeister
move of type R;,i € {—1,0,1,2,3},if D' = (D\ F)UGorD = (D'\ F)UG
where

R —
F=—-— . <« =G

F = Ro /</\: G

Definition 6.9 Two diagrams D and D’ are said to be R-equivalent if there exists
a finite sequence of diagrams D = Dy, Dy, ..., D, = D’ such that, for any i € n,
the diagrams D; and D;4 are related by a Reidemeister move.

Exercise 6.1 Show that the following two diagrams are R-equivalent:

and /Q .

We admit without proof the following Reidemeister theorem (for a proof see, for
example, [31]).

Theorem 6.1 (Reidemeister Theorem) Two generic polygonal links L and L' are
A-equivalent if and only if the corresponding diagrams are R-equivalent.
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6.1.3 Oriented Links and Diagrams

Definition 6.10 A polygonal link (respectively a diagram) is said to be oriented if
a direction of travel is chosen for each of its components.

Remark 6.1 The diagram of an oriented generic polygonal link is naturally oriented.
The notions of A-move, Reidemeister move, A-equivalence, R-equivalence, as
well as the Reidemeister Theorem, naturally generalise to the context of oriented
polygonal links and oriented link diagrams.

Exercise 6.2 Describe all Reidemeister moves of type R3 for oriented diagrams.

Definition 6.11 Let D be an oriented diagram with the set of crossings Cp. A
crossing is said to be positive if the ordered pair of vectors (esup, €inf) generates the
standard orientation of the projection plane. Here egp (respectively ejnf) corresponds

K
to the oriented upper (respectively lower) strand of the crossing: /\‘ " A crossing is

said to be negative if it is not positive: /
The sign map sgn: Cp — {%1} sends positive crossings to +1 and negative
crossings to —1.

We denote by W (D) the writhe of D defined as the number of positive crossings
minus the number of negative crossings:

W(D):= Y sgn(c) = |sgn”" ()| —[sgn™" (= D)]. (6.4)

ceCp

Remark 6.2 The writhe of a diagram is invariant under all Reidemeister moves with
the exception of the oriented versions of the move R;.

6.2 Long Knots

Subsequently, we will construct knot invariants by using the (polygonal) long knots
which correspond to specific piecewise linear embeddings (that is injective maps)
of the real line R into the space R3, while the usual polygonal knots correspond
to piecewise linear embeddings of the circle in R3. We start by preparing a
combinatorial setting for studying long knots.

Let B be the closed unit ball of R3,

Bi={xeR||x| <1}, Ix|:= (inz)l/z'
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Definition 6.12 A subset K C R? is said to be long (polygonal) knot if there exists
a finite subset of points {po, p1, ..., pn} C Bi, called vertices of K, such that

* po=(0,-1,0), p, = (0, 1,0);

« K =(({0} x Rx {0} \ B) UUiculpi. pitil;

» the open segments ]p;, pi+i[, i € n, are pairwise disjoint and they are disjoint
from the set of vertices.

Any long knot has a canonical orientation induced from that of the line {0} x R x {0}:

D= @
(6.5)

All the notions that we have introduced in the previous Sect. 6.1 in the context of
oriented polygonal links naturally extend to the context of long knots: A-moves,
A-equivalence, generic long knots and their diagrams, Reidemeister moves, R-
equivalence, and the Reidemeister Theorem.

Any long knot K with vertices {po, ..., pn} corresponds to an oriented polygo-
nal knot cl(K) called the closure of K with the vertices

{P07 «ees Pns Pn+1 = (_27 17 0)7 Pn+2 = (_27 _17 O)}7

and one can show that this correspondence induces a bijection between the
respective sets of A-equivalence classes. In particular, any invariant of long knots is
also an invariant of oriented (closed) polygonal knots.

Two long knot diagrams D and D’ can be composed to give another long knot
diagram

DoD =
(6.6)

where the resulting diagram is appropriately (vertically) shifted and rescaled.

In what follows, we assume that the number of vertices of a (long knot) diagram
is very large so that the strands of it will be drawn as smooth curves without
indication of vertices. For example, if a diagram D represents a long knot K, then
the closure cl(K) is represented by a diagram cl(D) drawn as follows:

D=@ > c1(D)=@].
6.7)
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We will also assume that a long knot diagram is put into a generic position with
respect to the vertical axis so that all crossing have non-vertical strands as in the
letter X.

Definition 6.13 A (long knot) diagram is called normal if it has no local extrema
(with respect to the vertical direction) oriented from left to right like /~ M and

To any diagram D, we associate its normalization D, the diagram obtained from
D by the replacements

/
/\Hy , uﬁz |
\ (6.8)

Example 6.1 The following are examples of normal long knot diagrams for the
trefoil and the figure-eight knots:

It will be of special interest for us the normal long knot diagrams

4 itn =0;
E5NM oo g8 if £ ()
|n| times (6.11)

(6.9)

and

oy
S
I

where n € Z, sgn(n) := n/|n| if n # 0 and 0 otherwise, and we identify the signs +
with the numbers +1. We have the writhe (see (6.4) for the definition) W (§"*) = 2n.

Proposition 6.1 Any normal long knot diagram has an even number of crossings.

Proof Let D be a normal long knot diagram given in the form of a path composition
YoV1 - YnVn+1 Where yo and y,41 are straight infinite half lines, y; the path
connecting the point (0, —1) with the first local maximum (counted along the knot),
y» the path between the first local maximum and the first local minimum, and so on.
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By changing appropriately the types of crossings (positive to negative and vice
versa) along yy, which do not change the parity of the total number of crossings, we
can assume that y is an overpassing strand so that, by applying the Reidemeister
moves of type Ry and R3 (which do not change the parity of the total number of
crossings) but not the moves R, we can pull out the first local maximum and remove
all the crossings along yi:

1 12!
D +— ~Ro,R3

A

The same reasoning applies to y», namely, by changing the crossings, we can assume
that y» is an overpassing strand so that we can pull out the first local minimum and
remove all the crossings along y, by applying Reidemeister moves of type R, and
R3, and so on. In this way, after n steps, we eventually obtain a normal diagram with
no crossings. O

6.3 Invariants of Long Knots from Rigid r-Matrices

In this section, we introduce the main algebraic input for the construction of
long knot invariants, a rigid r-matrix in a monoidal category, and give a detailed
description of a long knot invariant associated to a given rigid r-matrix.

Definition 6.14 We say an object G of a monoidal category € (with tensor product
® and unit object 1) admits a left adjoint if there exists an object F' and morphisms

e FG—->I1, n:l1—->GQF (6.12)
such that
(e ®@idp) o (idp ®n) = idp, (idg ®e) o (n®idg) =idg . (6.13)

In this case, the quadruple (F, G, ¢, n) is called duality in C.

Example 6.2 In the monoidal category (Vectr,® = ®r,I = [) of [F-vector
spaces, any finite-dimensional vector space V enters the duality (V*, V, evy, ev’{,)
where V* = L(V, [F) is the dual vector space,

evy: V*QV > [F, ¢Q@x— ¢x, (6.14)
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is the evaluation map and
evT/: FF~F > VRV~ (V'Q V)" (6.15)

the transpose of evy also called the coevaluation map. The latter can be given by an
explicit formula

evi 1= b®b* (6.16)
beB
where B C V is a basis and {b*},cp C V* is the associated dual basis. |

Definition 6.15 Let (F, G, e, 1) be a duality in a monoidal category C and a
morphism f: A® G - G ® B with A, B € ObC. The partial transpose of f
is the morphism f: F ® A — B ® F defined by

f=(e®idpgr) o (idr @ f ®idF) o (idrga ®Nn).
The following definition is Definition 5.5 put into the context of an arbitrary
monoidal category.
Definition 6.16 Let C be a monoidal category. An r-matrix over an object G € Ob C
is an element r € Aut(G ® G) that satisfies the Yang—Baxter relation

r2r,3r,2 =13r 23, o :=r®idg, rj3:=idg®r. (6.17)

Definition 6.17 Let (F, G, ¢, ) be a duality in a monoidal category C. An r-matrix
r over G is called rigid if the partial transposes

rE = (¢ @ idger) o (idr @ @ idF) o (idreg ®1) (6.18)
are invertible.

We remark that the double partial transposes

-
=3

rEl = (¢ @ idpgr) o (idr @rF! ® idr) o (idpgr ®n) (6.19)

are invertible with the inverses

P P

(1:5)71 — ¥l (6.20)

Example 6.3 Let H be a finite-dimensional Hopf algebra over a field [ and & €
Aut(H) a Hopf algebra automorphism. Show that

rrH®H—>H®H, x®y+ Y xnh(5x3)y) ® xq)
)
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is a rigid R-matrix in the monoidal category Vecty of vector spaces over a field F
with the tensor product ® = @f as the monoidal product. O

Associated to a rigid r-matrix r over G with a duality (F, G,¢,n), the
Reshetikhin—Turaev functor RT, associates to any normal long knot diagram D
the endomorphism RT7,(D): G — G obtained as follows.

As the non-trivial part of D is contained in R x [—1, 1], there exists a finite
sequence of real numbers —1 =79 < #t; < -+ < t,—1 < t, = 1 such that, for
any i € n, the intersection D; := D N (R x [#, t;+1]) is an ordered (from left to
right) finite sequence of connected components each of which is isotopic relative to
boundary either to one of the four types of segments

T, l AN 6.21)

or to one of the eight types of crossings

KRR, XK XXX XK e

To such an intersection, we associate a morphism f; in C by taking the tensor
product (from left to right) of the morphisms associated to the connected fragments
of D; according to the following rules:

T — idg, J/ = idr, L\ P e, AU o, (6.23)
% =, A/\f =l (6.24)
NKern Ko, (6.25)
x > 7 }\/, — r;:\jl (6.26)
s (;1)—1’ PR (6.27)
The morphism RT,(D): G — G associated to D is obtained as the composition

RT.(D) := fa—10---0 f10 fo. (6.28)

Example 6.4 Let D = £~ be defined in (6.10). Then RT, (D) = f30 fr o f1 0 fo
where

fo=idg®n, fi=ide®@@® ™', H=F""®idg, fr=¢e®idg.
(6.29)
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Theorem 6.2 Let r be a rigid r-matrix over an object G of a monoidal category C
with a duality (F, G, ¢, 7). Then, for any long knot diagram D, the element

J,(D) := RT, (D 0 £ *D)/2) ¢ End(G) (6.30)

depends on only the Reidemeister equivalence class of D.

Proof The proof follows from the functorial properties of the Reshetikhin—Turaev
functor, described in [36, 37, 41]. Here we present a proof specifically adapted to
the case of normal long knot diagrams.

Let ~ be the equivalence relation on the set of normal long knot diagrams
generated by the oriented versions of the Reidemeister moves of types R, R3 and
the moves RSE defined by the pictures

R Ry
lﬂ — M w — W (6.31)

with two possible orientations for the straight segment and two possibilities for
crossings. The strategy of the proof is to show first the implication

D~ D' = RT,(D) = RT,(D) (6.32)
which, by taking into account the implication for the writhe
D~ D = WD) =W(D, (6.33)

ensures the invariance of J, (D) under all oriented Reidemeister moves R, and Rj3,
and then to verify the invariance under the oriented versions of the Reidemeister
move Rj. It is in this last part of the proof where the correction of D by (D)2 ig
crucial.

Invariance of Reshetikhin—Turaev functor with respect to moves RSE follows from
the equivalences

A7 N A7 VA Z\ VN
W*W@’m*ﬂwm*x (6.35)

and the definitions (6.18) and (6.19) of %! and r=1.
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Invariance of R7, with respect to oriented R, moves are checked first for eight
basic moves

A A
,b ’9,)(\’{' q\lﬁ)r_loI‘:idG®G=ror_l,
N 7 (6.36)
Y Ko IO
,b ’;,)(l’; ) —> 7o r_l=idG®F=r_1o(r_l) ,
v Ve (6.37)
A AN 1 —
p &) (& QH (7)o Zidrac = @1 o7
N N2 (6.38)

/ AN RT. A~ —
p &\)(/& ) — r~loF =idpgr =7 o0r™1,
v % (6.39)

and then for two composite moves

SO N CYENG IR, 2: (6.40)

with two possible choices for the crossings.

In order to check invariance of RT, with respect to the oriented R3 moves, we
introduce a specific parametrization of all those moves. Let Sym(3) be the group of
all permutations of the set {1, 2, 3}. We remark that altogether there are 48 oriented
R3; moves which can be indexed by the set Sym(3) x {£1}3 as follows.

Given an oriented R3 move, we enumerate the strands that intervene the move by
reading their bottom open ends from left to right

and we define the associated element (o, &) € Sym(3) X (£1)3 by the conditions
that for any i € {1, 2, 3}, o (i) is the number of arcs on the i-th strand and ¢; = 1 if
i-th strand is oriented upwards. For example, the R3 move

corresponds to permutation o = (2,3) = (1)(2,3) and ¢ = (1, —1, 1) while the
pair (o = id,e = (1, 1, 1)) corresponds to the reference move associated to the
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Yang—Baxter relation

N A
K&% = nenon =ronon (6.43)

with the notations r| :=r ® idg and rp := idg ®r.
We can now show that by using the oriented moves R; and R(:)t, any oriented R3
move is equivalent to the reference move (6.43).

Indeed, in the case £; = —1, we have the equivalences
D AR\ }< : >§<
(6.44)
which imply the equivalence
(Gv (_1, 82s83)) < (G 0(1127 3)7(823 &3, 1)) (645)

in the set Sym(3) x {#1}3 thus allowing to reduce the number of negative
components of ¢. Additionally, a right action of the permutation group Sym(3) on
the set Sym(3) x {#1}? is induced by the equivalences

which correspond to the respective equivalences
(0,8) & (0,8)0(1,2) and (0,¢) < (0,8)0(2,3) (6.48)
in the set Sym(3) x {£1}3 where we interpret (o, ¢) € Sym(3) x {1} as the map
(o,8): {1,2,3} - {1,2,3} x {£1}, i+ (6(i),é). (6.49)

Thus, in conjunction with the equivalence (6.45), the right action of the group
Sym(3) on the set Sym(3) x {:I:l}3 establishes the equivalence of any oriented R3



138 6 Applications in Knot Theory

move to the reference move (6.43) and thereby the invariance of RT, with respect
to all oriented R3 moves.

Finally, in order to prove invariance of J, with respect to all oriented R; moves,
we need to check only the invariance with respect to four basic moves of the form

X~/ \ (6.50)

as all others are consequences of the basic ones and the intermediate equivalence
relation ~ generated by the moves R(“)—L, R> and Rj3:

="\~ A )X =\ ~ X 65
|="\J~ 7 o (6.52)

Let us analyse the four cases of (6.50) separately.

Case 1 If diagrams D and D’ differ by the fragments

b= )\)’ /\ €D, (6.53)

then, by the definition of the normalisation of a long knot diagram, we have the
equality D = D’. Thus, J,(D) = J. (D).

Case 2 Diagrams D and D’ differ by the fragments

DB/K’ /\e b’ (6.54)

so that the normalised diagrams D and D’ differ by the fragments

DB/K’ )\)ED/ (6.55)

which imply that
WD) =2+ W (D) = £ 0™ VP2 = g~ WO/ (6.56)

On the other hand, we have the equivalence

D> /K ~ /\/\) €Deg? 6.57)
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which, together with (6.56), implies that

Dot W2 L Py ogt o= WD2 — [y o g=WDN2 oy 1 (DY = J, (D).
(6.58)

Case 3 Diagrams D and D’ differ by the fragments

b= </K ’ /\ €D (6.59)

so that

D Q& D' = J.(D) = J.(D).
9(_/> S\ € D= JnD) = I (D) 6.60)

Case 4 Diagrams D and D’ differ by the fragments

Daj\’ /\ED, (6.61)

so that we have for the corresponding normalised diagrams
D> ﬁ < /\Q €D ok™
— — (6.62)

WD) = WD) —2= & o0& WD g=WD)/2 (6.63)

and

Thus,
Do S—W(D)/2 D oE” OE—W(D)/z Y OE—W(D')/Q — J.(D) = J,(D').
(6.64)
]

Exercise 6.3 Let r be a rigid r-matrix over a (finite dimensional) [-vector space V.
For any long knot diagram D and any non-zero scalar A € [ o, show the equality

Jr(D) = J5r (D). (6.65)
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6.4 Rigid r-Matrices from Racks

In this section, we consider a special class of rigid r-matrices in the categories of
relations and spans over sets. Each such r-matrix is associated to a pointed group
with a canonical structure of a rack, and Theorem 6.3 identifies the associated
invariant with the set of representations of the knot group into the group that
underlies the rack.

6.4.1 Categories of Spans and Relations

A binary relation from a set X to a set Y as a subset of the cartesian product X x Y.
The composition of two binary relations R C X x Y and S C Y x Z is the binary
relation S o R C X x Z defined by

SoR:={(x,z)eXxZ|3yeY: (x,y) €ER, (y,2) € S} (6.66)

A span from a set X to a set Y is a triple U = (U, sy, ty) where U is a set,
sy: U — X and ty: U — Y are set theoretical maps. The composition of two
spans U from X to Y and V from Y to Z is the span from X to Z defined as
the pullback space (fibered product) V o U := U xy V together with the natural
projections to X and Z.

Two spans U and V from X to Y are called equivalent, U ~ V, if there exists a
bijection f: U — V such thatsy of = sy and ty of = ty so that

V=(,sy,ty) = (f_l(V), syofityof)=(U,sy,ty) =U. (6.67)

The composition of spans induces an associative binary operation for the equiva-
lence classes of spans.

Any binary relation R C X x Y is a special case of a span with sg: R — X and
tr: R — Y being the canonical projections.

Let Set be the monoidal category of sets with the cartesian product as the
monoidal product, and Rel (respectively Span) the extension of Set with morphisms
given by binary relations (respectively equivalence classes of spans). For a mor-
phism Z: X — Y in Span, and any (x, y) € X x Y, we denote

Z(x,y) =5, (x) N, ). (6.68)
We have a canonical monoidal functor

@ : Span — Rel (6.69)
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which is identity on the level of objects and for any morphism Z: X — Y in Span,
the corresponding morphism in Rel is given by

@w(Z) ={(x,y) e X xY | Z(x, y) # 0} (6.70)

Notice that if Z is a relation (as a particular case of spans) then @ (Z) = Z. In what

follows, we concentrate ourselves only in the category Span, as the results for Rel
can always be obtained by applying functor (6.69).

Given a set theoretical map f: X — Y, its graph

FCpi={(x, fx) |xe X} C X xY, (6.71)

being a special case of a binary relation, is naturally interpreted as a morphism

'y =y, px, pr): X — Y in Span where px: 'y — X and py: 'y — Y are

the canonical projections. By using the bijectivity of py and the equivalence (6.67)
of morphisms in Span, we have the equivalence

Ty =Ty, px. py) = (px(Tp), px o px'. py o px') = (X, idx, f).  (6.72)
The advantage of the category Span (as well as Rel) over Set is its rigidity,
namely, for any set X, the diagonal A x := I'iq,, interpreted as a morphism in Span
in two ways
ex: X x X — {0} (6.73)
and

nx: {0} > X x X, (6.74)

gives rise to a canonical duality (X, X, ex, nx) in Span.

6.4.2 Racks and Rigid r-Matrices in the Category of Spans

The notion of a rack has a rich history, see, for example, [9] and references therein.

Definition 6.18 A rack is a set X with a map
X2 = X% () (-y, yEx), (6.75)
such that the binary operation x - y is left self-distributive

XD =@-y) - (x-2), Y,z eX, (6.76)
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and
(x-Vxx=y=x-(yxx), V(x,y) € X’ (6.77)

Remark 6.3 A rack satisfying the additional condition x - x = x is known as a
quandle.

Proposition 6.2 For any rack (X, (x, y) — (x -y, y * x)), the set-theoretical map
. y2 2
r: X _)Xa (an)'_)(x'yax),

corresponds to a rigid r-matrix in the category Span.

Proof Let us first verify the set-theoretical Yang—Baxter equation. For any x, y, z €
X, we have

riporyzoriax,y,z) =riporn3(x -y, x,2) =r2(x-y,x-2,X%)
=((x-y)-x-2),x-y,x) (6.78)

and

maoripor3(x,y,2) =rj3ori2(x,y-2,y) =r3x-(y-2),x,y)
=@ -(y-2,x-y,x). (6.79)

The two results are the same due to the self-distributivity property (6.76).
The invertibility of r is established by the equality

rl=F X2 5 X2, F(x,y) = (v, x % y). (6.80)
Indeed, for any x, y € X, we have
ror(x,y)=r(x-y,x) =, x-y)xx)=(x,y) (6.81)
where the last equality is due to the first equality of (6.77), and
ror(x,y) =r(y,x*y)=(y-x*y),y) =(x,y) (6.82)
where the last equality is due to the second equality of (6.77).

The rigidity of the morphism I', in Span, see (6.71), follows from the equiva-
lences

r

[,~T., I~ I, (6.83)
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which relate the partial transposes of I'.+:1 in Span to graphs of invertible set-
theoretical maps. Here, for any set-theoretical map

FiX2 = X2 fx,y) = (il y), Hlx,y),

the map f>1: X> — X? is defined by

1, y) = (L0, x), fily,x).

Exercise 6.4 Show that, for any set-theoretical map f: ¥ x X — X x Z, the partial
transpose of I y in Span, up to equivalence, is given by the triple

Ty~ x X, (0, %)~ (i, %), ), 0, %) = (f2(y, ), %)) (6.84)

with the notation f(y, x) = (f1(y, x), f>(y, x)).

By using Exercise 6.4, we prove the first equivalence of (6.83) as follows
Ty > (X2, (6, p) = (-3, %), (6, )) > (X, 9)
= (X% ridy2) =~ (r(X?), ror L r ) = (X% idy2, r ) > T, (6.85)

where, in the last equivalence, we used (6.72).
For the second equivalence of (6.83), again by using Exercise 6.4, we have
Tt > (X2, (6, ) b (0,0, (6, 9) = (X% Y, Y))
~ (X2 idy2, (3.x) > (x#y,3)) = (X2 idy2, ;D> T o1 (6.86)

2.1
O

Exercise 6.5 Show that for any rack (X, (x, y) — (x-y, y*x)) the binary operation
x * y is right self-distributive

(xxy)xz=(x*x2)*(y*x2). (6.87)

6.4.3 Racks Associated to Pointed Groups

Let (G, 7) be a pointed group that is a group G together with a fixed element T € G.
Then, it is verified that the set G with the map

GxG—GxG, (g.hr (grg 'h, gt g 'h) (6.88)
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is a rack, and, thus, it gives rise to a set-theoretical r-matrix
r6::GxG—GxG, (g.h)r— (gtg”'h,g), (6.89)

which, by Proposition 6.2, corresponds to a rigid r-matrix in category Span. In this
way, through Theorem 6.2, we obtain a long knot invariant J g, (D). The next
theorem reveals the topological content of this invariant. '

Theorem 6.3 There exists a canonical choice of a meridian-longitude pair (m, £)
of long knots such that the set (Jp,G . (D))(1, 1) is in bijection with the set of group
homomorphisms ’

(h: R\ £(R), x0) = G | h(m) =1, h(£) = A} (6.90)

where f: R — R3 is a long knot represented by D.

Proof Let f: R — R3 be a long knot whose image under the projection
PR =R (x,y, 0 (1Y) (6.91)

is the diagram D := D o & ~*(P)/2 with linearly ordered (from bottom to top) set of
arcs agp, a1, - . ., ap. As a result, the set of crossings acquires a linear order as well
{ci | 1 < i < n} where ¢; is the crossing separating the arcs a;_; and @; and with
the over passing arc a,, for a uniquely defined map

k:{l,...,n} —{0,...,n} (6.92)

Let 79, t1, ..., € R be a strictly increasing sequence such that f(¢) = (0, ¢, 0)
for all ¢+ & [to, t,], and for each i € {1,...,n — 1}, p(f(#)) belongs to arc a; and
is distinct from any crossing. Choose a base point xg = (0, 0, s) with sufficiently
large s € R~ g, a sufficiently small € € R~ (, and define the following paths

ag, Bi,vi: 10,11 > R}, i €{0,...,n},
ap(t) = (—esin(2wt), tog, € cos(2mt)), Bi(t) = (1 —t)xo + (f () + (0,0, €)1,
vi(t) = f((A =0t +1tt9) + (0,0, €). (6.93)

To each arc a; of D, we associate the homotopy class

ei == [Bi - vi - Bol € 1 (R*\ f(R), x0), (6.94)

so that g = 1, and the Wirtinger generator

wi = [Bi - vi -0 ¥i - Bil € m(R?\ f(R), xp). (6.95)
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We have the equalities
w; = e;woe; ', Vi€ {0,1,...,n}, (6.96)
e =w,§£ei,], Vief{l,...,n}, (6.97)
where ¢; € {%1} is the sign of the crossing ¢;, and
e =wiwg , --wil, Vie{l,... n). (6.98)
We define the canonical meridian-longitude pair (m, £) as follows
m .= wy, £:=e,. (6.99)
Taking into account the condition ) 7_, &; = 0, we see that £ has the trivial image
in H(R*\ f(R), 2).
Let us show that the following finitely presented groups are isomorphic to the
knot group 71 (R \ f(R), x0):
E:=(m,ey,...,enleg=1, ¢ = e,([mgie,(_ilei_l, 1<i<n) (6.100)
and
W = (wg, ..., w, |w,f§wi_1 =wiw,‘2, 1 <i<n). (6.101)
As W is nothing else but the Wirtinger presentation of 771 (R>\ f(R), xo), it suffices

to see the isomorphism E >~ W. To see the latter, we remark that there are two group
homomorphisms

u:wW— E, wi|—>eimefl, ie{0,1,...,n}, (6.102)

and
viE—>W, m—uwy, e 1, e w,fiwif:} ewel, Vie{l, ..., n}.
(6.103)

Indeed, we have
. . . -1 -1 .
u(we) u(w;—1) = u(w)u(wy,) & u(w,)e;_yme; | = eime;  u(w;)"
—1 & . _ -1 & . —1 &i . _
e u(wg)ei—im =me; u(wy) ' ei—1 < e u(wy)ei—1 =1

& e =u(wg)ei_] & e = e,(l.mg"e;l_lei_l (6.104)



146 6 Applications in Knot Theory

implying that # is a group homomorphism. We also have

v(e;) = v(eg)v(m)ives) "vlei—1) © vie)vlei—) ™ = vieg)wy vieg) ™

& wy, = vieg)wov(e) " < {w; = vie)wovle) tozizn  (6.105)

and, foralli € {1, ...,n},

L) u—

& & & &
v(e)wo = W, - W wo = Wl W W W,

= w ... Sl Wt = o= wwf - wfl = wiv(e
=Wl WE W Wiy Wy = = wWiwd W = w;iv(e;) (6.106)

implying that v is a group homomorphism as well.

It remains to show that vou = idw and uov = idg. Indeed, foralli € {0, ..., n},
we have

v (w;)) = vieme; ") = vieNvim)v(e)) ™ = vieHwov(e) ™ =w;  (6.107)

implying that v o u = idy. We prove that u(v(e;)) = ¢; foralli € {0,...,n} by
recursion on i. For i = 0, we have

u(v(eg)) = u(l) =1 = ep. (6.108)
Assuming that u(v(ex—1)) = ex—1 for some k € {1, ...,n — 1}, we calculate

u(v(er) = u(wkv(er—1)) = u(we)*uwer—1)) = eqm ey er1 = ex.

(6.109)
Now, any element g of the set (JprGI (D))(1, 1) is a map
g:{0,1,...,n} > G (6.110)
such that
go=1, g =% g =878 gi-1. Vie{l ... n} (6.111)
That means that g determines a unique group homomorphism
he: E— G (6.112)

such that hg(m) = 7 and hy(e;) = g; forall i € {0, 1,...,n}. On the other hand,
any group homomorphism #: E — G such that h(m) = t and A(£) = A is of the
form h = hg where g; = h(e;). Thus, the map g — hy is a set-theoretical bijection
between (J L. (D))(1, 1) and the set of group homomorphisms (6.90). m|
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Remark 6.4 Theorem 6.3 illustrates the importance of considering long knots as
opposed to closed knots. Namely, by closing a long knot, one identifies two open
strands and all the associated data. In particular, one has to impose the equality A =
1 that corresponds to considering only those representations where the longitude is
realized trivially. This means that in the case of closed diagrams one would obtain
less powerful invariants.

6.5 The Alexander Polynomial as a Universal Invariant

In this section, by using the restricted dual of an algebra and Drinfeld’s quantum
double construction, see Chaps.4 and 5, we first describe a universal invariant
associated to any Hopf algebra with invertible antipode and then illustrate the
general construction by the example corresponding to the Hopf algebra B; of
Sect.5.4 of Chap.5. In this way, we will be able to interpret the Alexander
polynomial of knots as a universal invariant associated to the Hopf algebra By, see
Theorem 6.4 below.

6.5.1 Universal Knot Invariants from Hopf Algebras

As follows from Proposition 5.7, any finite-dimensional right comodule over the
restricted dual of the quantum double of a Hopf algebra with invertible antipode

§:V = VR (DH). v Y v @) (6.113)
(v)

where we extend Sweedler’s sigma notation to comodules, gives rise to a rigid r-
matrix

ry: VRV ->VRV, u®uv— Z V) ® u©){o, (1) ® v(1)). (6.114)
(), (v)

Exercise 6.6 By using dualities in the monoidal category of vector spaces, see
Example 6.2, show that the r-matrix (6.114) is rigid.

Rigidity of ry implies that there exists a universal invariant of long knots Zy (K)
taking its values in the convolution algebra ((D(H))?)* such that

Ty (K)o =Y v (Zu(K),vay), Yo e V. (6.115)
(v)
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Remark 6.5 The algebra homomorphism D(H) — ((D(H))°)* allows to think of
the convolution algebra ((D(H))?)* as a certain algebra completion of the quantum
double D(H) reminiscent of the profinite completion of groups.

6.5.2 The Universal Invariant Associted to By

Let D(B;) be the quantum double of the Hopf algebra B; described in Sect. 5.4 of
Chap. 5 with the central grouplike element a.

Theorem 6.4 The universal invariant associated to the Hopf algebra B is of
the form Zp, (K) = (AK(a))*1 where Ak (t) is the Alexander polynomial of K
normalised so that Ag (1) = 1 and Ak (t) = Ag(1/1).

Remark 6.6 As an element of the convolution algebra ((D(B))?)*, the inverse of
the Alexander polynomial (A (a))~! in Theorem 6.4 should be interpreted in terms
of its Taylor series expansion around a = 1 and viewed as an element of the algebra
of formal power series C[[a — 1]] C ((D(B1))°)*,

Br@)™ =Y ala— " o= AT oMo (6116)

n!
n=0

The rest of this section is devoted to the proof of Theorem 6.4.

6.5.3 Schrodinger’s Coherent States

One of the technical tools in the proof of Theorem 6.4 is the theory of standard
Schrodinger’s coherent states, which we briefly review here (see, for example, [34]).

Forany n € Z~g, let H" C L*(C", u,) be the complex Hilbert space of square
integrable holomorphic functions f: C" — C with the scalar product

(flg) = /«: ) F(@e() din(2) 6.117)

where the measure du,(z) on C" is given by Lebesgue measure dX,,(z) on C" =~
R?" multiplied by the Gaussian exponential

1 2 n—1
=izl ._ 2
ezl = >, lail. (6.118)
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Exercise 6.7 Show that the monomials

ki

1
@) =[1-, kez",, (6.119)
l.l;[)«/k,-! =0

form an orthonormal family of vectors in H”.

The orthonormal family (6.119) forms a Hilbert basis of H" due to the convergence
of Taylor’s (multivariable) expansion for holomorphic functions:

ki
fo=3 nz 0 j;(j”)

keZ" i=0

n—1 ki
_ _L o)
= > ek(Z)il;[)\/H ™

w=0 " ezr,

w=0‘
(6.120)
Indeed, in the case when f € H”, multiplying equality (6.120) by ex(z), integrating

over z, using the Fubini (or dominant convergence) theorem and the orthogonality
of Exercise 6.7, we obtain

— L 3w
(el f) = /U ex(2) f(2) dpn(z) = ,l;[) N/_"TW . VkeZly (6.121)

so that (6.120) takes the form of an orthogonal expansion in the Hilbert space

f=) alelf). (6.122)

keZ’éO

For any u € C", multiplying both sides of (6.121) by e (u), summing over all
k € 7% and, using the Fubini (or dominant convergence) theorem in the left hand
side for exchanging the integration and summation, and the Taylor formula (6.120)
in the right hand side, we obtain

/@ Pu(2) f(@)dun(2) = fw) V(fiu) € H" x C" (6.123)
where the holomorphic function

0 C > C 2 Y ewe(z) = eXino b (6.124)
keZ’éo

determines an element ¢, € H" called (Schridinger’s) coherent state. By treating
elements of C" as column vectors we can write

MTZ

ou(z) =e
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Let us also adopt the notation w* := w' for the Hermitian conjugation, i.e. the
transposition combined with complex conjugation. With this notation we have the
equalities

lwl? = w*w, @, Z) =" (6.125)

The integral formula (6.123) expresses the reproducing property of coherent
states

(@al f) = fw) V(f,u) e H" x C". (6.126)

The choice f = ¢, in the last formula gives the scalar product between the coherent
states

(Qalen) = Po(u) = @u(v) = " . (6.127)

In particular, the norm of a coherent state ¢, is determined by the Euclidean norm
of v through the formula

oyl = el?I*/2, (6.128)

6.5.4 A Dense Subspace of H"

Another useful property of the coherent states is that the (dense) vector subspace
A" of H" generated by products of coherent states and polynomials is stable under
the multiplication of elements of A" as functions so that A" carries the additional
structure of a commutative algebra, and it is in the domain of any linear differential
operator with coefficients in A”.

Example 6.5 When n = 1, the Hilbert basis of H! given by the monomials

k

{ek(z) = 57 Ik e zzo} c Al

is the eigenvector basis of the 1-dimensional quantum harmonic oscillator with the

(self-adjoint) Hamiltonian operator Zaa_z' O
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6.5.5 Gaussian Integration Formula

Writing out explicitly the scalar product in (6.127) as an integral, we obtain an
integral identity

/ e UG () = e (6.129)

which is a special case of the general Gaussian integration formula

viwly

/ QU Tt Ut Mz din(z) = ¢ W=I-M (6.130)

det(W)’

where M is an arbitrary complex n-by-n matrix sufficiently close to zero so that the
integral is absolutely convergent. Furthermore, the expansion of (6.130) in power
series in M with u = v = 0 corresponds to the purely combinatorial MacMahon
Master theorem [28].

Exercise 6.8 Prove the Gaussian integration formula (6.130).

6.5.6 Representations of D(B) in AR

Recall that A! is the vector subspace of H'! generated by products of coherent states
with polynomials. Refering to Sect. 5.4 of Chap. 5, for any A € C, the mappings

0 0
ar—>1+4+h, b+—> —, ¢—hz, Yr>A—z— (6.131)
0z 0z

and the action

Xuwf (@) = "™ f(v2) (6.132)

determine an algebra homomorphism
01: D(B1) — End(A'[[A]]) (6.133)

which sends the central element ¢ defined in (5.121) to AA.
An important property of the representation p; is that the image under ,of’z of the
formal r-matrix (5.119) is a well defined element of the algebra End(AHY®2[[A]]:

. . d
®2 A—z07% hzgs Rt A_ZOB ( 0 >n
R — 1 h az( 7] — 20 .
o (R)y=(0+h) e E P " W5

(6.134)

m,n>0
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In particular, the double sum in (6.134) truncates to a finite sum if the indeterminate
h is nilpotent. Thus, despite the fact that the representation p, is infinite dimen-
sional, the corresponding r-matrix is well suited for calculation of the image under
0, of the universal invariant Zp, (K). Moreover, as the parameter A enters only
through the overall normalisation factor (1 + )" of the r-matrix, the associated
invariant is independent of A, see Exercise 6.3. For that reason, in what follows, we
put A = 0 and work only with the representation p := py.
In order to apply the construction of Sect. 6.3, we define the input r-matrix

r=p®*(R)P (6.135)

where P € Aut(A?) is the permutation operator acting by exchanging the
arguments. By using (6.134), we obtain the following explicit action of r:

rf() = rf o, 21) = (1+B) %0 £(z1 + hzo, 20)

<0,

1 — T
1+h 1—|—hZO)_f(U z)  (6.136)

=f<11+

where

o1
AL 1—t¢ 1

— | TR T+ | = , b= —, 6.137
(1 0) ( 1 0) 1+4h ( )

is the 2-by-2 matrix entering the definition of the (unrestricted) Burau representation
of the braid groups [8]. The action of r on the coherent states is realized by the action
of the transposed matrix on the space of parameters:

rou(z) = 9u(U " 2) = gy (2) (6.138)

where the element z € C2 is treated as a column vector. In what follows, we use the
indeterminate ¢ defined in terms of / through the formula in (6.137).

6.5.7 The Diagrammatic Rules for the Reshetikhin—Turaev
Functor

From the formula (6.138), one calculates the integral kernel of r with respect to the
coherent states

(Pwlrlev) = (Quwg,w 17 @vg,v) = e U (6.139)
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which corresponds to the value of the Reshetikhin—Turaev functor associated to
positive crossings of all orientations in normal long knot diagrams with edges
coloured by complex numbers:

y A\/ v\/\v / AL T

(6.140)
Likewise, the integral kernel of »~! given by the formula
(@ulr ™ 100) = @ugun Ir " @vg,0) = €7V (6.141)
is associated with negative crossings of all orientations:
wy
A\} / // \ S G | )
(6.142)

We complete the list of the diagrammatic rules by adding the rules for vertical
segments and local extrema

. o
Tlpu — e (6.143)

where ¢ is the integral kernel of the identity operator id Al

(pwlidgr ly) = (Quley) = €™’ (6.144)

For later use, we calculate the following two Reshetikhin—-Turaev images

wulRT (S ion = BT, (5™ =/C<<pw,u|r|gov,u>dm(u>
:/ L) (511 )dm(u) /eu?(]ft)quwtquﬁv ey (u) = €™
C Cc

(6.145)
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and

ol RT (75" low) = RT( 257 ) =/C<¢w.u|r—1|gov,u>dm<u>
__.( 0 1
_ / 7 o4 ) Ay () = / Pt o= g () = g™
C (D)

(6.146)

where the integrals are calculated by using the Gaussian integration formula (6.130).

Proof of Theorem 6.4 Let a knot K be represented by the closure of a braid 8 €
By,. Let us choose a normal long knot diagram Dg representing K according to the
picture

(6.147)
with the writhe
W(Dg)=W(PB) +n—1 (6.148)

which is an even number by Proposition 6.1. Taking into account the value (6.145),
writing the matrix v, (8) in the block form

Ya(B) = (’3 " bﬁ) : (6.149)
cp dp

and using the general Gaussian integration formula (6.130), we calculate

w

/P u
<90w|RTr(Dﬁ)|‘Pu> = RTr( Dﬁ ) = /C . €<u. w)wn(ﬁ)(”)dﬂnfl(u)
| n-

v

P ﬁn bﬁ) u
:/ e(u w)(cﬂ dg (v)d/lnfl(l/l)
cn-l

ell_)dlj v+weg(ln-1 —Bn)‘lb[;v

— / ewd[;v+li)c[gu+u*b[;v+u*,é,lu d,un_l(u) — _ )
cn-l det(l—1 — Bn) (6.150)
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On the other hand, given the fact that we are calculating a central element realised
by a scalar so that on a priori grounds the result should be proportional to the integral
kernel of the identity operator e, we conclude that the identity

dp + cgly—1 — Bn) " 'bg =1 (6.151)

is satisfied for the matrix ¥, (8), a property which does not look to be easy to
prove without passing through the Gaussian integration and referring to the universal
invariant.

Finally, it remains to take into account the writhe correction, which, according to
the values in (6.145) and (6.146) is given by the formula

(¢w|RT; (E_W(Dﬂ)/2)|(ﬂv>@_u_w — (W(Dp)/2 _ ;(W(B)+n—=1)/2 (6.152)

where we use the notation £% from Sect. 6.3 for a specific class of long knot diagrams
used to compensate the writhe of the diagram. Putting together (6.150) and (6.152),
the result for the invariant J, (K) reads

[(W(B)n—1)/2 1

(ulJr (K)lgpy)e™™" =

- i (6.153)
det(/—1 — ﬂn) Ak (1)

where the last equality is due to formula (6.167) of Theorem 6.5. Taking into account
the relation between /i, ¢ and the realisation of the central element a of D(B) as
well as the symmetry of the Alexander polynomial under the substitution 7 +— =1,
we conclude the proof. O

Remark 6.7 Theorem 6.4 is consistent with the Melvin—-Morton—Rozansky con-
jecture, proven by Bar-Nathan and Garoufalidis in [4] and by Garoufalidis and
LE in [14], stating that the n-th colored Jones polynomial in the limit n — o0
with ¢ = 17 and fixed ¢, tends to (Ag (t))~L. Indeed, for the non-commutative
Hopf algebra B, with ¢ not a root of unity, the quantum double D(By) is closely
related to the quantum group U, (sl2). In particular, for each n € Z., it admits
an n-dimensional irreducible representation corresponding to the n-th colored Jones
polynomial. In the limit # — oo with ¢ = #!/" and fixed #, one recovers an infinite-
dimensional representation of the Hopf algebra B; where the central element a takes
the value ¢.

6.6 The Alexander Polynomial from the Burau
Representation

In this section, we give a proof of Theorem 6.5 below which is used in the proof
of Theorem 6.4. Originally, Theorem 6.5 is proven in the work [22]. We adopt
the notation of [20] and first briefly describe the unreduced and reduced Burau
representations of the braid groups B, forn > 2.
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For any k > 1, denote by Ij the identity k x k matrix. Let
Yn: By — GL,(A), A :=Z[tF, (6.154)

be the unrestricted Burau representation where Artin’s standard generators oj, 1 <
i < n,are realised by the matrices

Yn(o)) =Ui =11 ®U & In—i—1. (6.155)

For any k > 1, define the invertible upper triangular k x k matrix

Co= Y Ej=k+ Y E (6.156)

I<i<j<k l<i<j<k

where E; ; is the matrix with the only non-zero element 1 at the place (7, j). Its
inverse has the form

n—1

Ci'l=h =) Eiip. (6.157)
i=1
Indeed, one easily calculates
n—1
Cellk =Y Eiig)=Ci— Y. Eij=1I. (6.158)
i=1 l<i<j<k

We remark on the block structure of Ckil :

Cio1 L IR Cor ottt PO cil) %
Cp = . 7l = - ! 6.159
k (0,"{_1 1 ) k <o,j1 1 0, 1 (6.159)

where 0; (respectively 1;) is the column of length i composed of 0’s (respectively
of 1°s) and, in the last equality, we use the relation

Cll = (0"‘1>. (6.160)

As is shown in [20], for any 8 € B,,, one has the equality

C Y (B)Co = (wiff) 0”1‘> (6.161)
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where ¥ : B, — GL,_1(A) is the reduced Burau representation, and *g is a row
of length n — 1 over A linearly depending on the rows a;, 1 < i < n — 1, of the
matrix ¥, (8) — I,—1 through the formula'

n—1
(1= 1"xp = (1" = Da;. (6.162)

i=1

Lemma 6.1 Let Bn be the (n—1) x (n— 1) matrix obtained from \r,,(8) by throwing
away the n-th row and the n-th column. Then, one has the following equality in A:

™" = Dy det(By — Ln—1) = (7" = 1) det(¥; (B) — I —1). (6.163)
Proof We have the following equality of matrices:

Bu = (Cot ¥ (B) + Li_1%p)C,

& ClLAC =B + G g = v B + (07 ) 5. (6.164)

One can verify this by explicit calculation based on the block structure (6.159):

_ Cnfl 1,,,1 w;’;(ﬂ) On—l -1
=G (A e

_(Camt ¥ (B) + Lumrwg %) (C1
*p 1)\o)_, 1

_ ((Cn_lw,z(ﬂ) + L) G, ’1‘) (6.165)

*

Thus,
aj

det(By — L) = det (v () = Lo+ ("2 ) ) = det [ ¢
an,1+*ﬁ

(6.166)

! This is the content of Lemma 3.10 of [20] where the formula is written with a typo.
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By multiplying both sides of (6.166) by (1 — ") and using (6.162), we obtain

aj aj
(1—1") det(Bp —In—1) = det : = det :
Aan—2 Aan—-2 .
(A=1")(an-1+%p) (=1")ap 14372 (¢ =Da;
aj
=detf : = (7" = " det( (B) — In1)
n—2

t'=Dt"a,_

where, in the third equality, we dropped from the sum all the terms proportional to
the rows different fromn — 1. O

Theorem 6.5 Let a knot K be the closure of a braid § € B, and V,(8) €
GL, (Z[t*]) the image of B under the unrestricted Burau representation (where the
images of the standard Artin generators are linearint). Let ﬁn bethe (n—1)x(n—1)
matrix obtained from v, (B) by throwing away the n-th column and the n-th row.
Then, the Alexander polynomial of K is given by the formula

1—n—W(B) ~
Ax@) =t 2 det(y_1 — Bn) (6.167)

where Iy denotes the identity k x k matrix and the writhe W : B, — Z can be seen
as the group homomorphism that sends the Artin generators to 1.

Proof We have the following formula for the Alexander polynomial proven in [20,
Theorem 3.13]:

Ak (1) = (=D =1= W”/zt det(w B) — Ii—1) (6.168)

which is equivalent to (6.167) due to Lemma 6.1. |
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